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PREFACE

The tenth meeting of the International Collaboration on Advanced
Neutron Sources (ICANS) was held at the Los Alamos National Laboratory
3-7 October 1988. The two United States participating ICANS laboratories,
Los Alamos and Argonne, co-hosted the meeting with Gary Russell, Los
Alamos, serving as chairman. There were 146 participants from ten
countries representing 28 institutions. The ICANS conference opened with
status reports from the spallation-source laboratories. During the course of
the meeting, invited papers were presented in two general interest sessions
and in target and instrument parallel sessions. An evening panel discussion
on user requirements for spallation sources yielded a variety of opinions
while the parallel target and instrument workshop sessions were the
framework for even more dynamic discussions. Poster sessions were held
throughout the meeting, and an outing gave participants an opportunity to
meet informally with their colleagues. Peter Egelstaff's presentation at the
final session both summarized the meeting and advanced projections for the
future,

These proceedings have been organized by sessions. Contributed papers
have been placed in the contents according to subject matter. It was
necessary to edit some contributions to the proceedings, either because of the
original format or method of submission.

Our deep appreciation is extended to all those who helped make this
conference a success—Los Alamos National Laboratory management,
conference organizers, presenters, participants, authors, session chairmen,
administrative assistants, and other interested parties. Members of the
ICANS-X organizing committee were Gary Russell, Roger Pynn, Dick
Woods, Dianne Hyer, Jack Carpenter, and Bruce Brown. The LANSCE
administrative support staff of Lucille Martinez, Teri Cordova, Paula Geisik,
and Jan Kapustinsky assisted participants throughout the meeting. Special
thanks go to those typists, paste-up artists, illustrators, and designers who
worked on the proceedings: Gail Flower, Andi Kron, Emily Morales, Teri
Cordova, and Paula Geisik. We thank all other persons who helped in ways
not mentioned and now turn our thoughts with anticipation to the ICANS XI
meeting in Japan.

Los Alamos, August 1989
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ISIS status report

J. L. Finney and D. A. Gray
Rutherford-Appleton Laboratory
Didcot, Oxon, 0X11 0QX
UNITED KINGDOM

ABSTRACT: We review the progress on ISIS, the pulsed neutron source at
the Rutherford-Appleton Laboratory, since the last ICANS meeting. The
machine is now running regularly at 100 uA at 750 MeV, and delivering
neutrons for an increasing UK and international neutron scattering programme,
The current status of the operating and development instruments is
summarised, and some examples given of recent science.

1. INTRODUCTION

At the last ICANS meeting in September 1986 (Gray 1987) it was reported that
ISIS was running at 550 MeV with 3 x 1012 protons per pulse on target at 50
Hz, i.e. a mean current of 24 pa.

ISIS is now running at a peak of over 100 pA at 750 MeV with a fully scheduled
set of neutron spectrometers. It has just completed its most successful cycle
ever, achieving record peak currents; records of integrated current per day
were broken on three occasions, when figures greater than 2000 pA hrs were
logged.

This paper gives information on the development of the source, current UK and
international usage, and outlines the current state of development of the
spectrometers, giving some examples of the science. Detailed reports on ISIS
for the two years to March 1988 are given in ISIS 1987 (Rutherford Appleton
Laboratory 1987) and ISIS 1988 (Rutherford Appleton Laboratory 1988).
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2. REVIEW OF OPERATION

The integrated beam current (pA-hr) per month since June 1986 is shown in
Figure 1. 1In the calendar year 1986, 22,600 pA-hrs were achieved with 121,000
in 1987 and 129,000 pA-hrs so far in 1988. During the month of August 1988,
37,002 pA-hr were delivered to the target (see Figure 2). The highest average
current over one day in August was 84 pA with the peak at just over 100 pa.
This maximum average daily current was increased to 86 pA over 24 hours in
September. Over the month of August, the average current was 56 pA. There
were two two-day shutdowns caused by equipment failure. The run continued
until 15 September.

40 -

noadoncor-

JJASONDIFMAMIITASONDIFMANIIJA

1086 | 1087 | 1988
19920 121000 110770
lll' uA Hr

Fig. 1 Integrated ISIS beam current in pA hrs from June 1986 to date.

During 1987 there were two successful target changes. These are discussed
more fully in a paper by A Carne at this meeting. The failure is believed to
be caused by swelling of the depleted uranium as a result of repeated thermal
shock. After the failure of target number 2, the control system which
protects the accelerator and transfer lines against abnormal lost beam pulses
was modified and refined. This resulted in the number of temperature shocks
to the target being reduced by more than a factor of 10 in a given time.
Target number 3 has taken 129,000 pA-hrs and is still mechanically sound. Of
the lost time on the facility during 1988, 21% is due to failures in the
injector system, 2% in the extraction power supply and 1.3% in the synchrotron
RF system.
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Experience with running at 100 pA has resulted in a weekly scheduled stop of
one 8 hour shift to change the H ion source and to change the filters in the
methane moderator system. This stop accounts in significant part for the 7
day periodicity visible in Figure 2. This arrangement will be reviewed as
more experience is gained. The available resources above those required for
operation are being used to improve the reliability of operation at 100 pa
rather than to increase the operating current.

uAhrs

2500 ~

2000

DAYS

N vabrs

Fig. 2 Integrated beam current in pA hrs delivered to the target during cycle 4,
1988.

At 100 pA (1.25 x 1013 protons per pulse), typical beam transfer efficiencies

during routine running are :

efficiency 98-99%
Trapping efficiency in synchrotron 86%
Acceleration efficiency 99%
Extraction and transfer to target 99%

The lost beam collector system continues to work well, The system
concentrates beam lost at injection at trapping into collectors with suitable

materials and which are removable.

Induced activity on synchrotron components leads to radiation levels on
contact of 100,000 pSv/hr at the collectors but of only 250 pSv/hr in most of
the rest of the synchrotron.
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It is noticeable that the machine vacuum has not been let up since the
shutdown in May.

3. BEAM TIME DEMAND AND SCHEDULING

During 1987 and 1988, a total of 1940 days of beam time was allocated for user
experiments on between 5 (early 1987) and 10 (current) instruments; with 4310
days requested, this represents an average oversubscription factor (days
requested/days available) of 2.2. The distribution between the three
allocation rounds is shown in Table 1. Table 2 gives the allocation data by
instrument for round 1/88. On the fully scheduled instruments,

oversubscription factors range between 1.1 and 3.2.
4. INTERNATIONAL PARTICIPATION

In round 1/88, UK users accounted for 64% of the scheduled beam time. Figure
3 shows how the non-UK component was distributed by country. Italy, France,
West Germany and Sweden together accounted for 73% of the non-UK time, the

remainder being largely taken up by users from the Netherlands, USA, India,
Japan and Spain.

Bilateral use agreements are at an advanced stage of negotiation with Italy,
France and Sweden. A four-year agreement with the Netherlands has been
signed. Four countries have been or are involved in the construction of
neutron instruments, including India (Be filter on the early IRIS
spectrometer), Italy (the PRISMA spectrometer), Japan (the multi-angle rotor
inelastic instrument MARI). A rotating analyser instrument (ROTAX) will be
developed by the University of Wirzburg, and a draft agreement relating to
this is at the advanced negotiation stage.

TABLE 1
Instrument Instrument
Found ézg%igélg Re%%%%ted Al%%%%ted
1/87 143 965 591
2/817 71 1439 392
1/88 120 1906 957
TOTALS 1987 - - -

+ 1988 334 4310 1940



Elastic Spectrometers

HRPD

LAD
CRISP
LoQ
(POLARIS

Inelastic Spectrometers

HET
TFXA
IRIS
(eVs

Muons
RSR

TABLE 2
ROUND 1/88

Days

Requested

241
210
220
159

9

249
103
325

76

1674

232

1906

FOREIGN USE
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Days
Allocated

102
103
100
100
67)

95

92
100
104)

863

94

957

OTHERS 1.9
SPAIN 2

JAPAN 4.5

Fig. 3 Distribution of non-UK use of ISIS beam time by country for round 1/88.
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S. SCHEDULED INSTRUMENTS

As indicated in Table 2, nine neutron instruments are now being scheduled,
together with the pSR line. Two further instruments are in the commissioning
phase (SXD and PRISMA), and three under construction (SANDALS, MARI and
ROTAX) . KARMEN - the Karlsruhe-Rutherford medium-energy neutrino experiment -
has had 1/9 of its detector installed, and is undergoing test. Of the 18
available beam holes around the target station, 13 have been taken up. In
addition, a test beam facility has been installed on the methane moderator:
its initial use will be for resonance radiography development and detector
tests.

Table 3 1lists the characteristics of both currently-scheduled and development
instruments. The major changes to the various instruments since 1986 are as
follows.

(a) Elastic Instruments

HRPD In 1986 at the time of ICANS-IX, only two of the eight octants of the
backscattering bank had been installed. Currently, six are in place,
resulting in significant increase in throughput and expansion of the
scientific programme. A low angle bank gives access to d-spacings up to about
50A, and construction of a 90° detector bank for restricted sample environment
work (especially pressure) is in hand; a temporary detector module is being
used in initial 90° tests.

Although HRPD 1is classed as a powder diffractometer (which has been used
extensively in key high T, superconductor experiments), its uniquely high
resolution has opened up other exciting areas, through its ability to see fine
details in line profiles. Examples include residual stress analysis in
engineering components, observing variable oxygen stoichiometry in the warm
superconductor YBaZCu306+x, domain  structure changes <close to phase
transitions (e.g. the ferroelastic transition in LaNbO4 - see Figure 4), and
periodicities in cycloidal magnetic structures (the 760A repeat in BiFeO3
could be seen after only a few seconds exposure time (Figure 5)). Ab initio
structure determinations from powders are becoming semi-routine; recent
examples include the high temperature a-phase of malonic acid, and methylamine
deuteroiodide CD4NDSI. Unit cell parameters can be refined to 5 parts in 106,

and the instrument is capable of obserying inhomogeneties in well-recognised
"standards"!
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Fig. 4 Scans through the ferroelastic transition of lanthanum niobate at
temperature intervals of 10. Not only is the transition well-defined, but detailed peak-
shape analysis shows the formation of needle-shaped domains.
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Flg. 5 The 760 A cycloidal spin configuration splitting in BiFeOg.
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INSTRUMENTS AT ISIS

ELASTIC
HRPD High-resolution
powder diffractometer
POLARIS High intensity
powder diffractometer
LAD Liquids and amorphous
diffractometer
SANDALS  Small angle
diffractometer for
amorphous and liquid
samples
SXD Single-crystal
diffractometer
CRISP Pulsed source
neutron reflectometer
for surface studies
LOQ Low-Q diffractometer

TABLE 3

bb-initio structure
determination, large
unit cell structure
refinement, phase
transitions, mixed
phases, line
broadening, high-
pressure studies

Magnetic structures,
phase transitions,
kinetic studies,
small samples, high
pressure work

Structures of liquids
and amorphous solids,
medium resolution
powder diffraction

Static structure
factors of fluids,
amorphous materials
and biological
systems

Single crystal
structure determination
study of structural
phase changes and
magnetic order,
reciprocal space
surveying

Surface structure,
interfaces and surface
magnetism

Macromolecular,
biological and other
large scale structures

Ad/d - 5 x 1074
(backscattering)
Ad/d ~ 0.1

(low angle bank)
guide: A* = 0.98A
minimum wavelength
= 0.5A.

Ad/d - 5 x 1073
(backscatterigg)
Ad/d -8 x 107> (90°)

Ad/d ~ 2.5 x 10
(forward scattering)

0.5 <0< 100 (&7h

AQ/Q = 0.004
(backscattering)

Minimises inelastic

corrections: 26 =
1200, & = I3
a0/Q - B381-0.04,

0.2<Q<30 (A7}
1.2-300K accessible,
position sensitive
detector.

Resolution (in 46)
2-10%; Q range
0.01-1.3 A™" using
0.5-6.5A wavelength
neutrons; inclined
beam for liquid
surfaces.

0,005 < Q< 0.2
(A", AQ/Q ~ 0.05



INELASTIC

HET

MARI

TFXA

IRIS

eVs

PRISMA

ROTAX

High-energy
transfer spectrometer

Multi-angle rotor
instrument

Time=-focused
crystal analyser

High-resolution
quasielastic and
inelastic
spectrometer

Electron=-volt
spectrometer

High-symmetry
coherent inelastic
spectrometer

Rotating analyser
crystal spectrometer
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Magnetic and

vibrational excitations

single particle motion
in quantum systems

Dynamic structure
factors of liquids and
magnetic systems,
inelastic excitations
in crystalline

Chopper; incident
energy 50-2000 meV
¢ range 20~-1000 meV
1% energy transfer
resolution.

Chopper; incident
energy 20-1000 meV
¢ range 10-500 meV
1% energy transfer
resolution

amorphous and disordered ¢ = 3~135°.

systems, molecular
spectroscopy,
momentum density

Inelastic scattering
from magnetic and
vibrational systems,
especially molecular
spectroscopy of
hydrogenous systems

Rotational and

translational diffusive

motion in atomic and
molecular systems,
quantum tunnelling,
crystalline electric
field transitions and
low lying inelastic
modes

Momentum density
studies in low mass
systems

Phonon and magnon
collective excitations
in single crystals

Structural and
magnetic excitations
in single crystals

ho range 2-1500 meV
~ 1.5% energy
transfer resolution,
elastic line width
0.2 mev.

Graphite analyser
(002) reflection:

15 peV resolution at
E = 1.83 meV _,
Q%= 0.25-1.85 A
(004) reflection:

50 peV resolution at
E, = 7.2 meV _,

Q%= 0.5-3.7 4

Resonance analysers
being developed in
the range 1-20 eV

16 independent
crystal analysers,
3-axis analogue

One rotating Ge
analyser, position
sensitive detector
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HRPD is a very powerful instrument for a wide variety of materials science
work. Apart from powder  samples, it has potential new uses on single
crystals, and tests on its potential in high-resolution inelastic mode are
planned.

LAD The original gas detectors in this 1liquids and amorphous materials
diffractometer have been replaced by Li glass scintillator in the 20°, 35°,
58° and 90° positions. The consequent count rate increase of about five has
resulted in an expansion of isotope substitution first difference work (e.g.
aqueous Cu(N03)2 with nitrogen substitution, chromium perchlorate with
chromium substitution). Work on the instrument has also expanded to gaseous
systems, and an experiment on gaseous deuterium near the critical point having
recently been completed. The very high Q capability continues to be
capitalised on, a recent experiment on vitreous GeO2 showing clear structure
in $(Q) out to 50 A1,

POLARIS The direction of polarised neutron work has recently been reassessed
at ISIS, with more emphasis being placed on the possible use of polarising
mirrors., POLARIS 1is consequently being reequipped as a medium intensity
powder diffractometer, with three detector banks (low angle Ad/d ~ 2.5 x 10-2,
high angle Ad/d -~ 5 x 10_3, and a 90° bank for restricted sample environment
work Ad/d -~ 8 x 10_3). The initial complement of detectors was installed
within the last week, and commissioning tests are taking place. To give an
idea of the kind of data we expect to obtain, Figure 6 shows patterns for an
A1203 standard at the 150° and 90° detector positions for a single detector
after 24 minutes running on a 1 cm3 sample, With all detectors in place, data
of this quality will be obtained in around 2 minutes. This gives the
potential for up to 105 simple experiments per year.

CRISP This is a critical reflection spectrometer that has been constructed
and commissioned since the last ICANS meeting. Using an incident beam
inclined at 1.5° to the horizontal, it probes the density profile of
interfaces in the direction normal to the interface. Reflectivities of 10-6

are obtained routinely; recently, reflectivities down to 10"7 have been
achieved, extending CRISP into a region which is crucial for discriminating
between competing models of particular interface structures. Figure 7 shows
the kind of data obtained from an 1185A deuterated Langmuir-Blodgett film

deposited onto a silicon wafer: the continuous line indicates the theoretical
model.
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Fig. 6 Test run on POLARIS of a 1 cm® Al,O3 standard, showing data obtained at
the 90° and 150° detector positions. With all detectors in place, such spectra will be
obtainable in about 2 minutes.
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Fig. 7 Reflectivity measurements on an 1185 A deuterated Langmuir-Blodgett film
on silicon; the continuous line indicates the theoretical model (R. M. Richardson).




22 ISIS status report

The versatility of, and demand on, this instrument is illustrated by the very
wide ranging nature of its scientific programme in surface chemistry, solid
films, and surface magnetism. A high proportion of the demand is from
industrial wusers tackling problems with complex systems. A recent example
concerned adsorption at the air solution interface of mixed surfactants, using
selective deuteration to determine relative composition and structure.

A resistive wire, one-dimensional multidetector, active area 200 x 40 mmz,
with a positional resolution of - 0.9 mm in the long dimension, has recently
been successfully tested. This will allow studies to be extended to the
diffuse non-specular scattering from interfaces.

L0Q The low-Q diffractometer, designed for investigating macromolecular,
biological, and other large scale structures, has been reconfigured. The
moderator to sample distance has been reduced from 16 to 1l.4m, with a
resultant increase in flux, and allowing 25 Hz operation using one chopper.
Frame-overlap mirrors remove frame overlap contamination above 12A. 2 BF 4
multiwire area detector is installed 4.3m from the sample. A Q range of
0.005-0.25 AT ig accessible, allowing size ranges of 20-1000A to be probed in
a single experiment.

The wuser programme on LOQ - as would be expected of such an instrument - is
wide ranging over macromolecule studies, colloid science and materials.
Figure 8 shows data from shear-flow-aligned micelles of 1% CIGES in 0.5M
Na2504 at 30°C, parallel and perpendicular to the long axis of the micellar
rods. An example of materials science work is the study of precipitate
formation and growth in aluminium-lithium alloys which offer substantial
weight savings over existing alloys for engineering structures. These studies
showed how small amounts of Cu and Mg modify the precipitate, which is thought
to be a significant cause of embrittlement of these alloys with ageing.

SXD  Rapid progress has been made on this development instrument over the last
few months, largely due to the successful initial testing of a new Zn$
position  sensitive detector module with 5 mm resolution. The low
y=-sensitivity of the ZnS scintillator has allowed the detection of very high
sin 8/A» reflections; this is illustrated in Figure 9 where the (0024) of SrF,
(d = 0.24%) is clearly observable with the detector at 90°. The comparison
with Li glass scintillators is self-explanatory. Other tests have
demonstrated the ability of this detector to survey reciprocal space with the
examination of one-phonon thermal diffuse scattering in SrFZ: hitherto unseen
features in the TDS behaviour have been observed.
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Fig. 9 Test measurements on SXD on a single crystal of StF,, comparing results
from the test ZnS detector module with that from Li glass scintillator. The 0024 at a d-
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Test work is proceeding on a variety of crystals, including some with large
unit cells, to assess the feasgsibility of high resolution measurements on such
crystals. The relatively low cost and ease of manufacture of 2nS modules are
expected to result in a 300 x 300 mm2 detector with 3 mm resolution. Once
this has been commissioned, regular scheduling of SXD will follow, hopefully

in mid 1989.

(b) Inelastic Instruments

As these will be dealt with in more detail in the paper by Andrew Taylor, my
comments will be restricted to brief summaries of major modifications and
developments.

On HET, the 10-30° 2.5m intermediate angle range detectors have been upgraded

with 256 3He tubes, and a new chopper slit package has extended the incident

energy available down to 50 meV. Two scientific highlights include
3

measurements of the highest-ever observed magnetic excitation (3H4 - "F, at

809 meV in Pr metal) and the first successful single crystal experiment on HET

of spin waves in cobalt, where measurements were made out to the zone boundary

{(~ 300 mev). On the time focused crystal analyser spectrometer TFXA, the
analyser efficiency has been doubled by using thicker crystals with a more
relaxed mosaic spread. The instrument is optimised for the study of

vibrational dynamics of hydrogenous samples, recent particularly exciting work
including studies of a hydrodesulphuration catalyst (Mosz). On the high

resolution quasielastic and inelastic spectrometer IRIS, resolution has been

enhanced with the installation of a pyrolytic graphite analyser.

The development programme on the electron volt spectrometer eVS was fully
reassessed during 1988, The resonance detector analyser programme was
sugspended, and other options are now under consideration. A momentum density
user programme has started on eVS, and an intermediate angle bank has been
installed.

The study of coherent excitations in single crystals is an area that has been
very successfully exploited using triple axis spectrometers on reactor
sources. Dispersion curve measurements on ISIS are made using the new PRISMA
instrument, This operates in inverted geometry, with the final energy of the
scattered neutrons analysed by 16 individually-movable analyser-detector arms.
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Under an agreement between SERC and the CNR Frascati, PRISMA was provided by
Italy for installation on ISIS. The components arrived at RAL from Italy in
mid-1987, and the instrument was installed on 1ISIS. Within the past few
weeks, initial data of impressive quality have been obtained, showing clearly
the power of this instrument to measure dispersion curves. Figure 10 shows
the sections in (E,Q) space cut by each of the 16 analysers for a single
crystal of Be, while Figure 11 shows the results for one analyser, underlining
the excellent signal/background obtained. From such sections, the phonon
dispersion curve can be constructed, as on Figure 10, where the known
dispersion curve is plotted as dotted lines. These results were obtained in
only 600 pA hours, equivalent to about 6-7 hours at current running. In the
more complex KTa0,y, a good quality dispersion relation was obtained in a
single day. The potential of PRISMA for phonon dispersion curve measurements
is clear. The instrument will be officially inaugurated at a ceremony on
4 November 1988,

30
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T T

010 015 0-20 025
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Fig. 10 Dispersion relation measurements on a single crystal of beryllium obtained
during early tests of PRISMA. The solid lines are the cuts in (E, Q) space made by
each detector, while the dotted lines demote the known dispetsion relation.
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Fig. 11 Measurements taken from one analyser of PRISMA on the same Be crystal
as Fig. 10. Figure 10 is constructed from several such scans.

6. SUMMARY

ISIS is now running regularly at around 100 pA currents at 750 meV. Nine
neutron instruments and the pSR line are being regularly schedueld, with
increasing demand for an increasingly sophisticated user community in the UK,
Europe and elsewhere. With this regular running, the capabilities of such a
high intensity pulsed source are increasingly resulting in new science in both
elastic and inelastic scattering studies, Several further instruments are
under development and construction, with the first scheduled experiments on
three of these expected during 1989. On the machine side, priority is being
given to further improving reliability before the next stage in increasing the
current to 120-130 pA.
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Introduction

In December 1987, the 1000th experiment was performed at IPNS. This is a
significant milestone and reflects the great deal of work and progress that have taken
place since the first experiments were performed in 1981, Since that time, the
average proton current has increased from 4 pA to 14-15 pA. The reliability has
averaged 91% since 1981, by far the world's record for pulsed neutron sources. We
have gone from room temperature polyethylene to cryogenic methane moderators,
from a depleted uranium to a 77% enriched uranium (Booster) target, and from 4 to
11 neutron scattering instruments. Unfortunately, funding has not kept pace in the
same ratio, and staff and operating time have been essentially constant over this same
time period. For the past 3 years, most of the budget shortfall was covered by a
project for the Strategic Defense Initiative (SDI) involving the study of neutral
particle beams using our linac with the help of members of our accelerator staff. In
addition to SDI funds, we are in the process of pursuing other funding sources such
as industry and the National Science Foundation.

IPNS is not unique in having concerns about the level of funding, and the future
looks good despite these concerns. This report details the progress made at IPNS
during the last two years. Other papers in these proceedings discuss in detail the
status of the enriched uranium Booster target, the two instruments that are under
construction, GLAD and POSY II, and a proposal for research on an Advanced Pulsed
Neutron Source (ASPUN) that has been submitted to the Department of Energy
(DOE). Further details on IPNS are available in the IPNS Progress Report 1987-
1988, available by writing the IPNS Division Office.

Operating status of the accelerator system

On September 19, 1987, the accelerator system delivered the two billionth proton
pulse to the IPNS neutron target. The total, as of October 1, 1988, has risen to
2,341,622,103 pulses.

The average beam current showed another gratifying increase of 5% since the 1986
ICANS report. A few new techniques were uncovered to help increase the beam
current, but most of the gain came from effective utilization of the new equipment
installed in 1985 and 1986. Figure 1 is a plot of weekly average proton current on
the neutron target since turn-on in 1981; each point represents on average about 148
hours of operation. Although the average beam current has increased since late 1985,
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Fig. 1 Average target current of IPNS.

the rate of increase has diminished. Concurrently, the IPNS accelerator group has
been involved very heavily with activities outside of IPNS since that time so effort
devoted to beam current increase has been minimal.

Two factors should be mentioned in connection with the 5% current increase. The
first of these is the use of 80 pug/cm? carbon H- stripping foils. These foils last a
long time (about 40-50 million beam pulses), and eight hours with the old
polyparaxylene foils. This feature allows an increase in the long-term, not peak,
average current. The second item is substantial improvement in the stability of our
extracted beam current sensing toroids. By providing better low inductance image
current return paths, we have decreased the dependence of these devices on the spatial
properties of the extracted beam pulse. The synchrotron is operated "beam loss
limited", and the toroid signals are input data to the "beam loss" computation.
Stable, repeatable toroid data allow the synchrotron to be operated very close to the
empirically determined "acceptable loss” which, in turn, increases long-term average
current on target.

The brightest spot of the IPNS accelerator operation continues to be the operating
reliability, that is, the availability to deliver protons as scheduled. Reliability over
more than 6200 scheduled hours during the last two years continued to be excellent at
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91.9%, despite a spate of serious breakdowns during the first two months after turn-

_on in August 1986. During the remaining 19 months to June 1988, as-scheduled
availability equaled our goal of 94%. Figure 2 is a plot of this availability, averaged
weekly. Note the density of points near 100% since late 1987. In fact, during 8 of
the last 9 months of operation, availability has exceeded 95%. Even in months when
availability is less than is desired, the experiment time is seldom lost, since the
IPNS does not run parasitic on another program, but rather is dedicated solely to
neutron science and experiments can be rescheduled without the complication of other
pograms competing for accelerator time,
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Fig. 2 Reliability of IPNS.

Of very great significance is the success of our beam loss limited operation.
Automatic devices as well as operator attitudes help keep proton losses in the
accelerator limited to about 1.5 HA. As a result, the residual radiation levels around
the synchrotron are no higher, on average, than they were two years ago, and in
several of the very high loss regions, residual radiation has actually decreased. Thus,
the repairability of the RCS continues to be good! No internal damage to the
synchrotron aperture has occurred since the loss limits and protective collimators
have been in use.

The most significant equipment upgrade now underway is the installation of 3 new
power supplies which drive 7 of the horizontal steering dipole magnets in the 50
MeV H- transport line from the linac to the RCS. These magnets provide a 180°
bend to the beam, so their field stability is very critical. The old power supplies,
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while not particularly prone to breakdown, would often develop periods when their
output currents were extremely unstable, making precise injection tuning difficult,
The new power supplies will allow more stable injection position control, which
should provide the operators with a better opportunity to adjust the injection focusing
precisely. Thus, a better match of the linac beam emittance to the synchrotron
acceptance can be achieved.

Over the last 4 years, it became increasingly apparent that the beam was clipping the
upper portion of the magnet aperture and was causing a good deal of the low energy
beam loss in the synchrotron. Our limited diagnostics indicate that, in at least two
places, the center of the beam is about 3 mm above the geometric center of the main
magnet aperture. This translates into an effective loss of about 5% of the vertical
aperture. Computer studies are underway to analyze whether sufficient and
appropriately located space is available in the synchrotron lattice to add vertical
steering dipole magnets. The hope would be to lower, in as many locations as
possible, the vertical orbits.

Halo collimators and added vertical steering in the 50 MeV transport line are also
being discussed as possible ways to minimize vertical beam losses. In beam loss
limited operation, the prevention of a single proton lost should result in nine
additional protons on the neutron target.

Table | Accelerator operating summary.

11/81- 10/83- 3/85- 8/86-

7/83 2/85 7/86 6/88
Average beam current (|LA) 8.65 11.90 12.89 13.47
Operating efficiency (%) 89.6 89.3 93.9 91.9
Scheduled operating time (h) 7191 5567 5263 6237
Available operating time (h) 6443 4973 4942 5732
Total pulses on target (x 10%) 6.27 491 6.02 6.21
Total LA hours 55,732 59,179 63,702 77,210
Total protons on target (x 1021)  1.08 1.22 1.54 1.73
SDI linac operation (h) 0 0 1000 3125

Other accelerator activities

The IPNS participation in the Strategic Defense Initiative (SDI) was presented in the
previous ICANS report. The participation has continued in the operation of the linac
and the first Neutral Particle Beam (NPB) test beam line A. Design and construction
of a larger ANL-SDI beam line (B) started in late 1986, and the first test beam was
sent down this new line on April 22, 1987. Figure 3 shows the layout of the IPNS
accelerator system and the NPB beam lines. The beam optics design was supplied by
members of the ANL Engineering Division (ENG), while IPNS personnel supplied
much of the hardware design, installation planning and about 90% of the installation
labor and initial testing effort. During the past two years, over 35,000 manhours of
IPNS accelerator personnel effort was assigned to SDI beam line construction and
experiment support.
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Fig. 3 IPNS accelerator system and NPB beam lines.

In contrast to the SDI line A where almost all of the hardware was surplus, most of
the line B apparatus was new. The overall beam line is 70 m long and consists of 7
horizontal steering dipole magnets, 4 vertical steering dipole magnets, 16 quadrupole
magnets, power supplies, 4 sets of four-motion collimators, 12 sets of two
dimensional segmented Faraday cup diagnostic devices, 5 beam toroids, several
vacuum pumps and isolation valves, and a debuncher to reduce beam energy spread.
IPNS worked closely with the ANL Engineering and Electronics Divisions to provide
computer control and status readout of all these devices.

After a brief shakedown and characterization period on line B, a large team from Los
Alamos joined us to install a permanent magnet beam expansion telescope and a
considerable amount of sophiticated diagnostic equipment to help judge the
performance of the telescope. Its purpose was to achieve a very low divergence
beam; the divergence goals were met for the most part. The most active program
now underway is the test operation of a new type of beam expansion telescope that
was recently installed in SDI line B. It includes trim multipole magnets, which
should reduce higher order magnetic aberrations and thus further decrease divergence.

Operation and experiments on SDI line A were interspersed with line B construction
and operation. A total of more than 3100 hours of beam time was used on both




32 IPNS status

beams. Experimental topics included beam neutralization techniques and materials,
radiation damage, target composition, and the sensing of neutral beam properties.
The non ANL experimenters were assisted by ENG and IPNS personnel.

Future expansion, and even future operation, of the SDI facilities beyond Fall 1988
is, at the present, quite uncertain. A considerable reduction from the past 2 years in
our SDI participation is certain. Proposals to utilize the IPNS RCS to accelerate
deuterium ions have been made by the ANL-SDI office to military sponsors. A
100 m expansion of line B has also been proposed to obtain a more precise
measurement of beam quality. While the military sponsors show some interest in
these new activities, there has not yet been a firm financial commitment.

Instruments

Figure 4 shows the instruments now operating at IPNS, the specifications of which
are given in Table 2. Improvements on existing IPNS instruments and ancillary
equipment are occurring constantly. Most notable since the last ICANS report is the
commissioning of the Low Temperature Chopper Spectrometer (PHOENIX).
PHOENIX, in addition to the Polarized Neutron Reflectometer (POSY) and the
Quasielastic Neutron Spectrometer (QENS), was built by a Participating Research
Team (PRT). In this mode, a significant fraction of the financial and manpower
burden is borne by a group of scientists with considerable help from IPNS. These
three PRT instruments were added to the user program in 1987 at which time non-
PRT members could apply for 25% of the instrument time. The remaining 75% is
allocated by the PRT to its members, and manpower is provided by the PRT in a
collaborative mode for non-PRT users of the instrument. Neutrons are supplied free
of charge to the PRT instruments, and this method of instrument construction and
operation (modeled after the synchrotron sources) is an extremely effective way of
getting extra instruments and dedicated scientists at the facility.

The instruments for elastic or total scattering consist of two powder diffractometers
(SEPD Special Environment Powder Diffractometer, GPPD General Purpose Powder
Diffractometer), which have excelled at high resolution and special environment
work, coupled with the on-line capability of the Rietveld method and also have
proved useful for amorphous systems. As one might expect, these instruments are
now used increasingly with furnaces, cryostats, and pressure cells. Over the past 2
years, there has been considerable work on the powder diffractometers on structural
and defect studies of the high-T, superconductors and the determination of residual
strains in composite materials. The Single Crystal Diffractometer (SCD) is based on
the Laue technique with a two-dimensional (30 x 30 cm) position-sensitive
scintillation detector based on the Anger method, designed and built at Argonne, and
has investigated crystal structures and a variety of problems involving
superstructures, diffuse scattering, and recently, texture determination. The Small
Angle Diffractometer (SAD) also includes a two-dimensional position-sensitive
detector and is used to investigate metallurgical, polymer, and biological systems. A
new detector for the SAD was purchased, which will allow a factor of four increase in
total data rate. The broad scientific interest in the SAD and large oversubscription
have resulted in the decision to build a second small angle diffractometer, SAD II,
dedicated for polymer research.
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Fig. 4 IPNS neutron scattering instrument layout.

The two chopper spectrometers (LRMECS—Low Resolution Medium Energy
Chopper Spectrometer, HRMECS—High Resolution Medium Energy Chopper
Spectrometer) have proved exceptionally versatile in a variety of problems involving
measurements of S(Q,E). Experiments on amorphous materials, electronic
transitions, and momentum distributions have all made use of the abundant
epithermal spectrum. Based on the very heavy demand for beam time by the groups
involved in momentum density—n(p)—measurements in quantum liquids and solids,
a new instrument, PHOENIX, was built as a joint construction effort by scientists
from Argonne, Harvard University, Penn State University, and University of Illinois
Urbana.

The Quasielastic Neutron Scattering Spectrometer performs studies on molecular
spectroscopy and diffusion. It takes advantage of good energy resolution (70 peV),

coupled with the ability to measure energy changes as a function of momentum
transfer.
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Table 2
IPNS NEUTRON SCATTERING INSTRUMENTS
Range Resolution
Instrument Beam Vave Vector* Energy Vave Vector Energy
(Instrument Scientist(s)) Line ah (eV) & (eV)
Special Environment Powder F5 0.5-50 *k 0.35% *k
Diffractometer
(J. Jorgensen/K. Volin)
General Purpose Powder F2 0.5-100 *% 0.25% **
Diffractometer
(J. Faber/R. Hitterman)
Single Crystal Diffractometer Fé 2-20 kk 2% %k
(A. Schultz)
Small Angle Diffractometer Ccl 0.006-0.35 *k 0.004 *k
(J. Epperson/P. Thiyagarajan)
Quasielastic Neutron Spectrometer H2 0.42-2.59 0-0.1 ~0.2 0.02 E
(F. Trouw) o
Low Resolution Medium Energy F4 0.1-30 0-0.6 0.02 k 0.05 E
Chopper Spectrometer 0 °
(C. Loong)
High Resolution Medium Energy H3 0.3-9 0-0.4 0.01 k 0.02 E
Chopper Spectrometer ° ©
(D. Price)
PHOENTX F1 0.3-30 0.1-0.8 0.01 k 0.02 Eo
(P. Sokol/K. Herwvig) °
Polarized Neutron Reflectometer Cc2 0.0-0.07 *x 0.0003 L

(G. Felcher)

*  Wave Vector, k = 4nsin&/A.
** No energy analysis.

INSTRUMENTS NOT YET IN THE USER PROGRAM

Beam Line Instrument Flight Path Length (m)
H1 Glass, Liquid and Amorphous Material 10.5
Diffractometer (under construction)
[o) Small Angle Diffractometer II (under development) 8.0
c2 Neutron Reflectometer II 6.0
F3 eV Spectrometer 10.0

The Polarized Neutron Reflectometer has become a state-of-art instrument for
obtaining magnetic information in thin films or near the surface of bulk materials.
The very interesting basic information is coupled with some very promising applied
interest, for example magnetic hysteresis in materials for recording heads. A second
reflectometer (POSY II) has been recently constructed. Funded in part ($150,000) by
IBM, this unpolarized version of POSY will be used primarily for studies of
interfaces and interdiffusion in polymers, taking advantage of the large scattering
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contrast of H and D. The eV Spectrometer (eVS), designed to measure energy
transfer to many eV, is temporarily dormant due to difficult background problems.

The Glass, Liquid and Amorphous Material Diffractometer (GLAD) is under
construction as a PRT instrument and will be a world class instrument when
completed. This new instrument, which will feature high intensity with low-to-
moderate resolution and emphasis on low-angle detector banks to simplify
inelasticity corrections, is discussed in detail in another paper in these proceedings.

Chopper development at IPNS

A number of chopper-related development projects have been and are underway at
IPNS. These include choppers for the reduction of backgrounds due to delayed

neutrons, choppers to remove the prompt pulse of high energy neutrons from the
beam, a chopper for lower energies, and improved chopper control systems for all of
these.

The "delayed-neutron choppers” are lightweight drum choppers that "open" twice per
revolution, i.e., they run at 15 Hz rather than the 270 Hz typically used for our other
choppers. Two such choppers have been fabricated and installed, one in the GPPD
incident beam line at the point where the line exits the biological shield, and a second
in a similar position in the SEPD incident beam line. The basic design consists of a
40-cm-diameter, 11.5-cm-high, and 1-cm-thick cylindrical shell of B4C powder held in
place by epoxy and supported by a thin aluminum shell and aluminum top and
bottom plates. The chopper is rotated about the cylindrical axis which is vertical,
normal to the incident beam. Each of the chopper shells has a pair of diametricaily
opposed openings which are designed to allow unimpeded transmission of the entire
width of the beam over the time frame of interest to the insiruments (nominally the
time-of-flight range of 3-30 ms, measured at the detectors). The present design
parameters lead to an "open" fraction of the chopper circumference of ~1/3 for the
GPPD and ~1/2 for the SEPD. Consequently, these choppers should remove from
the beam roughly 2/3 and 1/2, respectively, of the total number of delayed neutrons
having energies low enough to permit detection in the *He detectors used on the
instruments. However, Monte Carlo simulations have shown that the delayed-
neutron contribution to the background should be reduced by factors of 10-100 in the
long-wavelength part of the spectrum where the delayed-neutron background would
otherwise be most serious, These choppers were installed in Summer 1988, so
experience with them is currently insufficient to provide quantitative details of their
performance.

A prompt-pulse-removal chopper ("t, chopper™) has been designed and fabricated, and
was installed in the PHOENIX incident beam line in Fall 1988. This chopper design
is similar to that used in our standard Fermi choppers, except that it contains no slit
package, and the opening through the beryllium pieces, which form the body of the
chopper, has been widened somewhat to allow transmission of the desired bandwidth
at the various different incident energies used on the instrument. The chopper will be
phased to be closed totally at the time of the prompt burst of fast neutrons, and so it
should remove most of these from the beam. Since these fast neutrons, which can
thermalize in the Fermi chopper or in the collimators or shielding, form a major
component of the background in chopper instruments, this additional chopper should
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lead to significant background reduction in PHOENIX. If this in fact proves to be
s0, additional to choppers will be provided for use on LRMECS and HRMECS as
well.

Since a number of users have requested that LRMECS and HRMECS be able to
provide lower incident energies, an additional Fermi chopper, optimized for
transmission of 10 meV neutrons, has been fabricated and tested. Unfortunately, this
chopper also allows significant transmission of higher energy neutrons, and for some
experiments, these can produce background in the time frame of interest on the
chopper spectrometers. If necessary, these higher energy neutrons can be removed
with a filter or by a t, chopper, so the 10 meV chopper can be regarded as
satisfactory, and it is available now for configuration in those experiments which
desire it.

A new chopper control system is being designed to operate the Fermi choppers and
the t, choppers. This system will implement the same algorithms used in our
present chopper controllers, but will be based on readily available PC components to
make it more easily programmable and significantly less expensive to reproduce.
The lower expense is particularly important since a number of additional controllers
will be required to handle the anticipated to choppers (at least three expected in the
next 1-2 years) and choppers for GLAD (one or two expected) in addition to the three
Fermi choppers that are controlled currently—for LRMECS, HRMECS, and
PHOENIX. Development of this new control system is expected to be completed by
mid 1989, and additional controllers will be built as needed. A different chopper
controller has been developed to drive and control the delayed-neutron choppers,
which have much less stringent control requirements. Two of these controllers were
placed in operation in Summer 1988, controlling the GPPD and SEPD delayed-
neuntron choppers.

The floor space devoted to chopper control has been expanded to handle all the new
chopper control systems, which are anticipated to be running simultaneously at
IPNS. As part of this expansion, considerable care has been devoted to the redesign
of the mounting and interconnection of the control systems and monitoring
equipment, so chopper control is being turned into a "chopper system command
center”, optimized for the operation, monitoring, and maintenance of this equipment.

Data acquisition
Introduction

Since the 1986 ICANS-IX Meeting, we have continued to refine and improve the data
acquisition system (DAS). Refinements to the existing system include replacement
of the encoding electronics for some of the area detectors, development of high-level
graphics routines for the GKS graphics system, and installation of cluster software to
link our computers. A digital Private Branch Exchange (PBX) telephone system was
installed at Argonne last year, permitting us to make significant improvements in
access to the IPNS computer systems,

Major changes that have taken place include the conversion of the PDP instrument
computer software to run on VAXstations, and the installation of VAXstations as
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instrument computers on the Glass, Liquid, and Amorphous Material Diffractometer
(GLAD) and the Neutron Reflectometer (POSY II) instruments and as replacements
for the PDP computers on two instruments. Replacement of the remaining PDP
computers with VAXstations is expected to be done over the next several years.
VAXstations are also being used to increase the data analysis capacity at IPNS. An
optical disk storage system for virtual on-line storage of large amounts of data is
under consideration. Finally, new linear position-sensitive detector (PSD) encoding
modules and a new hardware-based FASTDAS histogramming system have been
developed for GLAD. (Details of the GLAD PSD encoding and the FASTDAS
system are presented elsewhere in these Proceedings).

Data encoding modules

The area PSD, which has been in use on the Small Angle Diffractometer (SAD),
uses the rise-time method of position encoding. During the past year, we have
purchased two additional detectors which use this same encoding method for SAD II
and for POSY II. The two new detectors have come with their own sets of signal-
processing electronics, and we have developed a new digitizer module to interface
with these electronics to provide digitized position and time of flight information. A
similar set of signal-processing electronics and a digitizer module have also been
provided to replace the old units in use on SAD, which were becoming unreliable.
This compatibility among these three detectors should simplify maintenance of the
units,

Use of VAXstations

All of the initial eight IPNS instrument computer systems were based on DEC PDP-
Il computers. Several new IPNS instruments need greater on-line computing
capabilities and disk storage capacity than is available on the current PDP systems.
Furthermore, with the increased data rates expected with the new Booster target,
several existing instruments can benefit from the increased computing and storage
capacity available on the VAXstations. Finally, the PDP-11 systems are starting to
show their age (the oldest have been in continuous operation for more than 8 years)
and their failure rate is increasing. For these reasons, we have purchased four DEC
VAXstation-II GPX workstations, each with at least 300 Mbytes of disk storage.
Our instrument operating software has been converted for use on VAX computers
(with some enhancements to take advantage of the VAX capabilities), and we will
start using all four of these as instrument computers in Fall 1988. Two of the new
systems will be on GLAD and POSY II, and the other two will replace the PDP
computers on SAD and the Single Crystal Diffractometer (SCD). The remaining
instruments will be converted from PDP-1l to VAXstation-based systems at a rate
governed by need and budget.

The four VAXstations procured as instrument computers initially were used very
successfully for data analysis. Now that these four are going to be used as
instrument computers, a VAXstation 3200 system has been bought for data analysis.
The addition of the VAXstations has not only improved the instrument computer
situation, but also increased the total computing capacity available for data analysis
since the VAXstation instrument computers place significant computing capacity at
each instrument. It is expected that in the future more data analysis will be done
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directly at the instrument as the data are being collected, rather than on one of the
central computers in the system. Our central VAX systems will continue to be used
by the VAXstations for data storage and archiving as well as program development
and network services.

Graphics improvements

Until recently, IPNS has used the DISSPLA graphics package from Computer
Associates (CA) for most of the graphics programs developed for data analysis.
Since DISSPLA is an expensive commercial package, we could only use it on ovr
VAX-11/780, thus preventing us from using all of our computers efficiently. Most
of our graphics routines have now been converted to utilize GKS graphics, which is
available on all of our computers. This was accomplished by writing a set of high-
level graphics tools, called GPLOT, based on the GKS standard. VAX-GKS was the
first graphics software package to support the VAXstation, and the use of GKS
allowed us to develop device-independent graphics software that could be run on the
VAXstation as well as our other graphics devices. The VAXstations produce high
resolution color graphics very quickly, which will allow users to interact effectively
with data collection and data analysis. This should also pave the way for more
interactive modes of data analysis, although in many cases a considerable amount of
software modification will be required.

Among other graphics enhancements, we have added a PostScript-compatible laser
printer, which provides more flexibility and higher resolution than our other graphics
devices.

Networking and clustering

For several years, all of our computers have been linked together by a
DECNET/ETHERNET network served by terminal servers, so access to any of these
systems and transfer of information among them has become quite straightforward.
Two recent developments have expanded these networking capabilities.

During 1987, Argonne installed a digital PBX telephone system which allowed a
number of improvements in our computer network. The PBX provides lab-wide
network support through the use of bridges to connect divisional ETHERNET
segments into one large network. This allows us to access printers and computers in
other buildings. The new PBX also allows users in other buildings to have high
speed terminal access to our computer facilities.

To simplify access and connection speed among our computer systems, we are
joining some of them together in a cluster. This will make it more efficient to store
files centrally and still use the VAXstations for data analysis without the necessity of
keeping multiple copies of files. Some of the new instruments which have come on-
line have strained our computing and data storage capacity severely, and this demand
is expected to increase even more with the Booster target; therefore, the cluster is
expected to continue expanding.
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Data archiving/retrieval

As the amount of on-line disk space increased, it became increasingly difficult to
provide file backup. It took typically four high-density tapes to store the data from
one disk,and an operator was required to change tapes. We have solved this problem
recently by purchasing a helical-scan tape unit which permits us to store the contents
of several disks on a single tape cartridge. This has eliminated the need for an
operator to change tapes during the backup operation. Because of the cheaper and
more compact storage, we will now be able to keep monthly full backup tapes
permanently, instead of reusing the tapes after one year.

The installation of the Booster target is expected to result in a large increase in the
rate of data collection and the need for data storage facilities. Fortunately, disk
technolcgy has kept pace with our need for online storage, and we were able to make
a significant increase in our disk storage capacity this past summer. Careful
management of data storage will continue to be necessary, however. Some
instruments already require frequent archiving of data to tape. The optical disk
system under consideration would provide the ability to stofe this data where it could
be accessed quickly with no operator intervention.

Booster target

Since the last Progress Report 1985-1986, in which the design of the Booster target
was described in detail, numerous difficulties have had to be overcome in the process
of fabricating the Booster target. In the end, we have succeeded—all the required
disks and spares have been completed, and insertion and testing are underway.
Throughout, we enjoyed the helpful cooperation of our colleagues at the Oak Ridge
Y-12 facility where the disk processing was carried out as well as many groups at
Argonne. Details of Booster target fabrication and performance are given in another
paper in these proceedings.

Moderators

Moderators are also covered in a subsequent paper. Based on operating difficulties
with solid methane and the lack of experience with booster operation, startup in the
fall of 1988 will include liquid hydrogen (T > 14 K) in the C moderator, that which
is viewed by SAD, POSY and POSY II. This will result in a loss of long
wavelength neutrons, which should be more than offset in most wavelength regimes
by the enhanced flux from the Booster target. The moderator design will permit a
return to solid methane in C after we have gained sufficient operating experience on
the Booster target.

Examples of some recent sclentific results

To illustrate the/ performance of some of the IPNS scattering instruments, some
recent experimental results are discussed. A study was undertaken to investigate the
motion of molecules in the pores of molecular sieve zeolites which are used as
catalysts in i/l;ape—selection hydrocarbon transformation reactions. Figure 5 shows
the pore or channel structure in ZSM-5 through which molecules can diffuse. A
molecular dynamics calculation followed the rate of diffusion in the various




40 IPNS status

directions, b clearly being the easiest direction. Figure 6 shows the near-elastic
energy region measured for the catalytic material with (symbols connected by a line)
and without (solid line) methane. The additional broad component when the methane
is present is the quasielastic scattering due to translational and rotational diffusion.
The widths of the data yield a translational diffusion constant of 2.4 x 10° cm2-sec!
at a momentum transfer of 1 A-!, which is in very good agreement with the
simulations and previous NMR results.

The large difference in scattering by hydrogen and deuterium was used to study the
interface separating two different molecular weight polymers. Figure 7 shows results
from POSY which was used to study the reflectivity of a bilayer of deuterated and
normal polystyrene (PS) on silica glass. The oscillations (dots) are due to
interference of the reflections from the front and back face of the upper deuterated PS
layer. After a short anneal (140°C for 5 minutes) the much lighter, deuterated PS has
diffused and the change of the period of the oscillations (squares) was used to generate
the change in profile shown in Figure 8. These results were our first measurements
showing the power of neutron reflectivity for studying polymer diffusion and resulted
in the decision to build POSY II.

These are only two examples of recent results and many more examples are detailed
in the IPNS Progress Report 1987-1988, published in October, 1988.

Elliptical 10-Ring
Straight Chanpel
(5.7Ax5.1A)

Near-Circular 10-Ring
Zig-Zag Channel
(Dia. 5.4 A)

Fig. 5 Diagram of the channel structure of ZSM-5 zeolite.
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Intensity (Arbitrary Units)

Intensity (Arbitrary Units)

45 10 05 00 05 10 15
Energy Loss (meV)

Fig. 6 Quasielastic scattering from silicate (solid line) and silicate plus methane
(symbols connected by line) measured on (2) QENS at 300 K and (b) IN6 (ILL) at

80K.
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Fig. 7 The reflectivity of a bilayer of d-PS/PS on silica glass as deposited {dots)
and after a short anneal (squares).
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Fig. 8 The concentration profile obtained from the data of Fig. 7.
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User program

The operating statistics shown in Table 3 clearly indicate an increase in the number
of experiments and scientists at IPNS despite a small decrease in operating time. The
increase is due to the proton current increase and the increase in neutron scattering
instruments (4 in 1982 vs 11 in 1988).

Table 3 IPNS user program.

FY83* FY84 FY85 FY8 FY87 FY388
Weeks of operation 26 29 21 22 21 18*
No. of experiments performed 110 210 180 212 223 226
Visitors to IPNS for at

least one experiment:
Argonne 41 49 44 52 55 54
Other government labs 9 8 7 11 15 17
Universities 33 45 51 79 78 79
Industry 5 9 7 13 24 17
Foreign 18 39 34 27 24 16
TOTAL 106 150 143 182 196 183

*+ FY83 = Fiscal year 1983 = October 1982 through September 1983.
* 2 weeks to be run early in FY89,

Recent and planned conferences and workshops

We continue our strong commitment to sponsor conferences and workshops in
connection with our efforts to spread the news about neutrons in general, and the
capabilities of IPNS in particular. Financial and technical assistance from both the
University of Chicago and Argonne's Division of Educational Programs is greatly
acknowledged.

Conferences and Workshops
December 8-9, 1986
Third IPNS User Meeting

May 12-13, 1987
Design Vorkshop for an Advanced Chopper Spectrometer at LANSCE

October 26-29, 1987
International Conference on Techniques and Applications of Small Angle
Scattering

November 6-7, 1987
Workshop on X-ray and Neutron Scattering from Magnetic Materials

October 3-7, 1988
International Collaboration on Advanced Neutron Sources (ICANS-X), Joint
Sponsorship with LANSCE at Los Alamos National Laboratory
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Planned Meetings
October 24-26, 1988
‘Workshop on Momentum Distributions

November 14-15, 1988
Fourth IPNS User Meeting

November 16-18, 1988
Short Course on Neutron Powder Diffraction and Rietveld Analysis

Figure 9 shows that the requested beam time under the user program remains high
and is dominated by non-Argonne scientists. The large increase in university users is
due to the establishment of PRT's and a number of groups consisting of faculty,
post-doctoral appointees and graduate students which focus their research at IPNS,

1200
O Total Requested
1000 ® Non-ANL Principal Investigator
& Available at Instruments
800
n
>
©
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5
E 600
5]
a
x
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400
200
0 T T T T T =T N
82 83 84 85 86 87 88 89 90

Year

Fig. 9 Experimental beam time requested under the IPNS User Program.

Advanced Pulsed Neutron Source (ASPUN)

The need for more intense neutron sources has been the subject of many meetings and
reports. The most thorough workshop took place at Shelter Island, New York, in
October 1984. The major findings of the workshop were:

1. The case for a new higher flux neutron source is extremely strong, and such
a facility will lead to qualitatively new advances in condensed matter science.
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2. To alarge extent, the future needs of the scientific community could be met
with either a 5 x 10n-cm2-s'! steady state source or a 101"n-cm2-s'! peak
flux spallation source.

The scientific output and future of pulsed neutron sources have been growing steadily
inrecent years. It is the goal of the ASPUN project to develop fully the potential of
pulsed neutron sources by designing the next generation source. The goal of present
generation pulsed sources is in the 100-200 pA range, which would yield a neutron
flux that is a factor of 3-6 higher than IPNS when operating with the enriched
uranium (Booster) target.

The ASPUN project would increase proton currents by a factor of 20 or more beyond
the design goals of presently operating sources. This project would be the
10"n-cm?-s?! peak flux spallation source as recommended by the Shelter
Island report. Funds for a design effort to start in fiscal year 1990 have been requested
of the Department of Energy. Details of ASPUN are given in another paper in these
proceedings.

Conclusion

The report on DOE neutron sources that was released in December, 1987, and chaired
by P. Pincus, praised IPNS for its effectiveness as a user facility and its world
leadership role in instrument development. An extended tenure of operation was
recommended as well as support for pulsed neutron instrumentation and development
of next generation sources. The ever increasing instrument capability, the Booster
target and our very active involvement with the scientific user community guarantee
a productive scientific future for IPNS.
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Recent progress at LANSCE

R. Pynn

Los Alamos Neutron Scattering Center
Los Alamos National Laboratory

Los Alamos, New Mexico 87545
USA

Since the last ICANS meeting in 1986, a new construction project, funded at the
level of $17.5 million by the U.S. Department of Energy, has been started at the Los
Alamos Neutron Scattering Center (LANSCE). This project comprises an
experimental hall with an area of 1700 square meters, a support building which
includes both laboratories and offices, and four new spectrometers. The experimental
hall was occupied in April of this year and we anticipate the use of the support
building within six months. Both of these buildings, an artist's impression of which
is shown in Fig. 1, are essential for the national user program which is described
below.

== Beam from LAMPF
Proton Storage

TP ANSCE
experiment
hall

Support building

Fig. 1 Artist's impression of the new LANSCE facility.

The four instruments included in the construction project are 2 medium-resolution
powder diffractometer (NPD), a reflectometer for surface studies, a high-resolution
chopper spectrometer with a Brillouin scattering option, and a back-scattering
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The first incarnation of the NPD (c.f. Fig. 2) was installed in August of this year, in
time to benefit from several weeks of beam. Experiments have been performed on a
number of samples and the spectrometer has been found to have the predicted
resolution (currently the highest for any US powder diffractometer) and low
background. In future, new detector banks, comprising linear, position-sensitive
detectors, will be added, and the instrument should reach its "final" configuration

within two years.

Fig. 2 The Neutron Powder Diffractometer (NPD) recently installed in the new
experimental hall.
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During the past two wecks, first measurements have been made with our prototype
reflectometer, yielding data such as those shown in Fig. 3. Since no serious effort
has yet been made to reduce background on this instrument, the results in the figure
are encouraging. The reflectometer has a novel design involving two beams incident
on the horizontal plane of the scattering sample at different angles. Although the
instrument will be in regular use from 1989 onwards, it will not be included fully in
the user program until 1990,
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Fig. 3 One of the first reflectivity profiles obtained with the LANSCE reflectometer.

Detailed design is already in progress for the chopper spectrometer and we anticipate
the installation of the incident beam line by next year. The first operational part of
this instrument will involve the low-angle detectors needed for Brillouin scattering,
some of which should be installed by next year. The vacuum tank containing the
high-angle detectors is unlikely to be available before 1990, however, and the full
compliment of detectors will not be implemented until 1991.

The last of the four new instruments, the back-scattering spectrometer, has been
designed conceptually but not in detail. This spectrometer will be positioned at the
end of a 38Ni-coated guide viewing the existing liquid-hydrogen moderator. The guide
tube will be ordered in the very near future, but a debate concerning the relative
merits of straight and curved guides has to be concluded first.

Part of our construction program involves making four additional penetrations in the
existing bulk-shield and bringing these beams into the new experimental hall. The
penetrations will be made next year, but upgraded and new moderators will not be
installed until 1991 or 1992. One of our current exercises is to determine the
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locations and identities of the new moderators and the disposition of the
spectrometers they will serve. Plans in this area are far from concrete, but it appears
likely that we will install at least one liquid-methane moderator. In all probability
the existing (or renovated) versions of the single crystal diffractometer (SCD) and the
filter-difference spectrometer (FDS) will be moved to the new experimental hall when
the upgraded moderators are installed, Options for less conventional moderators, such
as mixtures of metal hydride and liquid hydrogen, are also being studied.

This year was the first in which LANSCE ran a formal user program, similar to the
widely-copied ILL model, with proposals examined by an External Program Advisory
Committee (EPAC). LANSCE shares this committee with the IPNS, and it is our
intention to hold joint meetings at which proposals for the two centers are examined
at the same time. Operational issues prevented such a joint meeting in 1988, but
one is planned for March of next year. A policy for the distribution of LAMPF
protons between the LANSCE target and the Weapons Neutron Research facility has
been agreed. Essentially this policy results in LANSCE spectrometers being
available to external users for non-classified research during about 60% of each 6-
month LAMPF run-cycle. Classified measurements may also be performed, and may
occupy up to 20% of the available beam time. Such experiments are chosen on the
basis of proposals which are examined by an Internal Program Advisory Committee
(IPAC). It was gratifying to observe that beam time was over-subscribed by a factor
of about two in 1988, with a total of 102 proposals submitted for non-classified
research on S spectrometers. In addition there were 12 proposals for research of
programmatic interest to Los Alamos National Laboratory.

Unfortunately, statistics for beam availability were unimpressive this year.
Although the overall beam availability was about 64% during the six wecks of cycle
52 (18th August to 3rd October), cycle 51 (15th June to 22nd July) averaged only
30%. The technical reasons for this poor performance will be discussed in more
detail by Bob Macek in a later presentation. To a limited extent the numbers are
reduced by our definition of availability. Beam is defined as available only when the
proton current exceeds 50% of the planned value (30 A at 15 Hz for most of 1988).
Since the potential exists for unacceptable radiation levels to be generated in the
neutron scattering halls during PSR tuning, the latter operation has to be carried out
at reduced proton current. Tuning accounted for 13% of scheduled time in cycle 51
and 9% during cycle 52.

The peculiarity of our accounting system for beam availability does not really reduce
the severity of our problems in this area, however, and an increase of availability is
the major short-term priority at LANSCE. I believe that Bob Macek and his group
have now identified many of the improvements to existing hardware which will be
required to ensure improved reliability. These will be implemented as rapidly as
possible as part of the Laboratory plan to ensure that PSR reaches its full potential
within the next three years.

In spite of the poor reliability of PSR, we were able to carry out 42 of the 49
experiments approved by EPAC and all 8 of the experiments ratified by TPAC.
However, 22 experiments had to be rescheduled and user satisfaction was only
achieved by using LANSCE discretionary time. Even so, 33 experiments in support
of the LANSCE research program were accomplished during discretionary periods.
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Although PSR was originally designed to deliver 100 LA of protons, we have been
unable to increase the current beyond about 35 pA without compromising hands-on
maintenance. The problem has been traced to the HO injection scheme which, when
it was implemented, was seen as a cost-effective attempt to solve a difficult technical
problem. Unfortunately, the scheme results in an unprecedented increase in beam
emittance before injection and to a non-Gaussian beam profile. Both of these
features, which will be discussed in Macek’s talk, lead to unacceptable spill for
proton currents above about 35 pA. To achieve the 100 pA of which PSR is
capable will therefore require a modification of the injection scheme. The
management of Los Alamos Laboratory has decided that this task has high priority
and that it will be accomplished within the coming three years.

Those of you who visited LANSCE prior to the 1988 run cycles will remember that
experimenters had no access to their spectrometers during proton beam delivery. At
that time, unforeseen spills of the protons could have caused massive radiation doses
close to the neutron spectrometers. Solution of this problem was our first priority in
1988. A triply-redundant system of fail-safe instrumentation has been installed to
detect beam spills and unacceptable radiation levels. The system is able to interrupt
the proton beam sufficiently rapidly to prevent unreasonable exposure of personnel to
radiation fields. However, as mentioned above, it is necessary to diminish the proton
current during tuning operations, when beam spill is inherently more likely, in order
to avoid trips of the safety instrumentation. To be able to tune without incurring
this reduction of current will require the installation of additional shielding around the
pipe through which protons pass from PSR to the LANSCE target.

During the past year we have made a concerted effort to understand the shielding
requirements for neutron beam lines and spectrometers at a high-current spallation
source. On the basis of Monte Carlo calculations which he will describe at this
meeting, Gary Russell has been able to generate an algorithm for effective shielding
which minimizes the amount of unnecessary material. This cost-effective solution,
shown schematically in Fig. 4, has been implemented on NPD and found to work
well.

A development at LANSCE that has paid dividends recently is the Generalized
Structure Analysis System (GSAS), which is used to treat diffraction data obtained
with both powders and single crystals. This software, which was written by Allen
Larson and Bob Von Dreele, is currently in use at more than 35 sites in addition to
LANSCE. The programs were written with the ability to refine simultaneously
multiple, independent data-sets. It has proved particularly useful to combine data
obtained with x-rays and neutrons on the same powder sample. The crystallographic
structure obtained from the refinement is more accurate than could be obtained with
either technique alone and local minima in the least-squares refinement are avoided.
Furthermore, the maximum level of structural complexity which can be treated is
increased when independent data sets are used. I believe this to be a true example of
what is meant by the complementarity of x-rays and neutrons: the simultaneous use
of both probes to solve complex structural problems.

A LANSCE initiative which may revolutionize the way in which pulsed-source data
are analyzed involves the use of maximum entropy methods. Devinder Sivia, who
will talk tomorrow, has already demonstrated the power of this method in the
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treatment of data obtained on the FDS. However, I believe that the method may have
use beyond the simple implementation of data treatment algorithms. The maximum
entropy method provides an impartial assessment of the information content of data.
Thus, it may be used to rank the relative effectiveness of different spectrometer
resolution functions. In particular, Devinder has shown that resolution functions
with one sharp edge are superior to symmetric functions of the same variance. At
pulsed spallation sources, where the physics of the neutron moderation usually leads

to asymmetric lineshapes, this observation may have far-reaching consequences.
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Fig. 4 Cross section of LANSCE beam line shielding which has been optimized with
the help of detailed, neutron-transport codes.

In conclusion, the past year has been one of great change at LANSCE. It has been
an exciting time during which new developments have occurred almost daily.
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1. Outline

The world's smallest pulsed-spallation neutron facility KENS is still active and has
been successfully operated since the last ICANS with increasing proton-beam
intensity. Scientists of the proton accelerator group at KEK have convinced
themselves that a beam intensity of 2 x 1012 protons per pulse came within range.

The beam time allocated to neutron-scattering experiments was about 1150 hours per
year, which is saturated since 1981. Visiting scientists spent about 3500 man-days
at the KENS facility in the last year from about 40 different institutes to perform
experiments. Fig. 1 shows the total number of registered users in each fiscal year
since FY 1981.

300

Number of Registered Users

L Lo L Fig. 1 Number of registered users
81 82 83 84 85 8 &7 88
Fiscal Year
Figure 2 shows the number of proposals accepted cach year. About 60
proposals including test experiments were accepted each recent year from more
than 65 proposals, and about 55 cxperiments were successfully completed. At KENS
we have two categories of proposal. Proposals by large groups responsible for
construction, operation, maintenance and improvement of the instruments which
they are concerned with are classified in the first category A/B1 and they can use

up to 60% of the beam-time, On the other hand, proposals by small groups of pure
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users are in the second category, B2, and they have to share the remaining 40%
beam-time in competition. We intend to increase the B2 fraction: for example, in
the case of the small angle scattering instrument SAN, more than 60% of the beam

time is allocated to B2.
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Figure 3 shows a beam-time distribution of each instrument used in various

research fields in recent years.
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The budget for KENS has also been saturated since FY 1985. Table 1 shows, in
round numbers, the budget in FY 1988 after adjustments at KEK.  Costs for
manpower and for accelerator operation arc not included. Laboratory ovcerhead
and various costs for radiation safety, clectricity, water, air-conditioning etc. have

been subtracted. KEK supports full expenses for travel and stay of outside visitors.
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Table I Budget for KENS in FY 1988
{unit_is ¥M)
Operation of facility Neutron scattering experiments
KENS Beam line Experiment Travel and lodging
[]
85 51 96 16

Table II shows the number of scientists and engineers in the Booster

Synchrotron Utilization Facility (BSF).

Table II Number of Scientists and Engincers in BSF

Scientists Engincers
Director 1
Neutron scattering 6 2 .
Beam-line 3 4

The number of publications for research at KENS are shown ‘in Figs. 4 and 5.
The total number of papers published in journals and conference proceedings
came to about 250, including reviews, status reports, accelerator/beam-line
development for KENS, and publications in Japanese, in addition to neutron

scattering results..
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Fig. 5 Proportions of publications in each field

2. Target and Moderators

The neutron-production-target system of depleted uranium!) has worked
quite well with great stability during these years. In Fig. 6 the measured
temperature rise at the center of the first target block (the block with the
heaviest heat-load) is plotted as a function of proton beam current at a rated
coolant-flow (601/min). The temporal change in the temperature rise is probably
due to fluctuations of the proton-beam position on the target. Error bars indicated
in the figure represent the maximum and the minimum of the temperature
distribution. The temperature rise per pA was thus determined as 15.6+ 3.2°C/uA.
The maximum temperature of the target block is, therefore, estimated to be 177£32°
C at the dcsigned proton-beam current of 10 pA with a coolant temperature of 21°C.
The estimated temperature is significantly lower than the highest safe value

estimated in the safety analysis report.

AT ( C/ph)

Fig. 6 Mecasured temperature rise
at the center the first Target block
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It was recently found that the polyethylene modcrator at room temperature
suffered from serious radiation damage duc to the incrcased proton-beam-current
and the use of thc depleted uranium target. We therefore, decided to replace the
polyethylene with circulating light water.  Full installation of the new moderator
system was completed September 1988,

Some improvements were performed on the hardware of the KENS cold
neutron source2). The vacuum-pump system was improved by replacing the
previous diffusion pump with a twrbo-molecular pump (RTP-300 RIGAKU,
320I/sec). The control system was also improved so that the vacuum can be held in

the event of an electric power failure and the pump starts automatically on

recovery.
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Fig. 7 Operational records on renewing solid methane moderator:
standard opcration until June 1988 (upper), quick operation (lower)
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Wec, however, have serious problems on the solid methane moderator. We
cxperienced a so-called "burp” three times and the cryogenic moderator chamber
suffered from serious damagc2). The chamber was replaced by a new onc in
Scptember 1987, Although the “"burp" problem has not been overcome, we can
avoid the burp by renewing solid methane before reaching a critical value of
integrated protons on the target, which is empirically determined to be about
6 x 10'%,  Therefore after the installation of the new chamber we renewed solid
methane at the midpoint of the beam cycle before reaching the critical dose. We
had to waste almost one day of cold neutron beam-time in each cycle for renewing
as shown in Fig. 7(a). In order to minimize the wasteful time, we tried to renew
the solid methane as quickly as possible. Every working day of beam-time about 4
hours in the afternoon is allocated to the medical group, Particle Radiation
Medical Science Center, university of Tsukuba, for cancer therapy using protons.
If we can complete the renewing within the medical beam-time, we have no loss.
The result of the first quick renewing is shown in Fig. 7(b). We confirmed that we
can restart experiments with the solid methane moderator immediately after the
end of the medical beam-time.

Another important problem is cryostat trouble. Since December 1985 we use
a new-type cryostat in which the heat exchanger is embedded into the side walls
of the moderator container. The performance of the second cryostat of this type,
which was installed in September 1987, became poor since April 1988: sometimes
the methane temperature went up to 40 K associated with poor vacuum. We found
that it was, at least partly, due to a leak of coolant helium to the vacuum space of
the cryostat.  Even though the second cryostat had no experience of burp, it
suffered from damage. It is not clear what is the major mechanism of such
damage, but we guess that a welded part between the wall-heat-exchanger and the
external piping of coolant-helium cracked by the stress associated with the
volume increase of solid methane by radiation. Similar cryostat trouble at IPNS
was reported by Carpenlcr.3) They avoided burp by raising the methane
temperature periodically, but the life of the cryostat was rather short. September
1988 we replaced the second cryostat by a third one. We, however, have to develop

.

a new type of cryostat in due course.

3. Development of Neutron Scattering Instruments

In the KENS facility there are sixteen instruments : Fourteen are in
operation, a chopper spectrometer INC is under construction and an ultra cold
neutron gencrator test UCN is still under development. Recent layour of these

instruments is shown in Fig. 8.
INC was designed for complementary use with a sister instrument MARI

which is under construction at ISIS. The mechanical chopper of INC is almost the
same as that of MARI. Since INC has shorter flight path lengths than MARI, the
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counting rate can bc made comparable by relaxing the cnergy and momentum
resolutions slightly. A vacuum scattering chamber and a spectrometer shicld
were installed in place.  Data acquisition electronics and computer are rcady.
About 170 He-3 detectors will be installed within this year. A fast Fermi chopper
was supplied from the Rutherford Appleton Laboratory. The construction of INC
will be completed by the end of FY 1988. Details will be presented at a Poster
Session by Arai.

The encrgy resolution of the high-resolution quasielastic spectrometer
LAM-80 %) was improved by use of mica instead of pyrolytic graphite as analyzer
crystals.5)  The energy resolution attained is about 19 peV with 6.6 A and 8 pe V
with 9.9 A neutrons. LAM-80 has an incident flight path about 31 m long which
makes a contributioh to the energy width AE; ~ 13 peV for 6A incident neutrons.
Energy resolution of the analyzer crystal has to be matched with AE;. Pyrolytic
graphitc (PG) with any mosaic spread is too bad and perfect crystal of silicon is too
good for this. Mica crystal scems to be the best in this encrgy-resolution range.
In Fig. 9, the third order Bragg reflection from a mica crystal (1.83 meV) is
compared to the 002 reflection from a PG with mosaic spread of 0.4°. Those arc
measured  with analyzer angle 65 =87° at the exit of the 31 m long neutron guide
(C2) from the solid methanc moderator. The peak shape of the mica is superior,
cspecially in the rising side. Note that the faint intensity on the both sides of the
peak observed with PG is completely eliminated. Neutron scattering spectra from
a vanadium sample on the LAM-80 using the third order reflection of the mica
crystal (6.6A at 8,=80°) is also shown in Fig. 9.

The performance of the coherent inelastic scattering spectrometer MA X ©)
was also improved. By use of vertically focused analyzers instead of previous flat
oncs, the counting efficiency was increased by a factor 1.7 and the signal to
background ratio by about 1.5 times as shown in Fig. 10.7)  Each analyzer mirror
consists of 16 pieces of pyrolytic graphite (6mm x 50mm) aligned on a curved
holder which is a part of a simple cylinder instead of an ellipsoid. Since the
cssential feature of MAX is that the curvature of the analyzer varies with 6, many
holders with different curvatures were prepared. Further improvement on

analyzers is in the planning stage.

The characteristics of the MAX are most suitable for measurements of spin
wave excitations in two-dimensional magnets, because simulianeous constant - q
scans by many analyzer-detector sets become possible. Typical TOF spectrum and

mcasured dispersion relations for a two-dimensional random antiferromagnet
RboCoq 14Nig ggF4 are shown in Fig, 11 for reference.8)
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The performance of the polarized epidermal neutron spectrometer PEN was

also improved.g) A polarized proton filter is used as a neutron polarizer and
proton polarization more than 80% was achiecved by microwave pumping in a 4He
bath at 0.5K. Epithermal neutron polarization of more than 70% was obtained,
with a neutron transmittance about 25%.

The polarized cold neutron spectrometer TOP1!0) has been modified. By the
installation of PSD’'s at small angle region with a newly constructed vacuum
chamber, small angle scattering using polarized cold neutrons has become
possiblc.ll)

The number of backward neutron detectors of the high resolution powder
diffraciometer ml?.) was increased 1o improve counting efficiency. A new
computer program13) has been developed for the Rietveld analysis of time-of-
flight neutron diffraction data on the HRP. KENS is a low repetition pulsed-
neutron-source (20Hz) which makes it easy to enlarge the d-spacing accessible.
Powder diffraction in larger d-spacing region becomes possible by adding lower
angle counter banks. Results of a test experiment to detect 001 diffraction from
BapY(CuZn)307.« (d=11.626A) and 002 diffraction from TlpBayCagCuzOqg (d~17.8A)
are shown in Fig. 12 with Rietveld refined profiles. The installation of lower-
angle-counter banks is under progress. The data acquisition electronics of the
HRP was also upgraded: a new clectronic time-focussing hardware was developed
at KENS, which can accept neutron signals in much higher rate than the
computer focussing.

The medium resolution powder diffractometer MRP is being converted to a

multi purpose diffractometer. In addition to the original function as a
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Fig. 12 001 diffraction from BayY(CuZn)307.4 (d=11.626A) (left) and 002 diffraction from
TipBayCagCuz0j (d~17.8A) observed by a low angle test counter on HRP

conventional powder diffractometer, options for single crystal diffraction and
epithermal neutron diffraction are built in. For the former option, MRP is
equipped with 1D-PSD's and a sample goniometer table which allows the use of a
heavy helium cryostat, and for the latter, with a high-efficiency small-angle
counter bank to detect epithermal neutrons from neutron-absorbing samples.

The down-scattering crystal spectrometer LAM-D. designed mainly for

molecular spectroscopy, was moved from the H-6 beam hole to the H-9 after
upgrading. The number of analyzer-detector arms was increased from one to four

to realize larger analyzer solid-angle.14)

4. Data Acquisition and Processing System

The instaliation of the KENS new data acquisition and processing system
based on the VAX has been completed. A VAX 8350 was chosen as a hub computer
and eight VAX station II's were introduced as data acquisition computers with
many Macintosh front end computers. The data-acquisition software ICP/GENIE
developed at RAL was introduced to our new system by M.W. Johnson (RAL) under
UK-Japan collaboration. Details of the new system will be =resented at Poster

Session by Furusaka.

§. Activities in Neutron Scattering

One of the highlights of the rescarch achicved in thesc periods was the first
successful dcicrmination of the crystal structure of a high-Tc superconductor
BayYCugO7_x. It is alrcady historical, but highly cxciting at that time of the "High-
Tc fever". Early March 1987 our collecagues in National Institutc for Rescarch in

Inorganic Materials, Tsukuba, informed us that they were just successful in
preparation of a high-quality single-phasc powdcr-sample of BapgYCu3O7_y.
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Proton accelerators at KEK wecre alrecady shut-down finishing the scheduled
opcration in that fiscal ycar. Director General, professor T  Nishikawa, decided to
restart the proton-accelerators and immediately carry out the diffraction
experiment on this sample with the high resolution powder diffractometer HRP.
The sample was in fact not a single-phase one but a mixture of orthorhombic and
tetragonal forms, but fortunately we were successful to determine the crystal
structures of both phases simultaneously. It was almost the same time with three
other independent experiments performed at IPNS, ISIS and ILL with their high
resolution powder diffractometers. In succession, we studied the crystal structure
of various 123 compounds RBapCu307_5(R : Y or lanthanide elements) using the
HRP and showed that the variation of the long apical Cu-O bond distance of the
CuOg4 pyramid must have a crucial role in forming Cooper pairs of O-2p holes
between CuOy4 layers. We also studied various nonstoichiometric compounds
RyisxBag_ 4xCu307_ g and showed that [Cu-OJ* concentration controls T

The crystal and magnetic structures of (LaSr)2CuOy4 system were also
studied. Powder diffraction on the HRP showed that the space group of LapCuOy is
Cmca. Since the superconductivity is believed 1o be strongly related to the
magnetism of these systems, the magnetic contribution to small angle neutron
scattering is being measured using large single crystals on the small angle
scattering instrument SAN.

New superconductors of TI- and Bi-systems were also measured on HRP.
Structural parameters of Lay gCay {CugOy, which does not show superconductivity,
were also refined. The results will be useful in the examination of theories.

As an interesting application of an eV-spectrometer utilizing a nuclear res-
onance, a combined method of high Q scattering spectroscopy with resonance ab-
sorption spectroscopy was developed on RAT (resonance detector spectrometer).
This method is useful to determine the mean kinetic enecrgies, ie., effective tem-
peratures of specific elements in multi-component systems such as high Tc super-
conductors.  Ikeda found that the effective temperature of oxygen atoms is un-
changed in various oxides, while that of copper atoms changes significantly; the
cffective temperature of copper atoms in the LapCuQy4 system is higher than those
in metal Cu and CuO, and the YBapCu3zO7_; system has much higher efective tem-
perature of copper atoms than those mentioned above. A technical aspect of this
application will be presented at a Workshop Session by Ikeda.

A parity-nonconserving (PNC) effect in necutron radiative capture was
extensively studies using polarized epithermal neutrons from PEN. A ncw y-ray
annular detector made of BaFy scintillators was constructed and the y-ray
detection efficiency was incrcased. Simultaneous measurements of capture y-rays
and neutron transmission with positive and negative helicity states gave
consistent results on the p-wave resonance of 139La at 0.734 eV.

Kinetics of first order phase transitions has been examined on Al-Li alloys
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by use of SAN. Experimental results show a peculiar behavior at very early stages
of the phase transition; the exponent n in the scattering law qT changes with
time. It is explained by a competition between phase separation process and
order-disorder transformations.

In addition to the above topics, many experiments in various fields, for
example, precipitation in Nb-Ti multifilamentary superconducting composites,
magnetic excitation in the two-dimensional random antiferromagnets
RbyCoxNij_xF4, magnetic structure of the reentrant spin glass Fe-Al alloy system,
structure and dynamics near the glass transition, dynamics of fractal structure,

and so on have been extensively carried out in these periods.

6. Japan-UK Collaboration

This is the third year of the UK-Japan collaboration on neutron scattering.
The construction of the chopper spectrometer MARI, which is provided by KEK for
installation on ISIS in Rutherford Appleton Laboratory, is going well. A vacuum
scattering chamber is ready for installation. A fast Fermi chopper is almost ready;
The computer for the data acquisition system and associated electronics are ready
as well. The construction of MARI is expected to be completed in FY 1989 on
schedule.

The workshop of the collaboration "Neutron Scattering Research with
Intense Spallation Neutron Source-Today and Tomorrow- was held at KEK on Oct. 6-
7, 1987. About fifty participants attended at the meeting. The proceedings of the
meeting has been completed and will be distributed soon.

In FY 1987 a Japanese scientist stayed RAL for a long term and three visited
RAL for a short term to perform necutron scattering experiments and collaborate

on the construction of MARIL

7. KENS-II

The future program of the pulsed spallation neutron source KENS-II was
included in the Japanese Hadron Facility Project as an important part of four
major fields. The project was already authorized by the Science Council of Japan,
and is now under cxamination by the government

Dectails on the KENS-II project will be presented by Endoh at a succeeding
Scssion. Here I give only very brief comments on some technical aspects. Proton-
beam cnergy is still not fixed: 1 GeV with a 1 GeV proton linac and a storage ring,
or 2 GeV (or less) with a 1 GeV linac and a synchrotron. Time-averaged proton-
beam-current is expected to be 200 pA.

We are thinking of adopting a coupled cold moderator, probably a composite
moderator of liquid hydrogen with light water at room temperature, in order to
obtain higher time-averaged cold neutron flux albeit in longer pulses. One idea of

the target-moderator-reflector assembly is a combination of a coupled cold
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moderator with decoupled moderators at ambicnt and reduced temperatures. The
former could hopefully be located in a large DO tank above the target. The latter

would serve short-pulse uses similarly to the present operation of other spallation
neutron sources (ICANS laboratories).
We performed some neutronic calculations for the KENS-II with higher

proton energies, say 2 GeV. A result will be presented at a Workshop Session.
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Status report of SINQ: A continuous spallation
neutron source

W. E. Fischer

Paul Scherrer Institute (PSI)
CH-5232 Villigen
SWITZERLAND

1 Introductionary Remarks

A most significant development at SIN the past year has been the merging of
several research institutes to what is today called the "Paul Scherrer Institute”
(PSI). Good old SIN fell prey to this undertaking. The new institute contains the

former

Swiss Institute for Nucelear Research (SIN)
Federal Institute for Reactor Research (EIR)
Radio Corporation of America Laboratory in Zurich (RCA)

Since, within the new organisation, the research domains "physics of condensed
matter” and “material science” are supposed to gain considerable significance, I
would like to present this PSI here as an introductionary remark.

PSI contains four research departments, namely (Fig. 1)

Nuclear- and Particle Physics

Biological- and Medical Science

Physics of Condensed Matter, Material Science
Energy Research and Engineering Sciences

One of the tasks of the institute is the development and operation of complex
research facilities, which are beyond the scope of universities. The relationship
between PSI and the federal and cantonal schools are based on the principles of
complementarity and close collaboration. International scientific collaboration, in
particular through common research- and development programs, is strongly an-
ticipated.

With Fig. 2 we try to demonstrate the significance of the institute’s accelerator
system (formerly SIN) for the research activities of the various research depart-
ments. It shows that this facility is still the backbone (the central hardware unit)
for the present and future research program.

A layout of the accelerator — and the meson facilities is presented in Fig. 3. The
location of the neutron hall, containing SINQ-station and the guide hall is at the
upper right of the picture.
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Fig. 2 Research domains at PSI, which make use of the accelerator facility.
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The accelerator system delivers today a proton beam of 200 - 250 pA at 590 MeV
onto the meson targets. While the accelerator could run currents of 500 pA, the
operation is restricted today by the second target station which has still to be
improved for the higher currents. For currents above 1 mA the rf-system of the
ring-cyclotron will be upgraded by doubling the rf-power of the main amplifiers.
The time schedule for these tasks is given in Fig. 9.

2 The Spallation-Neutronsource

A vertical cut of the ceniral part of SINQ is shown in Fig. 4. Proton beam injec-

tion into a molten lead-bismuth target {enfpchr mixture) through a solid window

€l lCall-DISINULA talzel (CUtcClc INANIE) ITORgLh 4 S04 WillG

s from below. Natural convection of the target matenal driven by the power de-

nosition of the nroton beam is used as cooling mechanism for the tar ot, The heat

rvu-v‘v‘. QL B30 PIOON DCAIN I8 UBCC as coong mecianisin Ior viae ar 4 48 AL

exchanger is located in the upper part of the slim target cylinder.

The D0 moderator is in a double walled Al-tank. The gap between the two
walls is filled with light water, which acts as a shield for thermal neutrons. They
are hence captured mainly in the water and do not contribute anymore via (n,y)-
reactions to the heating of the surrounding iron shield. The heating of this shield is
therefore dominated by the energy deposition of high energy neutrons. While the
upper shield part and the ring around the moderator tank have still to be actively
cooled, the lower part does not need active water cooling under these conditions.
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safety barrier is defined by a ¢ ont.rolled mtroge n containement. Beam extraction
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tube reactor. Remember that SINQ — due to the absence of macro-timestructure
in the beam - is a continuous source.

Before entering into the spallation target, the proton beam is forced through a

collimator system to prevent — given the emittance — any focus on the target win-
dow.

The proton beamline over the distance of 54 m between the second meson target
and the spallation target is given in Fig. 5. The halo produced by scattering in
the meson target is scrapped off in a four stage collimator system just behind this
target. After this clean up a virtually lossless transport of the beam up to the
spallation target appears to be possible. Hand-on maintenance of the transport
system in the channel ditch is the aim.

The beam envelope in Fig. 5 is of 4o-width and in second order.

The layout of the inserted plugs for the neutron extraction channels is shown in
Fig. 6. We plan to install two cold sources into this facility — a light hydrogen

— and a deuterium-source. The neutronics and hydraulics of the 20 1 deutermm
source will be discussed in detail by F. Atchison at this workshop.

SINQ will provide thermal neutrons at four beam tubes viewing the D,O-moderator.
Another four beam tubes view the light hydrogen source which appears to provide
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the highest flux in the wave length region between 2 - 44 (Fig. 7). To the D,-
source we shall attach a beam tube pair and the guide system. This guide system
was presented as a poster at this workshop by I. Anderson and F. Atchison.

In view of the favorable performance of pulsed neutron sources for hot and ep-
ithermal neuirons we refrained from installing a hot source into our system.

In Fig. 7 we present the expected spectral fluxes for a nominal primary proton
current of 1.5 mA. These fluxes are given at the positions of the monochromators
for beam tubes and at the exit of neutron guides at possible end-standing instru-
ments. The option to install short supermirror guides in (and at) beam tubes
viewing the light hydrogen source has been kept open.
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Fig. 7 Spectral fluxes at the position of the monochromators or neutron guide exits.

3 Instrumentation

In table I we list the spectrometers planned to be installed at the spallation source.
Two priorities are distinguished — the highest priority being given to the instru-
ments at the guide system (3.3 - 5.2, 6.1, 6.3). Instruments already in operation
now at the reactor ”Saphir” (formerly EIR) planned to be rebuild or possibly
transferred have second priority.

Generally speaking the instrumental set corresponds to the experimental installa-
tions realized today at a modern beam tube reactor.
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Fig. 8 presents the layout of the instruments in the Target Hall and the Neutron
Guide Hall.
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Fig. 8 Layout of the instruments in the target hall and the guide hall.
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4 Time Schedule

Construction work has been started this summer 1988. We plan to begin with the
installation of the actual target station towards the end of 1990. This phase is
supposed to last for about 2.:—, years — first trial operation to be expected towards
the end of 1993.

As can be recognized from Fig. 9 this schedule is strongly coupled with the activi-
ties for upgrading the second meson-target station (Target E). A general shutdown
lasting at least one year (1990) is foreseen for this task. During the same shutdown
preparatory work for the improvement program at the accelerators will be done.
The short shutdowns during the years 1991/92 are inserted in order to install ~
one by one — the rf-amplifiers delivering higher power to the accelerator cavities of
the ring-cyclotron. As a consequence a gradual increase of the operational beam
current can be achieved.
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Fig. 9 Time schedule of the major tasks at PSI from 1988-1994.
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SINQ-Spektrometerplanung (Stand: 9,1.87)

Status report: SINQ
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The ISIS target

A. Carne, T. A. Broome, J. R. Hogston and M. Holding
Rutherford-Appleton Laboratory

Chilton, Nr Didcot, Oxon

UNITED KINGDOM

1. Introduction

The ISIS Target Station and its Target(s) have been described in many
reports, including the Proceedings of the previous nine ICANS Conferences.
They are, by now we hope, familiar devices to many of the participants at
this Conference. Participants will hear elsewhere in this Conference
details of other parts of the Target Station, but this presentation
discusses the two target failures that have occurred, gives our
understanding of the causes and indicates the steps being taken to

alleviate the problems.

At the outset of the design we were avare that the target would have
a finite lifetime, due to radiation damage effects, exacerbated by
mechanical damage due to thermal cycling and fatigue. Estimates of target
lifetime at full intensity are about 2 years for radiation damage swelling
and about 10E4 gross thermal excursions. The latter number is the one
vhich gives uncertainty in defining the 1life of the target, since it is
dependent on the reliability of the accelerator and quality of the proton

beam.

The commissioning of an accelerator system and bringing it up to high beam
intensities have their own special problems. There must be protection of
components against uncontrolled beam loss, which produces thermal damage,
prompt radiation and induced activity. Fast beam trips for beam loss
protection, or equipment failures, result in quenches from high
temperature in the target which get bigger with increasing beam intensity.
But the target itself is a difficult device to make, taking about 12
months to manufacture. Further, changing one is a complex and time
consuming task, not without its hazards. There is thus something of a

balancing act to bring the accelerator towards specification before the
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target fails due to thermal cycling fatigue. In the early days of ISIS
beam loss protection was the dominant consideration and the target was
regarded somevhat as a sacrificial lamb to the goddess of machine

reliability.

During 1987 there were two failures of ISIS targeis. The first target had
received 92,400 uA-hr of beam, with an unknown number of gross thermal
cycles; the second had received 54,000 pA-hr with about 40,000 gross
thermal cycles (~ 20,000 beam trips from all causes). Actual lives were

25 months and 3 months respectively.
2. The ISIS Target

A schematic of the ISIS target is shown in Figure 1. The target consists
of a ’‘module’ containing 23 disks of depleted uranium of diameter 90 mm
and varying thickness (dependent on axial position in the target). The
disks are clad in zircaloy-2, 0.25 mm thick, and mounted in square picture
frames of stainless steel to form a set of parallel plates separated by
cooling chaunels 1.75 mm wide. The Dy0 coolant flows through these
channels vhich are grouped to be fed from 3 main cooling channels via
stainless steel manifolds bolted to either side of the module. The module
and manifolds are mounted within a stainless steel pressure vessel which

has its own independent cooling circuit, the "casing circuit".
The condition of the target is monitored by

a) Thermocouples located at the centres of alternate uranium disks,
numbers 1, 3, 5 ... Response time for these thermocouples,

including all effects, is about 0.5 sec.

b) Monitoring the water flow and pressures of each cooling channel. The
information is collected to define the effective width of the cooling

gaps, g, proportional to (flow)/(pressure drop)o'ss.

c) A Fission Product Monitor which uses a lithium-germanium detector and
multichannel analyser to detect and display the gamma spectrum from
radionuclides in the D20 coolant. First indications of spallation
and/or fission products can be seen presently in about 30 - 40

minutes after beam turn-off.
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FIG 1, ISIS TARGET SCHEMATIC

The main manifestation of damage to the target, whether due to radiation
damage or thermo-mechanical effects, is in swelling of the target uranium.
This swelling has the effect of closing the cooling gaps, so reducing the
flov and increasing the pressure drop. The reduction of cooling results
in increased target plate temperatures. The effects are the first
indications of the approaching end of the target life, or a developing
serious problem, and in themselves would be sufficient to indicate the
need for a target change (regarded as a normal end-of-life target change).
This may be confirmed, if after a delay to allow cooldown of general
background, fission products are detected in the D,0 coolant.

Both failed targets displayed the above sequence and for both, fission
products were seen in the coolant. The onset to failure was quite rapid
in both targets (about 16-24 hours), a point that will be discussed later.

3. The Target Failures

a) Target Number 1
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Target number 1 had been operating since the start up of ISIS in July
1985. There had been no problems, except for a small internal leak
between the plate and casing circuits. The beam intensity had been
increased over the operating period so that in August 1987 it was at
about 60 pA. There was a suspected blockage in the front cooling
channel which vas cleared (suspect filter bits) and the target was
run normally for a further 2 weeks when the flow fell from its normal
113 1min~! to 93 Imin~! and the pressure drop increased from 1.85 bar
to 2.11 bar (the corresponding gap constant fell from 18.4 to 14.1).
These values were outside the limits set for normal operation and the
control system reacted, as designed, by warning the operators. The
temperatures of plates 1 and 3 rose about 50°C above the operating
level of about 250°C causing the beam to be tripped off. The beam
was restored at reduced level but the water leak developed to an
unacceptable 1level. The decision was taken to change the target
vhen, in addition to the leakage, the gamma spectrum from the plate
circuit D20 showed fission products, indicating a breach of the
cladding. The fission products were individually identified by gamma
spectroscopy and the gamma spectrum is shown in figure 2. Fission
products gases released to the atmosphere due to this target failure
and subsequent operations were less than 10 GBq (i.e. less than 0.05%

of a reportable release).
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FIG 2. GAMMA SPECTRUM FOR D20 COOLANT, TARGET NO 1
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b) Target Number 2

The experience of target number 2 followed closely that of number 1.
There was a small inter-circuit leak which did not hovever worsen.
The target operated from early September to early December 1987 with
beam at 70 - 80 pA. Over a period of about 20 hours the gap constant
fell from 18.4 to 16.7. Figure 3 shows the gap constants over the
last 90 hours of the target’s life, the fall-off for channel 1 can be
clearly seen. At this stage the beam was turned off and within 3
hours fission products were seen in the coolant DZO' The target had
operated for 3 months at high intensity, up to 85 uA. Early in this
period a beam trip counter was installed which registered 19,400
trips. The trips were followed by instantaneous turn-on to full
intensity, inducing similar mechanical stress, to give a total for
the whole operational period of about 40,000 gross temperature
excursions. Gaseous releases from this target, due mainly to water
circuit blowdown prior to target removal, were 46 GBq and contained

some fission product gases.
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In both target failures the target control, monitoring and safety
systems worked well and gave clear indications of the problems at an
early stage. The experiences have led to some refinements in the
monitoring systems, both in terms of beam on target and of display of

target parameters.
4. The Target Changes

The work to change the targets was done entirely by remote means in the
purpose-built Remote Handling Cell (RHC) which is an integral part of the
Target Station. Details of the remote handing operations and the lessons
learned are reported elsevhere in this Conference (1) and only a few
comments will be made here. Though the RHC was substantially complete,
much initial preparation was necessary to equip it with TV cameras and
tools before work could start. Special tools for use with the
manipulators were prepared and, as far as possible equipment and
procedures were tested initially in a dummy run. Both changes were very
much learning exercises and some modifications and improvements were made
between the first and second change. Of the RH problems encountered, only
one might have been related to the proton beam, when the pressure vessel
of target number 1 wvas distorted due possibly to beam misalignment which
would give non-uniform heating of the stainless steels in the target.
Leakage between the plate and casing cooling circuits could also be
explained this way.

Generally the work went very much as planned. All work was done with the
guidance of a nominated radiation protection supervisor, After removal
both targets were placed in the storage well within the RHC, pending
further action. Times for doing the work were

Target 1: Remove and store 5 days. Install new, ready for operation
10 days

Target 2: Remove and store 2 days. Install new, ready for operation
12 days

In both cases some preparation time was required. With increasing
experience less preparation time would be needed and the overall task

might be achieved in 2 weeks.
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Dose rate measurements on the targets gave values much as expected from
design calculations, i.e. about 80 mGy hr'1 at 2 m. The general radiation
level in the RHC due to other components was about 200 mGy hr‘l, wvith 800
mGy hr"1 on contact with the reflector. The average radiation dose
received by the staff on the work was one twelfth of the derived dose
based on the ICRP limit for classified workers.

5. Examination of Target 2

Both target failures came sooner than hoped in terms of total current
though there was increasing concern at the very large number of beam
trips. An examination of a failed target was crucial and Target 2 (which
had a better known history) was sent to the Harwell Remote Handling
Facility for dismantling and expert examination. Figure 4 shows the inlet
side of the target module vith the pressure vessel and manifolds removed.
The gaps between plates 3, 4 and 5, all part of the first cooling channel,
can be seen to be partially blocked. Detailed examination showed that
disks 1 through 16 had wrinkling of the zircaloy cladding over a diameter
5 - 7 cm, with the remaining disks appearing undamaged. Wrinkling of the
cladding is due to radiation growth of the underlying uranium randomly
orientated crystals, and its area reflects the proton beam size (expected
to be 7 cm dia at full beam, full emittance). Disks 3, 4 and 5 had
localised swelling, with cracks in the cladding. The cracks were both
radial and circumferential, and were biaxial due to the underlying
localised swvelling of the uranium. There were also witness marks due to
the ribs, almost all due to pressure from disk number 4. The cracks were
black within and outside there were brown rings due to the formation of
zirconium hydride due to the loss of cooling with gap closure. By far the
most damaged disk was number 4, vhere figure 5 shows the localised
swelling over a diameter of about 3 cm on the front face with' several
cracks in the cladding. The swelling is clearly offset with respect to
the disk centre and was so large as to press into the corresponding faces
of plates 3 and 5. The damage was recognised (2) as "entirely
commensurate with failure due to thermal c¢ycling growth, probably caused
by on/off cycles of the beam, possibly exaggerated by irradiation. There
was no evidence of engineering faults in the target”.

A zinc sulphide screen was placed in front of disk number 4, to indicate
the induced activity in the plate. For comparison purposes, this was

repeated with disk number 1, which was relatively undamaged. When the
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scintillation trace was overlaid on the photograph of disk number 1, it
showved a good fit to the wrinkled area of the disk. A contour plot was
also made which showed a "humped" elliptic distribution about 7 em (v) by
5 em (h) and reasonably well centred on the disk. On disk number 4,
however, this scintillation was again a humped elliptic distribution 7
cm(v) by 5 cm (h) but like the wrinkling, offset to the left horizontally
by about 1 cm. The region of severe mechanical damage, about 2 cm
diameter was offset to the right by about 1 cm and down by 1 cm to the
edge of the scintillation with no enhancement of the scintillation, i.e.
this damage, and its induced activity occurred in a time short compared
with the total irradiation time. Recalling the reduction of gap constant
occurred over a period of the last 16 or so hours of the target ve

conclude this damage occurred in this same period.

How can this effect be so localised and how can it occur so rapidly?
Firstly, the beam intensity at this time was 85 yA and the horizontal and
vertical emittances wvere about half the full design value. Due to power

supply instabilities in the extracted proton beam line the spot size on
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FIG 5. FRONT FACE OF DISK 4 SHOWING LOCALISED SWELLING

target varied both in size and location. Beam transport calculations have
shown that such small spot sizes were possible with the result that at
these intensities the energy density in the plate could be twice the
maximum design value. Secondly, the uranium in the target itself is
polycrystalline, of small crystals with random orientation. During a
temperature excursion an unrestrained single crystal will not experience
mechanical stress. However vhen the crystals are contiguous some crystals
experience compressive, and some tensile, stress during-a quench. Plastic
elongation is produced in those crystals experiencing tensile stress,
which is retained on heating and eventually shared with the other crystals
by creep. Successive cycles produce further elongation. The strain of
individual crystals increase linearly with the number of cycles but there
is no volume change wuntil the voids, defects, etc are filled, wvhen it
changes rapidly.

Underlying the above mechanisms, the uranium during operation suffers from

irradiation growth. Stress is developed due to the mismatch between the
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movements of adjacent grains which gives rise to plastic deformation. The
internal strain introduced by growth at the boundary between two grains
will reach the yield strain in a time t dependent on the fissioning rate
and, for ISIS at full intensity is about 170 secs. Continuous plastic
yielding occurs after this time and the uranium becomes almost devoid of
strength at low strain rates. Any external stresses applied in times
> 170 secs will relax to a low value, but in times < 170 secs will not
relax. These times indicate how some of the effects of a quench can be
alleviated, by applying external stress at a rate no faster than naturally

occurs during burn-up of the uranium.
6. ISIS Operations

As a result of these experiences a number of improvements in the operation

of ISIS have been instituted:

i) With the addition of further diagnostics in the EPB together with
auto-align programs the proton beam on target has been improved.
Further beam line quadrupole programs are coming into use and a long

term program to improve power supply stability is underway.

ii) The original halo monitor has been replaced by an 8-sector device,
with two sets of 4 thermocouples at 2 different radii. Uniform
temperatures are sought and, after warning, the beam is tripped off
if the alignment is bad (measured by the difference temperatures of

opposite TC’s).

iii) The Beam Loss Trip System has been modified so that rather than trip
the beam due to one faulty pulse in 50, the trip is initiated by
comparing the beam loss at several points in the machine over 3
pulses with a pre-set value, or 4 pulses in the case of the Injector.

This has had the effect of reducing the trip rate by a factor 8.

iv) A ’soft start’ system is incorporated when, following a beam trip and
quench, the beam is brought to operating intensity in 140 - 180 secs.
This then avoids the mechanical stress induced by a fast up-cycle by
allowing the uranium to plastically yield, so a quench now results in
1 thermal excursion rather than 2. The combination of iii) and iv)

gives a factor 16 improvement in trip rate.
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v) The gap constant is now determined once per hour and compared with a

vi)

calculated temperature corrected value (g varies linearly with the
bulk DZO temperature). Warnings are given when the measured value
differs by 0.5 (warning) or 1.0 (beam-off), and the problems are
investigated. In this way it is hoped to recognise an impending
target failure before the cladding is breached. The subsequent
target change can then be made without the complication (and possible
hazards) of free fission products. This system will be incorporated

into auto-control in due course.

As part of the transfer of control of the Target Station from "local"
to the main ISIS control vroom, improved displays are provided,
including a colour display of the 7 front plate temperatures, figure
6, also a longitudinal display of plate temperature. These displays
have greatly increased the operator awareness of the health of the

target.
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At 15 September 1988, the beginning of a scheduled short shut-down period
for 1ISIS, ISIS Target number 3 had received 129,300 pA-hr and 8900 soft
starts (= beam trips). Other parameters appear to be behaving normally.
Many isotopes of krypton have been seen in the 020 coolant but, in the
absence of other radionuclides, these are recognised as spallation

products of zirconium. Deo Volente ....
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The Proton Storage Ring: problems and solutions

R.J. Macek
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Los Alamos, NM 87545
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ABSTRACT: The Los Alamos Proton Storage Ring (PSR)
now operates with 35uA at 20-Hz pulse repetition rate.
Beam availability during 1988 suffered because of a num-
ber of problems with hardware reliability and from nar-
row operating margins for beam spill in the extraction line.
A strong effort is underway to improve reliability with an
eventual goal of obtaining beam availability in excess of
75%. Beam losses and the resulting component activa-
tion have limited operating currents to their present val-
ues. In detailed studies of the problem, loss rates were
found to be approximately proportional to the circulating
current and can be understood by a detailed accounting of
emittance growth in the two-step injection process along
with Coulomb scattering of the stored beam during multi-
ple traversals of the injection foil. It is now apparent that
the key to reducing losses is in reducing the number of foil
traversals. A program of upgrades to reduce losses and
improve the operating current is being planned.

1. Introduction

The Proton Storage Ring (PSR) at Los Alamos functions as a high-
current accumulator or pulse compressor to provide intense pulses
of 800-MeV protons for the Los Alamos Neutron Scattering Cen-
ter (LANSCE) spallation Neutron Source. The neutron scattering
community has seen several proposals for similar neutron sources
based on compressor rings fed from a proton linac e.g., SNQ from
Jiilich, one from Moscow, JHP from Japan, and LANSCE II from
Los Alamos. To date, only the PSR has been constructed, hence
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the experience with PSR should be helpful in assessing this ap-
proach to the design of advanced neutron sources.

1.1 Layout

The layout of PSR in relationship to other relevant facilities at
the LAMPF site is shown schematically but not to scale in Fig. 1.
An 800-MeV H™ beamn from the LAMPF linac is kicked into Line
D and transported through Line D and the Ring Injection Line
to a high-field stripper magnet where it is converted with 100%
efficiency to H°. The H° beam then enters the lattice of the ring
through a dipole and is stripped to H beam with ~ 92% efficiency
in a 200 g/cm? carbon foil. Up to 2800 turns can be injected
and accumulated during a single macropulse. Beam is normally
extracted in a single turn shortly after the end of injection and
transported to the LANSCE neutron-production target in ER-1.

1.2. Performance to Date

Performance parameters of general interest are summarized in Ta-
ble I where the values as of October 1988 are compared with the
design goals. The peak current (on the 100 nanosecond time scale)
available from LAMPF is 8-10 mA and is limited by the H™ source.
By increasing the pulse length beyond the design value to 950 uS
we have accumulated (in test runs) as many as 3.8 x 10!® pro-
tons per pulse (ppp) or 70% of the original design goal for this
parameter. Unfortunately, we cannot use this peak intensity for
routine operation because of “slow” losses during accumulation.
In the present operation at 20 Hz, we are limited to an average
current of 35uA by losses of ~ 0.5 A which have caused activa-
tion at the maximum acceptable level for hands-on maintenance of
ring components. These losses occur primarily in the injection and
extraction regions which contain the known limiting apertures.
Further information on the design and initial performance are pub-
lished elsewhere.!



Proton Storage Ring

i
;i

ALy i
Y. it

LANSCE
v

3
i

N
‘i

i
;

i

Fig. 1. Schematic layout of PSR at the LAMPF site.
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TABLE I. Summary of Performance (to October 1988)

Design Achieved
o Peak Injected Current 15 mA 8-10 mA
e Injection Pulse Length 750 us 975 us
e Protons/Pulse 5.2x 103 3.8x1013
o Repetition Rate 12 Hz 20 Hz
o Average Current 100 pA 35 pA
o Losses:
Accumulation 0.1-0.3pA 0.5 pA
@ 100pA @ 35 A
[0.1-0.3%)] [1.4%)]
Extraction <0.1% 0.1-0.3%
(@ 30 pA)
e Availability 5% 7 62% ave. 1987

(80% Best Run)
30% Avg Cycle 51
64% Avg Cycle 52

2. Reliability and Beam Availability

Beam availability was never specified in the original PSR design
documents; however, the LANSCE user community has shown a
strong preference for a value of 75%, or greater. We define beam
availability as the ratio of the time beam was available (at greater
than 50% of the scheduled current) for delivery at the LANSCE
target to the beam time scheduled for LANSCE research.

2.1. Daily Availability in 1988

The operation of PSR during the summer of 1988 (LAMPF Cycles
51 and 52) was the first attempt at sustained running for a formal
users program. Beam availability and machine reliability were a
great disappointment especially in Cycle 51 when beam availabil-
ity was about 30%. The details on a daily basis are shown in Fig.
2 where the availability is plotted as a function of time using only
the days when beam was scheduled for research at LANSCE. At
the 30% level of reliability, the research program at LANSCE suf-
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Fig. 2. Daily beam availability in 1988 for LANSCE.
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fered; great frustration and dissatisfaction were evident amongst
the user community, and the PSR staff became thoroughly ex-
hausted making numerous expedient repairs to more deep-seated
problems.

2.2. Subsystems Availability

Much of the downtime came from the pulsed power systems, as
can be seen in Table II, Subsystems Availability. Thermal fail-
ures of the water-cooled loads on the switchyard kickers and mas-
sive failures of high-voltage vacuum feedthroughs on the stripline
kickers of the ring extraction system were the most acute of the
numerous problems which developed in 1988. Expedient repairs
were designed and implemented in the short time between beam
cycles in what is best described as a frantic effort to recover the
momentum of the LANSCE research program before the end of
the 1988 running period. These repairs and a sustained effort to
keep all systems operational resulted in a marked improvement in
availability which averaged about 65% in cycle 52.

The LAMPF linac is also a significant source of downtime. It is
a mature facility whose availability has been 80 to 85% for many
years and is at a level that is satisfactory for the nuclear and parti-
cle physics program which funds the operation of LAMPF. Further
improvement is an expensive undertaking. The 201-MHz RF sys-
tem is a major source of downtime for the linac and estimates
for improving it are between 5 and 10 million dollars; it is not a
cost-effective candidate for improving overall reliability. The prob-
lem for the LANSCE facility is that beam availability is the prod-
uct of the availability of LAMPF and that of PSR and the rest of
the beam-delivery system. Therefore, to achieve 75% or greater
overall availability, the PSR and other beam-delivery system avail-
ability will need to reach 95%. This has been achieved with other
circular machines such as the Booster Synchrotron at CERN.

2.3. Improvements to Reliability and Operational
Efficiency

The H™ source has run at 90 to 95% availability and has required
two shifts of downtime every two weeks for reconditioning. Efforts
are currently underway to reduce the arc-down rate and improve
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Table II. Subsystems Availability in 1988

Long Term
Cycle 51 Cycle 52 Goal

e Linac and H™ Source 5% 82% 85%
e Pulsed Power Systems 68% 94%
e Other Beam Delivery Systems 85% 91% I 95%

Product (Available from PSR) 43% 70% 80%
¢ Beam On and Current

> 50% of Scheduled 76% 92%
¢ LANSCE Target/Moderator 96% 98% } 97%
¢ Beam Available to Users at

> 50% of Scheduled Current 31% 64% >75%

source lifetime. A spare source is being fabricated to reduce the
amount of downtime needed for periodic reconditioning. Our goal
is source availability of 97-98%.

Many other systems contribute to downtime but a complete discus-
sion is beyond the scope of this paper. The pulsed power systems
were discussed earlier. Deionized water systems have presented a
number of problems including numerous leaks, corrosion of brass
fittings, and deposits in certain power supplies. The use of lead-
free solder (95% tin, 5% antimony) with its small workable tem-
perature range undoubtedly contributed to the large number of
voids found in the solder joints of the larger copper pipes. Im-
provements underway include redoing all the joints in the 4-inch
water line and more instrumentation to monitor water quality.

Another important loss of beam time arose from frequent tuning
to reduce spills in the PSR and in the extraction line. In cycle 51
about 25% of the time when beam otherwise was available, opera-
tors were tuning at half or less of the scheduled current primarily
to eliminate spills which caused tripping of the errant beam pro-
tection instrumentation. Margins on beam spill were much tighter
in 1988 than before because users were allowed in the experimen-
tal area of LANSCE while beam was on. Prior to 1988 users were
excluded when the beam was on. Safe access with the beam on
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was guaranteed in 1988 by the newly installed fail-safe Personnel
Safety System (PSS) whose three levels of fail-safe errant beam
detection instrumentation insured that the beam was promptly
shut off under any beam spill conditions which would present a
hazard to personnel in occupied areas.

There is very little margin for error in transporting the extracted
beam to LANSCE. In the region of transport where the floor of
the beam tunnel is also the roof of the experimental area, small
spills of order 3-5 nanoamperes (0.01% of the beam) can cause
radiation levels of about 20 millirem/hour in certain areas of the
experimental hall where users must have free access. In this sit-
uation, the least deviation from the optimal tune can cause spills
of this magnitude.

The addition of approximately one meter of iron shielding in the
extraction channel region over ER-1 would greatly increase the
tolerance for error in the beam transport to the LANSCE tar-
get. However, the structural modifications needed to support the
additional weight are a major complication. Nevertheless, design
studies of the changes required for additional shielding of this mag-
nitude are now underway with high priority.

Variations and drifts of the beams, both to and from PSR, can
arise from a number of sources including the linac and the beam
transport. The beamn from the linac changes slightly a few times
per shift; these changes are commensurate with our long term ex-
perience at LAMPF and can be large enough to have a significant
effect at PSR. However, by the end of cycle 52, it became clear that
a large portion of the beam changes which affected PSR resulted
from poor stability of magnet set points in the Line D transport.
A factor of 5 to 10 improvement in magnet-power-supply stabil-
ity is underway. Longer term, we aim for 0.01% set-point repro-
ducibility, which implies additional improvement in power-supply
regulation.

3. Beam Losses?

Beam losses during accumulation are far and away the most serious
barrier to higher-current operation. In the present operation with
351 A at 20 Hz, the losses produce activation at the limit for hands-
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on maintenance of the ring. As we shall demonstrate shortly, the
losses at 100pA would be an order of magnitude higher if nothing
is done to reduce them.

3.1. General Characteristics of the Accumulation Losses

Slow losses are measured to ~30% accuracy with a series of
scintillator-based radiation detectors located on the outside wall
of the tunnel at beam height opposite each ring dipole. Detector
gains are all identical; signals from each as well as a sum signal
of all detectors are used for loss measurements. The sum signal
is calibrated by allowing a measured quantity of beam to be com-
pletely lost. Fast analog current signals, obtained directly from the
phototubes, are available in the control room for detailed analysis
of the time structure.

"

The sum-current signal is a measure of the beam loss rate, L(t).
A trace from normal operation is shown in Fig. 3 along with a
signal from a current monitor that senses the circulating beam
current, I(t). The ring current is a ramp because beam is contin-
ually injected during an injection period of 375 us. Fig. 3 shows
that L is nearly proportional to the stored beam intensity. Total
losses, L = [ L dt, will then be quadratic in time. To increase the
average current to 100 uA we need to inject for ~1000 us, but
the losses under these conditions are an order of magnitude higher
than for the present operation at 375 us, which already produces
the maximum acceptable activation of ring components.

Losses for an extended period of accumulation can arise from
those occurring at the time of injection as well as from continual
losses of the stored beam. The two components can be separated
in an experiment where beam is accumulated for a short time
(~100 us) and stored for a much longer period (~1000 us) before
extraction. Loss rates and circulating current signals from one
such experiment for a coasting beam (RF buncher off) are shown
in Fig. 4. The discontinuity at the end of injection is caused by
the cessation of “first-turn” or injection losses and amounts to
~2 x 1073 of the injected beam current. The loss rate during
storage is a slowly increasing function of storage tiine with a frac-
tional loss rate of ~1.3 x 10™° per proton per turn at the end of
the 100-us injection period.
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Fig. 3. Loss rate during normal operation.

The significant loss observed during injection and the continual
losses thereafter suggest that the injected beam somewhat more
than fills the acceptance of PSR. This is corroborated by halo
plate scans of the horizontal beam profile in the ring in which a
thick plate is scanned across the ring aperture and the fraction of
the beam intercepted by the plate is obtained by measuring the
scattered beam intensity in the sum of several loss monitors. The
signal is normalized to unity when all of the beam is intercepted.
This technique is especially useful for measuring the beam distri-
bution in the extremities of the beam. Data from one scan are
shown in Fig. 5 for the situation where beam is extracted shortly
(10 ps) after the end of 100 us of accumulation. The scan pro-
vides a good measure of the beam distribution just after capture in
the ring and before foil scattering can cause appreciable emittance
growth. In Fig. 5 it is readily apparent that the beam distribu-
tion extends to about 38 mm, which corresponds to the value of
the limiting aperture defined by the extraction septum. Note that
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Fig. 4. Loss rate for 1 ms storage.

the beta functions at the septum and at the halo plate are nearly
equal.

The mismatched Gaussian (MM GAUSS in Fig. 5), described in
the next section, fits the distribution of Fig. 5 very well.

3.2. Emittance Growth and Losses During Injection

It may seem surprising that the beam fills the horizontal accep-
tance at injection since the acceptance of PSR, ~130r mm-mrad,
is so much larger than the rms emittance, ~0.5 # mm-mrad, of
the H™ beam from LAMPF. The momentum spread (rms) of the
H~ beam is also small with Ap/p ~ 5 x 10™%. Two main factors
contribute to emittance growth in the injection process: 1) an in-
crease in horizontal divergence in the stripper magnet when H™ is
converted to H° and 2) a large horizontal optics mismatch of the
H° beam to the PSR acceptance.
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A Gaussian fits the core of the beam but fails to fit the extremities.
Stripping of the H™ in a high magnetic field is a stochastic pro-
cess which leads to random fluctuations in the point of conver-
sion and thus an increase in H°-beam divergence. Calculations
of the angular distribution for a pencil beam of H™ are shown
in Fig. 6 for two different vertical entrance positions (y = 0 at
midplane and y = -4 mm). The calculation used the measured
field map of the stripper magnet and a parameterization of the
H~ lifetime from earlier Los Alamos work.> Emittance growth in
the stripper magnet is minimized by use of a small gap magnet
with a high field gradient at the entrance and by optics which pro-
duce a very small spot in both x and y at the stripper magnet.
Even with this optimization the horizontal emittance of the H? is
three (3) times larger than that of the incoming H~ beam.

An optics mismatch at injection, shown in Fig. 7, is an addi-
tional consequence of magnetic stripping. The H® is constrained
to diverge from a small spot at the stripper magnet and cannot
be matched simultaneously in the (X,X’) and (Y,Y') planes at the
standard location of the foil stripper where the H° is reasonably
well matched in (Y,Y') but badly mismatched in the (X,X') plane.
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The mismatch factor, C = {f,7r + BrYo — 2a0aRr}/2, (subscript
o refers to H° and R to the ring) has a value of 3.8 indicating a
further increase of 3.8 in the rms emittance of the stored beam.
The mismatch also changes the beam distribution; for a Gaussian
beam injected on axis, one can easily obtain the following closed
form for the distribution of the invariant betatron amplitude, y:

—Cy? R
P(y)dy = & e Zeo J, (2%—\/02 - 1) y dy where ¢, is the rms

[+

emittance of the incoming H® beam and I, is a modified Bessel
Function.* The rms emittance for this distribution is Ce,. This
distribution has longer “tails” than a Gaussian with the same rms
emittance, thereby increasing still further the size of the beam
near the limiting apertures. The non-Gaussian tails are readily
apparent at PSR in the halo-plate scan shown in Fig. 5 and
in wire-scanner profiles of the extracted beam taken at the end
of short (100 us) accumulation as shown in Fig. 8. The “mis-
matched” Gaussian distribution derived from equation (1) fits the
data very well whereas a Gaussian with the same rms width fits
poorly, especially at large X.
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Fig. 8. Extraction wire-scanner profile.



Proton Storage Ring 105

Integration of the distribution described by equation (1) for the
region outside of the limiting aperture provides an estimate of
injection or “first-turn” losses. A value of 2 to 4 x 1073 is obtained
which is in good agreement with the observed value of ~ 2 x 1073
considering the high sensitivity of the result to the size of the
limiting aperture.

3.3 Emittance Growth and Losses During Storage

A typical proton in PSR traverses the injection foil during about
half of its revolutions. Multiple Coulomb scattering in the foil will
cause emittance growth (rms) given by €(t) = €, + 3762 fN(t)/2
where ¢, is the initial rms emittance, 35 the beta function at the
foil, 8, the rms scattering angle from a single foil traversal and
fN(t) the number of foil traversals in N turns up to time t. The
rms emittance is defined as v<X2><#?2> — <X0>2 where <>
indicates expectation value and §=X'. Measurements of beam
sizes as a function of storage time shown in Fig. 9 are well fit by the
above equation for ¢(t) and show nearly a factor of three increase
of emittance (proportional to square of the spot size) during 1 ms
of storage.

To accurately estimate losses from multiple Coulomb scattering
requires more than knowledge of the rms emittance growth; one
must calculate the evolution of the distribution function with time.
We have made estimates using two different methods which pro-
duce similar results in reasonable agreement with measurements.
The first method used a Fokker-Planck equation

-;%%%’-(t,y)=3@;[ya—";(ﬂyﬂ>] (2)
which was derived for estimating beam lifetimes in the presence of
Coulomb scattering by residual gases.’ Here y is the invariant be-
tatron amplitude and K a constant. Solutions for the distribution
function, P, are obtained as a Fourier-Bessel series and integrated
to obtain the losses.

Similar results are obtained with the Monte Carlo tracking code,
ARCHSIM, developed for modeling circular machines.® The track-
ing code simulates emittance growth in the stripper magnet and
treats scattering in the stripper foil as a combination of multi-
ple Coulomb scattering with single Coulomb and nuclear tails.
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Fig. 9. Emittance as a function of storage time.

Results from the simulation and from solutions of the Fokker-
Planck equation made using measured values of parameters in
the models are compared in Fig. 10 with measured data on loss
rates. The loss rates obtained using solutions of equation (2) were
augmented with a constant termy which takes account of nuclear
scattering and large-angle single Coulomb scattering. Agreement
between calculations and measurements are within the calibration
uncertainties of the losses and the errors on parameters in the
calculations. Losses are sensitive to several parameters includ-
ing the mismatch factor, the H® distribution, the probability for
traversing the foil, and to the size of the limiting aperture. With
small adjustments of parameters, within errors, both calculations
can be made to agree completely with the loss-rate data.
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3.4 Effect of the RF Buncher

An RF buncher is used to maintain an empty gap to accommo-
date the extraction-kicker rise time. Synchrotron motion induced
by the buncher increases the momentum spread to ~0.3%; be-
cause of dispersion the beam size increases by several mm and
also contributes to beam losses. For long storage, this shows up as
a striking modulation of the loss rate with a frequency twice that
of the synchrotron oscillations as shown in Fig. 11. Losses are
increased by about 45% when the RF is on at typical operating
set points.

3.5 Other Contributions

Losses from nuclear scattering are readily estimated from the to-
tal cross section as 3.3 x 10™° per foil traversal. The contribution
from large-angle single Coulomb scattering is often overlooked.
Because the cross section falls off only as a power law, rather than
as an exponential, it contributes a long tail to any beam distribu-
tion. This was seen at PSR when the injection foil location was
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Fig. 11. Effect of RF buncher on loss rate.

changed to provide a better match in the (X,X') plane. The halo-
plate scan of the beam distribution (after a short accumulation)
plotted in Fig. 12 shows the expected reduction in size of the core
of the beam. Also seen is a tail extending to the limiting aper-
ture. The size and shape of the tail agrees with analytical and
Monte Carlo calculations of the contribution from single Coulomb
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scattering. At PSR large-angle Coulomb scattering contributes a
loss rate of ~2 x 10® per foil traversal for a § function initial
distribution and more for a beam of finite emittance.

3.6 Summary of Losses During Accumulation

The composition of accumulation losses during standard operation
of PSR (375 us injection period) can be determined from the data
and analysis presented here. Results are listed below:

“First-Turn” 0.2%
Nuclear and Large-Angle Coulomb 0.2%

Scattering
Emittance Growth in Absence of RF 0.6%
Effect of RF 0.5%
Total 1.5%

4. Upgrade of PSR to Reach 100 A

Increasing the operating current of PSR is a high priority goal for
the Los Alamos National Laboratory. Management is committed
to providing the upgrades needed to reach 100pA with beam avail-
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ability of 75% or more. Our present understanding of the causes
and mechanisms of the slow losses has pointed to several promis-
ing measures for significantly reducing or controlling the losses in
the PSR. These are sketched below.

4.1. Ring Halo Collimation System

Initial design studies assumed that a collimation system would be
used to control the location of losses in the ring but none were
designed or implemented in the initial construction. Plans for ex-
perimental study of the problem last summer were preempted by
the more urgent need to improve reliability. The basic idea is to
make scrapers or collimators the limiting apertures of the ring in
such a way that the losses are moved from a critical component,
such as the extraction septum, which is the present limiting aper-
ture, to passive absorbers that are designed to deal with higher
activation. These would be passive devices which would not need
frequent service and would be located in less congested areas where
activated components are more easily dealt with.

The two basic concepts are illustrated in Fig. 13a and b. In one (a)
a high Z, movable scraper, such as 10 mm of tungsten, intercepts
the beam halo and defines the limiting aperture. It is not thick
enough to completely absorb the incident beam but scatters it by
a relatively large amount so that most of the intercepted beam is
caught by the downstream thick absorber, which is not a limiting
aperture. A small fraction (perhaps 10%) of the intercepted and
scattered beam goes through the opening of the absorber and is
caught on a “cleanup” absorber or is lost elsewhere in the ring. If
much of the beam intercepted by the scraper is beam that would
have been lost elsewhere, such as at the extraction septum, then
this system would be effective in reducing the losses elsewhere in
the ring.

In the second concept (Fig. 13b), a moveable absorber also in-
tercepts the beam halo and defines the limiting aperture. It is
thick enough to absorb most of the incident beam. The difficulty
with this concept is the “slit scattering” which occurs from the
large surface of the moveable absorber struck by beam particles at
grazing incidence. The amount of scattering and the fraction of
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the scattered beam that spills elsewhere in the ring are not easily
estimated.

More detailed study of these options is needed to determine which
is best for PSR. Performance of the first option is more readily
estimated. It has the advantage that the large scattering angles
spread out the heat load on the absorber such that it may not
need water cooling. The small moving scraper is a simpler me-
chanical device that is lightweight and probably does not need
water cooling. Depending upon the amount of slit scattering, the
second option may be more the efficient one in localizing the losses.
However, it does have some disadvantages; the heat load is con-
centrated near the inner surface of the moveable absorber and it
may well need water cooling. A large, moveable, water-cooled ab-
sorber is a complicated mechanical system that may require more
frequent servicing, thus compromising the goal of containing the
activation in highly reliable, passive devices that would seldom
need servicing or removal.
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4.2. Options for Improved Injection

It is now clearly understood that the key to reducing losses is
reducing the number of times a stored proton traverses the strip-
ping foil. In the present operation the probability for a stored
beam particle to traverse the foil is between 50 to 100% per turn.
A major goal for the upgrade is reducing this to around 5% or
less primarily by improving the injected beam tune (some times
called “match” or “matching”), improving injection “painting” in
transverse phase space, and increasing the horizontal aperture of
the ring.

4.2.1. Improved Painting in Phase Space

Injection “Painting” refers to procedures such as fixed offsets or
programmed bumps used to control the beam density or other
aspects of the way injected beam fills the phase-space acceptance
of a ring. It can be used to reduce the number of foil traversals by
the stored beam.

A fixed offset allows betatron motion to fill an interior region of
phase space. A fixed vertical offset, which is depicted in Fig. 14, is
presently in use at PSR. It was intended that the edge of the foil be
on the vertical closed orbit of the ring and two standard deviations
below the center of the H° beam. This should result in a 50%
probability per turn for the stored beam to intercept the foil. At
PSR we have had, in the past, a good deal of uncertainty regarding
the parameters of the H° beam at the foil and thus the probability
for the stored beam to hit the foil. With improved diagnostics and
improved analysis procedures, we expected to resolve this issue in
the coming running period.

A programmed closed-orbit bump is essentially a way to introduce
an offset that varies with time. It can be used to move the stored
beam off the foil so that some of it will not be able to hit the foil
thereafter. The time profile of the bump can be chosen to opti-
mize the beam spatial distribution or the foil hitting probability.
For a given acceptance, the use of optimized programmed bumps
improves both the beam density distribution and the foil-hitting
probability compared with a fixed offset.
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with vertical offset.

4.2.2. Improved Injected-Beam Tune

From an examination of Fig. 14, it is obvious that the foil hitting
probability can be reduced by changing the shape and orientation
of the He ellipse. Without changing the area of either the H° or H*
beam ellipses, and while changing only the shape to a narrower,
upright ellipse, the foil-hitting probability can be reduced by a
significant factor (~4) as illustrated in Fig. 15. Unfortunately,
such a tune of the H® beam cannot be achieved with our system
for generating H°, given the location of the stripper magnet and
the injection foil.
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4.2.3. Improved Injection Foils

The carbon foils presently used at PSR are mounted on a C-shaped
frame that supports the foil on three sides leaving a horizontal
edge unsupported. The foil is positioned vertically to cover all of
the vertically offset H° beam but not all of the stored H* beam.
Thus, the foil covers the full horizontal aperture of the ring while
in the vertical it covers less than the full aperture. An ideal foil
for reducing losses would have a massless support with stripping
material only in the region of the H° beam spot.

A number of suggestions have been made for improving the foil
support in ways that should reduce the probability for the stored
beam to hit the foil. Yamane” at KEK has proposed “corner” foils
for the JHF Compressor/Stretcher Ring. His foils have two unsup-
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ported edges and can be positioned to cover an H® beam offset in
both dimensions while intercepting less of the stored beam. He has
successfully tested corner foils with a low-energy nitrogen beam.
This is a promising development for PSR and we will collaborate

with KEK on tests of corner foils and other improvements to H°
injection.

Another concept being investigated at PSR is the use of very fine
carbon filaments (4- to 5-microns diameter) to support carbon
foils. This is work carried out in collaboration with a team from
Westinghouse who have facilities at Hanford, Washington to fab-
ricate foils supported in this manner. We expect to test fiber-
supported foils in the beam during the 1989 running period.

4.2.4. Improved H° Injection

The present method of injection using H° can be improved using
the techniques described above. However, it is much more difficult
to improve the H® beam tune at the foil since it is not possible
to focus a neutral beam. One can only manipulate the H™ beam
before it is converted to H® or change the ring lattice so that
the H* beam (ring ellipse) better “matches” the fixed H® beam.
The constraints at the stripper magnet with its small gap severely
limit the tuning of H~. One can improve the match of H° to
the ring by moving the stripper foil to a location just upstream
of the focusing quadrupole. Rotation of the stripper magnet, as
proposed by Yamane,” can also help.

The important question is whether H° injection can be improved
sufficiently to meet our goal of reducing losses by an order of mag-
nitude. We expect to answer this question with further analysis
and experiment this summer.

4.2.5. Direct H™ Injection

H° injection suffers from two disadvantages: (a) the growth of
emittance (about a factor of 3 for PSR) in the bend plane of the
stripper magnet and (b) lack of flexibility in tuning the beam for
optimum beam parameters at the injection foil. A way around
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both of these difficulties is to inject the H™ beam directly. A
scheme for doing this at PSR is shown in Figs. 16 and 17. The cur-
rent in the two ring dipoles on either side of the injection straight
section is reduced about 10% so that each bends the protons 3°
less. The closed orbit of the stored beam is restored by the addi-
tion of a low-field dipole which bends protons by 6°. The field of
this dipole is about 3.8 kG, which is low enough to cause negligi-
ble stripping of the H™ beam. An H™ beam can be transported
to enter the low-field dipole in such a way that the H™ emerges
from the dipole on top of and aligned with the stored H* beam.
A stripper foil to convert H~ to H* follows. Some H° will emerge

New Magasts

Fig. 16. Layout of PSR with direct H™ injection.
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from the stripper foil; in addition, some H™ will miss the foil and

be stripped to H° in the fringe field of the ring dipole. Provisions
are made to transport both H° beams to the existing H° beam

dump.

Stripper
6 /

Fig. 17. Injection region for direct H~ injection.

Design studies are underway to find the optimum injection
parameters for direct H™ injection and to estimate the improve-
ment expected with respect to beam losses. Qur planning for the
upgrade assumes direct H™ injection since it offers greater promise
for the needed reduction in losses. However, if it can be shown that
the needed improvement is possible with less costly modifications
of the H° injection, then we would proceed in that direction. More
study is needed before a final decision is made.

4.3. Increased Aperture

Much of the beam logs occurs at the extraction septum, which
is the limiting aperture in the horizontal plane. The rest of the
ring has considerably more aperture; both the quadrupoles and
the dipoles have larger horizontal apertures. The septum is a
limit because the present extraction kickers are unable to provide
a larger kick. A 50% larger kick (about 18 mrad) would allow the
septum to be placed further from the stored beam and thereby
increase the aperture by 50% and result in a factor of two larger
acceptance of the ring in the horizontal phase plane.
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Options which would provide the larger kick needed for full aper-
ture extraction are under study. R & D on a ferrite kicker system

is underway; a prototype pulser has been designed and is being

fabricated at SAIC. The goal is a ferrite kicker system which pro-
vides 18 mrad of kick from ferrite magnets which occupy only one
section of the ring instead of two. With the larger kick one may
also need to replace the dipole and quadrupole just downstreamn of
the kicker with ones of larger aperture to insure that the extracted
beam is not distorted by nonlinear fields.

The larger aperture has two main advantages. The increased ac-
ceptance can be used to make painting more effective in keeping
the beam off the foil for either H® injection or direct H™ injection
schemes. In the process of using the increased aperture to improve
painting, the horizontal beam size will increase thereby reducing
beam density and associated space-charge effects.

4.4. Other Means of Reducing Losses

Other methods to reduce losses include increasing the H~ beam
intensity from the linac and/or increasing beam brightness by re-
ducing emittance and beam halos. Increased intensity will reduce
losses by reducing the accumulation time, hence, the number of
foil traversals needed to achieve a given average current from the
ring. Reduced emittance increases the effectiveness of all injection
painting methods in keeping the stored beam off the injection foil.

Some efforts are underway to develop a higher intensity H™ source.
These are not considered part of the present upgrade, but, as
longer range studies aimed at longer-range improvements. If ad-
ditional reduction in losses is needed for the upgrade, these efforts
might be accelerated.

4.5. Improved Beam Diagnostics

Good beam-diagnostic instrumentation is necessary for a variety of
reasons. Reliable, accurate, and well-understood instruments are
needed for precise control of high-intensity beams and for conduct-

ing an eflicient operation. They are also essential tools for effective
experimental studies of beam dynamics issues. The present beam-

position monitor (BPM) system needs improvement; it is sensitive
to only the 201-MHz component of the beam. This is suitable
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for use in the transport lines from the linac and for sensing the
freshly injected beam at PSR, but not for locating the stored beam
in the ring or in the extraction line. The present BPM’s are also of
limited use for studying broad-band phenomena such as the trans-
verse instability. A program of BPM development is underway to
develop instruments that satisfy these needs.

Knowledge of the distribution of H~ beam in transverse phase
space is needed for careful setup of injection conditions. Present
methods of reconstructing only the rms emittance are proving to
be major limitations to a good optimization of injection parame-
ters. It is likely that a slit and collector method will need to be
implemented to directly measure the phase-space distributions.

4.6. Role of the Transverse Instability

A coherent transverse instability has been seen at higher peak in-
tensities at PSR. It is described in more detail elsewhere.® It is
generally believed that we can run at 3 x 10!3ppp without the
need for new hardware, such as an active damper, to control the
instability. Some experimental studies have shown more or less
stable operation at up to 4 x 10!¥ppp using existing hardware to
control the instability primarily by Landau damping. The tech-
niques to enhance Landau damping, such as use of sextupoles and
octupoles, generally increase the slow losses. In planning for the
upgrade we assume that the instability is under control with the
present hardware. However, more detailed experience with high
peak currents is warranted and may change the present perception
of the importance of the instability to the 100-pA goal.

4.7. Goals and Status of the Upgrade

The goals of the upgrade are to develop and implement changes to
PSR which will result in reliable delivery of 100pA at 20 Hz with

beam availability greater than 75%. It is also a goal to complete
the upgrade over the next three years and have it commissioned

by the end of 1991. The planning for the upgrade is at the stage
where numerous options are still being studied and R&D work on
certain issues is underway. The scope of the project is known but
much work remains before all choices are finalized. A conservative
plan would include collimation in the ring, direct H™ injection,
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increased aperture, and improved diagnostics carried as far as the
present technologies permit. Budget realities cause us to seek the
most cost-effective solution which meets our goals.

5. Perspective on the Storage Ring Option

Enough experience has been gathered from PSR to offer some per-
spective on the storage- or compressor-ring option as the driver for
an advanced neutron source. One must be careful to separate the
generally applicable features of the experience from those which
are due to local factors that are not particularly relevant elsewhere.

5.1. Reliability

Poor reliability has become a stronger issue at PSR than it should
be in general for a dc storage ring. It reflects past budget con-
straints coupled with changing requirements for the ring. The so
called “short-burst mode” was the technically more challenging
problem that drove many choices. That mode was discontinued
late in the construction after numerous choices had been made.
There was not an opportunity to redo the optimization for the
needs of the long-burst mode.

Good reliability was never an articulated, high-priority design goal
for the PSR. It was and is too easy to compromise reliability to
reduce initial construction costs. To some extent this will always
happen but if reliability is a high-priority goal it should be included
in the basic design goals.

5.2. Losses

Losses are a difficult technical problem for most high-intensity pro-
ton machines. There is a not a well-established theory for dealing
with losses. Apart from the meson factories, there is not much
experience to draw on. From the PSR experience, we can say that
losses can be understood; but it requires careful, detailed work.
We can also say that losses cannot be ignored; they, too, must be
treated as a fundamental requirement in the design.

5.3. H°® Injection

With the benefit of hindsight, we would not recommend H® injec-
tion for a high-intensity accumulator or compressor ring. We do
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not imply that H® injection cannot work, but rather, that direct
H™ injection is better. It does not suffer the significant emittance
growth inherent in the use of magnetic stripping and a charged
beam is much more easily manipulated to meet the various re-
quirements for an optimized tune at the stripper foil.

5.4. Conclusions

While there have been disappointments in the experience with
PSR, they do not discredit the compressor-ring option as a driver
for an advanced spallation neutron source. Compared to a ring
that must accelerate as well as accumulate, the storage ring is
intrinsically simpler. The one drawback is that injection losses in
a storage ring, such as PSR, occur at the full energy rather than at
a lower energy as is the case for a rapid cycling synchrotron typified
by ISIS. Oue can tolerate and handle larger losses at lower energy.

There are several promising options for reducing or controlling
losses at PSR. We are confident that a subset of these will enable
PSR to reach 100uA at 20 Hz. We expect to report operation
with enhanced reliability and good beam availability in 1989 and
increasing currents thereafter.
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Shielding concerns at a spallation source

G. J. Russell, H. Robinson, G. L. Legate, and R. Woods
Los Alamos Neutron Scattering Center
Los Alamos, New Mexico 87545 USA

ABSTRACT: Neutrons produced by 800-MeV proton reactions at the Los
Alamos Neutron Scattering Center spallation neutron source cause a variety of
challenging shielding problems. We identify several characteristics distinctly
different from reactor shielding and compute the dose attenuation through an
infinite slab/shield composed of iron (100 ¢m) and borated polyethylene
(15 cm). Our calculations show that (for an incident spallation spectrum
characteristic of neutrons leaking from a tungsten target at 90°) the dose
through the shield is a complex mixture of neutrons and gamma rays.
High-energy (> 20 MeV) neutron production from the target is =5% of the
total, yet causes =68% of the dose at the shield surface. Primary low-energy
(< 20 MeV) neutrons from the target contribute negligibly (20.5%) to the
dose at the shield surface yet cause gamma rays, which contribute =31% to the
total dose at the shield surface. Low-energy neutrons from spallation reactions
behave similarly to neutrons with a fission spectrum distribution.

1. Introduction

The Los Alamos Neutron Scattering Center (LANSCE)(!] uses 800-MeV protons
from the Clinton P. Anderson Meson Physics Facility (LAMPF)[2! to produce
neutrons for basic materials science and nuclear physics research.l?] Because it is a
spallation source, LANSCE produces neutrons covering about 14 decades in energy
(sub-meV to 800 MeV) and experiences shielding problems common to all such
sources, but different from those of fission sources. We discuss the principles of
spallation source shielding through a detailed calculation of a geometrically simple
shield, and, using the same example, contrast spallation source spectrum problems
with a fission spectrum neutron source.

At Los Alamos, we have a powerful Monte Carlo computational capability
applicable to spallation neutron source design.¥] We have used this computational

tool for various LANSCE shield designs including: a) proton beam line; b) target;
and c¢) neutron beam line and beam stop.

2. Spaliation Neutron Source Shielding Issues
2.1 High-Energy Neutrons

For spallation reactions, we divide energy into two regions: low-energy (< 20 MeV)
and high-energy (> 20 MeV). Low-energy neutrons are basically produced in three
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ways: a) directly from intranuclear cascade processes; b) by evaporation; and ¢) from
fission. These low-energy neutrons are emitted "more-or-less” isotropically and cause
shielding problems like those for fission reactors. High-energy neutrons, resulting
from nucleon-nucleon reactions, have a strong angular dependence and cause unique
shielding problems. At 0° to the proton beam, high-energy neutrons can have
energies up to the incident proton energy. As the angle with respect to the proton
beam increases, the high-energy neutron spectrum softens considerably. The
presence of these high-energy neutrons and their strong
angle-dependence are two reasons why shielding a spallation source
is quite different than shielding a reactor source.

2.2 Thin and Thick Targets

On its way to LANSCE, the LAMPF proton beam can strike a variety of objects
(targets), ranging from proton beam transport pipe and magnets to the LANSCE
target itself. Each of these "sources" presents different neutron spectrum and
intensity to an adjacent shield, causing the effectiveness of the shield to be
significantly dependent on the spill point.

For 800-MeV protons incident on stainless steel (one atom thick), the calculated
double differential (energy and angle) neutron production spectra are illustrated in
Fig. 1. One can sce the strong angular dependence of the high-energy neutrons, but
the low-energy neutrons are nearly isotropic.
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Fig. 1. Calculated neutron production spectra for 800-MeV protons on

stainless steel.

For a thick target, both the shape and magnitude of the leakage neutron spectrum and
the ratio of high-energy to low-energy neutrons can change dramatically from one
target to another. The target itself "moderates”, "self-shields”, and "amplifies" the
neutrons produced. The neutron spectrum (integrated over all angles) from a mild
steel thick-target (50-cm-thick and 20-cm-diam) is shown in Fig. 2. In contrast, the
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equivalent spectrum from a thin-target (0.3-cm-thick and 20-cm-diam) of the same
material is also shown in Fig.2. The dramatic difference (both in intensity and
energy) between the two leakage spectra is evident. Figure 2 also gives the neutron
spectrum from a 30-cm-thick and 10-cm-diam tungsten target (a typical LANSCE
target). For this target, low-energy neutrons account for 95.3% of the total neutron
production, and high-energy neutrons 4.7%.
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Fig. 2. Calculated neutron yields from thin and thick targets for 800-MeV
protons.

This is another reason why shielding a spallation source is more
complex than shielding a reactor source: different leakage neutron
spectra are produced depending upon whether the proton beam strikes
a thin or thick target; neutron production is also material dependent.

2.3 Thin and Thick Shields

In a particular shielding application, the distinction between "thin" and "thick"
shields can be important and may affect the applicability of simplistic formalisms for
estimating the neutron doses at the shield surface. If primary low-energy neutrons
contribute significantly (either directly or by producing gamma-rays) to the total dose
at the outer shield surface, we define the shield to be thin. Two other components
contributing to the neutron dose are: a) high-energy neutrons, and b) secondary low-
energy (evaporation) neutrons produced by high-energy neutron interactions in the
shield itself. These secondary low-energy neutrons are distributed throughout the
shield, and arise from the disappearance (attenuation) of high-energy neutrons as they
"penetrate” the shield. Both the high-energy and secondary low-energy neutrons
produce gamma-rays, which also contribute to the total dose at the shield surface.

This is another complexity arising in shielding a spallation source
relative to a reactor source: when a shield attenuates high-energy
neutrons, low-energy neutrons are produced, i.e., the shield itself
becomes a neutron source. Depending on the application, the
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high-energy neutrons plus progeny may dominate the dose at a
shield surface.

2.4 Flux-to-Dose Conversion Factors

Another shielding complication has to do with flux-to-dose
conversion factors for neutrons and gamma-rays. The flux required to
produce one mrem per hour of dose is energy dependent as shown in Fig. 3.5 1t
takes a flux of =5.5 nfem?2-s of 100 MeV neutrons to produce 1 mrem/hr of dose,
compared to a flux of 2220 n/cm?-s of 1 eV neutrons. At 1 MeV, it takes =60
times more gamma-ray flux than neutron flux to produce 1 mrem/hr. Thus, the
energies of neutrons and gamma rays leaking through a shield can have profound
effects on the total dose at the shield surface. The rapid change of the flux-to-dose
conversion factors can cause significant errors in dose estimation, if the spectra are
not well known.
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Fig. 3. Neutron and gamma-ray flux-to-dose conversions.

2.5 Flux and Dose

Neutron and gamma-ray fluxes are related to the physical number of neutrons and
photons, respectively. Detectors used in LANSCE scientific instruments respond o
flux; unwanted neutrons and gamma rays can cause background problems. However,
these detectors are inside instrument shielding and their response includes the effects
of the instrument shield on the incident neutrons and gamma rays. Dose, on the
other hand, is also relevant because it is related to human biological response to
radiation.

Because flux-to-dose conversion factors are energy dependent, flux and dose are
attenuated differently by a shield. When a shield "attenuates” low-energy neutrons, it
moderates (slows down) the neutrons within the shield (decreasing the neutron dose)
and captures neutrons and produces gamma rays. Whether attenuation of flux or dose
dominates the criteria for a shield design depends on the particular shield application.
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Flux is important when shielding detectors; dose is important when shielding people.

2.6 Gamma Rays

Biologically, we need to concern ourselves with the total dose (neutron plus gamma
rays) at the shield surface. Detectors also respond to both neutrons and gamma-rays,
therefore, gamma rays must be accounted for when designing detector shielding. All
low-energy neutrons that do not undergo particle reactions, such as (n,xn), (n,p), etc.,
with nuclei are eventually captured in the shield or leak from it. In addition to
capture and inelastic scattering gamma rays from low-energy neutron interactions,
additional gamma rays are produced from the spallation process itself. These latter
gamma rays may or may not be important in a particular shield application.

We have identified another difference between spallation and fission
nw oddit 1
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spallation process itself. Depending on the application, one may need to
account for all three neutron components (primary low-energy, primary high-energy,
and secondary low-energy) plus gamma rays when designing a shield for a spallation
neutron source.

tha
e

2.7 The Calculated High-Energy Neutron Source

A complication in using calculated high-energy neutron spectra in shield design is the
potential that the computed angle-dependent spectra are incorrect both in magnitude
and shape compared 0 measured resuits. There have been both excellent agreement
and major disagreement between measured and calculated double-differential
high-energy neutron production. In general, calculations underpredict measured cross
section values. Until these problems are resolved, one may (in some shield
calculations) multiply the calculated high-energy neutron production by some factor
to account for these uncertainties. Such a bias may be consequential when deciding
the relative importance between primary and secondary low-energy neutrons in a
particular shield design.

3. LANSCE Shielding Concerns

LANSCE shielding issues can be broadly summarized as follows: a) adequate
definition of the neutron source; b) proton beam line; ¢) service cell; d)
target/moderator/reflector; €) target area; f) neutron collimator; g) longitudinal neutron
beam line; h) transverse neutron beam line; i) neutron instrument; and j) neutron
beam stop. We have used our Monte Carlo code package to address many of these
shielding concerns.

4. Calculations for an Infinite Iron/Polyethylene Sliab Shield
4.1 Problem Definition
To help understand the complexities of spallation source shielding, we chose a

geometrically simple shield model (infinite slab). The shield (see Fig. 4) was
composed of 100 cm of iron (mild steel) followed by 15 cm of borated polyethylene
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(5 wt% natural boron) with a monodirectional point source of neutrons incident
normal to the iron shield surface. The attendant neutron and gamma-ray progeny sum
to give the total dose at various locations throughout the shield. By primary
high-energy gamma rays, we mean those gamma rays produced by high-energy
reactions. Secondary low-energy gamma rays result from secondary low-energy
neutron interactions. These two gamma-ray components sum to give a segment we
call spallation gamma rays. Primary low-energy neutron interactions produce
primary low-energy gamma rays. No gamma rays were assmed incident on the
shield.
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Fig. 4. Infinite slab shield mockup geometry.

A unit source of spallation neutrons calculated at 90° to the axis of a 10-cm-diam by
30-cm-thick tungsten target (see Fig. 5) was used as the primary incident spallation
spectrum. In addition, we used a unit Watt fission spectrum, which is also depicted
in Fig. 5. .
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Fig. 5. Unit source spectra used in shield calculations.
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4.2 Results

For the tungsten spallation neutron-spectrum in Fig. 5, primary low-energy neutrons
account for 95.3% of the total neutron leakage from the target; primary high-energy
neutrons account for 4.7%. Using this spallation neutron spectrum, we show
calculated neutron and gamma-ray doses throughout the shield and at the shield
surfaces in Figs. 6 and 7. Secondary low-energy neutron production is depicted in
Fig. 6.
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Fig. 6. Relative neutron and total dose through the iron/polyethylene
shield for an incident spallation spectrum.

In Fig. 6, you can sce the buildup of the secondary low-encrgy neutron dose as the
high-energy neutrons are attenuated by the shield. The high-energy neutrons are
attenuated very little by the polyethylene; secondary low-energy neutron production
falls as well. At the outer surfaces of the iron shield low-energy neutron doses fall
rapidly, due to neutron capture, enhanced moderation, and lack of isotropic reflection.
The same arguments hold for the secondary low-energy neutrons; in addition, the
source of these neutrons decreases rapidly. The doses at the shield surface are detailed
in Table L.

The gamma-ray dose is further illustrated in Fig. 7. Gamma-ray production starts to
increase at the iron/polyethylene interface and continues into the first part of the
polyethylene. This increase is caused by the removal of neutrons via neutron capture
and inelastic processes showing why, for some materials, it is important to account
for gamma rays as well as neutrons in shield designs.

The effects of a unit Watt fission spectrum on neutron and gamma-ray doses for the
same shield are shown in Fig. 8. A similar dose attenuation is observed here as for
the primary low-energy neutrons in Fig. 6. At the shield surface in Fig. 8, the dose
is essentially all caused by gamma rays. The complexity of spallation neutron
source shielding compared to fission source shielding is seen in comparing Figs. 6
and 8.
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Table I. Doses at the Surface of a Fe/CH, (5% B) 100/15 cm Shield

% of Incident
% of Neutrons
Dose Type Total Dose (W@ 90°
Primary Hi-E Neutrons 430 4.7
Secondary Lo-E Neutrons 12.8
Gamma-Rays from Primary Hi-E and
Secondary Lo-E Neutrons 11.4
Subtotal 68.1
Primary Lo-E Neutrons 0.5 95.3
Gamma-Rays from Primary
Lo-E Neutrons 314
Subtotal 31.9
Total 100.0
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Fig. 7. Relative gamma-ray and total dose through the iron/polyethylene
shield for an incident spallation spectrum.

Shielding calculations for spherical shields are underway.(®] One might expect
spherical shields to behave neutronically different than infinite slab shields. One
reason is that, for the infinite slab shield discussed here, =79% of the primary
low-energy neutrons incident on the inner shield surface are removed by back
scattering and do not contribute to the dose at the outer shield surface. For a
spherical shield, these "albedo" neutrons are incident on the opposite side of the
shield, and, consequently, have repeated opportunities to contribute to the dose at the
outer shield surface. Thus, depending on shield particulars, primary low-energy
neutrons can contribute significantly to the dose at the outer surface of a spherical

shield.




Spallation source shielding concerns 131

1E-1

—
)

o E-2

= 1
D

g e i
—

b4

Fel

<\E 1E-4 | }
A4

o

S =Sy O Total (Neutrons + Gommo Rays) 1
o ¥ Primary Lo—£ Neutrons

1€-6 O Primary Lo—E Gomma Roys 1

—

-7 2 2 - L . A : A "
0 10 20 30 40 50 60 70 80 90 100 10 120

Shield Thickness (em)

Fig.8. Relative neutron and gamma-ray dose through the
iron/polyethylene shield for an incident Watt fission spectrum.

5. Conclusions

A spallation neutron source presents more difficult shielding problems than those
posed by a reactor source. We demonstrated the basic differences between the two and
showed the increased complexity of spallation-source shielding through a calculation
for an iron/polyethylene shield. This example illustrates basic shielding principles
for a spallation source; the particulars depend on the specific shielding problem.
Shielding a fission source is similar to shielding the primary low-energy neutrons at
a spallation source. The incident neutron spectrum and the shield geometry,
composition, and thickness determine whether high-energy or low-energy neutrons
dominate the neutron dose at the shield surface, and the relative importance of gamma
rays.
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Target system materials and engineering problems

W. E. Fischer

Paul Scherrer Institute (PSI)
CH-5232 Villigen
SWITZERLAND

1 INTRODUCTION

As a model for our discussion we consider a spallation source which is
fed by a high power proton beam of the order of one Megawatt (pulsed or
continuous). Such a source will have roughly the following flux performance:

i) pulsed Ppmaz > 10'®n/cm?s

ii) continuous ¢ > 10 n/cm?s

The materials used for the target stations and particularly for the spallation
target itself depend on the source concept we are aiming for — that is,
whether the source is built for

e pulsed
¢ modulated
¢ or continuous operation

The difference of the materials used is mainly determined by the neutronics
considerations. Depending on the choice of the materials for the target sys-
tems, the characters of materials problems met, are of somewhat different
nature.

For spallation sources realized or planned up to now, the following choices
for the target materials have been taken (or considered).
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depl. Uranium Tantalum Lead
N Tungsten % Bismuth

N
PULSED SOURCE

AN v
N

CONTINUOUS SOURCE

N
MODULATED SOURCE

In this paper we refrain from considering the booster-target concept.

The typical materials problems for the engineering of the various spallation
targets can be summarized as follows:

Depl. Uranium - Heat density, Thermal stress
- Phase transitions (temperature range)
- Disturbance of material properties by radiation
- Micro- and Macro-Cyclic Stress

- Cladding
Tantalum
Tungsten - Heat density, Thermal Stresses
- Disturbance of material properties by radiation
- Micro- and Macro-Cyclic Stress
- Cladding ?
Lead

Bismuth — Liquid target — Heat density

We assume that for the case of a liquid target a target window is needed
in any case — even e.g. if the proton beam is injected from above. Out-
gassing of volatile spallation products at higher target temperature can not
be avoided. Hence a seperation between target material, beam line ~ and
accelerator — vacuum is necessary.

The material problems for this target version become therefore the prob-
lems for the



Target materials and engineering 141

target window — Heat density, Thermal stress
Disturbance of material properties by radiation
Compatibility between liquid and solid metal
Macro-Cyclic Stress

We recognize that for each target version quite specific difficulties have to
be overcome. On the other hand there is a whole set of problems which is
common to all the target versions.

These are:

i) heat load in the region of proton beam interaction
ii) Thermal stress and cycling

ii1) Radiation Damage

~

2 POWER DENSITY IN TARGETS

For the discussion of the heat load of the target we use the following semiem-
pirical data:

i) parameters of the proton beam
The proton beam is characterized by the two parameters ~ total beam
current (I,) and a parameter for the beam width. For gaussian profiles

we write
dI__ I, o/

df  wo?
If a parabolic profile is assumed we use

ﬂ 20 {1 1.2]

df i T2

To

The maximal current density for the first case is given by
. I

Jmaz = “25
wo

The same maximal current density is obtained for the second case if

we put
To“-:\/i‘a'

ii) power density in the material
For the power density we use
LE - jP Xz

M) = T (—2R(E) ©
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X=2£.6- 102 - gpoefem ™) total macroscopie cross section
of protons with kinetic energy E
in a material of density p
and atomic number A

R(E) =233.p71 Z°% (E[GeV] - 0.032)*
This is the range of protons in this target material. The parameter o
depends on the target geometry. (1—a) expresses essentially that part
of the energy which escapes the target as kinetic energy of secondary
particles. From Monte Carlo investigations of the cascade processe

we know that o = 0.6 — 0.8; here we assume a = 2.

iti) Neutron yield (non fissile)

Y =0.1(4 + 20) (E[GeV] - 0.12)

The contribution of fast fission in uranium targets depends rather
strongly on the material distribution and the size of the target. We
do not need it here.

As a typical example we consider tungsten as target material (Z = 74, A = 184)
and a proton bsam energy of 1 GeV.
The range of the protons is

R(p) = Zofeml

p is here the effective density of the target material including the cooling
medium.

The yield is Y = 182

For a beam current density of 204 (typical) the maximal heat load in a
target plate becomes

kW
hmas = 1.42—
om

These are the typical values which have to be considered.

A comparison of the heat load with a beam-tube reactor

The thermal flux in the reflector of a research reactor has the following
property

1/3 P 23 1/3 2/3

P is the total core power, A and V the core-surface and -volume resp. and
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p the power density in the reactor core.
The corresponding relationship for a spallation-source is very roughly

Py

1/2
1/2

¢ ~
T
P, is the power of the proton beam and r the radius of the target. For

pulsed sources ¢ depends strongly on details of the geometry and materials
used for the moderato We have also to keen in mind that ¢ is not t

~
SCG IOT INC MOGLraidr. VYve nave aiss 10 Ked P 1L

,.
-
k
B,
E
£

only figure of merit for a pulsed source.
From these relations we conclude that

i) the reactor design aims rather for high power density, then for high

total power

ii) For a spallation source we essentially aim for high beam power. De-
creasing the target size would increase the power density on a window

like p, ~ 22
The Problem of Power Density
As general orientation we give here some data for a few prominent neutron
(o] O b ot
sources (operational or planned)
PMW] V(active)(l] p[¥%] ¢u[=5] 5 per MW

ILL 57 35 1.6 1.5 -105 2.6 .10*3
Oak Ridge 270 35 8.6 10 3.7 .10
SINQ 1 ~3 0.33 1.5.10* 1.5 -10%4

From these numbers it is evident that SINQ has a very high "neutronic

avs ey T oo mbt A

cfﬁbxcu\,_y . A1l a0 aliveimnp QO
the average power density will not be the main problem. This favorite
situation is caused by:

i) ¢

tavrarda hi or A~
Vo Ias LUBLLCL Hux

the low power deposition per neutron produced by the spallation re-

action — 55 M‘V as compared to 140 #£¥ ip a fission reactor

3

ii) the compact target




144 Target materials and engineering

iii) virtual absence of flux depression

n

However, if we want to achieve a flux of e.g. 5-10"°-%~ we have to feed a
SINQ-type source with a beam current of J, 2~ 30 mA, leading to a current
density of 4005% from the proton beam. The power density in a stationary
target-window or-plate becomes larger then 20#. Hence a moving target

including target-window seems to be unavoidable.

We admit that for a pulsed source the peak flux ¢,,.. is for a large class
of experiments equivalent to the continuous flux ¢ of a steady source. The
IPNS II proposal [1] considers a pulsed proton beam (60 Hz) with a current
of I, = 500 p£A at an energy of 800 MeV. With an uranium target the system
could provide a peak flux of 10® with a time average of 1.8 - 10" 2.

n

cm?s

The power density in the first target plate would be ppnaz 2%(2"’”"’““1).
This is comparable to the power density in the ILL-reactor and therefore
does not seem to be unfeasible. However, in view of the thermal cycling
problems and the radiation damage due to the high energy proton beam, we
may have some doubt concerning a sufficiently long lifetime of this target.

3 RADIATION DAMAGE

Radiation damage is certainly one of the main causes limiting the lifetime
of a target and the structure material in its vicinity. Although the damage
produced by the radiation field escaping the target has to be considered
the most severe effect is produced by the proton beam in the material
exposed to it. While the heat load relative to the neutron source strength
in a spallation environment is lower than in a fission reactor, radiation
damage eflects might be more severe in a spallation neutron source due to
the presence of high energy particles.

An estimate for the number of displacements in the materials is given by

S[@E} :T’<0'ED>

L$-107%
S 2Ed ¢ 0

Ep and E, are the damage and displacement energies, n = 0.8 is the collision
efficiency factor and ¢ the particle flux [cm ™2 - s7]. For the damage rate
due to the proton beam we can write accordingly

S

o [dpa] _ 3:26-10° < oEp > I(m4)
B E;-D?

where D is the beam diameter.
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An idea about the gas production — for our case He and H have the main
significance — can be obtained by

7.95-107% - o - I(mA)
DZ

The relevant parameters for a proton energy of 800 MeV for a few materials
are given in the following table

P=c-¢-108% =

(cEp)[b-keV] E4leV] op.[b] onlb]

Al 63 40 0.21 0.86
Steel 300 40 032 2.52
Cu 330 30 0.40  2.58
Mo 900 58 0.58 4.00
w 1430 65 0.58 5.13

Let us now estimate the expected damage in a window or a first target
plate after a running time of 6000 hours. We assume a maximal current
density in the proton beam of 20%. This corresponds to the operation
conditions of one year at SINQ.

Material dpa He(appm) H(appm)

Window: steel 8 820 6500
tungsten 24 1500 13200

For material in the immediate vicinity of the spallation-target, exposed to
the secondary radiation field but not to the proton beam, we obtain:

Material dpa He(appm) H(appm)

steel 0.9 6 31
aluminium 0.2 4 11

The numbers of this table have been extracted from actual measurements
of the He-gas production in test samples in the TRIUMF-neutron station
[2] and from Monte-Carlo calculations (3].

We are now confronted with the everlasting question: What do these num-
bers tell us about the actual macroscopie properties of the material?
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The only statement we can make a} this place is the following (optimistic
version): If the window lasts safely for one operational year, the structure
material in the vicinity should have a lifetime of more then ten years.

In order to obtain quantitative information about the behaviour of the ir-
radiated material experimental tests of the macroscopic material properties
are needed. There is no other choice today. Such an attempt is shown in
the following.

This data was taken at LANL for a window-material test for the SINQ-
target [4]. The irradiation was made at samples which were in contact with
molten Pb/Bi — the SINQ target material — in order to search for corrosion
effects. The samples were irradiated by the proton beam up to estimated
damage parameters:

S =1.7dpa Ppge =173 appm Py = 1360 appm

The performance of Fe, Ta and the steels Fe - 2.25 Cr - 1 Mo, Fe - 12 Cr -
1 Mo (HT9) are shown in Fig. 1 — 3. As rather expected, the pure metals
lose their ductility, while the steel samples perform well. These type of
steel is therefore a genuine candidate for the target-window and -container
material. Further testes, up to higher radiation damage are however in
preparation.

Investigation about swelling of irradiated materials has mainly be done
in reactors. This radiation environment leads mainly to dpa-dominated
swelling. Its onset starts for steels between 20 — 30 dpa. Due to the presence
of high energy particles in the radiation field of spallation targets, material

test with high fp—i-ratio are more relevant. Useful data is still rather rare.

Much information about the damage problems of uranium targets could be
gathered from the operational experience of the ISIS-target. Two targets
have been used up to end of life and subsequently analysed. These matters
are discussed elsewhere at this conference [5]— we hence restrain from any
further discussion.

4 THERMAL STRESSES

As a reference case for our discussion we assume a plate irradiated by a
proton beam whose power deposition is given as discussed in chapter 2.
The cooling medium is assumed to cover either

i) the front- and back side of the plate (possibly also the periphery) as
a model for a target plate — or
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Fig. 1 Stress-strain behavior of pure iron after irradiation with 800-MeV protons.
Low fluence: 4.8 x 10'® p/cm?; High fluence: 5.4 x 10%° p/cm?; Sample temperature
was 400°C.

TANTAUUM

800 T T 1 T

600 - HCH FLUENCE 7]
g LOW FLUENCE
ﬁ 400 4
5 UNRRADATED

200 .

0 i 1 { 1
4] S 10 15 20 25
ENGINEERING STRAN (%)

Fig. 2 Same as Fig. 1. Material: tantalum.
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Fig. 3 Same as Fig. 1. Material: Fe - 12 Cr- 1 Mo steel.

ii) the back-side only as a model for a target window

Depending on the plate thickness, the temperature of the cooling medium
and the heat-transfer from the plate to the cooling medium, we obtain
temperature gradients in the plate, which may lead to considerable ther-
mal stresses.

Furthermore, for a pulsed source the thermal stresses are not stationary —
they follow "micro-cycles” corresponding to the pulse-sequences of the pro-
ton beam. An other source for non stationary loads is the "macro-cycling”
due to instabilities in the operation of the accelerator. As a consequence the
target material deteriorates due to thermal cycling growth. This effect is
particularly strong in materials which go through phase transitions within
the temperature range covered during a cycle (e.g. uranium). Synergetic
effects with swelling due to gaseous fission — and spallation-products as well
as He-gas production have to be taken into consideration also.

In principle the thermal stress is determined by
e symmetry properties and kinematics

e Hook’s law
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e equilibrium conditions

if the temperature distribution in the material is known. For a cylindrical
plate we obtain

BE /R dr' /" szd
g, = —— — — =
I —vJo 7 3 o P dp P 7$

o, =EpB !-T— 2 l‘HTra'r-l —i—u[(a + 0y) _2 fR'a + o, )mi'r:I
T T RL T T TR L T
E is Young’s modulus, v the Poisson contraction ratio and § the parameter
for thermal expansion. R is the radius of the plate.

The problem can be solved either by

the powerful method of finite elements for more complicated geometries
or under certain circumstances even analytically; e.g. in the present case the
transversal problem, layer by layer in z-dimension. The T(r) - distribution
is then given by a Fourier-Bessel serie [6]. If T(r) is not too narrow, that is
the proton beam is sufficiently broad, one to two terms are sufficient for a
1 % precision.

As typical examples we show here data from the
e LANCE II, W-target [7]
e SINQ, window [6]
e IPNSII, U-target (1]

LANCE II, Fig. 4 -6
beam power 1 MWaitt
target plate: diameter 10 cm, thickness 1 cm
heat transfer to cooling medium is 1.4 %’-n‘%—' °C.

The maximal temperature in the center of the target plate is 900°C. The
stress distribution contains components reaching values up to 5500 ;"n% (550
MPa). These correspond to 70 % of the tensile yields of the material.

SINQ Fig. 7-8
beam power 0.9 MWatt
target plate: diameter 16 cm, thickness 0.6 cm
heat transfer to the cooling medium on one side of the plate
(window) is assumed to be 3.9 X% [8]. This performance
is based on model measurements.
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Fig. 4 Temperature distribution in a tungsten target plate for a beam power of
1 MWatt. Coeoling is on both plate sides with 1.4 W/ecm? °C.
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Fig. 5 Stress distribution for the same target plate as Fig. 4.
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Fig. 6 Thermal cycling of the maximal von Mises-stress (a measure for yielding) due
to the pulsed proton beam.
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Fig. 7 Longitudinal temperature--and stress-distribution in a tungsten plate cooled

at one side only. Heating is with a proton beam of 600-MeV energy and a current of
1.5 mA. Heat transition at the cooled surface is 3.9 W/em? °C.
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Fig. 8 Radial temperature--and stress distribution at the cooled back side of the
tungsten plate due to a proton beam of 600-MeV energy and a current of 1.5 mA. The
radial beam profile is a Gaussian with 6 =5 cm.

Due to the relatively large beam diameter (10 cm) the maximal current-
density on the plate is 20 a—’%. The corresponding maximal temperature
becomes 380 °C. The stress distribution reaches -1100 ;kn% (radial and tan-
gential compression) at the front of the plate and 1630 c':—f; at the back
(tensile)

IPNSII Fig. 9-11
beam power 400 kWatt
parabolic beam profile, truncated at 3 cm radius
The performance of the plate cooling has to be such,
to keep the maximal temperature of the (U - 10 % W)
plate below 400 °C.

k8T = h(Tptar — Toout) h=15.25

cm?o(C



Ao

Target materials and engineering 153

w
335y 1800 11006 AYo0 100 Iowd
X 47909 40000 " 30000 20000 10000 poi

30000 20000 10000
— 5 e )
q-
_ 2 8 -784
—_— — —_— — —_— —_— - -
— -
1] /
1
AN / 742
500 0 200> 4000

Fig. 9 Isostress lines for the radial and longitudinal stress distribution in a uranium-
molybdenum disk. Beam power is 0.4 MWatt.

The cooling medium would be Na - K.

The result is a maximal temperature of 360 °C. The stress distribution

contains radial and tangential compression of -2800 £ in the center and
g P em

a tensile stress of +2800 c’{% at the back- and frontside of the plate.

While these stresses are well within the yield of the U - 10 % W-target
material, they exceed at r ~ 0 cm the yield of the Zirkaloy cladding. In view
of the experience with the ISIS-target concerning swelling due to thermal
cycling, this case seems to us at the ultimate limit of feasibility.

5 CONCLUSIONS

We tried to discuss the common problems of target design.

e power load
e radiation damage

e thermal stress

While each of these problems may find a more or less simple solution, the
challenge for the engineers starts with the attempt to solve these problems
simultanuously. The following kind of dialectics has then to be considered.
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Fig. 10 Thermal stress along axial elements of Zirkaloy-clad uranium-molybdenum
disk.

Temperature limits can always be taken into consideration but

Strong dilution of the heavy target material by cooling media has to
be avoided

or

Uranium is concerning the neutronics a favorite material, but

Uranium leads to high heat load and has to be operated at very low
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Fig. 11 Oscillation range of the axial thermal stress due to pulsation of the proton
beam in the uranium-molybdenum target plate. In the center of the plate the fatigue
limit is exceeded in the tensile phase of the pulse.

termperature (< 400 °C) since it has the most miserable material

e (Nearly) all problems can be avoided with the choice of the concept

of a liquid metal target, but

o A beam entrance window is needed
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This dialectic becomes even more nasty, when considering radiation dam-
age as well. Even if a solution has been found, the next question which
comes up is: How long does it last?

The material properties change with operation time due to the influence of
radiation damage. How does it?

This depends strongly on the solution chosen to solve the problems con-
cerning power load and thermal stress.

We have shown that solutions to the whole package of problems up to a
beam power of 0 (1 MWatt) have been found. But what next?
e.g. 0 (10 MWatt)

The whole effort concentrates onto the region of the first few centimeters
of beam penetration into the target. Two solutions have been proposed:

1) Keep the power of the proton beam limited and produce the neutrons
elsewherein the target. Thisis probably the only argument for a (high
intensity) booster.

ii) Dilute the power by moving mechanically the target and the window.
This proposal has been worked out in considerable detail for the late
SNQ-project. If higher power sources turn out to be the way to go,
this version should ultimatly be taken up again.
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Cold moderator scattering kernels
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ABSTRACT: New thermal-scattering-law files in ENDF format have been
developed for solid methane, liquid methane, liquid ortho- and para-hydrogen, and
liquid ortho- and para-deuterium using up-to-date models that include such effects
as incoherent elastic scattering in the solid, diffusion and hindered vibration and
rotations in the liquids, and spin correlations for the hydrogen and deuterium.
These files were generated with the new LEAPR module of the NJOY Nuclear
Data Processing System. Other modules of this system were used to produce
cross sections for these moderators in the correct format for the continuous-
energy Monte Carlo code (MCNP) being used for cold-moderator-design
calculations at the Los Alamos Neutron Scattering Center (LANSCE).

INTRODUCTION

When Gary Russell needed cold moderator cross sections to use with the MCNP
continuous energy Monte Carlo codel during the design of the liquid hydrogen
moderator for the Los Alamos Neutron Scattering Center (LANSCE), he naturally
came to the Applied Nuclear Data group, because we provide the other cross
sections for MCNP. As a starting point, he provided us with FORTRAN coding
from Dr. Guy Robert at Grenoble that implemented the Young and Koppel model2
for ortho and para hydrogen. We implemented the calculation in the THERMR
module of the NJOY Nuclear Data Processing Sys’cem3 and results obtained using
cross sections produced in this way were reported at the last ICANS conference.?
Subsequently, a need developed for deuterium cross sections. A later version of
the European coding for the Young and Koppel model was obtained from Dr.
Rolf Neef at Julich, and the NJOY code was updated to be able to process para
and ortho deuterium. Before this new capability was ever used, Gary became
interested in liquid and solid methane as moderator materials. He obtained a

version of the LEAP+ADDELT code that had been especially modified for cold
5

methane calculations by Dr. Dave Picton.




158 Cold moderator scattering kernels

This part of the development was considerably more complex than the earlier
steps. Instead of directly computing the differential cross section o(E—E’, ;i) from
a (comparatively) simple formula, it became necessary to compute the scattering
law S(a,B) in the Evaluated Nuclear Data Files (ENDF) format and feed it into
the THERMR module of NJOY. Our initial results with the LEAP code were so

the NJ OY system. This involved modifying the code for consistency with NJOY
standards, making some “improvements”, and doing a careful study of the theory of
the method. The result is a new general purpose code for producing scattering law

files in ENDF-6 format® for both cold moderators and normal reactor moderators.

fram the liguid methane madel and tha TEREAPR rade to imnrove tha data far lignid
irom tae dgula meinane mode: ana the LEEAPR code to unprove tae data ior iiquia
hydrogen and deuterium. The Young and Koppel model assumed that the molec-

ular translations were free, but a number of experimental studies have shown the
presence of quasi-elastic scattering that appears to obey a diffusive law. Following
the procedures outlined by Keinert and Sax,’ we replaced the free-gas law in the
Young and Koppel formula with a new scattering law that attempts to represent
the hindered motions of each hydrogen or deuterium molecule in its clump of local
neighbors and the diffusive motions of these clumps through the liquid. Because
f b 34 crre o w3 4L TINMT 2 £ 4 c}‘.\ AN

o Amncon ety B nwed P | TNV
DPILIL U OTT Cldl.».lUle it Was lcbcbﬁaly tU eXvenda vne LN/ -0 10rifay anda vie NJuU Y

code to handle asymmetric scattering laws, that is S(a, 8)#S5(a, —f).

In the rest of this paper, we will give a short review of the theory of the LEAPR,

module of NJOUY, and then describe the actual models used for solid methane

liquid methane, liquid hydrogen, and liquid deuterium.

LEAPR THEORY

u

Ha,rwe]l,8 then implemented Butland at Winfrith, 9 and ﬁnally modified to work
better for cold moderators as part of the Ph.D. thesis of D. J. Picton. The major
modifications made while turning LEAP+ADDELT into LEAPR were extensive
reworking of the coding and comments, the provision of output in ENDF-6 format,
a capability to include either coherent or incoherent elastic scattering, a significant

speedup for the diffusion calculation, and the liquid hydrogen/deuterium model.

In many practical moderator materials, the presence of some essential random-

ness {such as of position, spin orientation, isotopic content, or crystallite orienta-
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tion) allows scattering of thermal neutrons to be described as “incoherent”. It is
shown in standard references!0 that the double differential scattering cross sec-
tion of thermal neutrons by gases, liquids, or solids consisting of randomly ordered

crystals can be written as

Ty E

-B/2
i\ 7o P2 80, ()

o(E—E',p) =
where E and E' are the incident and secondary neutron energies in the laboratory
system, p is the cosine of the scattering angle in the laboratory, o} is the charac-
teristic bound scattering cross section for the material, kT is the thermal energy in
eV, and § is the scattering law. The scattering law depends on only two variables:

the momentum transfer

o= E'+E-2JE'Ep @)
- AkT ’
where A is the ratio of scatterer mass to the neutron mass, and the energy transfer

E'—-E
p=222 ®

Note that J is positive for energy gain and negative for energy loss. Except in the
case of the hydrogen molecule, S is symmetric in 8 and only the part for positive
values is tabulated in the ENDF format.

It turns out that the scattering law depends on the frequency spectrum of
excitations in the system. In general, this spectrum can be expressed as a weighted
sum of a number of simple spectra,

K
p(B) = wipi(B), (4)

j=1
where some of the possibilities are:
pi(B) = &(B;) discrete oscillator (5)
pi(B) = pys(B) free translation (6)
pi(B) = ps(B) solid-type spectrum (7)
pi(B) = pqa(B) diffusion-type spectrum (8)

The weights sum to one, and all the individual distributions are normalized. The

net scattering law for this sum of spectra can be expressed as a recursion based
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on convolutions:

S(e, B) = 55 (a, B), (9)

where

§e,8) = [ Ssfe) SUD(a, p-8') d' (10)

where S is the scattering law for partial spectrum J, and §¢=1) is the composite
scattering law including all partial distributions with j<J. As an example of
the use of this recursive procedure, consider a case like solid methane where the
desired spectrum is a combination of p, and several discrete oscillators. First
calculate $(V=S5, using p;. Then calculate S, using p(B; ), the distribution for the
first discrete oscillator, and convolve S with S() to obtain S(?) the composite
scattering law for the first two partial distributions. Repeat the process with the

rest of the discrete oscillators, one at a time, to obtain the full distribution.

The Phonon Expansion

The two main methods available for computing the scattering law for solid-
type spectra are the time integration of the intermediate scattering function used
by GASKET!! and the phonon expansion used by LEAP. Our tests indicate that
the LEAP method is faster and more stable, especially for the very high values
of a and S found in low-temperature problems. Therefore, we decided to use the
phonon expansion for our new thermal module. The resulting formula for S5(«, 3)

is

5.(0,B) = e~ Y % (B Tu(8), (11)
n=0 "
where -
= [ ppyePlap (12)
is the Debye-Waller factor,
5= [" R(p)dp, (13)
is a constant, |
To(B) = 8(8), (14)
T3(8) = 5 P:(6), (15)

and in general,

Tu(8) = /_ ZT (8 Tu(B—B') dB'. (16)
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In these formulas,
) - 012 o
Bsinh(B3/2)

The coefficients are precomputed using this convolution process for n up through
20. It is then a simple process to compute S for any desired value of & or 8 using
eq.(11). For high values of @ and § the sum may not converge adequately with
only 20 terms. It is then possible to extend the sum to higher values of n using an
approximation for the T}, or the code can choose to use the “Short Collision Time”
(SCT) approximation. We are still exploring the various strategies for making use

of these approximations.

Diffusion

The neutron scattering from many important liquids, including water and liquid
methane, can be represented using a solid-type spectrum of rotational and vibra-
tional modes combined with a diffusion term. Egelstaff and Schofield have pro-
posed an especially simple model for diffusion called the “effective width model.”
It has the advantage of having analytic forms for both S;(a,3) and the associated

spectrum pg(f8):

Syl ) = 242 2dea VI F 2 Kl{\/c2+ BB +aPa?},  (19)

ﬂZ +4d2 2

and

pa(B) = %% ¢ +.25 sinh(8/2) ki { Ve + 25 8} . (19)

In these equations, K;(x) is a modified Bessel function of the second kind, and
the diffusion constant ¢ and parameter d (usually wgc) are provided as inputs.

In LEAPR, S,(a, ), the scattering law for the solid-type modes, is calculated
using the phonon expansion as described above. The diffusive contribution Sy{e, )
is then calculated using the formula above on a § grid chosen to represent its shape
fairly well. The combined scattering law is then obtained by convolution as follows:

5(c,B) = Sa(a, B) + /_ ‘: 54(, B') Sa(er, B—B') dB'. (20)
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The first term arises from the delta function in eq.(11), which isn’t included in
the numerical results for the phonon series calculation. The values for S;(8) and
Ss(B—pB') are obtaired from the precomputed functions by interpolation. This
makes LEAPR run much faster than LEAP+ADDELT for diffusive cases, because
the original code did direct recalculations of the solid-type scattering law for all
the desired values of 8—f’. It also had to take pains to compute Sy on a g grid
that was commensurate with the input grid. This often resulted in more points

for Sy than were necessary to obtain useful accuracy for the convolutions.

Discrete Qscillators

The scattering law for a discrete oscillator term w;é(f3;) is known to be

Si(c, B) = e— N n;w I, (m’i’h(iﬂ_/?)) 8(8-npB;), (21)

where 105 /9
A o= w; coth(B:/ )’
B
and I,(z) is a modified Bessel function of the first kind and n-th order. As discussed

in connection with eq.(10), the net §(e, ) for a complex distribution consisting

(22)

of a smooth part and several discrete oscillators is obtained by convolving each
oscillator in turn with the S(a, ) resulting from all the previous parts of the
distribution. The §-function makes the convolution trivial.

A variation of this procedure used for liquid hydrogen and deuterium will be

discussed below.

ENDF-6 Output

The Evaluated Nuclear Data Files (ENDF) format originated in the U. S., but
it is now being used throughout the world. Thermal data is recorded in “File 77,
and the new ENDF-6 version of the File 7 format is capable of representing the
following types of data.

o Incoherent Inelastic. This type is important for all materials, and it requires
S(a,B) vs T and some auxiliary information such as bound scattering cross

section and effective temperatures.

o Coherent Elastic. This type isimportant for crystalline materials like graphite
and beryllium, and it requires information on the position and strengths of
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the Bragg edges, a characteristic coherent cross section, and a Debye-Waller

function.

e Incoherent Elastic. This type is important for hydrogenous solids like polyethy-
lene, zirconium hydride, and solid methane, and it requires a characteristic
cross section plus a Debye-Waller function.

The calculation of S(a,3) was described above. The ENDF output subroutine
of LEAPR simply stores it in the correct format. Effective temperatures for the
ENDF Short-Collision-Time approximation can be determined from integrals per-
formed by LEAPR, and they are also added to the file.

Coherent elastic parameters can be computed for the three materials graphite,
beryllium, and beryllium oxide using methods based on the HEXSCAT code.12
The Debye-Waller function needed to determine the temperature dependence of
coherent elastic scattering is obtained from the LEAPR calculation of S(a,g) for
the material. Similarly, the Debye-Waller function for incoherent elastic scattering
in hydrogenous materials is obtained from the LEAPR calculation of the inelastic

scattering law for that material.

The speed and simplicity of the LEAP method for computing S(¢, 8) combined
with the comprehensive capabilities of the ENDF output routine make LEAPR a

very useful module for all problems involving thermal neutron scattering.
SOLID METHANE

The methane molecule consists of an atom of carbon surrounded by four atoms
of hydrogen placed on the corners of a tetrahedron. The carbon atom is at the
center of mass of the system; because of its symmetry, the methane molecule is
often called a “spherical top”. Optical measurements of methane in the gas phase
show four fairly well defined vibrational modes at 162, 190, 361, and 374 meV.
Following the lead of Picton, they have been included in this model as discrete
oscillators with weights equal to .308, .186, .042, and .144, respectively.

Specific heat measurements in solid methane near one atmosphere show three
phases with transitions at 8K and 20.4K. The melting point is about 89K. X-
ray measurements show that the carbon atoms are arranged on an fcc lattice for
both of the higher two phases; it has been speculated that the phase tramsition
is due to a change in the degree of rotational order, or perhaps due to the onset

of a self-diffusion behavior. Because of this interesting question, a series of slow
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neutron inelastic scattering experiments were carried out with samples in each
of the phases.13 Because hydrogen is an incoherent scatterer, it was possible to
analyze the data to obtain a frequency spectrum for hydrogen in solid methane.
The results didn’t really explain what was happening in the 20K phase transition,
but they did provide us with just the data needed for our calculation.

Again following Picton, we chose the spectrum for 22.1K for our model. Instead
of using Picton’s numbers directly, we digitized the curve from the graph in the
reference, plotted it on a large scale, and then smoothed it by hand. Care was

2 variation for low energies. The resulting spectrum is shown in

taken to use an w
Figure 1. As discussed by Harker and Brugger, the appropriate normalization for

this curve is 0.32.
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Figure 1: The Harker-Brugger frequency spectrum used for solid
methane. Note the quadratic shape at low energies.

This spectrum and the four discrete oscillators were then used to calculate
S(e,B) with LEAPR using the o and B grids of Picton. During this calculation,
the moments of T, and S(e, ) were checked and the errors were modest. The
output listing was examined carefully to see that the o and § ranges were suffi-
cient, and no obvious problems were found. LEAPR automatically prepared an
output file in ENDF-6 format, including both incoherent elastic and incoherent in-
elastic representations, and complete with descriptive comments on the resulting
evaluation. Plots of S(a, B) versus « for several values of 8 are give in Figure 2.
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Figure 2: S(a, ) for solid methane shown as a function of o for several
values of 5.

Next, the new evaluation for S(c, ) was processed into integrated cross sec-
tions and double differential cross sections using the THERMR, module of NJOY.
It was necessary to slightly modify the code to allow for the very large values of 8
appropriate to these low temperatures (note that f is inversely proportional to kT
for a given energy transfer); it is necessary to keep values of S as small as 1x10~80
for this evaluation. This is quite a dynamic range! Plots of the integrated cross
sections for the elastic and inelastic processes are given in Figure 3, and plots of
the outgoing neutron spectrum integrated over angle at several incident energies

are given in Figure 4.

Finally, the output of THERMR was passed to the ACER module of NJOY
for conversion to ACE format for the MCNP Continuous-Energy Monte-Carlo
code. The result of this step was made available to Group X-6 for addition to the
standard MCNP thermal library.
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Figure 3: Incoherent inelastic cross section (solid) and incoherent elastic
cross section (dashed) for solid methane.
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Figure 4: Neutron spectra o(E—E') for solid methane shown for
FE =0.0001, .0253, and .503 eV.
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LIQUID METHANE

The preparation of a model for liquid methane at 90K was a little more difficult.
Once again, we use the four discrete oscillators to represent the the molecular
vibrations. In addition, we need a continuous frequency distribution to represent
the molecular rotations, and a pair of parameters d and ¢ to represent diffusion.
This latter component was omitted from Picton’s model, but we felt that it might
be needed to obtain a reasonable quasi-elastic peak in the spectrum of scattered
neutrons. Therefore, we couldn’t use the Picton input directly, and we had to refer
to his source. 14 Agrawal and Yip divided the problem into two parts: translations

and rotations.

For translations, they proposed a model that matches the expected diffusive
behavior at long times and provides an oscillatory behavior at short times. Each
methane molecule is assumed to move in a “cage” formed by its neighbors, and
the cage itself is aliowed to relax with time. As Agrawal and Yip point out, the
molecule will oscillate initially, but gradually as the restoring forces decay into a

frictional background, it will go over into diffusive motions. The resulting analytic
expression for the frequency spectrum is

_ 2 w2/T0
M = 3y + Gl 2

The fact that f(w) is nonzero at w=0 indicates that the molecules are capable of

diffusion.

For rotations, they establish that the rotational excitations are related to the
“dipole correlation function”. The same function appears in the classical limit of
the theory of optical line shapes for infrared absorption as presented by Gordon,15
and he has used this method to compute the correlation function for liquid methane
at 98K based on the infrared data of Ewing.16 The desired spectrum of rotational
excitations, p,(w) can be obtained by transforming the function graphed by Gor-

don.

The net result is shown in Figure 5, together with the translational frequency
distribution discussed above. These numbers were generated by digitizing the
curve from Agrawal and Yip. The fact that the distribution is nonzero at zero
energy transfer indicates that diffusion is present. Agrawal and Yip compared
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1 1 1:

their model with both double-differential and integrated cross sections, with very

good agreement.

Unfortunately, this model does not match the requirements of LEAPR. The
only type of frequency distribution that is nonzero at w=0 that can be used by the
code is the diffusive law of Egelstaff and Schofield, which does not have the short-
time oscillatory behavior of eq.(23). Our main reason for using the diffusion term
in our model for liquid methane was to improve the “quasi-elastic” peak, which
depends mostly on the small-w part of the frequency distribution. Therefore, it
seemed reasonable to select diffusion parameters d and ¢ that gave a reasonable
representation for the full width at half maximum of the quasi-elastic peak, to
subtract the result fy from the sum of the two curves shown in Figure 5, and to
use the difference to represent both the tramslational oscillatory modes and the
6 show i
some hand smoothing, and the low energy part of the distribution was forced to
follow an w? law. The final breakdown was 1.5% diffusion, 30.5% rotation, and

LEAPR was run with this input taking advantage of the much accelerated
diffusion calculation discussed above. Once again the moments of T, and 5(§)
were checked, and no great problems were seen. These checks help to prove that
the w grid for the input frequency spectrum and the § grid for calculating S are
reasonable. We also checked the range of @ and § to be sure that no significant

ino ent off. Tha ragnlts seem
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energy transfers possible with incident neutron energies up to 1 eV. Once again,
LEAPR produced an output file in ENDF-6 format. This time, there was no elastic
contribution at all. Plots of S{a, 8) versus a for several values of 3 are shown in
Figure 7. Note that the behavior of the curves for small § is quite different than
in Figure 2. This reflects the presence of the diffusive component.

AT

The new evaluation for liquid methane was run through the THERMR module
of NJOY to produce integrated and differential cross sections. Sample results
are given in Figures 8 and 9. The integrated cross section is compared with

for Group X-6.
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Figure 5: Frequency spectrum for liquid methane (solid) as given by
Agrawal and Yip, including an analytic translational part (dashed) and
a rotational part based on Gordon’s analysis of the optical measurements
of Ewing.
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Figure 6: Effective frequency spectrum for methane including both
translational and rotational modes, but not including diffusive modes.
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Figure 7: S(a,f) curves for liquid methane. Note the diffusive behavior
at low a and 5.
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Figure 8: The computed cross section for liquid methane at 100K (solid)
is compared to experimental data (squares) by Whittemore and by Ro-
galska as quoted by Agrawal and Yip.
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Figure 9: Neutron spectra o( E—E') are shown for £ =.0001, .0253,
and .503 meV. Note the sharp quasi-elastic peak that results from the
diffusive term in the theory used here.

LIQUID HYDROGEN AND DEUTERIUM

Materials containing hydrogen or deuterium molecules violate the assumption
that spins are distributed randomly that underlies the incoherent approximation
used for eq.(11), and an explicitly quantum-mechanical formula is required to
take account of the correlations between the spins of two atoms in the same
molecule. This problem was considered by Young and Koppel, who gave the

formulas for that were incorporated into the European coding that we originally
received from Robert and Neef. Changing to our notation, the formulas for the

hydrogen molecule (neglecting vibrations) become

Spara(a,ﬂ) = Z Py (24)
J=0,24,...
X ﬂ[aﬁ . 46l > ](2J’+1) (25)
" p=024,...  J'=135,.
X Sy(af2,B+Bsy)e P11 /2 (26)
J'+J
x Y 45F(y)C*(JJ'E;00), (27)

e=|J'—-J|
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and
Sortho(awﬂ) = Z Py (28)
J=1,3,5,...
2 2 1 942
x 5—75%‘ ) +§'3°—§—a—‘ > ojer+n (9
% J1=0,24,... J'=1,3,5,...
X Sp(af2,B+fyy)e Bl (30)
J4J
X Y 437(y)C*(JJ';00), (31)
t=|J'~J]

where @, and a; are the coherent and incoherent scattering lengths (note that
the characteristic bound cross section oy=4r[a’+a?]), P; is the statistical weight
factor, Byy=(E;—Ej;)/kT is the energy transfer for a rotational transition, j;(z)
is a spherical Bessel function of order £, and C(JJ'¢;00) is a Clebsch-Gordan
coefficient. The parameter y is given by xa/2=(a/2)\/4MkT /2, where a is the
interatomic distance in the molecule. The sums over J' are treated as operators

into order to keep the notation compact.

Young and Koppel assumed that the molecular translations were free, so the

equations contain
1 a? + §?
= —— exp|————
Silenh) = g exp[ ===,
the free-atom scattering function. Note that « is divided by two when this equation

is used to make the formula apply to a molecule containing two atoms. That is,

(32)

the normalization of the translational part is 0.5.

These formulas as stated are appropriate for a gas of hydrogen molecules. In a
liquid, there are two additional effects to be considered: interference between the
neutron waves scattered from different molecules, and the fact that the recoil of
the hydrogen molecule is not really free. So far, we have only considered the latter
effect. Experiments by Egelstaff, Haywood, and Webb at Harwell}7 and Schott at
Karlsruhel8 showed appreciable broadening of the quasi-elastic scattering peak for
liquid hydrogen, and both groups ascribed this to diffusive effects. Later, Utsuro
of Kyoto University constructed a simple analytic modell? that included both dif-
fusion and intermolecular vibrations and showed good agreement with experiment.
More recently, Keinert and Sax of the University of Stuttgart proposed-the model”

that we follow here.

They suggested that the free translation term in the Young and Koppel formu-
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las be replaced by the superposition of a solid-state like motion and a diffusive law.
One can picture a hydrogen molecule bound in a cluster of about 20 molecules and
undergoing vibrations similar to those of a hydrogen molecule in a solid. These
clumps then diffuse through the liquid (hindered translations) according to the
Egelstaff-Schofield effective width model discussed above. The Keinert-Sax distri-
bution function is shown in Figure 10. They assumed a weight of 0.025 for the
hindered translation, leaving a value of 0.475 for the solid-like distribution.
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Figure 10: The Keinert-Sax frequency distribution for the effective
translational modes of liquid hydrogen.

This model was then used in LEAPR. Some results for the effective transla-
tional S(a, §) to be used in the Young and Koppel formulas are shown in Figure 11
along with the corresponding free translation curves. A new subroutine was added
to LEAPR to carry out the rest of operations in the Young and Koppel formulas.
Because of the spin correlations, S(e, 8)#S(a, —8), and it is necessary to calculate
both sides of the function. These results were then passed to the ENDF output
subroutine. Here again, it was necessary to make a slight modification to allow for
asymmetric scattering functions. A new parameter called “LASYM” was added to
the File 7 format (it is in the “L1” position of the head card for MF=7, MT=4).
When LASYM=1, the 8 grid in File 7 starts with —fmax and increases through
2610 t0 +PBmax. Of course, it was also necessary to modify the THERMR module
- of NJOY to recognize the LASYM=1 option. This turned out to be very easy, and
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some examples of cross sections and energy distributions computed by THERMR

are shown in Figures 12 and 13.

S,
107 10 100 10t 10@ 10?10 ¢ ©

Figure 11: The eflective translational S(e, 8) for liquid hydrogen (solid)
compared with the corresponding free translation curves (dashed). The
a values shown are 0.1, 1, and 10 (broadest).
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Figure 12: The cross sections for liquid ortho hydrogen (upper curve)
and liquid para hydrogen (lower curve) at 20 K are compared with ex-

perimental data20 due to Squires gas) at 20K (squares), Whittemore at
20K (circles), and Seiffert at 14K (triangles).
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Figure 13: The spectra o(E— E') for liquid para hydrogen are shown for
E=.0001, .0253, and .251 eV. Note the sharp quasi-elastic peak arising
from the diffusion treatment. The dashed lines show the free translation
results from the original Young and Koppel formulas.
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Figure 14: The spectra o( E—E’) for liquid ortho hydrogen are shown
for E=.0001, .0253, and .251 eV. Again note the sharp quasi-elastic peak
arising from the diffusion treatment. The dashed lines show the free
translation result.




176 Cold moderator scattering kernels

CONCLUSIONS

The result of this work is set of state-of-the-art scattering law files for ortho
and para liquid hydrogen, ortho and para liquid deuterium, liquid methane, and
solid methane that can be used with the NJOY Nuclear Data Processing System
to produce thermal scattering data for both continuous-energy Monte Carlo and

multigroup applications. As a very useful spin-off, we have the LEAPR module,
which can be used to produce new scattering law files for the traditional reactor

moderators for the upcoming ENDF/B-VI library of evaluated nuclear data.
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ABSTRACT: Moderators using both liquid and solid methane and liquid
hydrogen are currently in use at major spallation neutron sources. Los
Alamos Neutron Scattering Center (LANSCE) is planning the use of liquid
methane as part of a major update program planned in about three years time.
This report presents an overview of some of these devices and outlines the
general engineering design of the proposed LANSCE moderator, including
some suggested solutions to the radiation damage problems of methane. Also
included is a brief overview of a possible combined H,/CH, moderator for
high-intensity proton beams, which is covered in more detail in a separate
paper.

General overview

* Argonne National Laboratory has two liquid moderators and one of solid
methane. The solid moderator is a foam-filled vessel of aluminum with a one-
sixteenth-in. wall thickness at the viewed face. Cooling is provided by a heat
exchanger coil carrying cold helium gas from a Koch model 1400 refrigerator.

The two liquid moderators operate in a closed loop using a room-temperature-
positive-displacement pump. All the methane is warmed up to room
temperature in a heat exchanger, which subsequently re-cools the fluid on its
return to the main loop on each pass. A liquid-nitrogen-cooled helium loop,
used to cool a reflector, also supplies a secondary loop on its return leg, which
in turn cools the methane heat exchangers. Supercooled liquid methane fed to
the moderators is temperature-controlied by varying the flow rate of cold helium
gas through the helium/methane heat exchanger. The methane is maintained at
a pressure of 2 bar absolute (see Fig. 1).

* KENS also has a solid-methane moderator that is directly cooled by a helium
circuit, including a refrigerator. The moderator is an aluminum canister
containing four plates, about 10 mm apart, that are in contact with the cooled
sides of the vessel to assist heat transfer from the methane (see Fig. 2).
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* ISIS has a liquid-hydrogen and a liquid-methane moderator, which function as

completely independent systems. The hydrogen system was designed to operate
in the supercritical region at 25 K and 15 bar absolute pressure. However, the
current operating pressure is about 8 bar absolute since no boiling problems
have been observed. The refrigerator is built by Sulzer and uses an oil-free
reciprocating compressor and two-series-connected high-speed turbines.
Temperature control is provided by an electrical heater in the helium refrigerant
circuit powered in response to a germanium diode sensor in the hydrogen loop
and powered through a three-term controller. The hydrogen pressure is

controlled within +2 bar of its setpoint by a pressure control system, and the

hydrogen is circulated by a high-speed centrifugal pump in the return leg of the
circuit.

The liquid-methane system is cooled by a Philips-Stirling cycle machine
capable of about 1000 W at 100 K. The methane pressure is controiled at 4 bar
absolute to raise its boiling temperature to 130 K. Circulation is provided by a
high-speed centrifugal pump in the flow side of the circuit. Two 50-micron
filters are built into the circuit return leg, and temperature control is provided by
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an electrical heater driven through a three-term controller in response to a
platinum thermometer sensor.

Both systems incorporate a spare circulator that can be valved into line by
remotely operated valves. A faulty unit can then be isolated, purged, and
subsequently removed without shutting down the system. The same applies to
the filters in the methane system (see Figs. 3 and 4).

LANSCE has a single liquid-hydrogen moderator operating at 20 K and a
pressure of about 6 bar absolute. The refrigerator is a CTI unit, modified for
the purpose, which uses two compressors with oil separators and two
reciprocating expansion engines. Hydrogen is circulated by a 3000 RPM
centrifugal pump, which is in the outlet line of the system. Temperature
control is provided by an electrical heater powered through a three-term
controller in response to a germanium-diode temperature sensor. Temperature
measurement at the moderator itself is measured by a hydrogen-vapor pressure
bulb. The cold box containing the heat exchanger, which interfaces the
hydrogen loop with the helium refrigerant, together with the control heater and
temperature sensors, is sited within the service cell above the target top plate.
Although radiation levels of 1-10 m Rads/hr exist, even at the present energy
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levels of 30 HA, no radiation damage problems have been experienced in three
years of operation. However, it is planned to re-site the cold box outside of the
shielding during the major re-work of the target shielding in about three years
time (see Fig. 5).
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Fig. 5 LANSCE cryogenic equipment layout.

LANSCE update

The LANSCE update will involve restructuring of the target-moderator-refiector
(TMR) upper shielding and possibly some of the lower shielding. This will afford
the opportunity to regroup the various feed pipes and transfer lines to improve the
integrity of the upper shielding. It will also enable more preferred routes to be taken
for the transfer lines to improve their flow characteristics.

The existing four-flux-trap-moderator windows might be reconfigured for cryogenic
devices, depending on the experimental program requirements. The two moderator
windows adjacent to the upper tungsten target will probably be opened up, also (see
Fig. 6). Two or four methane moderators are possible, operating in one or two pairs.
Each pair would share a refrigerator representing a heat load of about 1200 W at
100 K.
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A complete design study of a liquid-methane system has been made, which indicates
that by using a common transfer line for two moderators coupled in series, a Philips-
Stirling cycle refrigerator with a listed output of 1500 W at 100 K would be
sufficient (see Fig. 7).

A number of modifications to the ISIS refrigerator were found necessary to suit the
particular application.

The heat exchanger is in the form of an annulus with the return liquid entering at the
top center of the cold head. The outlet pipe was on the lower side of the annulus.
This caused a variable flow pattern, which resulted in changes in heat transfer to the
methane. The changes seemed to occur in response to some form of local turbulence,
as the effect could be reversed by changing the flow or pressure of the liquid methane.
A reasonably successful remedy was to insert fixed valves into the inlet pipe to create
a rotary motion of the liquid. A second problem was local freezing of methane in the
cold head during the initial cool down, as mass flow during the gas phase is very
low. An electrical heater was eventually fitted in response to a sensor on the cold
head. The powder insulation was also removed and the head vacuum insulated.

The LANSCE machine will be delivered suitably modified to avoid these
requirements. The heat exchanger will be of a coiled pipe design with a heater wound
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between the coils during manufacture, A vacuum-insulated head will have both inlet
and outlet pipes from the cooling coil brought out through a common side port in
the vacuum chamber, which will enable the vacuum chamber to be integrated into the
main pumping system. Various additional interlocks will also be added to a remote
control facility for the helium gas refrigerant pressure (see Fig. 8).
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Flg. 8 LANSCE CH, refrigerator heat exchanger concepits.
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Circulators for cryogenic liquid

The circulators used for both of the ISIS cryogenic moderators were developed from
Philips units originally designed for pumping high-pressure cold helium gas in heat-
transfer circuits. They use a standard high-quality S0-Hz three-phase motor operating
at 300 Hz to give a rotational speed of 1800° RPM. An extension of the motor shaft
carries the overhung pump impeller. The unit is built into a pressure vessel because
it operates in methane gas, which forms a static pocket connected to the main
system. A secondary containment filled with an inert gas was originally required as a
safety measure in the event of a methane leak. The complete outer vessel was later
redesigned to incorporate this gas jacket, greatly improving ease of servicing. The
greater duty of pumping relatively heavy liquids resulted in bearing-slip within the
mountings, which caused high temperatures and loss of lubricant with premature
bearing failure. The remedy was to clamp both inner and outer bearing races with
ring nuts-the bearing assembly furthest from the impeller being carried by a thin
metal diaphragm to accommodate thermal axial movement. Unfortunately, this
thermally isolated the bearing and led to overheating. The source of this heat,
however, is probably not purely frictional but might well derive from the waveform
generated by a newly installed model frequency inverter. This is now under
investigation (see Fig. 9).

The circulator used for liquid hydrogen in the LANSCE moderator runs at a much
lower speed. The impeller is correspondingly larger, but in place of the overhung
shaft is a long drive shaft with a cold bearing at the impeller end. This bearing
makes the whole design much more flexible and results in a device with a much
longer life and greater reliability. The bearing is manufactured by Barden Precision
and is primarily for high-temperature application. A dry lubricant is sintered into the
cage material, which sheds dry lubricant in operation. The LANSCE circulator
remained serviceable after approximately 10,000 hours operation. The maximum
bearing life achieved with the ISIS high-speed unit is around 2500 hours, but the
average is much less. On the other hand, the latter are smaller, lighter, and easy to
replace.

A circulator similar to that used for the LANSCE hydrogen system has been ordered
for the methane moderator but in a modified form to enable replacement without
breaking into the vacuum system. The impeller will also be modified to better help
the cool-down operation through the two-phase flow stage (see Fig. 10).

General layout of LANSCE cryogenic equipment

The hydrogen and methane cryogenic service equipment will be sited side by side in
the service area. A new control cabin is to be built on the roof of the LANSCE
target area accessible from the upper plant room. This will contain monitoring and
control equipment. Adjacent to the cabin will be the methane gas-handling plant and
operation panel (see Fig..11).

Radiation damage to methane

Liquid methane undergoes molecular changes in ionizing radiation. Long chain
hydrocarbons are formed initially taking the form of yellow oils belonging to the
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paraffin group. Further radiation would probably result in the eventual formation of
solids. The beam current at ISIS is now 100 pA, and substantial levels of these
paraffins are being produced. This does not appear to impair the neutronic efficiency
of the moderator, but will ultimately result in a blockage that will be extremely
difficult to remove. Most of the impurities are probably in solution with the
methane liquid, but on warming up, the methane will be boiled off leaving the
impurities behind as viscous liquid. Furthermore, it is likely that supersaturated
levels of impurities will be produced. The present filters are, therefore, of limited
value under such conditions, as some form of continuous separation and removal is
required. This could be made possible by vaporizing the methane by raising its
temperature or lowering its pressure and isolating the liquid impurities (see Figs. 12
and 13). However, either of these options would require development funds. A
simpler method could be to centrifuge the liquids and remove the heavier fraction
with a Pitét tube. This is worthy of examination because relatively small
development costs would be required (see Fig. 14).

Combined CH,/H, moderator

A separate report has been written about the idea of a combined CH4/H, moderator,
which is based on some elementary calculations that indicate such a system is
feasible thermodynamically. However, considerable experimentation and
development would be needed to turn the idea into a working system, and a study of
the neutronic gains would have be evaluated before a decision can be made (see Fig.
15).
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Introduction

Over the next ten to twenty years, a major expansion in the utilization of intense
neutron fields is anticipated, subject to the availability of an appropriate mix of
medium-, high-, and ultra-high-flux neutron sources. At the leading edge in terms of
flux intensity, an ultra-high-flux neutron source, such as the proposed ANS
facility(?:2], is needed to generate neutron fluxes approaching 1 x 1020 n/m2s for
difficult experiments in condensed-matter physics and for the large-scale production of
transuranium isotopes. Considering the saturated utilization of the existing high-flux
reactors at Grenoble, Brookhaven, and Oak Ridge, new facilities with peak-available
neutron fluxes of 0.5 to 2 x 10'° n/m?s will substantially augment the world's
capability in materials testing for advanced fission and fusion reactors and in advanced
basic and applied research using extracted neutron beams. Furthermore, the real key
to global access to the peaceful benefits of nuclear science and technology is an
international network of modern medium-flux (peak fluxes of 1 to 5 x 10'% n/m?2s)
neutron sources to facilitate practical applications in areas ranging from neutron
scattering and nuclear physics in support of national research programs, to materials
testing and manpower training in support of power-generation programs, to materials
analysis and the production of key radioisotopes in support of medicine, industry, and
agriculture,

Notwithstanding the exciting pace of development in accelerator technology(!-3],
fission-based systems are likely to continue to dominate the overall neutron-source
population for the next decade or two. While accelerator-driven spallation sources are
regarded as somewhat less difficult to site than comparable fission-reactor sources,
their capital and operating costs are substantially higher than for conventional reactor
sourcesl!l. Moreover, the research and development program required to establish an
ultra-high-flux facility is judged to be "moderately large" for a spallation source,
compared to "modest" for the current ANS concept!t],

In Canada the need for advanced neutron sources has long been recognized. Between
1963 and 1967, AECL study teams investigated the accelerator-based ING (Intense
Neutron Generator) concept!*3], whose objective was to generate peak-unperturbed
thermal-neutron fluxes of about 1 x 10%° n/m?2s, which would have yielded a factor
of 25 improvement over the best performance since achieved in the NRU reactor.

During the past several years, AECL has been developing the new MAPLE
multipurpose reactor concept!®67], which is capable of generating peak thermal
neutron fluxes of up to 3 x 10!® n/m?2s in its heavy water reflector at a nominal
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thermal power level of 15 MWy,. AECL will commercially produce key short-lived
radioisotopes, such as *?Mo, and demonstrate MAPLE technology in the prototype
10 MW, MAPLE-X10 facility now being constructed at its Chalk River Nuclear
Laboratories.

Also, the Canadian Institute for Neutron Scattering (CINS) has recently made
recommendations to the Natural Sciences and Engineering Research Council
(NSERC) regarding the new and upgraded facilities necessary to sustain neutron
scattering research in Canadal®). Featured in the recommendations are the near-term
upgrading of the McMaster Nuclear Reactor with a S-MW,, MAPLE reactor and the
study of mid-term options to strengthen Canadian access to high and ultra-high
neutron fluxes—including a MAPLE-based high-flux neutron source. McMaster
University is currently seeking NSERC funding for the MAPLE upgrade.
Additionally, AECL has just commissioned studies to compare an advanced D,O-
cooled MAPLE reactor with an accelerator-based neutron source as prospective
successors to NRU.

A new Canadian high-flux neutron source

To date, the MAPLE program has focused on the development of a modest-cost
multipurpose medium-flux neutron source to meet contemporary requirements for
applied and basic research using neutron beams, for small-scale materials testing and
analysis, and for radioisotope production. The basic MAPLE concept incorporates a
compact light-water cooled and moderated core within a heavy-water primary reflector
to generate strong neutron flux levels in a variety of irradiation facilities. Its major
design features are:

1. Compact, Light-Water-Cooled and -Moderated Core. The
MAPLE core volume is limited to about 63 liters (nineteen 600-mm long
fuel assemblies), which results in the generation of very strong fast and
intermediate neutron fluxes within the core and the availability of unusually
strong thermal-neutron fluxes at irradiation facilities in the core and
surrounding reflector. For example, the peak-unperturbed thermal-neutron
flux is 4 x 107 n/m’sMW in a central flux trap and 2 x 10'7 n/m2sMW
in the heavy-water reflector.

2. LEU-Silicide Fuel Particles Dispersed in Aluminum Rods.
MAPLE fuel meat is low-enrichment (about 19.7 weight percent 235U in
total uranium) U,Si particles dispersed in an aluminum matrix; it is
coextrusion clad with aluminum to form finned rods. This fuel has been
developed by AECL, as part of the international RERTR (Reduced
Enrichment for Research and Test Reactors) program, for use in the NRU,
MAPLE-X10 and other MAPLE reactors.

3. Heavy-Water Primary Reflector. The MAPLE reactor concept
employs heavy water as the primary reflector, which provides optimum
transmission of neutrons from the core to the horizontal beam ports and
various vertical facilities used for neutron activation analysis, radioisotope
production, etc.
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4, Customized Beam-Tube Arrangement. A variety of beam-tube
arrangements can be accommodated in the MAPLE reactor assembly., The
number and orientation of the beam tubes are adjusted to meet the
specifications and requirements of facility users.

5. MAPLE Safety Features. The MAPLE design relies on diverse safety
measures to assure protection of operating staff and members of the public
in the event of conceivable accidents. For example, the core is deliberately
undermoderated so that all important reactivity coefficients are appropriately
negative. Also, one reactor shutdown system is physically separated and the
second is functionally isolated from the reactor regulation system, and fuel
changing can proceed without the need to disable the control or shutdown
systems.

In view of the renewed Canadian interest in a high-flux-neutron source, the MAPLE
group has begun to explore advanced concepts based on AECL's experience with
heavy-water reactors. The overall objective is to define a high-flux facility that will
support materials testing for advanced power reactors, new developments in extracted
neutron-beam applications, and/or production of selected radioisotopes, The design
target is to attain similar performance levels to HFR-Grenoble, HFBR, and HFIR in
anew D,O-cooled, -moderated, and -reflected reactor based on rodded LEU fuel. To
minimize capital and incremental development costs, the design concept uses
MAPLE reactor technology to the greatest extent practicable,

The main performance goals for the new advanced MAPLE-D,0 reactor are a peak
thermal-neutron flux of about 1 x 10! n/m?s in the heavy water reflector and a peak
fast-neutron flux of 2 x 10'8 n/m?2s in a central irradiation facility for a core
configuration in which the maximum linear fuel rod rating is less than 120 kW/m.

Description of the MAPLE-D,O reactor

The MAPLE-D,0 reactor (Figs. 1 and 2) is a tank-type reactor employing heavy
water for cooling, moderation, and reflection. Within the stainless-steel tank (3.0 m
tall by 2.2 m diameter), a 19-site MAPLE grid plate structure is installed to form an
inlet plenum/lower reflector in the bottom meter of the tank. Hexagonal zirconium-
alloy MAPLE flow tubes, lengthened to accept 1.0-m-long fuel assemblies thread and
lock into the grid-plate sites; non-fuel modules, such as irradiation rigs, may be
similarly attached to the grid plate. Heavy water from the primary heat exchangers
enters the lower reflector region of the tank and is forced upwards through the flow
tubes to cool the fuel; it then mixes in an outlet chimney and passes through
apertures to the primary reflector region, which connects via exit nozzles and outlet
piping to the primary coolant pumps. The main reactor specifications are presented
in Table 1.

Included in Table 1 are fuel specifications. The MAPLE-D,O fuel assembly uses
1000-mm lengths of NRU-type U,Si-Al fuel rods in a 60-rod fuel assembly;
however, the standard NRU sheath thickness is reduced from 0.76 mm to 0.38 mm.
The performance of the U,;Si-Al fuel rods has been excellent, with up to 93 percent
burnup of initial fissile material being achieved at very high linear power ratings (up
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Table 1 MAPLE-D,O specifications

General
1. Reactor type
2. Nominal power
3. Purpose
Reactor Physics
4. Core Parameters
5.  Thermal neutron flux
6. Reactivity balance
Core
7. Shape & dimensions
8. Number of
subassemblies
9. Lattice
10. Core fissile load
11. Power density
12. Operating cycle
13. Burnup
14. Moderator
Fuel Assemblies
15. Subassemblies
16. Form &
Composition
17. Uranium content

Tank type;
low-enriched (19.7 %) uranium fuel;
heavy-water cooled, moderated, and reflected

50 MW
extracted neutron-beam applications;

advanced materials testing;
radioisotope production

Koee = 1.215

Maximum in island: 1.0 x 10'® n-m~2-s-?
in reflector: 1.2 x 10!® n-m2-5-1

Burnup 91 mk

Xe & Sm 53 mk

Experiments 25 mk

Reserve 8 mk

Irregular hollow hexagon, 1000 mm high,
maximum diameter 400 mm

12 hexagonal zirconium-alloy flow channels,
77.6 mm (externally) across the flats, 1.6 mm
thick, containing 60-rod fuel assemblies
Hexagonal, pitch approx. 80 mm

Approx. 10.6 kg 235y

Average 750 kv 1-!
Maximum 1300 kw 1-%

40 d
Average 22 % of initial 2359

Heavy water

60 rods plus central support shaft in a
hexagonal array, pitch 9.5 mm

NRU-type U,SiAl rods coextrusion clad with
finned aluminum alloy;

fuel meat 5.48 mm diameter by 1000 mm long;
cladding thickness 0.38 mm;

six fins per rod 1.02 mm high by 0.76 mm wvide;
Enrichment 19.7 % 235U in U, by weight;

0.88 kg 235y;
4.47 kg U
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Table 1 MAPLE-D,O specifications (continued)

Core Heat Transfer

18. Heat transfer area Total 22.9 m?, including fins
19. Heat flux Average 2.18 MW m-?
Peak 3.77 MV m~2
20. Fuel rod 218°C maximum in fuel
temperatures 138°C maximum at clad surface
21. Coolant heavy water
22. Core flow Velocity 12 m s73
Total mass flow 420 kg-s~1
23. Coolant pressures Inlet 1000 kPa, 38°C
& temperatures Outlet 370 kPa, 57°C
Control
24. Regulating system Single PROTROL (industrial PC-based) digital

control computer;

six V-shaped Hf absorber blades attached above
to stepper-motor-driven shafts; blade surface
92 mm wide by 1100 mm high;

total reactivity worth 307 mk

25. Shutdown System #1 Six U-shaped Hf absorber blades attached above
to hydraulically-actuated shafts,
blade surface 138 mm wide by 1100 mm high

26. Shutdown System #2 Magnetic-clutch override of regulating system

Reflector

27. Material & heavy water surrounding core, 2.2 m diameter
dimensions by 3.0 m high

Reactor Vessel

28. Material, form Stainless-steel right-circular cylinder, 2.2 m
& dimensions inner diameter by 3.0 m high, 12 mm thick

Experimental Facilities

29. Horizontal beams Six to nine rectangular zirconium-alloy tubes,
60 mm wide by 150 mm high;
Accessing thermal neutron fluxes of 8 x 10%®
n-m2-s7! to 1.0 x 10!® n-m-2-5-1

30. Cold source To be specified, possibly a liquid hydrogen-
deuterium mixture optimized for a cylindrical
source of 200 mm diameter,

Shielding

31. Radial 600 mm thermal shield: 70% iron, 30% wvater;
1350 mm ilmenite-concrete biological shield

32. Radiation fields gamma: 20 micro Sv-h-?

neutron: less than 0.2 micro Sv-h-!
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to 100 kW/m) with acceptable swelling behavior and no defects. For low burnup
fuel, maximum linear power ratings of 120 kW/m have been found acceptable.

Hafnium absorber blades are inserted immediately outside the core for reactivity
control, generally following the contours of the core. When deployed, the absorber
blades isolate the fuel from the heavy water outside of the core. The principal reactor
shutdown system hydraulically actuates a set of six U-shaped absorber blades that fit
around the corner sites of the 19-site core. A set of six V-shaped absorber blades are
normally operated by the reactor regulating system using stepper motors to position
mechanically-driven absorber shafts; a second independent shutdown can override the
regulating system by releasing magnetic latches to insert its reactivity-control
absorbers.

The reactor regulating system utilizes a digital computer system to initiate and
maintain selected reactor flux and power levels and to acquire, record, and display
process information. Its automatic-control algorithm-effects reactor changes in
minimal time from current set point while avoiding overshoot and the violation of
rules governing minimum reactor period and maximum acceptable rate of absorber
withdrawal.

The reflector tank is penetrated vertically by appropriate fuel-test loops, cold and/or
hot sources, and irradiation rigs and horizontally by a set of zirconium-alloy beam-
tubes. Itis expected that most MAPLE-D,0O beam tubes will be rectangular in cross

section; the nominal specification is 150 mm high by 60 mm wide.

To limit beam-tube length while reducing neutron and v fields to acceptable levels,
the reactor tank is closely surrounded by a thick (600 mm) thermal shield, whose
average composition, by volume, is seventy percent iron and thirty percent water. At
a thermal power level of 60 MW, the radiation fields are reduced to 25 uSv/h by an
additional 1350 mm of ilmenite concrete. Accordingly, typical distances from the
nose of the beam tube to the working face are approximately 3 m.

MAPLE-D,0 studies

1. Physics Studies. Scoping calculations for MAPLE-D,O reactor were
performed for two alternative core configurations: eighteen fueled sites with the
central site unfueled; and twelve outer sites fueled with the central seven sites
unfueled. The 3DDT three-dimensional multigroup diffusion code!®! was employed
with two neutron-energy groups: a thermal group with E < 0.626 ¢V, and a fast
group with E > 0.625 eV. Cell-averaged cross sections were prepared using the
supercell option of the WIMS-CRNL code(!% to model the cell of interest in its local
environment and an 89-group library derived from the ENDF/B-V data file.

The scoping calculations confirmed that the twelve-site annular core incorporated
sufficient reactivity margins to support a practical fuel cycle and could attain the
targeted fast-neutron flux in a central rig. For the same maximum linear fuel rating,
the twelve-site core generated substantially better peak-thermal-neutron fluxes in the
reflector—49 percent higher than the eighteen-site core. Accordingly, no efforts were
made to achieve higher fluxes by flattening the power shape of the eighteen-site core
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and subsequent calculations focused exclusively on the flux-trap arrangement formed
by the twelve-site core.

Additional 3DDT calculations were performed for 30 MW and 50 MW twelve-site
cores using the following five neutron-energy group structure:

FAST E > 0.8 MeV
GROUP 2 9keV <E < 0.8 MeV
GROUP 3 4eV<E<9keV
GROUP 4 0626eV<E<4eV

THERMAL E <0.625eV

The same WIMS-CRNL modeling strategy was to prepare the cell-averaged cross
sections for 3DDT. The 3DDT calculations were verified by repeating the fresh-core
calculations with the MCNP codel!ll, which uses a general-geometry package and
Monte Carlo theory to solve the transport equations in three dimensions with
minimal compromise in the realism of the modeling. MCNP relies on a continuous-
energy library based on the ENDF/B-V data file.

Table 1 shows the computed reactivity balance for the twelve-site core at 50 MW,
The excess reactivity in a fresh core is 177 mk. The estimated short-lived-fission-
product load is about 51 mk. Allowing 25 mk for beam ports and irradiation sites in
the heavy-water reflector and 8 mk as a reserve, the expected core lifetime is 40 full-
power days. The corresponding average fuel burnup is estimated at 22% 235U for a
whole core replacement scheme. Alternative fuel management schemes will be
investigated in future studies.

Fig. 3 shows the 3DDT-computed radial distribution of the fast and thermal-neutron
fluxes at 50 MW for the horizontal plane of maximum thermal flux. The
unperturbed-peak-thermal flux is 1.2 x 10'9 n/m-2/s"1. For three 50 mm x 150 mm
tangential beam tubes at distances of 100 mm, 150 mm, 200 mm from the core wall,
the MCNP-computed perturbed-thermal fluxes are 9 x 101 8n/m-2/s'1, 1.0 x 1019 n/
m?/s and 9 x 10'8n/m?/s’}, respectively; the average computed ratio of perturbed to
unperturbed flux at the beam-tube noses is 0.85.

Figure 4 shows the axial-thermal-neutron flux distributions for S0 MW at distances
of 120 mm and 500 mm from the core edge. The flux skewing is caused by
deployment of the regulating-system absorber blades to the core midplane;
accordingly, the horizontal beam tubes should be located somewhat below the core
midplane to minimize flux shifts during the operating cycle. At 500 mm from the
core edge, the peak-unperturbed-thermal flux is roughly 4 x 10'¥n/m-%/s-1, which
corresponds to the maximum available in NRU, and the flux length at half peak
extends over about 1.3 m. Hence, although the effect of fueled sites in the reflector
have not yet been evaluated, the outer reflector regions appear suitable for high-
pressure, high-temperature fuel-test loops. Furthermore, it is planned to investigate
the prospects for creating local regions of elevated fast flux for materials-damage
studies via fast-neutron loops nearer the reflector flux peak.

Fast-neutron fluxes that could be produced in a central materials irradiation facility
have also been investigated. For a zirconium-walled rig displacing a cylinder of
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heavy water 1000 mm long by 90 mm diameter, the fast (> 0.8 MeV) neutron flux
in a strongly absorbing steel rod is estimated to be 2.4 x 1018 n/m-%/s-!. This flux
level is comparable to that available in a major facility such as OSIRIS, which
generates fast neutron fluxes of 2 x 10¥ n/m%/s’! in a cylindrical volume 520 mm
long by 30 mm diameter at a power output of 70 MWy,.

2. Shielding Studies. A brief survey of MAPLE-D,O shielding requirements
was conducted using the one-dimensional discrete-ordinates transport code,
XSDRNPM-S12 and the SCALE 27n-18y cross-section library[!3l, Spherical
geometry was assumed with S;s angular quadrature, and P; anisotropic scattering.
The MAPLE core was represented by a spherically homogenized (volume preserved)
core with the central island assumed to be voided. The thickness of surrounding D,0,
the tank wall, and the shields was preserved in the calculations. Peak heating in the
concrete and the neutron and v fields at the shield surface were estimated for a range
of concrete and thermal-shield thicknesses.

For a thermal power output of 60 MW,,, peak heating rates in the concrete are less
than 1 W/1 for thermal shields thicker than 0.26 m. For the same power output and
a total dose rate of 2.5 uSv ht, the required thickness of ilmenite concrete is 1.71 m
for a 0.40-m thick thermal shield and 1.35 m for a 0.60-m-thick thermal shield. The
radiation fields at the shield surface are predominantly due to y's (ignoring the effects
of shield penetrations); the neutron contribution to the overall dose rate is less than
one percent.

3. Thermalhydraulics Studies. MAPLE-D,O fluid-flow and heat-transfer

requirements were assessed with a one-dimensional thermalhydraulics code[14] that
analyzes transient and steady-state conditions for piping networks associated with
pool-type and low-pressure tank-type reactors. The heat-transfer package contains
correlations that describe all the heat-transfer regimes of a boiling curve. A fully-
implicity finite-difference scheme is used to solve the transient heat-conduction
equation for a single fuel rod. The finned rods were conservatively modeled by
choosing the sheath outer radius to preserve the total sheath mass.

The coolant flow requirement was determined by limiting the maximum operating
heat flux for a fuel rod with a linear power rating of 120 kW m-! to less than two-
thirds (actually 58%) of the heat flux at the point of onset of nucleate boiling. For
an inlet pressure of 1.0 MPa and an inlet temperature of 38°C, the required flow
velocity is 12 m s'1, which implies a core mass flow of about 420 kg s!. The
corresponding peak-fuel temperature is 218° C and the estimated outlet pressure is
370 kPa.

Conclusions

This assessment of the MAPLE-D,0 concept has identified a viable new concept that
can be developed to play several roles:

*Provide a successor to NRU. The reference annular core concept produces
thermal fluxes that exceed those currently available in NRE by a factor of three
to five at about half the thermal power output. Fast neutron fluxes three
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times higher than the best achievable in NRE can be generated in a larger
irradiation volume than is feasible in NRE.

*Enhance the global availability of high-flux-neutron sources. The reference
concept produces comparable accessible thermal-neutron fluxes to those
achieved in ISS, HFBR and HFIR.

*Complement the proposed ANS reactor by enabling the building of similar

~  instrumentation for a compatible facility generating ten to twenty percent of
the targeted ANS conditions.

*Extend the current MAPLE reactor family via a high-powered multipurpose
reactor design for materials testing, radioisotope production, and extracted
neutron-beam applications.

This preliminary study of the MAPLE-D,0 reactor shows that a 12-site annular core
meets all major requirements for a high-flux multipurpose reactor facility. As the
study is based on a cursory examination of the performance potential, more detailed
investigations are required to gain a better understanding of its capabilities.
Accordingly, AECL is further exploring the feasibility of developing this promising
concept.
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ABSTRACT: The calculational procedure, based on discrete ordinates
transport methods, that is being used to carry out design calculations for the
Advanced Neutron Source cold source is described. Calculated results on the
gain in cold neutron flux produced by a liquid-deuterium cold source are
compared with experimental data and with calculated data previously obtained
by P. Ageron, et al., at the Institute Max von Laue-Paul Langevin in
Grenoble, France. Calculated results are also presented that indicate how the
flux of cold neutrons vary with cold-source parameters.

introduction

The Advanced Neutron Source (ANS) is a new experimental facility being planned by
the Oak Ridge National Laboratory to meet the national need for an intense steady-
state source of neutrons!!23], The facility will be built around a new research reactor
and will have the largest neutron flux available anywhere in the world. The ANS
will be equipped with advanced neutron scattering and nuclear physics research
facilities, with isotope production facilities, and with facilities for the study of
materials in strong radiation fields.

A major purpose of the ANS is to provide a high flux of cold (102 eV) neutrons for
experiments. High fluxes of such cold neutrons can be obtained from a liquid
deuterium (~20 K) region in the reflector tank outside of a high-flux reactor. Sucha
system has been in operation for some time at the Institute Max von Laue-Paul
Langevin (ILL) in Grenoble, France®l, In this paper some of the calculations that
have been done to aid in the design of a liquid-deuterium cold source for the ANS will
be described and the results discussed.

ANS geometry and method of calculation

ANS reactor and refiector. The ANS is in the preconceptual design stage.
The base concept for the ANS reactor is a very compact core (30 to 40 L active
volume) with a very high-density fuel of U;Si, in an aluminum matrix. The coolant
and reflector/moderator surrounding the core are heavy water. Preliminary
calculations show an unperturbed peak thermal flux of ~1020 n/m? s at a power level
of ~300 MW and give a core life of approximately 14 dl5l,

A preconceptual reactor design for the ANS in a single-core configuration has been
developed by the QOak Ridge National Laboratory (ORNL) and in a split-core
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configuration by the Idaho National Engineering Laboratory (INEL)!67). Both
designs were analyzed independently by both laboratories and very satisfactory
agreement was obtained. As part of these studies, the neutron flux per unit energy
throughout the reflector region was calculated at ORNL using the discrete ordinates
transport code DORT®I, In the remainder of this paper, these calculated flux values
for the INEL split-core design will be used as the basis for the calculations.

More details of the work that has been done to date and the design and performance
calculations will be found in Refs. 2, 3, 6, 7, 9-11.

Reactor geometry, cold-source geometry, and coupling
surfaces. To simplify the calculations as much as possible, they will be carried
out in a two-dimensional r-z geometry. In Fig. 1 two cylindrical geometries—the
reactor geometry and the cold-source geometry—are depicted. The reactor geometry,
in the absence of the cold source, has cylindrical symmetry about the reactor z-axis; it
is the geometry in which the neutron flux throughout the reflector was calculated
previously and is available for use in the calculations described here. The cold-source
geometry has cylindrical symmetry about the cold-source z-axis that is perpendicular
to the reactor-geometry z-axis,

Gggactor W _1
metry Cold Source Geometry R-Axis
Z-Ax1s r'd "
D50
H Coupl ing
Surface
Reactor Angular Boundary Fluxe
oo~ AT T ALV VA
4
E Smeared Al Guide
. :: DZO Tube
_
1]
:: Void
: '

om 0.3m X "/ Liquid or Gaseous Deuterium 1.74 m
Liquid Deuterium Reentrant Cavity

Reactor Geometry Midplane and Cold Source Geometry

Z-Axls

Fig. 1 Reactor and cold-source geometries with coupling surface.

An auxiliary code has been developed to transform particle fluxes from discrete
ordinates calculations between between two r-z geometries, such as those shown in
Fig. 1. The transformation code constructs the boundary angular fluxes needed to
perform a cold-source calculation from the volume-distributed angular fluxes
determined in a reactor geometry. The method consists of performing a spatial and
angular transformation to equate the angular fluxes at each radial, azimuthal and axial
boundary mesh point to the angular flux at the closest mesh point and angular
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direction in the reactor geometry, Azimuthal symmetry is taken into account by
employing a one-dimensional Gaussian quadrature to integrate over the azimuthal
mesh points. Because of the relatively small number of angular directions employed
in most discrete ordinates calculations, the boundary angular fluxes obtained using
this nearest neighbor approach do not, in general, conserve boundary leakage.
Therefore, boundary angular currents both before and after the transformation are
calculated and employed to scale the output boundary fluxes. The boundary fluxes at
the coupling surface (dashed lines in Fig. 1) are approximate because they were

determined from the angular flux per unit energy that exist in the absence of the cold
source and are used in the oresence of the cold source. Also in the cold-source

LELE LA | GAT LSiAe 122 PAVSVAILY UL v VAR SULAV SRISU L WU LURUTSU LR VY

geometry, azimuthal symmetry is assumed; this symmetry does not exist in the
reactor geometry. To test the validity of these approximations, the thermal nentron
flux, as a function of distance along the cold-source z-axis as obtained in the reactor
geometry and in the cold source geometry when the cold source, void tube, etc., are
replaced by D,O have been compared and found to be in good agreement.

Transport calculations. The cold-source transport calculations were carried
out for the geometry inside the dashed lines in Fig. 1. This geometry begins at a
distance of 0.30 m from the reactor-geometry z-axis and extends to 1.44 m along the
cold-source z-axis and 0.45 m along the cold-source r-axis. The value of z= 1.74 m
in Fig. 1 is approximately the position where the neutron guide tubes will begin.
Only liquid deuterium is considered as the cold-source material. The liquid-deuterium
region is shown as approximately circular in Fig. 1, but may be any shape. In the
remainder of this paper, a cylindrical guide tube with its axis along the axis of the
cold source will be considered. The re-entrant cavity is for the purpose of studying
the effect of such a cavity on the cold-source performance because this effect has been
found to be significant#12:13],

The quantity of primary interest is the flux of cold neutrons that emerge from the
guide tubes at the experiment stations. The reflection properties of the guide tubes
are such that cold neutrons at grazing angles with respect to the walls of the guide
tubes will be reflected and, thus, transported over quite long distances to the
experimental stations!'4l, The quantity of interest in the calculations is, therefore, the
angular leakage of cold neutrons that exit the void region behind the cold source and
enter the guide tube (see Fig. 1), or more precisely, the cold neutrons that enter the
guide tube at small angles (~ few degrees) with respect to the cold source z-axis.

The transport calculations were carried out using the two-dimensional discrete
ordinates code DORTI and the last flight code FALSTFI!3l. All of the DORT
calculations were carried out using an Sg symmetric angular quadrature and a P,
angular expansion of the scattering cross section. To obtain the angular neutron
leakage at small angles, the code FALSTF was used because the symmetric Sg
angular quadrature set employed in the DORT calculations does not contain discrete
directions pointed down the axis of the void region. FALSTF calculated the flux at
point detectors located outside the DORT calculational geometry using the final
scattering source distribution produced by DORT. With a thin layer of black
absorber located in the cold-source geometry to ensure that only neutrons which pass
through the entrance of the guide tube are counted, the neutron flux at a point detector
located a large distance R from the entrance to the guide cavity is simply the angular
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neutron leakage into the guide cavity entrance divided by R2. Thus, multiplying the
neutron flux at a number of point detectors located at different distances from the z-
axis by R? yields the directional angular neutron leakage into the guide cavity.

Cross section data. A coupled neutron-photon multigroup cross-section
library designated ANSL-V (for Advanced Neutron Source Library based on ENDF/B-
BV) has been developed for use in ANS studies!617), A fine-group library containing
99 neutron- and 44 photon-groups and a broad-group library containing 39 neutron-
and 44 photon-groups have been generated. For low energy studies of particular
interest here, the fine-group library contains 29 neutron groups between 1.00 x 10-3
and 3.00 eV and the broad-group library contains 25 groups in this energy range.

Of particular interest here is the cross-section model used to describe the very low
temperature scattering of neutrons by ortho- and para-deuterium. The model used is
not yet documented, but is not appreciably different from the free gas model
developed by J. A. Young and J. U. Koppell!319]. The calculated cross sections
deviate significantly from available experimental datal?®! at energies below
approximately 2 x 10-3eV. It has been established by the work of W. Bernnat, et
al.l21], and M. Utsuro(??) that this discrepancy can be substantially reduced by the use
of a liquid rather than a gas model, but results from this more accurate model have
not yet been incorporated into the ANSL-V library.

For many of the studies considered here, it was convenient to use fewer than 39
neutron groups. When this was the case, the 39-group library was collapsed with
XSDRN®3! and a one-dimensional model of ANS.

Results and discussion

The gain factor may be defined to be the ratio of the angular leakage of neutrons,
with a given wavelength, from the cold source into the guide tube (see Fig. 1) to this
angular leakage when the cold-source material is replaced by D,O. In Fig. 2 the
calculated and measured gain factor for a liquid-deuterium-filled spherical cold source
with a radius of 190 mm is shownl!2], In Fig. 2 the calculated results of P. Ageron,
et al.1*1213] ag well as those reported here are shown.

In the calculations reported here, the geometry used is that shown in Fig. 1. A guide
tube radius of 55 mm, which corresponds to that used in the experiment, was used.
This geometry differs in detail from the experimental geometry, but the differences
are not thought to have an appreciable effect on the results. Also, the neutron source
used in the calculations is that used throughout the paper since the actual source
distribution in the experiment is not available. Since the gain factor that is compared
involves a ratio, the details of the source may not have a significant effect on the
results.

The histogram in the figure is for an angle of 0°. The calculated results for an angle
of 3° is very similar to that for 0° and is, therefore, not shown. The angular range of
0° to 3° is chosen to cover the wavelength range of interest (~0.1 to 1 nm) for the
possible guide-tube materialst!4l. The calculated results obtained here are slightly
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higher than those obtained by P. Ageron, et al., but are somewhat lower than the
measured values,

Calculations carried out using the 39 neutron groups, as in Fig. 2, require very long
computing times, which are much too long for design calculations that must be
repeated many times. For routine use, the 39-group cross sections have been reduced
to a 6-group cross-section set, In Table 1 calculated results of the neutron angular
leakage at 0° into the guide tube obtained with the 39-group and the 6-group cross
sections are presented. The geometry used in obtaining the results in Table 1 is that
shown in Fig. 1 with a spherical liquid-deuterium cold source with a radius of
190 mm. The void-tube radius was 146 mm, the guide-tube radius was 85 mm, and
there was no cavity. In the results shown in Table 1 and throughout the remainder of
this paper, the liquid deuterium used will be taken to have a density of 0.8 of the
theoretical density to account for the fact that gaseous deuterium will be present;
also, the liquid deuterium is assumed to be uniformly distributed over the cold-source
volume,
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Fig. 2 Gain vs. neutron wavelength.
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_Angle from Cold Source Centerline = 0 Degrees

Neutron Upperl Lx:;wer:2 39 Group
Group Energy Wavelength Cale.

(neut./s/ster)

Sum

39 Group Calc.

6 Group Sum 39 Group

(eV) (rm) Calc. 6 Group
1 () 2.0047°  6.40-6 1.84413  3.33+14 2.27414  1.47
2 6.43+6  1.13-5 9.79+13
3 3.0046  1.65-5 7.05+13
4 1.85+6  2.10-5 2.37413
5 1.4046  2.42-5 1.96+13
g 9.00+5  3.02-5 2.58+13
7 4.00+5  4.52-5 7.74+413
8 (2) 1.0045 9.05-5 200416 1.39+15 1.80415 .77
9 170+  2.19-4 3.00+14
10 3.0043  5.22-4  3.91+14
11 5.50+42  1.22-3  4.93+14
12 (37 1.0042  2.86-3  3.98+l4  4.03+15 1.64+16  0.25
13 3.00+41  5.22-3  4.03+14
14 1.00+1  9.05-3 5.11+14
15 3.0040  1.65-2  5.87+l4
16 17740 2.15-2  4.75414
17 13040 2.51-2  4.38+14
18 1.0040  2.86-2  5.70+164
19 7.65-1  3.27-2  6.4htld4
10 (4) 5.88-1  3.73-2  4.99414  4.20+416 3.79+16 1.11
21 4.79-1  4.13-2  4.31414
22 3.97-1  4.54-2  4.96+14
23 3.30-1  4.98-2  4.58+14
2% 2.70-1  5.51-2 6.64414
25 2.15-1  6.17-2  9.58+14
2% 162-1  7.11-2  1.72+15
27 1.04-1  8.87-2  6.69+15
28 5.00-2  1.28-1  8.12415
29 3.00-2  1.65-1  2.20+16
() 1.00-2 2.86-1  2.16416  4.07416 3.44+16 1.18
31 4.65-3  4.29-1 834415
32 3.25-3  5.02-1  4.84+15
33 2.60-3  5.61-1  3.38+15
3% 2153 6.17-1  2.52+15
35 (6) 1.80-3  6.74-1  2.40+15 8.05+15 6.40¢15 1.25
36 1.45-3  7.51-1  1.87+15
37 1.15-3  8.44-1  1.61+15
38 8.50-4  9.81-1  1.24+15
39 5.50-4  1.2240  9.47+14

]'Lawer energy of Group 39 is 1.00-5 eV.

ZUpper wavelength of Group 39 is 9.05 mm.

32.00+7 read as 2.00x107.

Table 1 Neutron angular leakage into neutron guides (spherical liquid deuterium
cold source with radius = 190 mm, void tube radius = 146 mm, guide tube radius = 85

mm, no cavity).
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In Table 1 the energy group and corresponding wavelength-group boundaries are
shown. For purposes of comparison, the appropriate 39-group results have been
summed; these summed results are also given in Table 1. There are significant
differences between the 39-group and the 6-group results, but the differences are not
so major as to make the 6-group results completely untrustworthy. Calculated
results similar to those in Table 1, for an angle of 3° have also been obtained and are
not appreciably different from the results shown in Table 1.

The results discussed above were all for a guide tube of radius 85 mm. In Table 2,
the calculated angular leakage at 0° and 3° is presented for a range of guide-tube radii.
The case considered is as before, i.¢., a spherical liquid-deuterium cold source with a
radius of 190 mm and a void-tube radius of 146 mm. As indicated in the table,
guide-tube radii of 37, 61, 85, and 146 mm are considered.

Neutrons/s/Ster
Neutron Upper!? Lower Neutron Guide Tube Radius (mm)
Energy Energy Wavelength
Group (eV§ (nm) 37 61 85 146
Angle from Cold Source Centerline = 0°
1 2.00+7° 6.40-6 3.88+13  1L.13+14  2.274+14  6.94+14
2 1.0045 9.05-5 3.07+14  8.94+14  1.78+15  5.66+15
3 1.0042 2.86-3 2.85+15  8.19+15  1.64+16  5.21+16
4 5.88-1 3.73-2 6.814+15  1.90+16  3.79+16 1.20+17
5 1.00-2 2.86-1 6.12415  L.73+16  3.44+416 1.01+17
6 1.80-3 6.74-1 113+15  3.25+15  6.40+15 1.83+16

Angle from Cold Source Centerline = 3°

1 2.00+7 6.40-6 4.13+13 1.13+14 2.31+14 5.31+14
2 1.00+5 9.05-5 3.15414  9.04+14 1.88+15 4.33+15
3 1.00+2 2.86-3 4.15+15 9.64415 1.87+16 4.13+16
4 5.88-1 3.73-2 6.64+15 1.97+16 4.11+16 9.23+16
$ 1.00-2 2.86-1 5.72+15 1.73+16 3.54+16 7.73+16
6 1.80-3 6.74-1 1.07+15 3.21+1% 6.52+15 1.414-16

!Lower energy of Group 6 is 1.00-5 eV.

YUpper wavelength of Group 6 is 9.05 nm.

32.00+7 read as 2.00 x 107.

Table 2 Neutron angular [eakage into guide tubes of different radii (spherical liquid
deuterium cold source with radius = 190 mm, void tube radius = 146 mm, no cavity).

The values in the table are given for completeness, but can be compared more readily
by taking ratios. First, it i clear that the leakage into the guide tube is nearly
proportional to the area of the guide tube. To remove this effect, the values in Table
2 must be divided by the guide-tube cross sectional area. Second, the angular leakage
in a given energy group for a guide tube of 85 mm will be taken as a normalizing
factor, and the results for the other guide tubes will be divided by this normalizing
value. The results, when this is done, are shown in Fig. 3 as a function of guide-
tube radius for the lowest three energy groups considered. The plotted points indicate
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the calculated values. The curves are only for guidance and, particularly in the 3°
case, are somewhat arbitrary.
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Fig. 3 Ratio of angular leakage in a given energy range into a guide tube of specified
radius to angular leakage into guide tube of radius 85 mm vs, guide tube radius.
(Spherical cold source with radius = 190 mm, void tube radius = 146 mm, no cavity.)

In the Q° case, the change of the leakage with guide-tube radius is not large. For each
of the energy groups considered, there appears to be an optimum guide-tube radius,
but not a very precise one. In the 3° case, the variation of the leakage with guide-
tube radius is larger than the 1° case. It is also clear that there is an optimum guide-
tube radius for each of the groups considered; but with only the points that are shown
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in Fig. 3, it is not possible to estimate the position of the optimum or the
magnitude of leakage at the optimum,

At the ILL it has been found that a re-entrant cavity, such as that shown in Fig. 1,
can significantly increase the flux of cold neutrons in the guidel12.13], A series of
calculations with a spherical cold source of radius 190 mm and various re-entrant
cavities has been carried out to study this phenomena. The neutron source and void-
tube radius are the same as that used previously. The cavity radius and the guide-tube
radius are taken to be the same and equal to 85 mm. Cavity lengths of 134 mm,
219 mm, and 256 mm are considered.

In Fig. 4 the calculated neutron flux in the energy range 1.8 x 103 eV to
1.0 x 102 eV is shown along the cold-source centerline as a function of distance
from the front, i.e., the reactor side, of the cold source. In the figure, results are
shown for the three different re-entrant tube lengths and for the case when there is no
cavity.

3.0 T T T T ] 1
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DISTANCE FROM REACTOR EDGE OF CQOLD SOURCE (mm)

Fig. 4 Low energy flux (1.8 x 103 eV < E < 1.0 x 102 eV) profiles through center of
spherical cold source.
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In all cases, the flux reaches a maximum and then decreases. As the length of the
cavity increases (see Fig. 1), the maximum value of the flux decreases and the
position of the maximum value is closer to the front of the cold source. In the three
curves for the re-entrant cavities, the position to the right of the flux peak, where the
curves have a change in slope, is the position of the interface between the liquid
deuterium and the cavity. Note that the flux at the entrance to the cavities is larger
than the flux at the entrance to the void tube in the case of no cavity.

In Table 3 the angular leakage into the guide tube is shown for the three cavities
considered and the case of no cavity. In the table, results are given for all energy
groups and for angles 0°, 1°, 2° and 3°. The values in the table are again given for

completeness, but can be more readily understood by considering ratios.

Neutron Upperl Lower?
Energy Energy Wavelength

(neutrons/s/ster)

Angle from Beam Tube Centerline (degrees)

Group (eV) {rm) 0 1 2 3
All liquid deuterium
1 2.00+73 6.40-6 2.27+14 2.23+414 2.26+14 2.31+14
2 1.00+5 9.05-5 1.78+15 1.79+15 1.81+15 1.88+15
3 1.00+2 2.86-3 1.64+16 1.64+16 1.67+16 1.87+16
4 5.88-1 3.73-2 3.79+16 3.82+16 3.91+16 4.11+16
5 1.00-2 2.86-1 3.44+16 3.44+16 3.49+16 3.54+16
6 1.80~3 6.74-1 6.40+15 6.40+15 6.48+15 6.52+15
134 mm reentrant cavity
2 2.004+7 6.40—6 5.61+14 5.02+14 4.71+14 4.31+14
2 1.00+5 9.05-5 3.98+15 3.59+15 3.37+15 3.19+15
3 1.00+2 2.86-3 2.95+16 2.71+16 2.59+16 2.66+16
4 5.88-1 3.73-2 4.32+16 4.15+16 4.16+16 4.41+16
5 1.00-2 2.86-1 4.35+16 4.06+16 3.89+16 3.94+16
6 1.80-3 6.74-1 9.18+15 8.41+15 7.87+15 7.78+15
219 mm reentrant cavity
1 2.00+7 6.40~6 9.99+14 8.65+14 7.87+14 6.73+14
2 1.00+5 9.05-5 6.74+15 5.89+15 5.35+15 4.65+15
3 1,00+2 2.86-3 4.43+16 3.93+16 3.65+16 3.42+16
4 5.88-1 3.73-2 4.97+16 4.67+16 4.63+16 4.60+16
5 1.00-2 2.86-1 4.26+16 3.96+16 3.80+16 3.60+16
6 1.80-3 6.74-1 9.14+15 8.31+15 7.78+15 7.06+15
256 mn reentrant cavity
1 2.00+7 6.40-6 1.24+15 1.07+15 9.57+14 8.12+14
2 1.00+5 9.05-5 8.26+15 7.14+15 6.38+15 5.51+15
3 1.004+2 2.86-3 5.18+16 4.56+16 4.16+16 3.85+16
4 5.88-1 3.73-2 5.30+16 4,93+16 4.83+16 4.80+16
5 1.00-2 2.86-1 3.92+16 3.68+16 3.54+16 3.42+16
6 1.80-3 6.74-1 8.33+15 7.64+15 7.15+15 6.61+15

Yower energy of group 6 is 1.00-5 ev.
2ypper wavelength of group 6 is 9.05 rm.

32.00+7 read as 2.00x10’.

Table 3 Neutron angular leakage into 85.3 mm radius neutron guide tube (void tube

radius = 146.3 mm, cavity radius = 85.3 mm).
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In Fig. 5 the ratio of the angular leakage in a given energy range with a cavity
present to the corresponding angular leakage with no cavity is shown as a function of
cavity length. Results are shown for angles of 0° and 3°, At0° the maximum value
of the ratio obtained is slightly less than 1.5 and is for the highest energy group
shown that is group 4. For group 5, the maximum value obtained is considerably
smaller; for group 6, the maximum value obtained is slightly smaller. For groups 4
and 5, the maximum value of the ratio occurs between lengths 134 mm and
219 mm; but for group 6, the maximum value occurs at the largest cavity length
considered. At 3° the ratios have similar behavior, but the values are, in general,
smaller than at 0°; for groups 4 and 5, the maximum value of the ratio occurs at
smaller values of the cavity length.
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Fig. 5 Ratio of angular leakage in a given energy range from cold source with re-
entrant cavity to angular leakage from cold source with no cavity vs. cavity length.
(Spherical cold source with radius = 190 mm, void tube radius = 148 mm, cavity radius
= 85 mm, guide tube radius = 85 mm.)
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P. Ageron has presented both measurements and calculations of the effects of re-
entrant cavities on the flux of cold neutrons produced by liquid-deuterium cold
sources. Detailed calculations from ORNL for comparison with these results are not
yet available, but from the preliminary results that have been obtained, it is clear that
the ORNL results will not agree well with those of Ageron, et al. In general, the
results in Refs. 4, 11, and 12 indicate improvements in the wavelength range 0.1 to
1 nm due to cavities to be factors of 1.5 and above, and our calculation gives values
such as those in Fig. 5 of 1.5 or significantly less.
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Opportunities for research program development at
LANSCE

C. D. Bowman
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Los Alamos National Laboratory
Los Alamos, New Mexico 87544

ABSTRACT: The availability of intense neutron beams from facilities
associated with the Proton Storage Ring and LANSCE has stimulated
the development of neutron research well beyond the mainstream of
neutron scattering. A description of this extended program is given
along with prospects for further growth.

introduction

The Proton Storage Ring (PSR) project originally was launched for nuclear
physics research. As the opportunities for neutron scattering research were
recognized, capabilities were included in the PSR design to accommodate both
programs. However as the scope of both programs grew it became clear that
the PSR could not be satisfactorily multiplexed between them. As a result, the
PSR was finally constructed with a several hundred nanosecond pulse width
which was most suitable for neutron scattering research, and other means
were devised to obtain a sub-nanosecond pulse width for MeV neutron
nuclear physics at a different target station. These two modes also could be
readily multiplexed allowing both programs to run simultaneously and thereby
greatly enhancing the research output across the full energy spectrum of
neutron spectroscopy. Upon completion of the PSR, its powerful capabilities
for nuclear physics research were also recognized. The success of this extended
neutron research ],)rogram1 has provided the base for suggesting in this paper
further major augmentation of the facilities by adding an experimental cell
capable of receiving a small fraction of the PSR beam and arranged so that the
PSR proton pulse can be brought directly to experimental apparatus. The
views expressed here regarding prospects for the future are my own and do not
necessarily represent those of the Laboratory.

‘Neutron Nuclear Physics at the LANSCE Complex

The scope of the neutron nuclear physics program at the LANSCE complex is
perhaps best illustrated by the following list of experiments approved by the
Internal Program Advisory Committee for Neutron Research (IPAC) for
1988.
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Gamma Ray Production Measurements by keV and MeV Neutrons.

Neutron-Induced Fission Cross Section From 1 to 400 MeV.

Neutron-induced Pion and Photon Production from Nuclei.

Charge Exchange Reactions in Neutron Physics.

Giant Resonance Studies Using Neutron Capture Gamma Rays.

Neutron-Proton Bremsstrahlung.

Accurate 233U Fission Cross Section from 1 to 200 MeV.

Nuclear Level Density through (n,p) and (n,alpha) Reactions.

Response of BGO to neutrons from 1 to 200 MeV.

Differential Cross Sections for (p,xn) Reactions at 800 MeV.

Continuum Excitation by the (p,n) Reaction at 800 MeV.

Neutron Cross Sections on Radioactive Nuclei.

Fundamental Symmetry Experiments using Resonance Neutrons.

Electric Polarizability of the Neutron Using eV Neutrons.

Neutron-induced Optical Photon Emission.

Benchmark Neutron Transport Experiments.
The substantial Los Alamos staff which participated in this program in 1988 is
listed in Table 1. The P-3 staff devoted essentially full time to the program
while most of the other staff members worked part time. The many other
institutions which contributed to these experiments are listed in Table II.

A. MeV Neutron Nuclear Physics Facilities

The key to MeV neutron nuclear physics at LANSCE was the realization? that
a world class MeV neutron source could be developed at LANSCE at very



Opportunities for research 221

modest cost by directing single micropulses, with width as small as 0.3
nanosecond at a small tungsten target and energy analyzing the white-
spectrum neutrons by nanosecond time-of-flight techniques. The low cost
arose from (1) use of the PSR injector for injecting well separated H- beam
micropulses into the LAMPF accelerator simultaneously, (2) accelerating
them simultaneously with the high current H+ (3) separating the two charges
at the end of the accelerator in an existing magnet, and (4) transporting them
to the MeV spallation target using much of the same beam line used to
transport LANSCE beam.

The main cost in adding this capability, referred to as Target 4, was in
constructing the target and associated beam lines. This construction is now
complete and is shown in Fig. 1. Neutron drift tubes radiate from two target
locations>. The dashed-line tubes are located about 2.5 M below and in a plane
parallel to the other drift tubes. Altogether there are 14 drift tube locations of
which eight have already been brought into frequent use. Each beam line has
its own stand-alone Microvax data collection system. This facility provides the
world’s most intense neutron beams in the 1 to 800 MeV range. By increasing
the rate of LAMPF macropulse delivery to Target 4 and improving the H-
injection into LAMPF, the neutron intensity could be increased by a factor of
three or more. Research on this facility is well established with substantial
staff, a large external user group, and an exciting array of research problems.

Presently the major fraction of neutron nuclear physics is conducted at Target
4. However a program using 0.025 to 10,000 eV neutrons has begun at
LLANSCE with substantial growth potential. Also additional facilities could be
added making possible an even broader spectrum of research opportunities.
The remainder of this paper will be devoted to a discussion of PSR-based
nuclear research and program expansion beyond the confines of conventional
pulsed neutron scattering techniques. ‘

B. eV Neutron Nuclear Physics at LANSCE

The width of the proton pulse from the PSR is 0.25 microseconds which
corresponds to the moderation time in a water moderator for 15-€V neutrons.
Therefore for neutrons with energy below 15 eV the resolution is not
appreciably worsened by the beam pulse width. Above that energy effective
neutron spectroscopy still can be performed despite some resolution
broadening introduced by the PSR pulse width. These properties along with
the low repetition rate of 12-15 Hz and very high average intensity make
LANSCE a powerful source for €V neutron spectroscopy. We describe here
several experiments already performed which illustrate this power.
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Table I. Los Alamos Staff Members Participating in Neutron Nuclear
Physics Research at LANSCE-related Facilities in 1988.

R. Nelson P-3 (Facility and Research
Program Responsibility

S. Seestrom-Morris

S. Wender

J. Ullmann

P. Lisowski

P. Koehler

H. O’Brien

C. Bowman

R. Byrd P-2

G. Morgan P-15

N. King

R. Haight

J. D. Bowman MP-4

J. Szymanski

B. Tippins

D. Lee

J. Mcgill MP-5

C. Morris MP-10

C. Goulding N-2

C. Moss

R. Reedy ESS-8

M. Meier ESS-9

D. Drake

J. Wilhelmy INC-11

M. Fowler
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Table Hl. Universities and Laboratories Participating in Neutron Nuclear
Physics Research at LANSCE-related Facilities in 1988.

University of Colorado

University of Hanover

ORNL

NBS-Washington

Ohio University

University of California-Davis
~Irvine
-Los Angeles
-Riverside

CEBAF

University of New Mexico
Temple University

William and Mary University
Upsalla University

LLNL

KEK

Kyoto University

TRIUMF

University of Technology-Delft
GKSS Research Center-FRG
Princeton

Harvard

AERE-Harwell

TUNL
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Fig. 1 Facilities for MeV neutron nuclear physics research.
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1. Cross Sections on Radioactive Samples

Perhaps the most dramatic example of the power of LANSCE for neutron
nuclear physics is in the measurement of reaction cross sections on highly
radioactive nuclei. The problem with such experiments in the past has been the
decay products which overload the detector and obscure the detector response
to the neutron-induced reaction products such as protons, alphas, and
gammas. The sheer intensity of the LANSCE eV beam allows the use of
samples smaller by about a factor of 1000 than previously practical (i. e. in the
nanogram and microgram range) and the low repetition rate at which the
neutrons are delivered to the sample produces a high signal-to-noise ratio.

Our first successful measurements®, conducted on FP-4 when the first
LANSCE beam became available in 1986, were done using 100 nanograms of
Be which has a 53-day half-life. The measurements extended from thermal to
about 50,000 eV. The apparatus shown in Fig. 2 includes a beam line with
collimation for a 3-mm diameter beam, an aluminum foil on which the sample
is placed, a solid-state charged particle detector to detect the reaction
products, and a second detector downstream (not shown) to collect alphas and
tritons from a second foil with a small amount of Li used as a flux monitor.

MICROMETER

LAST SECTION
OF COLLIMATOR

Fig. 2 Arrangement for neutron reaction cross section measurements on
highly radioactive targets.
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The fli %ht path len th is about 7 M. The samples studled to date include "Be,
Cl, and 3’Co. The results for 3Cl are shown in Fig. 3. A
new detector 1s under construction which will allow capture cross section
measurements on this class of samples by gamma detection. Measurements
will become possible on more than 100 nuclei previously inaccessible to study.
The primary basic research interest for this work is in nuclear astrophysics.

IRRA U T TTTTH BRI RAR

10 36C1n,p)®S

Yield (Counts/eV)
o

10"3 NI I R RE N Lo
10” 10 10°
En €V)

Fig. 3 The 36Cl(n,p)%s yield as a function of neutron energy measured at
a 7 meter flight path.

2. Neutron Transport Benchmarks

A facility also has been established on FP-2 at LANSCE for neutron transport
studies. The assembly for this study includes a fission neutron detector
incorporating detection by proton recoil and the elimination of gamma
detection by pulse shape discrimination. It is located at the end of a 60-M
flight path. Successful experiments require the presence of fissile material and
a neutron life time in the assembly which is short compared to the drift time of
the neutron along the flight path. The latter condition is satisfied in small
assemblies for neutrons with energy less than 1000 eV. An example of a very
simple assemblg is shown in Figd4. A comparison of the results for two
thicknesses of °U is shown in Fig. 5. This particular geometry is highly
sensitive to the capture-to-fission ratio and has been used to improve the
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A

4' D iameter Neutron Beam
PM Tube

60 m LANSCE FP-2

-—

\

235U

2

Fig. 4 Benchmark neutron transport assembly. Neutrons impinge from the
right on an assembly in this case consisting simply of a layer of Y anda
layer of Cd. Fission neutrons produced in the <°U are detected by proton
recoil in the hydrogenous scintillator viewed by the photomultiplier tube.
The flight path length is 60 meters.

accuracy of the 235y resonance parameter characterization of the cross section
in the energy region below 1000 eV in a joint effort with the Theoretical
Physics Division of Los Alamos and the ORELA Group at the Oak Ridge
National Laboratory.

3. Polarized Neutrons for Fundamental Symmetry Studies

It is now well established that p-wave resonances in the eV range exhibit parity
violation (P-violation) enhanced over the nucieon-nucleon experiments by
several orders of magnitudés . Similar enhancements are also expected for time
reversal invariance violation (T-violation)s. Since P-violation is a property of
the weak force, detection of this effect as a general phenomenon in neutron
resonances would provide the only opportunity for studying systematics of the
weak force in nuclei. Among the many ways in which the P-violation
experiment might be done, perhaps the simplest is the transmission of
longitudinally polarized neutrons. The detection of a difference in
transmission for the two helicities is unambiguous evidence for P-violation.

Qur first experiments however were done without polarized neutrons’. Since
in the presence of P-violation the transmission (cross section) depends on the
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Fig. 5 A comparison of fission neutron rate for two thicknesses of BYasa
function of neutron energy. The measurements, which extended up to 1
keV and required eight hours, illustrate the power in resolution and

intensity for eV range neutron spectroscopy at a modern spallation

source.



Opportunities for research 229

neutron helicity, likewise polarization will be introduced into the beam when
an unpolarized beam traverses a sample exhibiting parity-mixed neutron
interactions. We demonstrated this effect using the geometry illustrated in Fig.
6. The unpolarized beam was first transmitted through a La sample which has
a P-violating resonance at 0.73 eV. It was then passed through a magnetic
device which flipped the longitudinal polarization introduced by the resonance
in the first sample. The neutron beam was then passed through a second
sample of the same material and neutrons detected in a detector at a flight
path of 11.3 M. If the detected rate is different for the two states of the flipper,
the presence of polarization in the neutron beam after traversing the first
sample is established.

10-cm DIAMETER
NEUTRON
DETECTOR

CONCRETE
BUILDING WALL

2.5-cm
DIAMETER

11 METERS

Fig. 6 Plan view of the arrangement for first measurements of parity
violation without the use of polarized neutrons.Our next experiments were
conducted usmg polarlzed neutrons produced by transmission through laser-
polarized 3He. The 3He is polarized by bathing a mixture of hellum gas and a
small amount of vaporized rubidium with polarized laser llght The alkali
vapor is polarized in the optical pumping process and the polarization
transferred to the helium nuclei by the spin-spin interaction. We typically
achieve an 70 % >He polarization in a 10 atmosphere-cm3 volume. The area of
the cell was 0.75 cm? with a length of 4 cm, and a pressure of 3.3 atmospheres.
It was located at a flight path distance of 7 meters.

The technique has the advantage over a polarized hydrogen target9 of little
loss in neutron 1nten51ty in the polarization process, easy neutron spin flipping
by flipping the He by adiabatic fast passage, eight-hour polarization decay
time in the absence of laser pumping, no cryogenics, and no strong magnetic
field. At its present stage the beam area is small and useful neutron
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polarization experiments are limited to the energy region below 1 eV. Progress
in the amount of polarized 3He has moved rapidly and depends primarily on a
better understanding of wall depolarization effects and on increasing the laser
power. The power on the cell was about 0.5 watts. A comparlson of what we
have achieved and what should be possible for a 3 cm? beam area with an
increase in laser power by a factor of ten is shown in Fig. 7. This performance
would be of substantial interest to the neutron scatterlng community. We are
also studying the possibility of a laser-polarized 3He detector which would
offer interesting advantages for polarized neutron research.
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Polarization -
5 08 - 1
2]
@
E’ 0.6 it
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0 .01 0.1 1 10 100

Neutron energy (eV)

Fig. 7 Performance of the first *He spin filter in terms of filter transmission
and polarization as a function of neutron energy and improvements
resuiting from a factor ten increase in polarized laser light intensity.

In order to reach polarization of about 60 % over an area of 10 cm? and
throughout the eV range, we brought on line for 1988 a polarized hydrogen
transmission filter of conventional design using lanthanum magnesium nitrate
crystals as the filter’. The transmission of the neutron beam through the filter
was about 0.18. P- Vlolatlon data was collected using a 100-cm? detector
located at 11 M or a 700-cm? detector at 60 M. An example of the P-v101atlon
data collected on *°La in 1.5 hours is shown in Fig. 8. A spectrum for 28y s
shown in Fig. 9. The p-wave resonances are readily seen; a resonance at 89 eV
appears to show substantial P-violation. For 1989 we hope to switch over to an
organic filter and to improve our beam area by at least a factor of two, make

some improvements in polarization, and increase the transmission by perhaps
a factor of two.
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Fig. 8 A measurement of parity violation in a resonance at 0.734 eV in
139 a. The ordinate is the ratio of transmission for neutrons polarized along
and opposite to the direction of neutron propagation. The measuring time
was 1.5 hours.

The counting rate in these transmission experiments exceeds 101° per second
and it is therefore not possible to count individual neutrons. We: have
therefore developed current-mode counting to accommodate the rates. The
apparatus and an example of the data is shown in Fig. 10. A 1-cm thick
detector of ®Li-loaded glass is attached to the face of a photomultiplier tube
with separate high capacity power supplies for each of the higher dynodes to
assure that the voltage on these dynodes doesn’t sag under high current
loading. The signal may be averaged and then fed into a transient digitizer.
This unit measures the current 8096 times in one cycle with a dwell time as
short as 1/8 microsecond. Each of these 8096 values is added to an 8096~
channel summing memory after each beam pulse. The result for three
LANSCE beam pulses (1/5 s running time) is shown for transmission on a Ho
sample. Note that even weak p-wave resonances in Ho are beginning to appear
already in the wings of the much stronger s-wave resonances. Being able to
handle these enormously high counting rates might make Bragg-edge
diffraction competitive with conventional high resolution powder
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Fig. 9 Transmission measurements on 238y using polarized neutrons for
parity violation studies. The ordinate is proportional to transmission and
the abscissa is the neutron time of flight channel. The numbers at the dips
are the s-wave resonance energies in eV. The arrows indicate the position
of the weak p-wave resonances.

diffractometers. This possibility is discussed for some specific experiments
below.

Neutron Scattering Science Related to Neutron Nuclear Physics

Both neutron scattering and neutron nuclear physics originated at nuclear
reactors, While neutron scattering focused on the exploitation of thermal
neutrons and the science possible with them, most of the nuclear physics
moved on to higher energies using electron linacs which produce intensities of
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higher energy neutrons. However the advent of intense spallation sources
provides epithermal neutron intensity higher by several orders of magnitude
and has begun to attract nuclear physicists back to the lower energy range.
One may therefore expect a synergism with nuclear physics which might hasten
the exploitation of some parts of the pulsed neutron scattering field. This
section gives some examples of prospective condensed matter science growing
out of neutron nuclear research.
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Fig. 10 Current-mode neutron detection. The spectrum shown was
collected in about 0.3 seconds. See text for details.

A. Bragg-Edge Diffraction

Several years ago demonstration experimc:nts10 were reported which suggested
the use of Bragg-edge diffraction for extending the power and breadth of
neutron diffraction research. Fig. 11 shows an example of such a measurement
on a 2-cm thick slab of iron. The sharpness of the peaks allows a measure of
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the internal stress and the relative sizes allowed a determination of the texture.
This approach offers high resolution because of the absence of scattering angle
and sample thickness contributions to the resolution. The geometry is simple
since it is a straightforward transmission experiment and the angular structure
of the detector need not be dealt with in data collection. The transmission
geometry also allows the collection of position-sensitive data on the sample so
that high resolution position-sensitive stress distributions, etc could be
measured. The natural geometry for this experiment is substantially different
from the scattering geometry in that the few cm? sample should be placed

relatively close to the source and a large area detector placed far away for best
resolution.

Cross Section (b)

30 a0 40 60 80 100
Neutron Energy (meV)

Fig. 11 Bragg-edge diffraction measurement on a 2-cm thickness of
natural iron. The numbers at the edges in the figure are the sum of the
squares of the Miller indices for the various scattering planes.

1. High Resolution Diffraction

The geometry of the P- violation experiment described above is essentially that
required for high resolution Bragg-edge diffraction. The 60-M detector should
make possible resolution equivalent to a scattering geometry path length of
120 M. Also the current-mode large area neutron detector is operational and
make possible data collection at the high rates necessary for practical
diffraction experiments in transmission geometry.
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2. Diffraction Using Polarized Neutrons

Polarized neutrons are available on this beam line along with spin flippers and
polarization transport apparatus, The LMN transmission filter is not the most
effective neutron polarizer for the thermal range. The rising cross section of
hydrogen as the energy decreases into the thermal range improves the
polarization substantially above the eV range value of about 55%. However
the transmission of the neutrons decreases rapidly as the neutron energy
decreases. The practicality of polarized neutron diffraction remains to be
demonstrated with the present system. Of course planned improvements in the
system using filter materials such as butanol could improve the polarized
neutron intensity in the thermal range. The full development of the potential
of the laser-polarized 3He should make this geometry highly effective for this
field of work.

3. Stress Distribution Studies

The Bragg-edge geometry has the feature that the sharpness of the edges is
different as a function of position on the sample if the stress distribution varies
over the sample. This position information can be measured with either of two
position-sensitive detector arrangements. In either case the incident neutron
beam should be as nearly paraliel as possible and the neutron detector should
be located close behind the sample to reduce parallax. Data could be collected
at a short flight path by scanning a small current-mode detector across the
sample with position resolution determined by the detector size. This
geometry would be suitable where low wavelength and position resolution is
adequate and high measurement speed is important.

Alternatively a high efficiency position-sensitive detector!! could be used with
resolution as good as 0.5 mm. The data collection rate for this class of detector
is usually too low for use in the direct beam at LANSCE unless the sample
and detector are placed a long way from the moderator. Therefore this mode
would make possible better wavelength and position resolution but with much
longer measurement time. Position-sensitive stress measurements could prove
valuable for industrial application such as stress distribution in welds.

4, Strong Transient Diffraction

Strong transient diffraction is defined here as the study of the response of a
sample to a sudden change in its condition such as wouid be caused by sudden
heating by a strong current pulse or by sudden compression from a hammer
blow. Obtaining the time history of a phase transition induced by these means
might be the objective of such an experiment. Another might be to study the
time history of the stress under such transient conditions. It appears that
LANSCE now has the capability to conduct such experiments using a single
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PSR pulse. The experiment requires the very high pulsed neutron intensity of
the PSR, the Bragg-edge geometry, and current-mode neutron detection.

The idea is to look at the change in position and shape of a sequence of Bragg
edges as the transient is imposed upon the sample. Each edge therefore
provides both strain and compression information. Since the neutrons arrive
at the sample at different times for each Bragg edge, a time sequence of this
information can be obtained with a single PSR pulse for a transient which
takes the sample to destruction. Table III lists parameters for such an
experiment on a 1-cm” area by 2-cm thick iron sample located at a flight path
length of 6 meters using a collimated beam on a detector which collects all
neutrons transmitted through the sample. Counting rate estimates indicate
that seven frames could be measured over a time interval (at the sample)
extending from 2.2 to 6.2 milliseconds after a particular PSR pulse. The typical
size of a Bragg- edge step in transmission is about 0.3 and ten points across
each edge could be obtained with a statistical accuracy of 0.01. It is of interest
to note that the time required for a sound wave to cross the sample is about 4
microseconds.

Table lll. Parameters for Strong Transient Diffraction Experiment.

Target Yield in Thermal Range 0.4 n/p—sr-eV

Solid Angle (1 cm? at 6 meters) 2.8x 10

Protons per puise (12 Hz) 5x 10"

Channel Width (eV) (2dL/L)E 2.2x10%

Inci n N ns=12x 1

I Accuracy =
rgngmugsngn Change g; 2,1,1 peak of 1-cm iron = 0.65

Multiple Frames per Pulse Indices Time microseconds
3,2,1 2200
2,2,2 2550
3,1,0 2800
2,2,0 3100
2,1,1 3600
2,0,0 4350
1,1,0 6200

B. eV Inelastic Neutron Scattering

The ability to measure energy transfers in the eV range at low momentum
transfers would be a powerful addition to the array of experimental techniques
available at pulsed sources. Attempts to establish this capability using
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materials possessing narrow neutron resonances in transmission or capture
geometry have not been entirely successful because of both limited intensity
and the resolution limit of a few percent. However enough has been learned
that it is clear that a resolution of a few tenths percent with adequate intensity
would probably have a major impact on condensed matter physics studies.

Two new avenues are available at LANSCE for attempted improvements. The
first involves the use of the LANSCE through-tube which makes possible the
emplacement of a resonance scatterer near the moderator which would scatter
down the flight path only neutrons at the resonance energy. The resolution of
the neutron pulse is determined by the resonance shape and not by the time of
flight. By appropriately filtering this pulse it might be possible to improve the
resolution into the interesting range while maintaining adequate intensity and
low background.

The second possibility is the use of polarized beams, spin rotation and
polarized detectors to develop a means of high resolution neutron
spectroscopy similar in some ways to the spin-echo techniquem. At LANSCE
the ingredients available for testing such an idea include high intensities of eV
polarized neutrons, high current spin rotation solenoids, long drift tubes, and
prospects for a polarized 3He neutron detector.

C. Resonance Neutron Radiography

Resonance neutron radiography takes advantage of the distinctive resonance
properties of materials for quantitative assay of samples in both a chemical and
isotopic sense and for distribution assay of samples with a position resolution
of 0.5mm. The practicality of resonance neutron radiography has been
demonstrated using neutron sources far weaker than modern spallation
sources. However the implementation of a facility which can make available
the power of the method at a spallation source for a broad spectrum of
applications remains to be done. The full development of the potential of the
method probably requires the active involvement of staff with extensive
experience in neutron nuclear spectroscopy in the ¢V and keV range.

Extensions for Neutron Nuclear Physics at LANSCE

In this section new experiments in nuclear physics for spallation sources will be
described. The power of the polarized beam facility on FP-2 and the unstable
target facilities on FP-4 at LANSCE and also the demand for time on these
beam lines forecloses the possibility of expanding the scope of the neutron
nuclear physics effort at LANSCE for the foreseeable future except through
the implementation of at least one new flight path. This flight path should
have the potential for extension to 300 M and eventuaily to 600 M. Apparently
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FP-15 at LANSCE is the only unoccupied flight path which can be extended to
these distances.

A. Electric Polarizability of the Neutron

In the absence of T-violation the neutron has no static electric dipole moment.
However an induced dipole moment appears as the neutron closely
approaches the strong field of a heavy nucleus such as lead. The field induces a
moment through which the neutron and the nucleus can interact. There is as a
result a small contribution to the scattering cross section which in principle
can be detected either in the total or the scattering cross sectlon at back
angles1 The size of this cross section has been estimated' using quark
models both for the neutron and the proton and the polarizability appears to
be measurable for both particles. The proton polarizability is being measured
in high energy electron scattering experiments. LANSCE appears to be an
excellent neutron source for studying the neutron. Preliminary evaluations of
the experiment indicate the need for a flight path of 100- to 150-M length and
that a sensitivity three to ten times smaller than the predicted polarizability
could be achieved at LANSCE. This would be quark physics using eV
neutrons!

B. Neutron Gravitation

Interest continues on a comparison of the value of small g for the neutron
compared with that for macroscopic objects. The value of small g has been
measured by comparing the value of a scattering length measurement usmg a
reﬂectometer with that from other methods. An accuracy of 3 X 10

claimed® for a value of g, which agrees with the geophysical value. By taklng
advantage of the high intensity at LANSCE and a ﬂlght path of 300 M it
should be possible to extend the accuracy to 1 X 107. If the flight path were
extended across a 100-meter deep by 200-meter wide canyon to about 600
meters, the first "fifth force" experiment looking for a short range contribution
to the gravitational field for an elementary particle might be performed. Both

experiments would likely be viewed as milestone experiments in the field of
gravitation.

C. Neutron Capture Gamma Ray Spectroscopy

The field of neutron capture gamma ray spectroscopy has been rather well
studied with thermal neutrons. However the scope of the experiments in terms
of scientific questions is greatly expanded by studies using resonance neutrons.
Such studies at electron linacs have been greatly hampered by the low neutron
intensity and the intense gamma flash. Both limitations can be resolved by
using a LANSCE-class spallation source for studies in the eV and keV range.
By working at longer flight paths the duty cycle advantage of the linac is also
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substantially overcome. It seems likely therefore that this field could be greatly
advanced by experiments conducted using 100- to 200-M flight path distances.

D. eV and keV Spectroscopy

The field of neutron resonance spectroscopy advances steadily through a
variety of experiments. The research is driven by the interests of basic science
and the continuing need for nuclear data for technology. Most experiments
could be done better at LANSCE than at the best electron linacs in current
use. One could therefore envisage a broad program of eV and keV neutron
spectroscopy conducted on a long flight path equipped with several
experimental stations. Highlight experiments in neutron electric polarizability
and neutron gravitation would be supplemented with applied studies such as
resonance neutron radiography.

Experimental Cell for PSR Beam

The PSR now provides the world’s most intense bursts of protons and
neutrons. When the PSR improvement program reaches design specs, the
intensity will be still higher by a factor of three with an instantaneous current
of 25 amperes, and a proton power level of 30,000 megawatts. The parameters
of the intense pulse are summarized in Table 1V,

Table IV. Proton Storage Ring Output Beam Parameters

Proton Energy 800 MeV

Pulse Width 0.27 microseconds
Stored protons 5X 108
Instantaneous Current 25A

Proton Power Level 30GW

Neutrons per pulse 109

Total Proton energy 8kJ

Presently there is no available experimental area for direct access to this
intense proton pulse. Such space would make possible a number of noteworthy
experiments which would not be practical anywhere else. These experiments
would typically use only a small part of the PSR output and many might fall
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into the class of single pulse experiments. Frequent and close access to the
experimental apparatus by personnel would be a characteristic of the required
experimental cell. Some of the experiments which might be conducted are
briefly described below.

A. PSR-Driven Neutron Multiplier

Neutron production from spallation reactions can be multiplied by large
factors using a fission multiplying assembly. These assemblies range from high
repetition rate devices such as the new multiplier at Argonne17 with modest
effective neutron amplification of a factor of three to slower devices with
greater amplification and even conceptual designs with multiplication by 1000
which allow for core disassembly during the multiplication process while still
maintaining a slow repetition rate capabilityls. Using a spallation driver also
provides more control over pulse width and delayed neutron backgrounds, and
more flexibility in some aspects of mechanical design for pulsed reactors.

The concept most likely of interest to Los Alamos would be a facility
operating at an average power level of less than 1 MW with high multiplication
and therefore repetition rate of 1 to 0.001 Hz. The impact on LANSCE
neutron production would be negligible while the intensity of the neutron
pulses would be much larger than those at LANSCE and close access to the
source could be available. One can imagine a broad array of studies in
condensed matter and nuclear research, radiation effects, and radiography.

B. Ultracold Neutron Facility

The ultimate storage density of ultracold neutrons depends on the highest
instantaneous density of cold neutrons which can be produced. Realization of
advantages from pulsed neutron sources requires the use of synchronized
reciprocating collectors which have been demonstrated'®. The collection
efficiency also can be enhanced if the facility geometry allows close access to
the proton beam line or to a multiplier ass’emblyzo. Stored neutron quantities
substantially exceeding that available at the best reactors are in principal
possible if one takes advantage of all the features of the most intense
spallation sources and of any associated multiplier assembiies.

A broad array of experiments would be possible with higher densities of
ultracold neutrons than presently available including the search for the
neutron electric dipole moment, the search for T-violation in neutron decay,
improved accuracy for the neutron half-life, more than an order of magnitude
improvement on the measurement of small g for the neutron including the
search for a gravitational spin dependence, neutron-antineutron oscillations,
improving the limit on the neutron charge, and surface studies in condensed
matter physics.
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C. Lead Slowing-Down Spectrometer

The lead slowing-down spectrometer provides a means of greatly enhancing
the neutron intensity available for some classes of neutron spectroscopy in the
eV and keV range. A cube of lead usually about 1 meter on a side is driven
with a pulse of MeV neutrons. As the neutrons moderate, a correlation
develops between the neutron energy in the block and the time after the block
was pulsed. The intensity gain over a conventional drift tube experiment at 7
meters can be four orders of magnitude while giving up a factor of ten in
resolution. The PSR could drive such an assembly with four orders of
magnitude more average or pulsed intensity than has been used up to the
present21. Such a facility offers its best advantage in measurements of very
small neutron reaction cross sections or measurements on very small samples.

D. Neutron-Neutron Scattering

The neutron-neutron (n-n) scattering length has never been directly measured
and a value to an accuracy of a few percent is of great interest. Experiments on
the edge of practicality have been proposed for steady state thermal neutron
sources. Since the scattering rate in an n-n scattering length measurement
depends on the square of the neutron fiux, the spailation puised source has a
decided advantage over the steady state reactor.

A cavity could be built close to a spallation source or better yet close to a
neutron multiplier assembly containing a gas of thermal neutrons which is
viewed by a detector through a collimated path which does not allow the
detector to see the cavity walls. With a cavity containing a low pressure of
hydrogen gas, the scattering rate will be proportional to the neutron flux so
that the flux may be measured. The n-n scattering rate may be separated from
residual gas scattering by measurement of the scattering rate for different
pulse intensities. Although a calculation has not been done f?r a spallation
source, it has been done for a pulsed reactor?2. For a flux of 10'7 n/cm®-sec, a
cavity 10-cm long, and 10-cm in radius, a detector distance of 12 meters, a
detector radius of 10 cm, and a pulse width of 6 milliseconds, the detected n-n
scattering rate is 30 neutrons per pulse.

E. Optical, X-ray, and Gamma-ray Lasers

The 30,000 megawatt power level of the PSR proton pulse offers substantial
potential for use in driving a wide spectrum of laser types. Optical lasers
certainly could be driven and an experiment already has begun23 at LANSCE
to do this in front of the tune-up beam dump in the PSR hall. Of greater
interest would be driving an x-ray laser through the electron excitation
produced by the proton beam or a gamma-ray laser through nuclear
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excitations created by the protons directly or perhaps through the neutrons
generated by the beam.

An x-ray or gamma-ray laser driven by the same facility used in neutron
production would be a powerful adjunct to condensed matter physics.
Undoubtedly many new experimental techniques not possible with
synchrotron radiation could be developed and many conventional experiments
could be done better with a super-intense high coherence keV photon beam.
It seems likely that many experiments in fundamental physics such as quantum

mechanics tests, etc. might also be possible using a beam with such
characteristics.

Conclusion

The spectrum of neutron nuclear science, which stretches from 0.01 eV to 800
MeV, is clearly a rich field of research which is ripe for development and
facilities are now in place at Los Alamos for studies throughout the energy
range. So far, however, no spallation facility includes a cell providing direct
access to the intense pulsed proton beams. Such a capability would broaden
much further the power of the spallation source for research. Hopefully the
ICANS community will encourage exploration of the full spectrum of science
which the Advanced Neutron Sources make accessible in order to provide the
strongest possible case for the next advance in pulsed neutron intensity.
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Introduction to maximum entropy
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ABSTRACT: The maximum entropy (MaxEnt) principle has been
successfully used in image reconstruction in a wide variety of fields. We
review the need for such methods in data analysis and show, by use of a very
simple example, why MaxEnt is to be preferred over other regularising
functions. This leads to a more general interpretation of the MaxEnt method,
and its use is illustrated with several different examples. Practical difficulties
with non-linear problems still remain, this being highlighted by the notorious
phase problem in crystallography. We conclude with an example from
neutron scattering, using data from a filter difference spectrometer to contrast
MaxEnt with a conventional deconvolution.

1. Introduction

In many scientific experiments, the quantity of interest f is related to the data d
through some transformation O and noise ¢:

d=0f +0.

For example, f might be the radio-flux distribution of an astronomical source, the
momentum distribution of atoms in liquid helium, or the scattering law in a neutron
scattering experiment, and so on, The transformation operator O might represent a
Fourier transform or a convolution with an instrumental resolution function. The job
of data analysis is to infer the desired quantity f from the data d.

The simplest way of deriving an estimate of f, f , from the data is to apply the

inverse transform O-! to the data: f = 0! .d. In many cases, however, we cannot
do this because the inverse operator does not exist, often because we have missing
data. We cannot Fourier transform a data set, for example, if we have unmeasured
data. Even if we can compute the inverse transform, our reconstruction will have
many artifacts because we have not taken into account the fact that the data were
noisy:
f=01a=f+01lc.

We will illustrate the effects of noise on the direct inverse graphically in Section 6.
The fact that the data are both noisy and incomplete means that our problem is

fundamentally ill-posed—there are many reconstructions of f permitted by the data.
We can consider all the reconstructions that would give data consistent with those
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actually measured by setting up a misfit statistic—y? is often appropriate:

2
SR
2 di - dy
1=y
k=1

Ok

where dy is the k'™ measured datum, with error-bar ok, and 3 k is the corresponding
datum that a trial reconstruction  would produce in the absence of noise: i k = [O.
f lx. Those reconstructions that give x2 < N are deemed to have "fit the data" and

constitute the feasible set of f. This feasible set, however, is incomprehensibly
large: suppose we wish to reconstruct a 2-d image on an 8x8 pixel grid with just 16
grey levels; this gives a total number of 1077 possible reconstructions. Even if the
data restricted the intensity of each pixel to vary only by (+) one level on average, the
feasible set would still consist of 1030 possible reconstructions. This is enormous if
you compare it with age of the universe, which is only 1017 seconds. Real problems
are typically 128x128 pixel grids with 256 grey levels!

As we cannot even comprchend the total number of solutions, let alone compute and
display them, we are forced to make a selection. We would like to say this is our
("best™) estimate of the true f. Which solution should we select?

2. The principle of maximum entropy

If f is a positive and additive quantity—for example, a probability density function,
or the intensity distribution of an optical picture, or the radio-flux distribution of an
astronomical source—then the MaxEnt principle states we should choose that
solution which maximises the Shannon-Jaynes entropy S (Jaynes 1983, Skilling
1988):

S = E fj - mj - fjlog(fj/mj) ,
i

where f; is the flux in the j* pixel of the digitized reconstruction of f, and {mj} is a
starting model which incorporates any prior knowledge we have about f; in the
absence of any such knowledge, all the m; are set equal. If fis a normalised quantity
such that Z f; = 1 and (m;} is constant, then entropy reduces to the more familiar
form—Z fj.log(f).

But why should we choose the MaxEnt solution? We shall try to answer this
question by using a specific, and very simple, example and then give a more general
interpretation of the MaxEnt choice. .

2.1 The kangaroo problem

MaxEnt is not the only regularising function used in image reconstruction: several
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have been recommended. We will follow Gull & Skilling (1983) in using the
kangaroo problem to demonstrate our preference for the MaxEnt choice over the
alternatives. It is a physicists' perversion of a mathematical argument given by
Shore & Johnson (1980), where they formally show that MaxEnt is the only
regularising function that yields self-consistent results when the same information is
used in different ways. The kangaroo problem is as follows:

Information: (1) One third of kangaroos have blue eyes.
(2) One third of kangaroos are left-handed.
Question: On the basis of this information alone, estimate the
proportion of kangaroos that are both blue-eyed and
left-handed.

Clearly, we do not have enough information to know the correct answer: all
solutions of the type shown in the 2x2 contingency table of Fig. 1 (a) fit the data—
these constitute the feasible set of solutions, each of which is equally likely, Figs.
1(b)-(d) show three of the myriads of feasible solutions: namely, the one with no
correlation and the ones with the maximum positive and negative correlations,
respectively. Although the data do not allow us to say which is the correct solution,
our common sense compels us to the uncorrelated solution if we are forced to make a
choice—no other single choice is defensible.

(a) Left-handed Fig.1 Truth tables for the
True False kangaroo problem:
(a) General solution, 0sx<1/3
Blue True| f;=x f=13-x (b) Uncorrelated solution
{c) Maximum positive correlation
Eyes Falsd fy=1/3-x fg4=1/3+x (d) Maximum negative correlation
(b) |1/9 29 )| 13 0 (d) 0 1/3
29 4/9 0 2/3 173 173

Table 1 shows the result of selecting the solution by maximising four commonly
used regularising functions. For this very simple example, where common sense tells
us the " best” answer when faced with insufficient (but noise-free) data, it is only the
Shannon-Jaynes entropy that yields a sensible answer!

Table 1
Regularisation function Proportion blue-eyed and left-handed (x) Correlation

-2 filog(f;) 1/9 Uncorrelated
-% fj2 112 Negative
z log(f;) 0.13013 Positive

z fj1/2 0.12176 Positive
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Can we interpret the MaxEnt choice more generally?
2.2 The monkey argument

Our common sense recommended the uncorrelated solution because, intuitively, we
knew that this was the least committal choice. The data itself did not rule out
correlation but, without actual evidence, it was (a priori) more likely that the genes
controlling handedness and eye-colour were on different chromosomes than on the
same one. Although we cannot usually appeal to specific knowledge like genes and
chromosomes, we can use the monkey argument of Gull & Daniell (1978) to see
more generally that the MaxEnt choice is the one that is maximally non-committal
about the information we do not have. The monkey argument can (again) be thought
of as a physicists' perversion of the formal work of Shannon (1948) showing that
entropy was a unique measure of information content. The monkey argument is as
follows:

Imagine a large team of monkeys who make images (? ), at random, by throwing
small balls of flux at a (rectangular) grid. Eventually, they will generate all possible
images. If we have some data relating to an object (f), we can reject most of the
monkey images because they will not give data consistent with the experimental
measurements. Those images that are not rejected constitute the feasible set. If we
are to select just one image from this feasible set, the image that the monkeys
gencrate most often would be a sensible choice. This is because our hypothetical
team of monkeys have no particular bias, and so this choice represents that image
which is consistent with the measured data but, at the same time, is least commital
about the data we do not have. This preferred image is the MaxEnt solution.

3. Model-fitting and least squares

The quantity of interest f is usually a continuous quantity. For computational
purposes, however, we digitize it into a discrete set of pixels {fj}. This is not a
limitation because we can digitize as finely as we like, but it does result in us having
to estimate a large number of parameters (flux in each pixel) from a relatively small
number of data. The problem tends to be grossly under-determined and, hence, we
use MaxEnt to help us.

Sometimes we are more fortunate in that we have a functional model for f—the sum
of six 8-functions, or two Gaussians, for example. In this case f can be
parameterised by a handful of variables. We now have to estimate a small number of
parameters from a relatively large number of data—the problem is over-determined.
In these cases, and with suitable assumptions, the method of least squares is usually
appropriate.

If we have a sound basis for our model, then model-fitting with least squares will
give more accurate results than MaxEnt—we are using much more prior knowledge
in the model-fitting procedure than we are in MaxEnt. If we do not have a functional
model, or if our model is ad hoc ("try fitting Gaussians™), then we are better off using
MaxEnt. It is possible, and perhaps to be recommended, that we combine the use of
MaxEnt and model-fitting: use MaxEnt to obtain an initial reconstruction to get an
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overall picture; if the MaxEnt reconstruction and our prior physical knowledge
suggest a functional model, then use this in a least squares sense for further
quantitative analysis.

4. General examples

We refer the reader to a comprehensive review by Gull & Skilling (1984) for
numerous examples of the applications of MaxEnt. With thejr kind permission, a
small selection of these are reproduced in Fig. 2. They illustrate the wide range of
problems to which MaxEnt is now applied—forensic imaging, radio astronomy,
plasma diagnostics, medical tomography, and blind deconvolution.

5. Difficult problems

The principle of MaxEnt is quite general and can be applied to any problem where the
object of interest is a positive and additive quantity. Actually, finding the MaxEnt
solution can be very difficult for non-linear problems because there are many local
minima of 2 in a large parameter-space (typically 10° pixels). A particularly well-
known example is the notorious Fourier phase problem in crystallography, the
gravity of the situation being graphically illustrated in Fig. 3. We will not pursue
this topic any further here except to state that, in general, the use of additional prior
knowledge is essential for these problems (see, for example, Sivia 1987).

6. The Filter Difference Spectrometer |

‘We now give an explicit example from neutron scattering—the deconvolution of data
from a filter difference spectrometer (FDS). For the experimental and spectrometer
details, the reader is referred to Taylor, et al., (1984). The essential point for our
purposes is that the FDS has a resolution function with a fairly sharp edge and a long
decaying tail. The Cambridge algorithm was used throughout to maximise the
entropy (Skilling & Bryan, 1984).

We start with simple simulations to highlight the differences between MaxEnt and a
conventional direct inverse under "controlled" conditions. They do not mimic the
FDS exactly but capture its salient features. For these simulations, the true
spectrum f(x) (scattering law) is shown in Fig. 4(a): it consists of two spikes
separated by a low plateau on the left and a much broader peak on the right. This
"truth" was generated on a grid of 128 pixels and convolved with a sharp-edged
exponential e, where = 15 pixels, shown in Fig. 4(b), to create a noiseless data
set of 128 points. A constant ("known") background equal to 10% of the peak datum
was used and Gaussian random noise with a standard deviation equal to the square root
of each datum was added. Fig. 4(b) shows this simulated data set when the peak
datum was 108 (counts)—essentially noiseless. For this case, both MaxEnt and the
direct inverse (O-1.d) gave reconstructions indistinguishable from the the truth (Fig.
4a). Figures 5 and 6 show the corresponding results when the data were made more
noisy (fewer counts). The quality of the reconstructions deteriorates for both
methods. Since the direct inverse does not take into account the fact that the data are
noisy (Section 1), it produces numerous artifacts and deteriorates much more rapidly
than MaxEnt,.
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Fig. 2 General examples of MaxEnt image reconstruction. Reproduced by
courtesy of Drs. Gull and Skilling.
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() (h)
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Fig. 3 A graphic illustration of the phase problem: (a) and (b) are the original
images. (c) is the (Fourier) reconstruction which has the Fourier phases of (a) and
Fourier amplitudes of (b); (d) is the reconstruction with the phases of (b) and the
amplitudes of (a).
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Rather than use the sharp-edged exponential above (Fig. 4b), we obtain a better
approximation to the FDS resolution function if we convolve it with a narrow
Gaussian (standard deviation of one pixel). The resulting simulated data, with good
statistics, is shown in Fig. 7(a). Although we can deconvolve this new resolution
function with the direct method in principle, we will only deconvolve the exponential
component as is done in practice (Mezei & Vorderwisch 1989). This is because the
inverse is easy to calculate if there is a sharp edge (by direct substitution), but more
s0 because the inverse becomes badly conditioned (very sensitive to noise in the data)
when the Gaussian component is included. With MaxEnt, however, we can safely
deconvolve the "smoothed" resolution function. The inverse and MaxEnt
reconstructions are shown in Figs. 7(b) & (c), respectively. The MaxEnt
reconstruction shows much improved resolution and some noise suppression over the
direct inverse.
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Fig. 7 (a) Simulated FDS data, with T T T
good statistics, using the exponential
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resolution function (Fig. 4d). (b) Direct
inverse deconvolution of the
exponential component, or "Mezei
method" reconstruction. (c) MaxEnt
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Finally, we show the result of using MaxEnt on a a real FDS data set. The data and
resolution function were provided by Vorderwisch, experimental and analysis details
being given in forthcoming papers (Vorderwisch 1989, and Sivia et al., 1989). Fig.
8(a) shows the Be data for hexamethylene-tetramine (HMT) at 15 K taken at the Los
Alamos Neutron Scattering Center (LANSCE). Fig. 8(b) shows the conventional
Filter Difference spectrum: a crude hardware deconvolution obtained by subtracting
the data obtained with Be and BeO filters. Fig. 8(c) shows the MaxEnt
reconstruction, and Fig. 8(d) shows this overlaid on the direct inverse reconstruction
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Fig. 8 (a) FDS data for Hexamethylene-Tetramine, at 15 K, taken with the Be filter
at LANSCE. The channels are in increasing time-of-flight, or decreasing energy
transfer. (b) The Filter Difference spectrum, or a crude hardware deconvolution
obtained by subtracting data obtained with Be and BeO filters. (c) The MaxEnt
reconstruction. (d) The direct inverse, or "Mezei method", reconstruction (dots)
overlaid on the MaxEnt reconstruction.

mentioned above. As expected, we find that MaxEnt has improved the resolution and
reduced the noise. The improvement is obvious, but not dramatic, in this particular
example, because we had good statistics and the intrinsic Gaussian-like contribution
to the resolution function is very narrow with little effect.

7. Concluding remarks

We have shown that MaxEnt provides an optimal criterion for selecting a positive
image when faced with incomplete and noisy data. The MaxEnt choice can be
interpreted as the maximally non-committal solution that is consistent with the data.
As such, it tends to be less noisy and has fewer artifacts than conventional methods,
thus making it easier to interpret the results.
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We mention in passing that a unified approach to all data analysis (MaxEnt, model-
fitting, or whatever) can be achieved by casting all such problems in the probabilistic
framework of a Bayesian analysis. This not only gives us the way to select the
optimal answer to any given problem, but it also tells us how to estimate the
reliability of that solution; unfortunately, however, the error analysis is usually
impossible to implement in practice except for the smallest of problems. The
difficulty does not arise because we are using MaxEnt, but because we are trying to
estimate a large number of parameters.
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Introduction

Three new instruments are currently in varying degrees of development/construction
at IPNS. One of these, the Glass, Liquid, and Amorphous Materials Diffractometer
(GLAD) is the subject of a separate paperi!] in these proceedings and so will not be
discussed further here. The other two, a second neutron reflectometer (POSY 1I) and
a second small-angle diffractometer (SAD II), are described briefly below.

POSY 1l

The polarized neutron reflectometer (POSY) has been operating at IPNS since
198412, Recently, it was shown that by utilizing the large difference in scattering
from H and D to measure chemical profiles rather than the magnetic profiles for
which POSY was designed, such a neutron reflectometer could measure chemical
density profiles with resolution unmatched by other techniques®l. Users in the
polymer science community indicated a real need for such an instrument—they could
provide enough problems to saturate the time available at POSY. Typical problems
include interdiffusion of two similar polymers; concentration gradients for polymers
in solutions both at the surface and at solid boundaries; and the mixing of chemically
different polymers, or polymeric chains with a head and a tail, such as block
copolymers—all over a length scale (1nm) not easily probed by other techniques.

To help satisfy such a greatly expanded user community and because POSY had been
conceived and optimized for magnetic studies and, consequently, is not best suited for
polymer work, it was decided to split the neutron beam at beam line C2, which
serviced only POSY, for use by both POSY and a new instrument (POSY II) that is
dedicated totally to polymer research. Figure 1 shows the arrangement of the two
instruments on the two beams brought out through the single bulk-shielding
penetration. (Beam penetrations in the IPNS bulk shielding are 30 to 35 cm wide,
allowing these two narrow beams to achieve an angular separation of 3.7° within the
same penetration.) This construction effort, with half of its cost being financed by
IBM, is well along, and POSY Il and the rebuilt POSY are scheduled for
commissioning in Fall 1988. Table I gives some parameters of the two instruments.

In the new arrangement the original POSY will be restructured, implementing
modifications previously tested. The sample will not view the direct beam because
this will be doubly reflected by a pair of polarizing supermirrors. These mirrors ate
made of layers of cobalt and titanium of progressive thickness on an anti-reflecting
backing of gadolinium and were prepared by Dr. O. Schirpf at Grenoble on
accurately polished borosilicate glass. The pair of mirrors are part of a newly
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Fig. 1 The reflectometer complex at the IPNS beam line C2. The heavy-duty
sample goniometer on POSY can accommodate an slectromagnet, a cryostat, or an
ultrahigh vacuum chamber, while that on POSY Il is a high-precision Huber
goniometer to support a temperature-controlled polymer sample cell.

developed "resonant spin flipper" (Fig. 1) to reject neutrons whose wavelengths do
not correspond to their nominal time-of-flight, thus sharpening the resolution and
improving the background. This device consists of a supermirror spin polarizer, a
Drabkin flipper resonantly scanned to flip spins only of the correct wavelength for
the current flight time, and a supermirror spin analyzer to reject the unflipped spins!?.
POSY will still use its original microchannel-plate detector. Appropriately placed
collimators (not shown in the figure) in the external portion of the incident beam
will allow its tailoring to the size of the sample. Samples of magnetic interest are
expected to exhibit surfaces of the order of 1 to 2 cm?2,

The design of POSY II reflects the requirements for polymer work. The samples
used here have surfaces of several tens of cm?. The reflectivity will be measured over
a wide range of momentum transfers. Because of the increased surface size, slightly
relaxed collimation, and absence of polarization analyzers, POSY II should have data
rates several times those of POSY.

Table |

POSY POSY I
Source-sample distance (cm) 831 623
Sample-detector distance (cm) 60 178
Detector horizontal range (cm) 2.5 20
Detector resolution (mm) - 0.5 2
Wave-vector range (A1) 0.0 - 0.07 0.0-025
Wave-vector resolution (A1 FWHM) ~0.003 ~0.003
Beam size at moderator (cm?) 26x103 2.6x103

Beam size at bulk-shield exit (cm?) 0.54 x 5.8 0.84 x 6.4
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Particular attention has been mven to makmg POSY II easy to operate by external

users. Thus, for ins nce, the counter cons1sts ofa lmear-posmon-sensmve detector
fixed in a preselected location. This counter has an active area of 5 cm x 20 cm and
a one-dimensional position resolution (along the long axis) of 2 mm (Ordela, Inc.,
Oak Ridge). The detector is of the gas-proportional type, filled with a 3He-CF,
mixture, giving an efficiency of 81% at 3 A.

For this instrument as well, the sample will not be in the direct beam from the
source. However, it was desired to eliminate the transmission filter used in the past
(beryllium-cooled by liquid nitrogen) to avoid the small-angle scattering from the
sintered beryllium and to extend the dynamical range of neutrons to span the
maximum neutron fiux from the solid moderator ("soller mirrors™). Each of the
mirrors will consist of a disk of silicon 10 cm in diameter and 0.4 mm thick. Both
ldLCb are COVC‘JW Wl‘Lh SUU A OI ""1‘41. 1ne WIIUIC 5OIICI Il'lllTOl" LOHSlStS ()f L‘i SUCH
disks, enclosed between flat reference plates, and set at an angle with the incident

heam tn anaura tatal raflantian for 2 =2
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The portions of the POSY and POSY II flight paths within the collimation in the
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bulk shleldmg will be evacuated, while most portions of the external flight paths for
both instruments wiil be He-filled. Both instruments will be equipped with heavy-

duty sample goniometers capable of supporting a variety of sample mountings and
environments.

SAD i

The Small Angle Diffractometer (SAD) has been operating at IPNS since 1982 and
has been in essentially its current configuration since 1984, This instrument has
been severely oversubscribed for several years, with proposals exceeding operating
time by a factor of two to three. Instrument oversubscription and our experience ied
us to believe we could now build a significantly improved instrument; therefore,
Anmatdawntian AF o annand QANCQ Suatramant at TDATQ warna hasiim in anale, 1004

VULIDIUGLAUULL UL a dULVUILIL o AlNY LIDRDUUIUGLL dal 10180 Wad Uopull il vally 1700,
Development of the new instrument (currently designated as SAD II) is under way,

and the assessment of the final narameters should be completed in 1989, Many of
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the features of the new instrument will be, at least initially, similar to those of SAD.
However, the new instrument 1s intended to have a much better detector system and

more varied collimation options, leading to greater Q range, and is also intended to
have a more convenient sample environment than does the present SAD.

In particular, the instrument will occupy the C3 beam line, where it will view the
same solid CH, (or liquid H,) moderator viewed by SAD. The moderator-to-sample
distance will be 7.5 m, as in SAD; this is roughly the minimum distance that
allows room for filters, shielding, interchangeable collimation, etc. The instrument
will be, at least initially, a filtered-direct-beam instrument in which the moderator,
sample, and detector are in a direct line. A filter (MgO as in SAD, or oriented single-
crystal sapphire, probably at 77 K) in the incident beam line will reduce the fast
neuiron flux oy rougmy iwo orders OI magm[uue, while IldVlIlg a u&nsmleIOH OI
greater thar 50% for the neutrons of interest (~1-14 A). A second filter of oriented

cinola_orvatal hieomunth will ha nead ta attannata tha oamma rave fram tha conreca if
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necessary. An alternate option, a "beam-bender” that would "bend” the trajectories of
the long-wavelength neutrons (greater than ~1.5 A) away from the main beam of fast




260 New instruments at IPNS

neutrons and gamma rays, was considered but does not appear to permit transmission
to wavelengths as short as those allowed by the filters. The apertures that define the
beam from the moderator to the face of the bulk-shielding monolith for the initial
filtered-direct-beam instrument have now been installed, and the necessary
modifications have been made in the beam gate to accommodate the filter(s).

A two-dimensional position-sensitive gas-proportional counter detector of nominally
40 cm x 40 cm active area with 4 mm x 4 mm resolution (Ordela, Inc., Oak Ridge)
was purchased for this instrument and was received in spring, 1988. This detector is
fitled with 3He and CF, to provide the desired position resolution and neutron
efficiency (61% at 2 A) while having a low gamma sensitivity. (For comparison,
the SAD detector has an active area of 17 cm x 17 cm and a resolution of ~4 mm x
4 mm). The position and time-encoding electronics for this detector, as well as the
rest of the data acquisition system for this instrument, are similar to those on SAD
and have already been acquired. Data acquisition will initially utilize a PDP-11/24
computer, which will be replaced with a microVax when the instrument development
is further along.

The remainder of the development of the new instrument is expected to proceed in
stages. Temporary beam-transport, collimation, and sample-environment components
have been fabricated and will be installed in fall, 1988. These will permit detailed
testing of the new detector and will also serve as a testbed for the development of
other instrument components. Of primary importance in this regard are shielding to
reduce the background to satisfactory levels, the filters discussed above, and the
angular collimation system for the incident beam. Design and construction of the
final instrument will depend in part on the outcome of the development and testing
efforts with this temporary version.

To achieve the necessary angular collimation in the incident beam while utilizing the
full source size (~1 cm diameter) requires the use of converging multiple-aperture
collimation. If the collimation channels are all focused to the same point on the
detector, then a large sample size will not affect Q, or the Q-resolutiont®}, even if
the sample-to-detector distance is short. In SAD such focusing multiple-aperture
collimation is done with crossed-converging soller collimators, which define ~400
converging beam channels with essentially no "dead" space between them. This
entire collimator system occupies only a distance of ~60 cm along the incident flight
path, while providing angular collimation of 0.003 radians FWHM. This system has
worked quite well, producing resolutions in good agreement with the calculated
values, and the collimators presently in use have produced a cleanly collimated beam.
These collimators, and improvements needed in such soller collimator systems, are
discussed elsewhere in these proceedings!>l. One of the uses of the initial temporary
flight path will be to test (and develop, if necessary) satisfactory collimators to
provide even tighter resolution than this,

The practical Q. with the present set of collimators is ~0.005 A-l. With the
detector spacial resolution noted above, Q;, and Q-resolution down to ~0.002 A-
can be achieved with the 1.5 m sample-to-detector distance simply by installing
different incident beam collimators with the desired angular divergence in each
channel. If satisfactory collimators can be produced, several such collimators will be
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provided in a "cassette" arrangement to permit easy changes in resolution and Q.
A further decrease in Q,;, and resolution will require moving the detector further from
the sample, with a Q-resolution of ~0.001 A-! achievable with this detector
resolution and at a sample-to-detector distance of 3 to 3.5 m, if the incident beam
collimation can be made to match. (With the moderator and path lengths being
considered, the source pulse width is too short to contribute appreciably to the
resolution for the cases considered here.) The count rate will fall at least as fast as
the square of the resolution, so it will not be desirable to try to push the resolution
this far for most cases. Since the multiple-aperture collimation must focus on the
detector, a different collimator is needed for each sample-to-detector distance;
therefore, there is no point in having a continuously variable sample-to-detector
distance in this instrument.

With a filter in the beam, the minimum usable wavelength will be ~1 A. With the
detector at 1.5 m from the sample and centered on the beam, this will yield usable
intensity at a Qu,x of ~0.6 A-!, When the detector is operated with the beam near the
edge of its active area, this could be increased 10 Q,x ~1 A-1, at some cost in
intensity at the smaller Q values. However, in some cases it is desirable to have
Qmax even larger than this, and in most cases it is desirable to be able to include
measurements over a wide range of wavelengths in the high-Q data, so the ability to
cover even higher scattering angles will be incorporated into the instrument. This
will be done either by providing a means of rotating the detector about the sample
position or by supplementing the main two-dimensional detector by an array of linear
position-sensitive detectors (LPSDs) at higher angles, using the technology for
position- and time-encoding of such detectors, which has already been developed for
GLAD. Roughly 40 LPSDs at 1.5 m from the sample would extend continuous
angular coverage out to a scattering angle of 30° and a Qg ~1.6 AL,

Even without the new enriched-uranium target just installed at IPNS in 1988, the
new instrument would have a much higher data rate at high Q than does the present
SAD (up to a factor of 10 increase at the highest Q presently obtained on the SAD),
and a Q,., more than four times that of the present SAD. Under the same
conditions, at low Q the new instrument would have a data rate comparable to that of
the present SAD at the same resolution. By tightening the collimation or by
changing both the collimation and detector position, Q,;, down to 0.001 to 0.002
At should be achievable, with a corresponding data rate reduction. However, the
factor of three increase in source intensity expected from the enriched-uranium target
should mean that the time required for such higher-resolution measurements will not
be unreasonable in many cases.
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A study of a pulsed spallation neutron sourcelll that could deliver fluxes in excess of
1 x 10'7 N/cm2-s began at Argonne in 1981. A review of various accelerator
concepts to act as an intense charged-particle source to generate spallation neutrons
resulted in the selection of a Fixed-Field Alternating-Gradient(®! (FFAG) accelerator as
the preferred device.

There are several features of an FFAG accelerator that make it well suited to be the
charged-particle accelerator for a 10! N/cm?2-s pulsed source. Since the main
magnets are dc operated, injection time can be long enough to provide for efficient
injection and adiabatic capture, the rf system can be optimized for maximum use of
the accelerating voltage, the repetition rate can reach hundreds of hertz because there

B .
are no da‘ effects in the magnets or vacuum chamber, and large transverse and

momentum acceptances are possible. The large momentum acceptance and rapid
acceleration helps avoid some of the instability problems.

The conceptual design has evolved from a spiral-type FFAG with strong edge
focussing®® to a radial-type FFAGH. The radial-type FFAG allows easier installation
of the rf cavities at the expense of higher magnetic fields. Since the magnets are dc
operated, the higher field can be achieved with superconducting coils.

Repetition rates of 200 to 300 Hz are possible and reasonable with an FFAG
accelerator; however, the scientific users would prefer a repetition rate less than
100 Hz. The earliest FFAG designs considered internal stacking in energy space of
several injected pulses at an energy near the extraction energy and then final
acceleration of the stacked pulses to full energy and extraction as a single pulse. This
technique was successfully demonstrated on the early MURA-FFAG acceleratorsi2l,
However, some problems are encountered when applying this technique to a
spallation source driver in which the goal for efficiency of extracted beam to inject
beam is 99.9% or better. In order to stack at an intermediate energy, the energy
spread of the injected beam is limited to be able to stack several bunches into the
acceptance of the rf bucket. This potentially could reduce the threshold for the
microwave instability at injection to where beam losses could occur. Also, the
stacking technique requires adiabatically debunching, merging, and rebunching, with
virtually no losses, several injected bunches that are accelerated to the stacking energy
before final acceleration and extraction of the single stacked bunch. A technically




264 ASPUN Project

less demanding concept using one or two external pulse accumulation rings is
presently proposed.

Fixed-field alternating-gradient accelerator design

The guide field in an FFAG accelerator as a function of radius is given by
B = BoR/Ro),

where R is the average radius given by the integrated path length of the accelerated
particle divided by 2m, and By is the magnetic field at a reference radius Ry. Each
lattice cell consists of horizontally focussing and defocussing magnets, the latter
being of weaker field. Meads and Wiistefeld suggest a DFD combination(4 in which
the horizontally positive and negative bending fields occupy equal lengths along the
circumference, but the field of negative bending section is half the field in the
positive bending section and divided in two equal lengths before and after the positive
bending section. The magnetic field profile along the particle path is shown in Fig.
1.
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Fig. 1 Azimuthal profile of magnetic field along the path of one cell.

Magnetic Field Strength B(0)/<B>

Figure 2 shows the plan view of a 1500-MeV radial-FFAG accelerator presented by
Meads and Wiistefeld at the 1985 Particle Accelerator Conferencel4l, There are 20
identical bending magnet sectors that occupy about 35% of the circumference of the
ring. The value of the field index, k, is 13.4. The parameters for an FFAG
accelerator for ASPUN are given in Table 1. The transverse 8-functions for a half-
sector are shown in Fig. 3. Deviations of the actual radial position from the mean
orbit described by a circle with radius, R, are shown in Fig. 4 as a function of
position along the orbit.
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Table 1. Parameters for the FFAG accelerator
Extraction Energy, MeV . 1500
Extraction Radius, [ds/2x, m 28.14 m
Injection Energy, MeV 350
Injection Radius, {ds/27, m 26.37
Field Index, k 134
Peak Positive Bending Field @ Extraction, T 4.1
Peak Negative Bending Field @ Extraction, T 1.9
Peak Positive Bending Field @ Injection, T 1.717
Peak Negative Bending Field @ Injection, T 0.796
Horizontal Tune 4.25
Vertical Tune 3.25
Horizontal Emittance, mmmr 650 &
Vertical Emittance, mmmr 500 =
Repetition Rate, Hz 250
Maximum RF Voltage, kV 400
Maximum RF Frequency (Extraction), MHz 1.565

Maximum RF Frequency (Injection), MHz 1.241

265
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Fig. 3 Horizontal and vertical beta functions normalized to the average radius.

Since the magnetic fields of an FFAG accelerator are highly nonlinear, it is necessary
to ensure that the beam emittances are well within the stability limits defined by the
nonlinear terms. A computer program written by Meads!®) was used to calculate the
limits in the vertical and horizontal planes. The 500-rmmmr vertical emittance and
650-rmmmr horizontal emittance are shown in relation to the calculated stability
limits in Figs. 5 and 6, respectively.

H—beam is injected from a linac on the inside radius of the accelerator. Four bumper
magnets are used to locally deflect the closed orbit onto a stripper foil for stripping

the H— to H*. The fields of the bumper magnets are reduced during injection so the
beam is more uniformly distributed over phase space. Approximately 38.5 mA of

H~ beam is injected over a 500-Ls period in order to reach 1.2 x 10 protons.
The proposed injection energy is 350 MeV. The incoherent space charge limit for
number of injected particles, N, is given by

2 3
ﬂ[ez'*' U(Uzsxsz)nx]s Y ADzBf
rpF
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Fig. 4 Deviation of orbit from a circle of average radius, R, over a single cell length.

Deviation from Mean Orbit R/<R>

where €, and €, are the horizontal and vertical emittances, 8 is the relativistic velocity
of the injected particle, v is the relativistic mass of the injected particle Av; is the
allowable tune shift, By is the circumferential bunching factor, r, is 1.54 x 108 m,
and F is the transverse bunching factor.

1t is planned to program the rf during capture and initial acceleration to keep By at
0.375 or larger. It is assumed that the horizontal beam distribution can be made
reasonably uniform and that the distribution in vertical space will be nearly quadratic.
These conditions lead to a value of F equal to 1.35. If the allowable tune shift is
0.25, the space charge limit should be about 1.72 x 104 protons per pulse. The
proposed operating level is about 70% of the calculated space-charge limit.

Acceleration to full energy of 1500 MeV is accomplished in about 2.5 ms, requiring
an average accelerating voltage of about 260 kV. The design is for a maximum
voltage of 400 kV to operate at a stable phase angle of 40°. The first 250 ps after
injection are used for adiabatic capture of the beam during which time the rf voltage
increases to about 150 kV. Operation at full voltage does not start immediately after
the capture period to avoid bunching the beam too rapidly. The tf voltage increases
from 150kV to the full 400 kV in about 700 us. The whole cycle from start of
injection to extraction takes 4 ms. During the 500-ps injection period, the cavity is
retuned to the injection frequency, 1.241 MHz.
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The average accelerating voltage per length of straight section is 10 kV/m for ferrite-
loaded cavities. Ten straight sections are used for 20 rf cavities developing 20 kV
each. The beam loading is fairly large with roughly 20% to 30% of the total stored
energy delivered in each passage of the beam. However, a number of techniques have
been suggested for handling beam loading at this level(®-.

Extraction of the beam is performed in one turn using ferrite kicker magnets located
on the outside radius of the accelerator. The exiracted beam pulse should be about
160 to 200-ns long. Allowing for some dilution in transverse space that might occur
during acceleration, the design values for emittances in transverse space are
gx =410 xmmmr and €, = 315 xmmmr at 1500 MeV.

Puise accumulation to lower repetition rate on target

The repetition rate on the target is reduced and the charge per pulse increased with the
use of two external pulse accumulation rings. No design work has been done on
these rings; however, a conceptual design for an isochronous compressor ring for
proton beams (IKOR) was done for the SNQ project in 1981 and can be considered
as a proof-of-principle to achieve what is necessary for the ASPUN rings.
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Fig. 6 Limits of beam stability in horizontal plane due to magnet nonlinearities with
the 650-tmmmr beam emittance shown in shaded area.

The radius of the IKOR ring is 32.2 m. This is compatible with the FFAG for
ASPUN, which extends to 28.14 m plus another meter or so for the return yoke.
IKOR was designed for H™ to HY injection and a smaller emittance, whereas for
ASPUN, the injection would be with two consecutive 150 to 200-ns-long pulses.
There would be two pulses with about 90-ns spacing in the ring. The fast injection
kickers must have a 10% to 90% rise and fall time of about 75 to 80 ns and a
200 ns flattop. The extraction kicker magnet needs a 75-80 nanosecond risetime and
500 to 600 ns flattop. These requirements are within the present technology for
ferrite-type kicker magnets.

The IKOR ring was designed to store 2.7 x 10!4 protons at 1100 MeV. Similar
rings for ASPUN would only need to store 2.4 x 10'4 protons at 1100 MeV. The
ASPUN rings would have to be isochronous at 1500 MeV and would require larger
magnet apertures, but there is no reason this couldn't be done.

Four out of every five ASPUN pulses would be stored in the accumulator rings. The
fifth pulse would be directed to the ASPUN target followed sequentially by the pulses
stored in the accumulating rings. This would mean a train of five pulses arrive on
target over about a 1.5-us period. This pulse length is acceptable with regard to
moderation times for epithermal neutrons.
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Conclusion

While the conceptual design for an accelerating system presented here is, in principle,
able to deliver the required charge per pulse, many features still need to be developed.
The whole question of controlled losses to 103 or 10 per pulse needs to be explored
in depth. The goal is to be able to do hands-on maintenance on most of the
accelerator components and to greatly limit the number of components that will get
activated to a degree that more elaborate handling schemes are needed.

No target design has been undertaken at Argonne. The DIANNE target of SNQ[10]
was taken as a proof-of-principle, but that development effort has been stopped. A
major development effort is needed on the targets and modulators.

No engineering design has been undertaken for the individual accelerator components,
There are no components for which the requirement exceeds the limits of the present
state-of-art. However, the demands on these components are challenging and require
careful design and considerable prototyping to ensure satisfactory performance.
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ABSTRACT: We summarise developments on the three scheduled inelastic
spectrometers HET, TFXA and IRIS and illustrate their scientific programme
with some recent highlights. We give details of commissioning experiments
on PRISMA and discuss the status of the eVS and polarisation programmes.

The status of the MARI project is reviewed.

Introduction

ISIS, the world's most powerful pulsed neutron source, is now operating regularly at
proton currents of 100 pA. There has been a ten-fold increase in neutron production
in the last two years, see Fig. 1. This is reflected in both the quality and quantity of
the scientific programme. Of the 14 beamlines in use, see Fig. 2, nine have fully
scheduled instruments with over-subscription factors varying from two to four. The
inelastic instrument suite comprises three fully scheduled spectrometers (HET, TFXA
and IRIS), two instruments at advanced stages of commissioning (PRISMA and eVS)
and one (MARI) in the final stages of construction. This paper discusses the current

state of these instruments together with the polarisation programme at ISIS.
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Fig. 1 The increase in ISIS beam current over the past three years measured as a

pA-hr per day.
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HET: High energy inelastic spectrometer

The HET instrument is a direct geometry chopper spectrometer designed specifically
to study inelastic scattering at high energy transfer with low associated momentum
transfer and good energy transfer resolution!!), There has been a diverse scientific
programme on HET with experiments on localised and itinerant magnetism,
vibrational density of states, particularly of the new high T¢ superconductors and
momentum density measurements in model systems.

The major project on HET this year has been the upgrade of the intermediate angular
range detector between 9° and 29°. The new thin window arrangement with its eight-
fold azimuthal symmetry is designed to accommodate 256 high pressure *He detectors
(Fig. 3). Installation of this array involved a substantial rebuild of the secondary
spectrometer during the three month long shutdown of ISIS in Spring 1988. The
incident energy range of the spectrometer has been successfully extended with a new
chopper slit package designed to operate at energies as low as 35 meV. All the
chopper systems have been very reliable. With the substantial increase in flux from
ISIS during the year, the major time loss became the pumpdown time after a sample
change. This has been halved by the use of a larger turbo pump and a more efficient
roughing device. Designs for a top loading cryostat with an air lock to allow "bare”
samples to be changed quickly while still minimising scattering from the sample
environment device are well advanced.
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Fig. 3 The eight-fold array of 256 3He detectors, which covers the intermediate
angular range on HET.

Highlights of the scientific programme on HET
Magnetism

The main thrust of the HET programme was in the field of magnetic scattering.
The intermultiplet transition in praseodymium at 260 meV was easily observed in a
specially purified sample of the metal. The Q dependence of this *H, — 3H,
transition confirmed its magnetic origin. Such an observation was only possible
because of the excellent low background of the 3He gas detectors. The same system
gave a new record for high energy inelastic magnetic scattering with energy transfers
in excess of 800 meV being observed?l, The neutrons induce excitations from the
ground state of the 4f2 ion to excited states with different LSJ quantum numbers.
Several such intermultiplet transitions were found, see Fig. 4, and this more than
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Fig. 4 Neutron scattering cross section of praseodymium at 17 K, measured at an
angle of 5° with an incident neutron energy of 1300 meV. The change in the scatteting
vector across the spectrum is shown along the top axis. The data have been fitted by
four Gaussians and a tail of low energy scattering.

doubles the energy range over which magnetic excitations have been observed by
inelastic neutron scattering.

The momentum transfer dependence of the intensities was found to be in good
agreement with calculated, free-ion inelastic structure factors. These are not simple
functions of momentum transfer, see Fig. 5. Dipole ard higher order multiple
excitations have been identified with the aid of these calculations. Transitions to a
different value of orbital angular momentum were found to be shifted significantly
from the free ion value. These results will lead to a better understanding of the
interactions between localised f-electrons and delocalised conduction electrons in these
rare-earth metallic systems. Again such measurements were only possible because of
the excellent resolution and signal to noise achievable on a pulsed neutron source.

The high energy spin dynamics of the transition metal ferromagnets is a subject of
strong current interest. A team from Cambridge University was able to measure the
spin waves in cobalt to only half of their predicted maximum energy using neutrons
from the hot source at the Institute Laue-Langevin (ILL). The same team have now
successfully completed their measurements using a single crystal of hexagonal cobalt
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Fig. 5 Neutron inelastic structure factors for transitions (a) within the 3H term, (b)
from the 3H to the 3F term. The lines represent calculated intensities of the

transitions. The structure factors are normalised to the 3H, — 3H, intensity at Q = 0,
which has a cross section of 620 mb/st.

on HET at ISIS, observing the spin waves to energies of up to 310 meV, see Fig.
613, (It is essential to observe the full energy range of the excitations in order to
distinguish between the various theoretical models). The nature of the time-of-flight
scan complicates interpretation of these data somewhat, but this is more than
compensated for by the good resolution and excellent signal to noise obtained by this
technique, see Fig. 7. Further data analysis to extract widths and absolute intensities
is in progress.
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Fig. 6 The magnon dispersion relation for hep-cobalt along the [h00] direction
measured on IN1 at the ILL (line) and on HET at ISIS {(dots).

Work on localised high energy magnetic excitations has continued with studies of the
crystal field potential in UOS where transitions were observed up to an energy of 80
meV both above and below the antiferromagnetic ordering transition at 55 K. As in
the case of U0, both the energy and intensity of the crystal field splittings support a
level scheme calculated from a point charge model®), In an experiment designed to
refine the crystal field potential within the new ceramic superconductorsB), the heavy
rare earth ions Ho, Er and Dy were substituted for Y in the 1-2-3 compound
YBa,Cus0,.5. Clearly resolved magnetic excitations were observed between 10 and
100 meV and their temperature dependence measured. The results show that the
parameters of the potential can be scaled across the rare-earth series.
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Fig. 7 The 130 meV and 170 meV spin waves in hcp-cobalt measured on (a) HET
and (b,c) IN1 illustrating the improved resolution and signal-to-noise obtained with the

time-of-flight method.

Vibrational spectroscopy

Work on metal hydride systems continued with a detailed study of the alpha phase
YH,y,;. A high energy measurement, Fig. 8, illustrates the nearly harmonic
behaviour of the degenerate a-b modes at 135 meV in the tetrahedral site and the
extremely anharmonic behaviour of the c-axis mode at 100 meVI6l. Using a lower
incident energy, a high resolution measurement revealed a splitting of this mode due
to H-H pairing atong the c-axis. These subtle features require a more sophisticated
quantum mechanical description of the interstitial hydrogens than the perturbed
simple harmonic oscillator which has until now been adequate.
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Fig. 8 The inelastic spectrum of YHg 11 measured on HET with an incident energy of
330 meV. The simple harmonic quantum numbers are given for each transition.

Studies of the dynamical structure factor of amorphous boron{”} were successful
despite the limited angular range of detectors available, see Fig, 9. Such problems
will benefit significantly from the newly installed detector array and these results
bode well for the future of such experiments on MARI.

Fig. 9 The scattering function for amorphous boron determined using an incident
energy of 360 meV. The angular range covered is 3° to 7° and 10° to 30°.



1SIS inelastic instrumentation 279

TFXA: The time-focussed crystal analyser spectrometer

TFXA is an inverted geometry neutron inelastic scattering spectrometer(®), The
sample, at 12 m from the source, is illuminated with pulses of white radiation.
Neutrons lose energy by exciting vibrations in the sample, and some are scattered
towards the analyser crystals. These graphite crystals are set to reflect neutrons of ~4
meV toward the detectors. The more energetic neutrons arrive at the sample first and
energy analysis is by time of flight. The spectrum was converted from neutrons per
channel to S(Q,¢) per energy transfer, by standard programs. The spectrometer has
excellent resolution, see Fig. 10, Ae/e < 2% and AlQI ~0.2 A-l, The fixed locus
through Q-¢ space effectively follows Q2 ~&/2 (A2-meV172),
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Fig. 10 Part of the inelastic spectrum of héxamethyline tetramine (HMT) measured
on TFXA. These high resolution data should be compared with the MaxEnt
reconstruction given in these proceedings by D.Sivia.

Samples are held as flat plates perpendicular to the incident beam. Therefore, for
energy transfers greater than ~30 meV the momentum transfer vector Q is also
perpendicular to the sample. This can be put to significant advantage in the study of
some hydrogenous single crystals.

We have already reported that TFXA is almost free of the effects of multiple
scattering(®), In the case of single crystal spectra this requires some qualification.
The effects of multiple scattering in single crystals is to produce spectra which are
more "powder” like. Hydrogenous crystals which are ca 1 mm thick scattering ca 5%
of the neutrons should not introduce significant multiple scattering problems.
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Spectrometer improvements

Since the last ICANS meeting, TFXA has seen several improvements. Principle
amongst these are improvements in resolution, flux and background.

(i) The resolution has been improved by obtaining detectors whose active
thickness was matched to the secondary spectrometer. These are 6 mm
thick squashed Helium tubes. At 5 bars filling pressure they are as
inefficient as BF; tubes at detecting high energy neutrons thus slightly
reducing the noise.

(i) The count rate has been improved by obtaining thicker graphite crystals,
with larger mosaic spread. There is a slight degradation in resolution
attendant upon this change—but this occurs in the elastic peak region.

(iii) The background has been improved by coating all exposed metal surfaces
by cadmium. The sample is also heavily encased in cadmium. The
reflection geometry of TEXA has simplified opting for this solution.

The calibration of TFXA has traditionally been based upon Hexamine (HMT) which
produces a very strong inelastic line at ~390 cm, see Fig. 11. We anticipate that
this choice of calibrant will have to change. This is because it produces a strong
(111) Bragg reflection at the elastic energy. With our reduced elastic resolution we
are no longer able to resolve the coherent and incoherent contributions to the elastic
line. A systematic error introduced by this effect leads to an underestimation of the
energy transfer values. This underestimate is not greater than 4 cm™..

Data treatment

Because there are no spectral variables open to choice on the TFXA spectrometer we
have instituted an automatic standard analysis program. The experimentalist
automatically launches this by ending his data collection. It has the advantage of
producing standard files, avoids wasting time and prevents inexperienced users from
producing very badly analysed data.

Molecular spectroscopists are making good use of the CLIMAX program. This is
analogous to the Rietvelt fitting programs for diffraction. Working with G. J.
Kearley (ILL) we have produced a version of CLIMAX which fits phonon wings out
to eighth order.

The effects of recoil scattering has also been identified on TFXA. In the context of
molecular vibrations recoil is an exaggerated and smooth phonon wing. It is present
when the lattice forces restricting small molecules are very weak. Useful, if limited,
parameters can be extracted from the recoil spectra of simple molecules, e.g., recoil
mass, average lattice energy.

Scientific highlight on TFXA: Hydrodesulphurisation catalysts

The high sulphur content found in North Sea oils can be reduced by the
hydrodesulphurisation process. The presence of sulphur poisons the surface of
normal active metal catalysts in the cracking and reforming reactions necessary to
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Fig. 11a TFXA data for Hp on tungsten disulphide at 50 bar.

Fig. 11b TFXA data for H, on molybdenum disulphide at 50 bar showing the sharp
0 — 1 rotational transition.

refine the oil. An understanding of the desulphurisation reaction is essential for the
efficient use of expensive hydrogen.

Following earlier neutron studies on the sorption of H; on MoS,, work on H, +
MoS, and H, + WS, has been extended to higher pressures!!?). The original high
pressure results produced convincing evidence that more than one absorption site was
present in MoS,. The second absorption site was associated with a spectral feature at
50 meV. This site saturates at 50 bar. Kinetic data shows that the
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hydrosulphurisation reaction over MoS, is first order in hydrogen partial pressures up
to 50 bar. It was assumed that the second absorption site was responsible for the
behaviour of the hydrogen in this important industrial process. The 50 meV band
was understood to be due to atomic hydrogen.

The TFXA data for H, on tungsten disulphide may be compared with those obtained
from solid H, in Fig. 11. The theoretical response of a recoiling’ H, molecule is
also shown. The TFXA results show clearly that non-dissociated H, molecules are
involved. This is confirmed by the very sharp transition at 14,7 meV which is the 0-
-1 rotational transition of molecular hydrogen. The spectra obtained, however, are
not simply those of solid H, condensed on the sample. This demonstration of the
molecular nature of the adsorbed hydrogen as distinct from the atomic nature
previously accepted has far-reaching consequences in understanding these important
chemical reaction mechanisms.

IRIS: The high resolution inelastic spectrometer

IRIS is an inverse geometry crystal analyser spectrometer optimised for high
resolutions (15 peV) up to moderate energy transfers (0-10 meV)11l, It was
commissioned during the second half of 1987 and is now in routine operation

130101I0AL UL i SvLUVLILL 1ldall O S 20 2AYY 220 LLRARAIL VpRAQliVi,

although a number of major items are still being installed.

Instrument description

The spectrometer views the ISIS liquid hydrogen cold source via a 34 m long
curved neutron guide which terminates with a 2.5 m long supermirror-coated
converging guide. At 6A the flux at the sample is enhanced by a factor of 2.8 due to
the converging guide. The sample position is at 36.54 m from the moderator and the
measured flux at 100 pAmp operation of ISIS is 5 x 106 n/cm?/sec over a sample
area of 3.5 x 2.5 cm?2,

At 6.4 m from the moderator a variable aperture disc chopper serves to prevent frame
overlap at the detector and to eliminate ISIS pulses when a wider energy transfer
range is required. At full ISIS frequency the wavelength window at the sample is 2.0
A. The energy transfer range spanned depends upon the phase of the chopper with
respect to the ISIS pulse. If the wavelength window is centred on the elastic line an
energy transfer range from +0.65 meV to -0.45 meV can be observed. In
downscattering only to the elastic line an energy transfer range from +1.85 meV to
0.0 meV can be observed. Decreasing the chopper speed to 25 Hz increases this
measuring window to 11.1 meV. The maximum energy transfer range is limited by
the short wavelength cut-off of the curved guide to a value of approximately 15 meV.
At this energy transfer the resolution is ~80 peV compared to 15 eV at the elastic
line.

It is a feature of inverted geometry spectrometers that the measuring range in neutron
energy loss is very large compared with a direct geometry spectrometer as a result of
the opposite handedness of the (Q-¢) loci, see Fig. 12. Direct geometry machines
(such as INS) achieve high resolutions by reducing the incident nentron energy such
that in the limiting case a very narrow energy transfer range with only a small
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momentum transfer range is observable. Inverse geometry machines suffer from no
such conflict. This feature is a great advantage when attempting to assign level
schemes in tunnelling spectroscopy and crystalline electric field spectroscopy with
very cold samples in their ground states.

Planned upgrades

A new ZnS scintillator is presently being installed. This does not suffer from
gamma sensitivity in the manner which the present detector does. As a result a
significant contribution to the spectral background derives from the effects of neutron
absorption in the sample and whilst hydrogenous sample could be studied routinely
non-hydrogenous samples containing significant absorbing species proved impossible
to measure. A gamma insensitive detector will also be a great relief in that we can
now resort to the flexibility of shielding using cadmium!

At the same time we are installing a radial collimator between sample and analyser
bank. This should reduce considerably background effects due to sample environment
windows and stray neutrons, although it will also have an effect on the signal.
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During 1989 we shall install a cooled beryllium filter between the sample and
analyser bank. Financial constraints allow us to purchase only sufficient beryllium
to cover half the analyser. This however should not be a severe restriction since it
will mainly be utilised for inelastic spectroscopy where full Q coverage is not
absolutely necessary initially. It will be installed to cover 90°-165° angles of
scattering with the possibility of switching this to the low angle analysers for crystal
field excitations if required.

Future developments

We have tested the idea of a mica analyser with a mock-up array which was by no
means optimised. An elastic resolution using the (004) mica reflection of 5.5 peVv
was recorded at an analysing energy 833 eV, see Fig. 13. Compare this with 15.5
peV presently available from the (002) pyrolytic graphite reflection analysing at
1.835 meV with a count rate ~25 x higher. Despite this reduction in counting times,
it was possible to observe tunnelling peaks at 15 peV and +150 peV in 4-methyl
pyridine zinc chloride, never previously observed, in a 16 hour run. We believe the
15 peV peaks are the lowest energy transfers observed to date at a pulsed neutron
source. Theoretically it is possible to use the (002) mica reflection to obtain
resolutions of the order 1 to 2 peV at an analysing energy of 208 eV but we were
not able to observe the elastic line due to frame overlap problems. (The (002)
reflection is detected on IRIS 10 pulses after the neutrons left the moderator!). This
may seem an impossible goal but we are planning to build a large area mica analyser
(at least 10 times larger than the prototype) focusing onto a single detector for use in
inelastic spectroscopy for operation in late 1989. We also plan to investigate
methods of increasing the mica reflectivity, The 4-MPZnCl, could then be collected
in 1 1/2 hours (or 45 minutes at 200 LAmps) and the trangition to the mica (002)
reflection with its 1-2 peV resolution is becoming attainable. (It should be
remembered that run times on IN10 are typically 24 hours.)

1 Pyrolytic MICA r
4 Graphite (004) -
: (002) +
1 Resolution =15-5ueV Resolufion= 5:5eV |
] !

Intensity

—

7 i

T
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Fig. 13 Test data on IRIS comparing the 5.5-ueV resolution avaiiable from Mica
(004) with the standard 15-ueV resolution of PG (002).
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Scientific highlight on IRIS: Intermolecular coupling in
4-methyl-pyridine

CsNH,+CHj have been revealed by neutron scattering on the IRIS spectrometer. The
tunnel level in 4-methyl-pyridine at 520 ueV, very close to the free rotor limit for a
methyl group of 665 peV, is one of the few examples of an almost-free rotor found
in the solid state. Instead of a single tunnel level expected from a molecule which is
non-interacting with its surroundings, the tunnel spectra of 4-methyl-pyridine
measured on IRIS exhibits four discrete components centred around 520 peV, see
Fig. 14. In an attempt to unravel the cause of the complex spectrum, a series of
experiments have been performed on IRIS varying both temperature and the dilution
of the hydrogenated molecules with fully deuterated molecules. Both increased
temperature and increased dilution clearly weaken the coupling between neighbouring
molecules giving rise to an anomalous rise in the tunnelling frequency as a function
of temperature at low concentrations. The results are being modelled theoretically
using the concepts of dynamic and static coupling of methyl groups employing
gauge theory!1?! and by utilising the sine-Gordon formalism which proposes the
existence of soliton-antisoliton waves(3.
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Fig. 14 Decomposition of the 520 meV tunnel level in 4-methyl-pyridine into four
components (a) by Gaussian fitting and (b) by the maximum entropy method.
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PRISMA:
A high-symmetry inelastic spectrometer

PRISMA stands for PRogetto dellTstituto di Struttura della MAteria del CNR.
Under an international collaboration signed in 1985 between SERC and the
Consiglio Nazionale delle Ricerche, CNR, Frascati, Italy, PRISMA has been
provided by Italy for installation on ISIS.

PRISMA is designed to measure coherent excitations in single crystals(!4l, The
scattering function S(Q,¢) is measured along a high-symmetry direction in reciprocal
space to be determined by the experimentalist. With the present set of germanium
analysers the energy transfer range reaches up to 200 meV (depending on the choice
of wavevector Q).

The instrument operates in inverted geometry, i.e., it has a white incident neutron
beam. The energy change of the scattered neutrons is analysed by 16 independent
analysers, €ach equipped with a detector. The angular separation between the
individual detectors is 2°, so a total ¢-range of 30° is covered, see Fig. 15. Keeping
the ratio (sin¢j/sin®A ;) constant for all analysers ensures that every analyser-detector
arm records S(Q,€) along the same Q-direction in reciprocal space. The positioning
of all analyser and detector motors, as well as of the motors for the sample angles ¢
and ¥ and the sample goniometer, are controlled by a dedicated PC.

An elaborate software package has been developed for communication between the
PRISMA control programme, the standard ISIS data acquisition, CAMAC software
and the IBM personal computer which controls the 34 positioning motors (16
analysers, 16 detectors, the rotating collimator and the ¢-arm). This allows to set up
the spectrometer by computer in every desired configuration. Also a single motor or
a physical quantity (like the analysing energy of an analyser) can be driven and
scanned individually. A simulation program including a graphics display enables the
experimentator to select in advance the most favourable configuration for an
experiment.

Within the past few weeks, commissioning experiments have yiclded very promising
data, demonstrating clearly the power of this instrument to measure dispersion
curves. As an example we show the phonon dispersions along the [1,0,0] direction
of a single crystal of copper. Figure 16 summarises the results from all the available
detectors. The curved solid lines indicate the time-of-flight loci of the 16 detectors,
with the thick line marking the detector whose spectrum is shown in Fig. 17. The
measurements were performed at room temperature and therefore phonons in energy
gain and energy loss were observed. We would like to stress that this dispersion
curve was the result of a single setting of the instrument. The data were obtained in
1.6 mA-hr, equivalent to less than a day running at current ISIS conditions. It is
also evident from Fig. 17 that instrumental resolution effects influence strongly the
shape of the spectra. Therefore a powerful software programme is required and is at
present under development, in order to analyse the data in an appropriate way.
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Fig. 15 The PRISMA spectrometer with part of the shielding removed to show the
¢-arm with the 16 analyser-detector arms and the pathway of the ¢-arm through the
shielding.
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Fig. 16 The phonon dispersion relation measured along the [100] direction in a
single crystal of copper during early tests on PRISMA. The solid lines are the loci in
(Q, €) space scanned by each detector, while the dashed lines indicate the known
dispersion relation. The locus corresponding to detector no. 9 is highlighted.
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Fig. 17 The spectrum of one individual detector (no. 8). Phonons in both energy

gain and loss are clearly seen.
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eVS: The electron volt spectrometer
Low-Q programme

The original goal of eVS was to explore high energy transfer scattering at low values
of associated momentum transfer using (n,y) detectors!5l, A review held in Spring
1988 concluded that below 500 meV transfer, chopper spectrometers such as HET had
significantly better resolution and count rate than was achievable by this method.
(Figure 18 compares the observation of intermultiplet transitions in praseodymium

the interesting cross-sections such as those associated with interband electronic
excitaiions are predicied o be far t0o small i0 be observabie wiih curreni
instrumentation. As a result of this review the high energy transfer, low Q
programme on eVS$ has been terminated.
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Fig. 18 Intermultiplet transitions in metallic Pr observed in 1300 pA-hr on HET (top)
and in 7000 pA-hr on eVS (bottom).
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High-Q programme

Progress on the high Q programme of eVS has continued with the development of a
multidetector system based on the (n,Y) capture resonance in thin foils. An array of
seven Bismuth Germanate (BGO) photon detectors was installed and commissioned
using Ta annular analysing foils (E; =4.28 eV, 10.3 ¢V and 23.9 ¢V) with a range
of thicknesses between 10 um and 50 um. Measurements have been undertaken at
high energy and momentum transfers which allows the momentum density of the
recoiling atoms to be obtained within the impulse approximation. Several
experiments within this regime have been carried out on polycrystalline graphite and
a comparison between the single and multidetector systems made in terms of the
signal count rates and signal to noise. The signal count rate is 20 times greater for
the multidetector system albeit with a small loss in overall signal to background
compared to a single detector system. In further measurements on polycrystalline Be
the counting statistics were sufficient to allow data to be analysed using all three
main resonances in Ta. Figure 19 shows the recoil scattering spectra from Be and the
Al sample container on an energy transfer scale using the 4.28 eV resonance. Also
shown is a two-Gaussian fit to the data, Measurements undertaken at 16 K on the
same sample have clearly indicated the corresponding decrease in the mean atomic
kinetic energy (extracted from the recoil width) in agreement with theoretical models
based on the phonon density of states. Recent data have been analysed using the
method of y-scaling where it has been possible to compare directly recoil scattering
data obtained on both eVS and HET.

Be

Al

Neutrons meV™?

L ] Il 1. A 1

0 1 2 3 A 5 6 7 8
Energy transfer (eV)

Fig. 19 The recoil spectrum from polycrystalline beryllium obtained on eVS with the
4.28 eV resonance in Ta.
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Due to an increase in the demand for studies of momentum distributions on ISIS the
present eVS system has been modified and extended to undertake recoil scattering
from hydrogenous materials. The fixed high-angle system imposes kinematical
constraints which does not allow recoil scattering from mass 1 particles. An
intermediate angle recoil spectrometer has therefore been developed to cover the
angular range 30°-120° using 30 He? detectors positioned 0.5 m away from the
sample. Figure 20 shows the new eVS spectrometer on ISIS. Curved analyser foils
of Ta and An are available providing a range of energy and momentum transfers. The
resonance filter difference method will be used to obtain the recoil scattering spectra.
Preliminary trial measurements on ZrH, with Ta and Au have produced some
promising results in terms of both signal count count and signal to noise. A user
programme for the study of hydrogenous samples is already scheduled on this
spectrometer.
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Fig. 20 The intermediate angle spectrometer on eVS, which is optimised for recoil
scattering from mass 1 and mass 2 systems. Energy analysis is performed using
tantalum or gold resonance difference techniques.

VS ELEVATION

Future developments

In an attempt to return to the original goals of the eVS programme, namely the study
of high energy excitations at low values of associated momentum transfer, a new
spectrometer design is being investigated. Drawing on experience from HET, it
would be a high resolution direct geometry spectrometer which would cater to the
existing demand for high resolution magnetic scattering and would allow Brillouin
scattering in amorphous systems to be explored, see Fig. 21. In addition a parallel
development programme on high energy monochromating choppers and tests on
polarised beams on chopper spectrometers could be performed. Detailed studies of the
feasibility of constructing such a spectrometer at modest cost utilising existing
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equipment are in progress. Sources of external funding for this project are also being
explored.
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Fig. 21 The energy transfer resolution (Ae/E;) of the proposed high resolution
spectrometer (Primary flight path 15 m, Secondary flight path 11 m) as a function of
fractional energy transter (¢/E;) compared with HET.

MARI: The multi-angie rotor instrument

The MARI projeét, a joint collaborative venture between RAL and the Japanese
National Laboratory of High Energy Physics (KEK), is now under construction at the
ISIS facility. The instrument is based on a fast Fermi chopper device, similar to that
used on HET, providing energy transfer resolutions, AE/E; ~1%. The chopper
system, manufactured by Uranit GmbH at Julich, was recently delivered to RAL. An
identical chopper system and associated rotor package has been manufactured for
KEK. The spectrometer will view the 100 K liquid methane moderator and will use
incident energies in the range 50-1000 meV. A unique feature of this new
spectrometer will be that it will record inelastic scattering processes in the vertical
plane using a large angular array of helium detectors with a coverage between +10°
and 10°-135° (see Fig. 22). This will provide an accurate interpolation from S(¢,t) to
S(Q.g). The low angle octagonal bank and the large detector vessel, containing three
3He detectors at each angle, forms a continuous angular coverage and is well shielded
internally with B4C plates and collimation vanes. This large angular range together
with the high resolution will enable science to be undertaken in areas such as
molecular spectroscopy, magnetic excitations, measurements of S(Q,g) and
momentum distributions. It is anticipated that commissioning experiments will
begin in the spring of 1990.
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=}

Fig. 22 Plan and elevation views of the MARI spectrometer.

The polarisation programme at ISIS

A series of measurements made in 1985-86 on a sintered SmCos filter showed that
this material has very good intrinsic properties as a neutron polariser at all neutron
energies up to about 160 meV. The polarising efficiency in this energy range varied
between 98% and 70% with corresponding transmittances between 10% and 30%.
These results were obtained at approximately 1% of the ISIS design current (~2 nA),

Later measurements at 10% of the full ISIS current showed significant filter heating
effects. The polarising efficiency at the 14%Sm resonance peak energy (97 meV) was
reduced to 65% and the transmittance to 3%. This corresponds to a nuclear spin
temperature in the filter of ~70 mK, whereas an independent measurement of the
dilution refrigerator temperature by Co nuclear orientation thermometry gave 13 mK.
Subsequent tests showed that this heating was caused by poor thermal contact
between the filter material and the mixing chamber of the dilution refrigerator.

Considerable effort was put into achieving a good metal-metal contact between the
filter material and the copper filter holder. A successful solution to this problem was
found first by ion implanting copper on to the surface of the filter, and then soldering
this to a copper plate which formed part of the mixing chamber base. A filter
prepared in this way was found to be well-coupled to the mixing chamber and the
limiting factor determining the performance of the filter was then found to be the
cooling power of the refrigerator, Two observations supported this deduction: (i)
the filter temperatures measured by neutrons was equal to the mixing chamber
temperature measured by Co nuclear orientation, and (ii) the time constant for
cooling the filter was longer than in previous filters, and equal to the cooling time of
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the fridge. The cooling power of the dilution refrigerator used in this test was ~1
pwatt at 20 mK (the temperature required for an effective filter performance), and
from this it was concluded that a 40 pwatt dilution refrigerator (which is now
commercially available) is required for effective filter operation in the incident beam
on the Polaris beam with ISIS operating at 100 pA.

This development programme has been discontinued for the present. Although only
partially successful we can conclude that: (i) it is feasible to construct a large area
polarisation analyser using the permanent magnetic material SmCos for neutron
energies E < 200 meV (the advantages of not requiring an applied field are self
evident) and (ii) the method can also be used in the primary beam on a pulsed source
chopper monochromator, since monochromatic fluxes would not be sufficient to heat
the filter.

The current plans for polarisation work at ISIS are to construct a polarising bender
made from Co/Ti supermirrors with Gd/Ti antireflecting layers. The device designed
has a length ~1.2 m with a critical wavelength A* ~0.87A (E* ~110 meV) and is
similar in design to the bender on the LOQ spectrometer. It is expected to be
available for first tests towards the end of 1989.
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1. Introduction

A direct geometry chopper spectrometer combined with an advanced pulsed
neutron source has a promising feasibility for its wide accessible dynamic range in Q-
« space and for the applicable various fields of high energy magnetic excitations,
molecular dynamics and dynamics of liquids and glasses . The recent scientific
requirements of measuring high energy excitations caused the decision to build a
chopper spectrometer at KENS.

The development of a sophisticated magnetic bearing made it possible to realize a
short chopper burst, due to the high speed revolution, as narrow as the neutron pulse
width from a moderator in the epithermal neutron region, providing higher
momentum and energy resolution with less sacrifice in intensity.

In this report we discuss a spectrometer called INC, which is under construction
at KENS, aiming at neutron scattering with an energy transfer from 20 to 1000meV
and a momentum transfer from 0.3 to 40A-1.

2. Design Performance

INC was installed at beam hole H-6, which views a polyethylene moderator at
room temperature. This beam line has the widest and longest available space, so that
INC can perform at its highest ability by arranging the detector arrays at a wide
scattering angle. However, the flight path of 7m from the bulk shield with 4m thick
was the most important restriction for designing the spectrometer. We tried to find
optimal parameters to achieve better performance under this restriction. We adopted a
horizontal layout rather than a vertical one, and took the parameters L1=7m, the
distance between the moderator and the monochromating chopper, L2=1.3 or 2.5m,
between the sample and the detector, and L3=1m, between the chopper and the
sample. (L2 is 2.5m for the scattering angle 5°-25° for the lefthand side detector bank
and 5° - 40° for the righthand side detector bank from the downstream point of view,
while 1.3m for 40° - 130°.) These parameters satisfy most of our required
performance as discussed below.
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2.1. Accessible Range in Q- Space

The detectors cover the scattering angle from 5° to 130° and give a wide accessible
range in Q-w Space. Figure 1 shows the accessible Q- space at the scattering
angles of 5°, 11°, 25°, 40°, 80° and 130° with the incident energies of 100, 400 and
1000meV. As it is well known, due to the kinematic constraint of neutrons, small
angle scattering with high energy neutrons is indispensable in measuring the
scattering with high energy transfer at smaller Q, which is especially important in
high energy magnetic excitations.
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Fig. 1 The Q-w space accessible with scattering angles of 5°, 11°, 25°, 40°, 80° and
130° for the incident energies of 100, 400, and 1000 meV.

2.2. Resolutions

The energy resolution is essentially determined by two dispersive parts of R1 and
R2 due to the chopper opening time width and the neutron burst pulse width at the
moderator, as discribed below, and can be expressed in a good approximation asl),

= (R0 +—E2 B2 )2+ (2Ral 4 2 (LS L2
1



KENS chopper spectrometer

Then the momentum resolution is described using the energy resolution as,

éQ 2'1"3% 72 (cos(®o)- \/E )2(——)2 sm2(<1>o) AQ2 )12,

where
R1=Atch/tch, R2=Atm/teh = dm/Ly, Atch— P(u),
P(u)=l+2- for 0<u<0.8
P(u)=2+u-(du-u?)1/2 for 0.8<u<2
P(u)=u for 2<u
= et A

L D

2xL4 f sin(a
Winnet = Wan(cos(0)- --4——(—)-)
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The notations used in the above equations are defined below, and shown in Fig.2.

Aty : neutron pulse width

Sm : moderator effective thickness

o : moderator rotation angle

W : moderator width

L : flight path length from the moderator to the chopper
Ly : flight path Iength from the sample to the detector
La : flight path length from the chopper to the sample

D : chopper rotor diameter (assumed to be 10cm)

w : chopper rotor slit width

tch : time of flight at the chopper

Ateh : chopper burst time width

f : revolution frequency of the chopper (assumed to be 600Hz)
vp : chopper peripheral speed (vp=nDf)

odi] : scattering angle

A : angular ambiguity by a detector (detector diameter 2.5cm)
vo - :velocity of incident neutrons

E; : incident energy of neutrons

Ef : final energy of neutrons

£ : energy transfer

Ae : ambiguity in energy

k; : wave number of incident neutrons

Q : momentum transfer

AQ : ambiguity in momentum
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w monochromating
Chaopper

Fig. 2 Specrometer configuration. Detectors

For the room temperature moderator in KENS, a neutron pulse width of

Aty=1.5/VE [eV] us is a good approximation in the epithermal neutron range above
250meV, which gives 2.1cm for 8 | but becomes longer with an asymmetric long
tail below 250meV. For example, it is about 10s at E;=100meV. The moderator
has angle clockwise by 15° to the H-6 beam line, and this configuration gives the
optimal time focusing for 500meV. The moderator width Wiy, is 8cm. The slit width
W of the chopper rotor is determined from Atcp, = W/vp, with the optimizing
condition At., = Aty,. For example at the incident energy of 300meV, the slit width
becomes 0.10cm.

In Fig.3 the energy resolution Ag/E; is plotted as a function of &/E;j. The solid
line is for Lp=2.5m, and the upper broken line is for Ly=1.3m. The resolution of

HET(high resolution chopper spectrometer at ISIS, RAL) is also plotted as a
reference.
Figure 4 shows AQ/Q at an € of 0.2E;, 0.4E;, 0.6E; and 0.8E; as a function of

Q/k;. The discontinuities at Q/k;=0.7 correspond to d=40°, where Ly changes from
2.5m to 1.3m.

2.3. Required Resolution

Here we do calculations using actual scientific examples to estimate the
feasibility with the designed resolutions.

1) High Energy Magnetic Excitations
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Fig. 3 The energy resolution Ac/E; as a finction of e/E;. The solid lineis Ly =2.5m
and upper broken line is L, = 1.3 m. The resolution of HET is also plotted as a
reference (L; =10, La=4and L3 =1.8m).

We consider the crystal field splitting in UO, demonstrated by HET2). They
observed excitations around 150meV with FWHM about 6meV. Now we suppose E;

= 250meV and e=150meV with Q < 4.5A-1, For this condition the scattering angle
® <12° is required, and the result is shown in the table below. We can resolve those
excitations by a close shave.

Ei b 1.2 € Ag(calc.) FWHM(obs.)
250meV  <12° 2.5m  150meV 3meV 6meV

if) S(Q,®) of glassy materials

We examine the following extreme examgles, although glassy materials in
general do not have sharp structure in Q-0 space).

SiS7 glass has an exceptionally sharp excitation as measured in the Raman
spectrum at 420cm-! (52meV) with FWHM = 20cm-! (2.4meV) 4) corresponding to
the A1 mode. When E;{ =100meV, the resolutions are as follows.
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Fig. 4 The momentum resolution AQ/Q ate of 0.2 E;, 0.4 E;, 0.6 Ejand 0.8 E;as a
function of Qvk;. The discontinuitites at Q/k; = 0.7 correspond to the scattering angle
0 = 40°, where L, changes from 2.5 mto 1.3 m.

Ei L2 £ Ag(calc.) FWHM(obs.)
100meV 1.3m 52meV 4.0meV 2.4meV
100meV 2.5m 52 28 24

The energy resolution Ae for Ly = 2.5m is just comparable to the natural width of
the excitation.

In some glassess), there is a first sharp diffraction peak (FSDP) in S(Q) at around
1 Al with FWHM = 0.2 A-1. When we take E;=100meV, although this condition is
not optimal for measuring elastic scattering at Q = 1 A1, the momentum resolution
AQ is again comparable to the FWHM of the FSDP as shown in the table below.
From the considerations above, we believe that the resolution of INC are reasonable
for usnal case.

Ei b L2 Q AQ(calc.) FWHM(obs.)
100 meV 8° 2.5m  1.0A°1 0.15°1 0.2-1
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3. Chopper System
3.1. Monochromating Chopper and Background Suppression Chopper

A chopper system is supplied from RAL as a part of the UK-Japan collaboration.
The chopper is equipped with a magnetic bearing system developed at KFA, Jiilich6).
The chopper is almost the same as that of MARI (multi-angle rotor instrument at
ISIS). The rotor can be spun at 600Hz with +0.2jus phase ambiguity for fixed
frequency operation, and is designed to rotate clockwise when viewed from the top in
order to realize time focusing. We will have four rotors with different slit packages,
which are optimized to E;= 50, 100, 200 and 500meV. The beam aperture of the
chopper is 6x6cm2.,

In order to suppress delayed fast neutrons from the uranium target as well as fast
burst neutrons, a background suppression chopper is indispensable for INC. We are
developing a mechanical chopper system for this purpose.

3.2. Phasing

In order to achieve the required resolution, the chopper rotor must be phased
accurately with the accelerator having a time ambiguity of about £5is in successive
beam extractions, We have developed electronics to solve this problem.”) There is
an acceptable time band for the extraction of the proton beam from the Booster
synchrotron of about +50us centered at the peak magnetic field. Within the
acceptable band, the beam can be extracted according to a request signal from the
chopper. Otherwise, the beam is extracted automatically at the end of the band.
Figure 5 shows typical results of the phasing experiment using the Harwell Mk VIII
rotor spinning head at a rotor revolution speed of S00rev/s. In the figure the distribu-
tion of the extraction time after request signal is plotted. The results show that the
beam extraction time is phased to the request signal with a time ambiguity of +0.4ps
and a duty factor of 99%. These values are sufficient for practical operation.
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Fig. 5 Typical results of a phasing experiment using Harwell Mk Vill rotor spinning
head at a rotor revolution speed of 500 rev/s. The distribution of the extraction time
after request signal is plotted.
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4. Collimator System

The design of a collimator system was essentially based on the ray diagram

consideration®), The collimator system consists of two parts. The inner collimator in
the bulk shield and the outer collimator between the two choppers consist of sintered
B4C, steel and borated resin (boric-acid 40%, polyethylene-beads 40%, epoxy-
adhesive 20% in weight) making an image 6x6cm? at the sample position. They
were designed so that the iron soften fast neutron spectrum, the hydrogenous
compound slows down neutrons to be absorbed by the boron, and the scattered
neutrons are captured by B4C scraper projecting inward in the collimator. Figure 6
shows the details of the collimators.

l INC Collimater System

Scale Ratio

S5cm

Outer Collimater

im

Fast Fermi Sample

Chopper

Background
Chopper

Bac, Collimater Unit

Borle acld
Polyethylen
Epoxy Reslne

Fe

Fig. 6 Details of the collimators. The inner collimator in the bulk shield and the outer
collimator between two choppers consist of sintered B,C, steel and borated resin.

5. Spectrometer

The spectrometer shield enclosing the scattering chamber is mainly made of
borated resin (boric-acid polyethylene-beads epoxy-adhesive combination, 45, 45,
10% in weight) 30 - 40cm thick, and partly made of ordinary concrete 30 - 50cm
thick. The thickness of these shields was determined by dose measurements under
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actual conditions. The shield has a shield door for access to the detectors, and there is
a sliding overhead shield for access to the sample.

Figures 7 (a) and (b) show the layout of INC. The scattering chamber consists of
two parts; a sample chamber (high vacuum) and a detector chamber (low vacuum).
They are separated by a thin aluminum window 0.1mm thick. The detector chamber
has 13 detector-windows of aluminum plates 2mm thick. The low angle bank has a
flight path length of 2.5m with six-fold detector arrays covering scattering angles
from 5° to 11°, which can accommodate 80 detectors (6", 8", 10" and 12" in
length,1" in diameter). The medium angle bank consists of 50 detectors (12" in
length, 1" in diameter) in single detector arrays, which extend from 11° to 25° at the
lefthand side and from 11° to 40° at the righthand side from the downstream point of
view. The high angle bank has a flight path of 1.3m, covering scattering angles from
40° to 130°, and can accommodate up to 80 detectors (12" in length, 1" in diameter).
In order to cover the angles between the detector banks, there are insertion detector
banks in the detector chamber,

The inside of the detector chamber is completely covered by B4C resin tiles
10mm thick, so that the detectors sce only the sample.

6. Data Acquisition System
6.1. Compact Charge-Sensitive Amplifier

We have developed low-cost high-performance charge-sensitive amplifier for
multi-detector use?), which has excellent performance of very low noise with very
high counting rate. The amplifier includes a charge-sensitive preamplifier, a pulse
shaping amplifier and a discriminator. The size is very compact and is 3 X 7 X
10cm3. This made it possible to make 200 detectors for INC at a low cost.

6.2. Data Acquisition Electronics

We have developed new data acquisition electronics. The time boundary of the
time analyzer can be set in arbitrary way by computer to minimize the time
resolution to fit with the other contributions such as neutron burst pulse width and
chopper burst width, and can be used very flexibly. The details are described in Ref.
10.

7. Discussions
7.1. Intensity and Background

Here we show the estimated counting rate from U4+ (UO,) in the INC,
comparing with the measured background level and the results from the HET2),

The cross section for crystal field splitting averaged over all direction is given
byl 1)

d%c

k¢ . .. .
T =r0EPn{a502+b3032+cJ22 +..)8e-Ep+E).
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Here, jy, is the spherical Bessel function of order k. We consider the case of the I's —>
'3 transition, i.. from the ground level (n=5) to the first excitation level (n'=3) with
€=180meV. P5 is product of the degeneracy and the population factor, which is about

2
1/3. a is the matrix element for the transition, and is 1.28. g is €2 = 0.29 x10-
€

24, In case that the total momentum is a good quantum number, the zeroth Bessel
function is dominant and the cross section can be written by

d%c ki .
<__>1Gl=r0EP5aJQZ 8 -E5+E3).

We take E;=300meV (kj=12.2A-1), Es=120meV and e=180meV. The cross section at
Q=4.5A1 (measured by the 5° detector) with jj = 0.6 is

2
<&9. _ (10.54 x1012)2 13 VEE; x 1.28 x 0.62 8(e - E5 + E3 )

dQde
=0.0256 x 1024 8(¢ - Es + E3 ) [cm%/meV/str]

Then the counting rate ( integrated intensity of I(e) ) at a detector is

[1(e) de = I de i(Ep N <d‘:—2)§€-> T(E;) f(Ef) P C dQ

= 15.6 [n/day/detector/uA]
The flux intensity at the sample position i(E;) is expressed as,
i(E)= 1/(L1+L3)2 Ae/E;  [nfcm?/p].

The values used are as follows,
« the intensity of neutrons from a moderator per steradian per eV at Ej per proton
expressed by ris

E.(0.36V)
r=1.0x 102 x ('ET(TEV_)' 088 1 cir/eV/p] for Ej = 300meV.

* Ae/Ei=1.3% at 180meV , i.e. Ae=3.9meV or At=8s at t=516ys.

» sample amount is N=0.3mol (1.8 x1023 U atoms) assuming 10% scatterer and the
beam size of 60(wide) x 60(long) x 2(thick)mm3.

+ T(E,) is the transmission of the chopper, typically 0.5.

« f(Ey) is the detector efficiency, 0.8.

« P is the number of proton pulses in a day, 1224 x 103 pulses/day.

« C is the number of protons per proton pulse per pA, 3.1*1011 ppp/uA.

+dQ ig the solid angle subtended by a detector (2.5x30cm?) at the 2.5m position, 1.2
* 107 str.
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If the counting rate estimated above is spread over 20 meV (50us), we have
0.33cnt/day/uis/detector/wA. This value should be compared with the background
counts, 0.034 cnt/day/us/detector/uA, which was obtained with a reference detector
surrounded by 2cm thick B4C resin and 30cm thick boric acid.

The counting rates from UO7 measured in the HET were scaled by the parameters
of KENS, and are 0.18 for the signal and 0.056 for the background. The counting rate
0.33 estimated above shows fairly good agreement with the scaled value of HET
measurement. The thickness of the constructed shield seems to be good enough for
distinguishing the signal from the background.

7.2. Counting Rate
It turns out that the performances of INC satisfy most of the requirements for the

targeted scientific fields. The counting rate per unit solid angle of INC, I(e)INC , is
compared in a Table below with HET and MARI,

| Lim Ls(m) Lym) PRA) M Alcm®) I(E)IEINC

INC 7.2 1 25 8 2 6x6 1
HET 10 1.8 4 200 1 5x5 1.2
MARI { 10 1 4 200 1 6x6 2.0

where I(e) = 1/(L1+L3)%/L22 Ae/E; XxPxMXxA. P is the proton current, M is the
target-moderator coupling factor, A is the sample area and I(e)/I(e)NC is the ratio of
the expected intensity at a detector for the spectrometer to that of INC.

As we see here, the counting rate per unit area at the detector position in INC has
encouraging value even compared with that in HET and MARI in spite of the lower
proton current at KENS. Therefore INC could produce reasonable scientific output
with a slightly lower resolution.
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On the kinematics and resolution of spectrometers for
neutron Brillouin scattering

R. A. Robinson

Los Alamos Neutron Scattering Center
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Los Alamos, New Mexico 87545
USA

ABSTRACT: Neutron Brillouin scattering involves measurement of
excitations at smaller Q values than is currently customary. We outline the
kinematic constraints on scattering angle and incident energy for excitations
with both linear dispersion (sound waves) and parabolic dispersion
(ferromagnetic spin waves), and discuss the resolution characteristics of the
chopper spectrometer proposed for LANSCE which should be suitable for such
studies. In particular, we demonstrate that longitudinal resolution focussing
can be exploited both in neutron energy gain and in neutron energy loss.

1. Introduction

In general, measurements of sound velocity by means of inelastic neutron scattering
have been made in higher-order Brillouin zones (i.c., not at the reciprocal-space
origin) of single crystals using reactor triple-axis spectrometersi!l. If single crystals
are unavailable, this method cannot be used. Nor can it be used for amorphous
solids, liquids or gases, in which there is no translational symmetry and hence no
reciprocal lattice. In these cases, it is necessary to work close to the wave-vector
space origin, in a manner analogous to conventional optical Brillouin scattering.
Some measurements of this type have been made on triple-axis spectrometerst?! as
well as reactor time-of-flight machines(®], but the momentum transfers reached have
been relatively large. This necessitates the use of neutron energies rather large in
comparison with the energy of the acoustic phonon concerned and very small
scattering angles. This is a demanding combination: the use of high neutron energies
means that the resolution requirements are tight, while working close to the straight-
through beam, and its attendant background will degrade the signal-to-noise ratio of
the experiment, However, with the new high-intensity accelerator-based sources such
as LANSCE at Los Alamos and ISIS at Rutherford Appleton Laboratory, these
experiments should be feasible.

It must be added that the requirement for high incident energies and small scattering
angles arises in other areas, for instance, the measurement of highly dispersive spin
waves in amorphous magnetstl. It is the purpose of this article to address the general
question of kinematics and resolution for a neutron Brillouin scattering spectrometer
and to propose a specific configuration that could be implemented at one of the new
high-intensity spallation sources.




312 Kinematics and spectrometer resolution

For the purpose of discussion, we will consider two sound wave and two magnetic
cases: firstly, a material with sound velocity of 1000 ms* down to a wave-vector Q
= 0.05 A1 and secondly, a material with sound velocity of 6000 ms™! down to
Q =0.3 Al. The former corresponds loosely to a typical liquid, while the latter
corresponds to the longitudinal sound velocity in a fairly hard solid like aluminium, a
case that has been considered previously by Reichardt?®! for SNQ. In both of these
cases, we will find that one requires scattering angles in the vicinity of 1°. In
addition we consider ferromagnets with spin wave stiffnesses D of 30 meVA2 and 300
meVA2, The former of these corresponds loosely to a weak itinerant ferromagnet like
Ni;All), and the latter corresponds loosely to a strong itinerant ferromagnet like iron
or nickell78},

An abbreviated version of this work has already appeared elsewhere®l,
2. General kinematical considerations

In general, when designing a spectrometer or deciding how to perform a given
experiment, one has some idea of the excitation energy E and the wave-vector Q that
one would like to reach. The normal energy and momentum conservation laws for a
neutron scattered by an angle ¢ then determine the incident energy E; that must be
nsed:

2
EI = Eﬁzﬂ {(Qz + € Sin2¢ ) % cos (q))‘/—m} M
where

_2mE

2
ﬁz @

€

These equations are perfectly general and are not specific to Brillouin scattering or
time-of-flight instruments. There are two solutions to eq.(1). However, they are not
always both physical. For instance, in the case of elastic scattering (¢ — 0), the
positive root gives

2 2
E=—22
|

2| & 3)

2msin®| 5
which corresponds to Bragg's Law, while the negative root gives
2 2
E = i Q
.=
¢ C))
2m cos? _Z_J
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which is clearly unphysical. In fact, it can be shown that the negative root is
unphysical if lel < Q? (see appendices for proof.) This constraint is shown in Fig. 1,
along with the dispersion relations for sound waves with v = 1000, 2000 and 6000
ms’l. For any value of Q in the Brillouin scattering regime, one has two solutions
and the negative root is to be preferred as it gives the lower incident energy. For
ferromagnetic spin waves, with a dispersion relation E = DQ?, there are two solutions
if D > 2m/#2 (0.4826 meVA2), As most systems are stiffer than this, again one is
in the two-solution regime and the negative root is to be preferred. In other words,
although the relative energy changes in Brillouin scattering are small, it is pot a
small perturbation on Bragg scattering, or one can say that Brillouin scattering is
closer to the ¢ ~ 0 limit than the E — 0 limit.

2:0 .
E \
/meV

2 solutions P

_hQ

5k \ E__.__
2m \

woll N V:6000 ms™ \
v:=2000ms™ .
v=1000ms™ 1 solution

[

o 05 10 Q/A s

Fig. 1 The region of phase space in which there are two physical solutions to Eq. (1)
and in which there is only one. While the high-energy solution is the only one for
elastic scattering (E = 0), for any Q-values and sound velocities appropriate for
Brillouin scattering, both solutions to Eq. (1) are physical and the low-energy solution
is preferred.
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For any given E and Q, there is 2 maximum possible scattering angle ¢p,,, given by

4
sin? ¢, = % &)
and a corresponding incident energy EJ (.,) given by
2 32
A =5 +e
By Omad = 3= | J ©.

In addition, there is a minimum possible incident energy EImin’ corresponding to
forward scattering (¢ = 0), given by

El.na,.:

Equations (5), (6) and (7) serve to define the broad angular and energy range within
which one must work for any given value of E and Q.

2

fi 2.2
(e+Q)
8sz .

3. Application to sound waves

For excitations, like sound waves, with a dispersion relation E = #ivQ, Equations (5),
(6) and (7) become

2.2
. 2 1 Q
sin ax = 8,
¢m 4m2v2 ( )
_ 2 ﬁVQ
El(q)max) =mv- + 2 (9)
and
2 2 2
=-A { —n_;ilg +Q } 10
wn gmQ? (10).
AsQ— 0,
2
El(q)max) —»mv? and EI ‘ ——)3-12!— (11).
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In other words, the incident energy scale is proportional to v2 and there is a factor of
two available in the choice of E;, but no more than that.

The variation of E; with ¢ is shown in Figs. 2 and 3 for sound velocities of
1000 ms™! and 6000 ms’!, respectively.

4. Application to ferromagnetic spin waves

For ferromagnetic spin waves with E = DQ2, Equation (1) can be written in the
simplified form

E, - #Q° { | 4 2mD ;inz(b + cos() \/ L. 4 m?D’sin%0 l
4 m sin%0 L h 7' J
(12)

Clearly, E; is simply proportional to Q2 and, as is well known!!%, ¢,y is
independent of Q:

ﬁ4

$in2Q, 0 = — (13).

4 m’D

Equations (6) and (7) become

202 | 4m?D 2le
E; (9mar) =%§—< U
t J (14
and
#Q*| 2uD 4 i

Elmin = 8m ﬁ2 (15)

Note that while the angular range available is independent of Q, the incident energies
required for such experiments rise in proportion to Q2.

The variation of E; with ¢ is shown in Figs. 4 and 5 for spin wave stiffnesses of 30
meVAZ2 and 300 meVAZ, respectively.
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Fig. 2 Plot of Incident energy E, versus scattering angle ¢ for a sound velocity of

1000 ms™!. The low-energy solution of Eq. (1) is plotted for Q = 0.05, 0.1, 0.3 and 0.5

A-1. The corresponding energies are 0.33, 0.66, 1.97 and 3.29 meV respectively.
The dashed lines extend to dmax and Ef (dmax), respectively. This figure shows the
possible trade-off betwaen incident energy and scattering angle for the chosen value
of Q and the value of E determined by the choice of Q and v.
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Fig. 3 Plot of incident energy E; versus scattering angle ¢ for a sound velocity of

6000 ms™!. The low-energy solution of Eqn. 1 is plotted for Q@ = 0.1, 0.2 and 0.3 A",
The corresponding energies are 3.95, 7.9 and 11.85 meV, respectively. The dashed
lines extend to dmaxand E; (dmax) respectively. This figure shows the possible trade-
off between incident energy and scattering angle for the chosen value of Q and the
value of E determined by the choice of Q and v.
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Fig. 4 Plot of incident energy E, versus scattering angle ¢ for a spin wave stiffness

of 30 meVA2. The low-energy solution of Eq. (1) is plotted for Q = 0.5 and 1.0 A-".
The corresponding energies are 7.5 and 30 meV, respectively. The dashed lines
extend 10 dyay and E; (0max), respectively. This figure shows the possible trade-off
between incident energy and scattering angle for the chosen value of Q and the value
of E determined by the choice of Q and D.
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Fig. 5 Plot of incident energy E| versus scattering angle ¢ for a spin-wave stiffness
of 300 meVA2. The low-energy solution of Eq. (1) is plotted for Q = 0.05, 0.1 and 0.2

A-1. The corresponding energies are 0.75, 3 and 12 meV, respectively. The dashed
lines extend to dmax and E; (0may), respectively. This figure shows the possible
trade-off between incident energy and scattering angle for the chosen value of Q and
the value of E determined by the choice of Q and D.
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5. The instrument

The configuration proposed here is the low-angle flight path of a general-purpose
high-resolution chopper spectrometer!!!] being built at LANSCE. The spectrometer
characteristics are given in Table 1. Neutrons emanate from a methane moderator and
are monochromated by a 600-Hz phased chopper at a distance of 19 m before striking
the sample at 20 m. The secondary flight path will extend a further 10 m for small
scattering angles. In the epithermal regime, the incident energy resolution will be
approximately 0.5%. This approach contrasts with that proposed by Egelstaff(3], in
which a crystal monochromator is used to deflect neutrons out of the direct beam, the
hope being that this will reduce the background.

6. Resolution considerations

In calculating the full resolution function for an experiment of this type, it is
important to know the value of ¢, defined in Fig. 6 as the angle between Q and the

incident wave-vector ky. ¢, is given, by the sine and cosine rules respectively, as

k
sin(9) = 6" sin(¢) (16)
and
2 2 2
cos((l) ) = l_(ig-—kp. 17
Q 2kQ an

k

Fig. 6 A scattering triangle showing the definition of ¢q.

The variation of ¢, with E at fixed scattering angle is shown for one particular case
in Fig. 7. For forward scattering (¢ = 0), bg— 0 for neutron energy loss, while b0
— 180° for neutron energy gain. When ¢ = ¢pas,
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2
Sin(¢Q) ¢=¢mn= l Q
2 2 (18)

For neutron energy loss, this means that ¢ is less than 45°, Clearly, ¢, can be

greater than 45°, as shown in Fig. 7, but in that case one can reach the same energy
transfer and Q using a lower incident energy.

L T ¥ T

&, /degrees
150 ]
E,= 250 meV
D=1
L 100 ]

4

~80 ~60 ~40 ~20 0 20 40 60 80

Fig. 7 The variation of (a) Q and (b) g within a time-of-flight scan at constant angle
¢ = 1° and constant incident energy, as might be observed in a single detector
element in an experiment.
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We have done a Monte-Carlo simulation of the instrument for the moderator, chopper
and sample characteristics listed in Table 1. The sample thickness is ignored, as is

TABLE 1
Moderator-Chopper Distance 19m
Chopper-Sample Distance 1m
Sample-Detector Distance 4 m between 10° and 140°
up to 10 m between -10° and +10°
Moderator 12.5 x 12.5¢m? liquid methane
Source Repetition Frequency 12o0r24 Hz
Chopper Frequency 600 Hz
Chopper Diameter 10 cm
Chopper Slit Spacing 1 mm or more
Sample Size uptoScmx7.5cm

appropriate for small-angle scattering. The detector is assumed to have circular
symmetry about the straight-through beam and perfect angular and time resolution.
Results for E; = 250 meV and ¢ = 0.76° are shown in Fig. 8. Clearly, both the
energy and the Q resolution are sufficient for this case. Furthermore, the t and ¢
resolution is such that 2.5-cm-diam. position sensitive detectors at 10 m from the
sample will easily have sufficient angular resolution for this experiment. It is also
rather striking that there is some focusing (i.e., the resolution ellipse is oriented
almost parallel to the dispersion surface for acoustic phonons) both in neutron energy
loss and in neutron energy gain. In fact, the focusing is even more enhanced at larger
Q values. This type of focusing has been discussed previously for Brillouin
scattering experiments on triple-axis spectrometers(!3l, As one would expect, the t
and ¢ resolution is almost constant over this range of the scan, and the changes in
Fig. 8 are mainly due to the fact that fo changes so dramatically, as in Fig. 7. In
going from energy loss to energy gain, ¢, goes from being parallel to k; to being
anti-parallel. Clearly, this type of focusing is not peculiar to chopper spectrometers
or even constant-E; instruments. It will occur on any instrument for which
monochromation uncertainties dominate the resolution and when ¢y is close to 0° or
180°. In principle, this focusing can be exploited in a Brillouin scattering
measurement to improve the resolution without loss of intensity. However, the
dispersion relation is almost tangential to the time-of-flight locus, so one needs to
make constant-Q scans (or some other type of scan, for instance perpendicular to the
dispersion curve) to exploit this focusing. This means that one would require rather

good angular resolution, which would in turn permit reliable interpolation or two-
dimensional rebinning.

7. Conclusions

We have discussed the kinematic constraints on doing neutron Brillouin scattering
experiments: all the essential information is contained in the negative root of Eq. (1).
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Fig. 8 The Q |,E resofution for the proposed Los Alamos spectrometer with an
incident energy of 250 meV and ¢ = 0.76°. This corresponds to

v = 6000 ms! and Q=0.3 A', one of the special cases mentioned in the
introduction. The solid curved line is the time-of-flight locus for these parameters and
the straight dashed lines are the dispersion relations in neutron energy loss and gain

for sound waves with v = 6000 ms'!. The dashed ellipses represent contours at one
standard deviation away from maximum assuming scattering from a delta-function in
Q and E. The total energy widths are in good agreement with the standard analytic

: AU ! ot : ” ;
expressions given in Ref. 8. Note thers is longitudinal resolution focusing both in

energy loss and in energy gain. The physical origin of this effect is explained in the
text.
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For sound waves, the incident energies required are proportional to v2 while the
angular range is proportional to Q/v. For spin waves, the incident energies required
are proportional to Q? while the angular range is independent of Q. Experiments on
sound waves become progressively more difficult as Q decreases, because the
scattering angle decreases. In contrast, those on spin waves become more difficult as
Q increases because the incident energy increases very rapidly.

We have shown that the proposed LANSCE spectrometer will have sufficient E and
Q resolution to perform such experiments and that there is some focusing, could be
exploited in such experiments. Finally, the major unresolved question concerns
background levels in such experiments, whether they be due to working close to the
straight-through beam or to multiple scattering in the sample and its environment.
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Appendix: A Simple Graphical Proof that there are 2 physical
roots to Equation 1 if ¢ > Q2, but that only the
positive root is physical for ¢ < Q2.

Strictly speaking Eqn. 1 should be written with the cos?¢ factor within the square
root:

2

E = - {(Q2 +€ sin%) + J Q" - e%5in%0) cos?0 }

B 4m sin2¢

(19)

This is the solution for E; (or ky), for given E, ¢ and Q. It is the properties of this
equation that we shall now examine graphically.

Firstly, consider scattering triangles for which only the scattering angle ¢ and wave-
vector transfer Q are fixed. The allowed incident wave-vectors k; trace out a circle, as
shown in Fig. 9a. Of course the energy transfer E increases as one moves around the
circle in a clockwise fashion and the smaller circular arc (below the vector Q)
corresponds to scattering angle n-¢ rather than ¢.

Secondly, while remaing in the same space, consider scattering triangles for which

only the energy transfer E and wave-vector transfer Q are fixed. From conservation of
energy and conservation of momentum, it is straightforward to show that

I-SI'Q='%(8+Q2) 20

which is constant for given E and Q. In other words, the component of k; parallel to
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Q is constant, so that the allowed values of k; lie on a straight line like that shown
in Fig. 9b. Of course the scattering angle ¢ varies as one moves along this line.

Q

Fig. 9 (a) Allowed scattering triangles for constant Q and ¢. k lies on a circle of
radius Q/(2sin ¢). (b) Allowed scattering triangles for constant Q and E. k; lies on the

dashed line.

Now, the values of E; given by Eqns. 1 and 19 are for constant E, Q and ¢. These
are then simply given by the intersections between the circular locus of Fig. 9a and
the straight line of Fig. 9b. Fig. 10a shows a case where there are 2 allowed
solutions, with scattering angle ¢. In contrast, for the case shown in Fig. 10b, there
are still 2 solutions, but the smaller triangle corresponds o a scattering angle of x -
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¢. Ask; is smaller for this triangle, it corresponds to the negative "unphysical” root
of Eqn. 1. The ambiguity within Eqns. 1 and 19 lies in the fact that both

sin2¢ = sin®(w - ¢) (20)
and
c0s20 = cos¥ - ¢) @y

so that Eqn. 19 is ambiguous between ¢ and ©t - ¢. In other words, it describes the
full circle in Fig. 9a, and not just the upper arc corresponding to scattering angle ¢.

Finally, the transition between a single physical root and two roots occurs for the

right-angled triangle shown in Fig. 10c. By Pythagoras' Theorem, Q% = k? - k%, but
conservation of energy gives € = k? - k2, so the limiting condition is that € = Q2.

( i

) i
k
Q

Fig. 10 Allowed scattering triangles for constant Q, ¢ and E, corresponding to the
solutions of Eqs. (1) and (19). (a) fore> Q2, (b) for e <Q2and (c) fore= Q2
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Neutron Brillouin scattering in dense nitrogen gas

P. A. Egelstaff!, G. Kearley?, J. B. Suck®, and J. P. A. Youden'

'Physics Department, University of Guelph, CANADA

Institut Lave-Langevin, Grenoble, FRANCE

3nstitut fiir Nukleare Festkorperphysik, Kemforschungszentrum, Karlsruhe,
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ABSTRACT: In order to develop the field of neutron Brillouin scattering, we
have assembled a new neutron spectrometer system and have used it to study
the scattering from dense nitrogen gas at wave numbers from 0.05 to 0.15 A-1,
We have demonstrated both that the new system is efficient and successful, and
that these new data conform to existing theory.
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The effects of chopper jitter on the time-dependent
intensity transmitted by mulitiple-slot multiple disk
chopper systems

J. R. D. Copley
University of Maryland
College Park, Maryland 20742
and
National Institute of Standards and Technology
Gaithersburg, Maryland 20899
USA

ABSTRACT: We present Monte Carlo calculations of the time dependence of
the intensity transmitted by single- and multiple-slot multiple disk chopper
assemblies, taking into account the effects of chopper jitter. In the case of
multiple-slot systems, where each of at least two choppers and a mask is fitted
with two or more slots, a switching function is employed to suppress
contaminated pulses, i.e., pulses in which neutrons can pass through slots that
would never line up in the absence of jitter. Such pulses, if accepted, would
degrade the time resolution of the system. Our results for the time-integrated
intensity are in good agreement with previously reported semi-analytic
calculations. The need to reject contaminated pulses in multiple-slot systems
is emphasized.

Introduction

One of the standard ways to pulse a thermal neutron beam is to use a disk chopper
spinning about an axis parallel to the beam(!l. The burst time and the intensity
transmitted by this type of device depend, inter alia, on the width of the beam, the
width of the slot in the chopper, and the speed with which the slot passes through the
beam. In very high-resolution (short burst time) applications, the slot is narrower
than the beam, and the beam is masked down to the width of the slot, as shown in
Fig. 1(a), in order to achieve the desired performance. (Itis assumed throughout this
discussion that the chopper is turning at maximum speed.)

A necessary consequence of the masking of the beam is a reduction in the transmitted
intensity, but the intensity can be effectively doubled, with no change in the burst
time, using two counter-rotating choppers and, at the same time, doubling the slot
widths in the choppers and the mask, as illustrated in Fig. 1(b). This idea is
employed in the MIBEMOL spectrometer at the Orphee reactor!?! and in the time-of-
flight spectrometer that is presently under construction at the Hahn-Meitner Institut
reactor in Berlinf3l,

A further doubling in intensity (with no change in burst time) is, in principle,
achievablel! using two counter-rotating choppers and a stationary mask, each fitted
with two slots whose centres are separated by a distance that is at least twice the
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width of the individual slots (Fig. 1(c)). This concept can be extended still further
with the next stage being a system of three choppers and a mask, each fitted with
four slots, as shown in Fig. 1(d): in this case the relative speeds of the choppers are
+1, -1, and 1/2, and again the intensity is doubled with no change in the burst time

of the system.

i

\\\

(b)

Fig. 1 (continued on next page).



Chopper jitter effects

=

LS

\
QN

(d)

Flg. 1 Schematic views of several chopper assemblies. The width of the neutron
guide is exaggerated for clarity. In (a) the single-slot single chopper arrangement is
shown: note that the slots are one-half the width of the slots in the other systems.
The one-slot and two-slot two chopper setups are shown in (b) and (c) respectively.
The four-slot three chopper arrangement is illustrated in (d): in this case the third
chopper is spinning at one-half the speed of the other choppers. It is fitted with a

second set of slots so that there is still one pulse per revolution of the faster
choppers.

329




330 Chopper jitter effects

The gains in intensity described in the previous two paragraphs only occur if the
overall width of the slot system is no greater than the available beam width and if the
choppers remain exactly phased. In practice the choppers jitter, causing phase
deviations to occur, and in the remainder of this paper we shall discuss the
consequences of this departure from ideal behaviour,

In a previous paper!¥l we described semi-analytic calculations of the effects of chopper
phase deviations on the transmitted intensity in the two-slot two chopper and the
four-slot three chopper systems. Here we shall describe Monte Carlo calculations
which, though less accurate and in some cases much more time-consuming, are very
much easier to formulate and code. The time dependence of the transmitted intensity
is calculated, and the total intensity per pulse is obtained by integration over time.

Calculations

Whereas the semi-analytic calculations®! were formulated in dimensionless units, the
present Monte Carlo calculations are expressed in real units. We consider 50-cm
diameter disks spinning at 19,100 rpm (9,550 rpm for the slower chopper in the
three chopper system), with slots of full width 0.5 cm (0.25 cm for the single
chopper system) and negligible radial extent, placed on the circumference of the disk.
The peripheral velocity V of the slots in the faster choppers is therefore S00 m/s, and
the burst time is 5 ps (full width at half maximum height, FWHM). We assume
that the separation between the disks in the multiple chopper systems may be
neglected.

In order to define phasing deviations, we postulate a reference clock with fixed period
T,. Each disk, labelled k, is fitted with a magnetic spot that is detected by a fixed
pickup at times t.(i) = At, + iTy+6t,(i), where At, is a constant delay, i is an
integer, and &t,(i) is the time deviation of the i'th pulse. The function that defines
the probability that 8t, has the value x is assumed to be the (normalized) Gaussian
function G(g,Jx), which has zero mean and standard deviation o, With no loss in

generality, we may mentally position the magnetic spots and pickups so that
At, = 0 for each disk. .

Before proceeding any further we need to explain the concept of contaminated pulses
in multiple-slot chopper systems. As an example we consider the two-slot system
illustrated in Fig. 1(c). The movement of the slots in the choppers (and the lack of
movement of the slots in the mask) is illustrated in Fig. 2(a), for the case of perfect
phasing (8t; = 3t = 0). If both choppers are delayed the same length of time (i.e.,
if 8t; = 8t, # 0), the intensity is unchanged, but the burst does not occur at the
intended time. If the delays are different, as illustrated in Fig. 2(b), there is in general
a decrease in the intensity of the two principal components and an associated
appearance of intensity in two gatellite components. Principal and satellite
components are due to neutrons that, respectively, do and do not pass through
corresponding slots in the choppers and the mask. A contaminated pulse is defined to
be a pulse that has a non-zero satellite component to the intensity. If the width of a
slot is 2b and the center-to-center slot separation is 2B, then if B = 2b all pulses
with non-zero relative time deviation must be contaminated and, therefore,
unacceptable. To reduce the likelihood of a contaminated pulse it is necessary to
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Fig. 2 Diagrams illustrating tangential chopper displacements y as a function of
time t for the two-slot two chopper system illustrated in Fig. 1(c). In (a) and (b) the
center-to-center slot separation 2B is exactly twice the slot width 2b, whereas in (c)
and (d) the ratio %, i.e., B/2b, is greater than unity. In (a) the choppers are exactly
phased but in (b) they are not, and satellite intensity is evident: the pulse is
contaminated. In (c) the phase deviations are the same as in (b), but there is no
satellite intensity because of the increased value of x. On the other hand, the phase
deviations in (d) are sufficiently large that the pulse is contaminated.
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make B somewhat greater than 2b. There is then a range of relative time deviations
for which no contamination occurs, whereas contaminated pulses will be produced if
the relative time deviation is sufficiently great, as indicated in Figs. 2(c) and 2(d). In
order to exclude the possibility of degradation of the resolution by contaminated
pulses, the phases of the choppers should be continuously monitored, and
contaminated pulses should be rejected by the data acquisition system. Similar
considerations apply to the case of the three chopper system illustrated in Fig. 1(d).

The rejection of contaminated pulses may be mathematically represented by a
switching function, as has been previously discussed!l, For the two-slot two
chopper system the function is unity for | § | < ¢-1, where & = - V(8t, - 8t,)/4b
and y = B/2b, and otherwise it is zero. For the four-slot three chopper system it is
unity if one or the other of the following sets of conditions is satisfied:

@  1El<y!and €0> 0 and | E+02 I< !
@  1E1<y'and EC<0and | (2E+0)2 1<yl

Here { = - V(8t; + 8t; - 28t3)/4b. 1If neither of these conditions is satisfied, the
switching function is zero.

The first step in each of the calculations was to select standard deviations G, for each
of the choppers. Standard deviations were made equal for choppers rotating at the
same speed (i.e., 0, was made equal to o), whereas the standard deviation for the
slower chopper in the three chopper system was assumed to be either the same as, or
else twice that of, the faster choppers (i.e., 63/c; was set to either 1 or 2): the latter
choice is equivalent to making the standard deviations of the angular distributions of
the three choppers identical. A time deviation 8t,. was then selected for each of the
choppers from the appropriate Gaussian distribution, and the transmission of the
system was computed as a function of time. The procedure was repeated many times,
for different choices of the time deviations dt, in order to achieve the desired
statistical precision. Calculations were made either with respect to the reference
clock or with respect to the mean delay time of the pickup pulses from the choppers
(ignoring that of the slower chopper in the case of the three chopper system). In the
case of multiple-slot systems, time distributions were computed for varicus choices
of the parameter %, and calculations were performed both with and without the
contaminated pulse-switching function described above.

Results

We shall use I(o,t) and Ip(o,t) to denote transmitted intensities, time being measured
with respect to the reference clock and with respect to the mean pickup pulse (as
described above), respectively. The corresponding time-integrated intensities Ic(c)
and Ip(c) are identical, and the shorter notation I(c) will be used. We shall drop the
subscript on ¢ except in cases where doing so would introduce ambiguity.

For all systems examined with the contaminated-pulse-switching function activated,
Ip(o,t) is only non-zero for time differences less than the burst time of the assembly,
whereas Ic(o,t) is (for o > 0) a broader function with undesirable tails. For
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example, Ip(o,t) for the single chopper system is a triangalar distribution with an
FWHM of 5 us, independent of 6; whereas Io(c.t) is the convolution of Ip(c,t) with
G(olt): I{c)/1(0) =1 for all values of . In view of the above it is clearly advisable
(and it is normal practice) to relate the start time of a data acquisition cycle to the
mean pickup pulse rather than to the system clock. We shall not discuss Io(o.t) any
further,

The function Ip(c,t) for the single-slot two chopper system is shown in Fig. 3 for
several choices of 6. Similar rounded triangular line shapes are found for the time
distributions Ip(o,t) for all of the multiple-slot systems we have studied. For
example, Fig. 4(a) shows results for the two-slot two chopper system with % = 1.1:
note that as ¢ is increased, the intensity drops more rapidly than in the case of the
one-slot two chopper system shown in Fig. 3. In Fig. 4(b) we show time
distributions for the same system, for ¢ = 1 ys and ¢ =2 ps, with and without
the contaminated-pulse-switching function activated. The switching function reduces
the transmitted intensity significantly, but little intensity appears in the satellites if
it is turned off. For example, the integrated intensity ratio I,(c)/1p(0) is reduced from
~0.99 to ~0.83 when o =1us (~0.97 to ~0.53 when ¢ =2us), but the
contribution to the integrated intensity in the satellites (with the switching function
turned off) is only ~0.0006 (~0.012). This is because the switching function rejects
all contaminated pulses, even though almost all of the intensity in these pulses is in
the principal component.

i I ! i i

1 Slot

0.4 2 Choppers

(ot) (cm)

t (us)

Fig. 3 Transmitted intensities Ip(o,t) for the single-slot two chopper system. The
intensity is expressed in units of length. For example, when 6 =0 and t=0,
neutrons are transmitted over the full width of the slots, 0.5 cm. Successive plots,
starting from the top, correspondto s =0, 1, 2, 3, 4, and 5 us.
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Fig. 4 Transmitted intensities Ip(c,t) for the two-slot two chopper system. The unit
of intensity is explained in the caption to Fig. 3. Results for ¢ = 1.1 are shown in (a).
Successive plots, starting from the top, correspond to o =0, 1, 2, 3, 4, and 5 ps.
Intensities for ¢ = 1.1, for 0 =1 us and o = 2 us, are shown in (b). The darker
and lighter lines represent the results of calculations where the contaminated pulse

switching function is on and off, respectively. The scale of the satellite intensities is
increased by a factor of 10 to make them more apparent.
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Integrated intensities for the two-slot two chopper system are compared with our
earlier semi-analytic results in Fig, 5: the agreement is good. The ratio I(c)/1(0) for
the one-slot two chopper system is identical to I(c)/I(0) for the two-slot two chopper
system with g = oo, being the convolution of the function f;(§), introduced in
reference 4 (appendix 1), with G(cl€). In Table 1 we present selected results for
1(6)/1(0) for the two-slot system, derived from the semi-analytic calculations,

I [ l | !
1.05 2 Choppers
\ ~ ..
— N \.\
~ 0.5 N o, =
b5 X N ~. 9
= 11 a4 —— ~a =
12 ¢ —-—. \\\‘\
1.4 w eveeees B N
o 0 —
0.0 | | I | |
0 2 4

o (us)
Fig. 5 The time-integrated intensity ratio for the two-slot two chopper system, for
various choices of 4. The symbols represent the present Monte Carlio calculations
whereas the lines show the results of earlier semi-analytic calculationsl4]. The line
labelled %, = = also represents the integrated intensity ration for the single-slot two
chopper system. .

In Fig. 6 we show results for Ip(o,t), for the four-slot three chopper system with
G3 =0y =1ps and 2 us and = 1.1, with and without the contaminated-pulse-
switching function activated: again the switching function reduces the intensity very
significantly, but there is little intensity in the satellites when the switching function
is turned off. Intensity ratios I(c)/1(0) for this system, for 63/, = 1 and 2, are again
in good agreement with the earlier semi-analytic calculations, and selected results
from the latter calculations are given in Table 2.
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B I ! ! ! I j ] N
4 Slots x = 11
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Fig. 6 The time-dependent intensity Ip(s,t) for the four-slot three chopper system
with x = 1.1, 04 = 03, and 61 = 1 s and oy = 2pus. The darker and lighter lines
represent the results of calculations, where the contaminated-pulse-switching
function is on and off, respectively. The scale of the satellite intensities is increased

by a factor of 10 to make them more apparent. The unit of intensity is explained in the
caption to Fig.3.
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Table 1. Values of the integrated intensity ratio for the two-slot two chopper
system for selected values of x = B/2b. The column for % = « also represents the
integrated intensity ratio for the single-slot two chopper system. The quantity o is

given!4! by cg = (V/4b)2(cf+c§) so that, for the system studied in this paper,

oy = 14.140¢ ps.

X
3

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.24
0.28
0.32
0.36
0.40
0.50
0.60

1.100

1.000
0.999
0.985
0.900
0.785
0.679
0.592
0.522
0.465
0419
0.381
0.321
0277
0.244
0.217
0.196
0.157
0.132

1.200

1.000
0.999
0.997
0.992
0.976
0.940
0.888
0.830
0.772
0.717
0.667
0.581
0.512
0.456
0411
0.373
0.303
0.254

1.300

1.000
0.999
0.997
0.993
0.987
0.978
0.962
0.937
0.904
0.867
0.828
0.750
0.679
0.617
0.563
0.516
0426
0.361

1400

1.000
0.999
0.997
0.993
0.987
0.980
0971
0.958
0.942
0.920
0.895
0.838
0.779
0.721
0.667
0.619
0.520
0.445

1.000
0.999
0.997
0.993
0.987
0.980
0.971
0.961
0.949
0.935
0.920
0.887
0.850
0.811
0.772
0.734
0.645
0.570
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Table 2. Values of the integrated intensity ratio 1(c)/1(0) for the three chopper
system for selected values of y = B/2b, for 63/c4 = 1 and 2. The quantity o is

given!*l by cg = (V/4b)2(of+o§) .
y4 1,100 1200 1300 1.400 1.100 1.200 1300 1.400

g

03/0) =1 05/0; =2

0.00 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.02 0998 0998 0.998 0.998 0995 0996 0.996 0.996
0.04 0975 0.992 0.992 0992 0884 0984 0.985 0.985
006 0.844 0979 0981 0981 0.677 0940 0.965 0.966
0.08 0.674 0.946 0.966 0.966 0497 0852 0.931 0.940
0.10 0.528 0.880 0945 0948 0367 0.742 0.877 0.906
0.12 0416 0.795 0913 0926 0278 0634 0.811 0863
0.14 0333 0.705 0869 0.899 0215 0537 0.740 0.813
0.16 0270 0.621 0816 0867 0.171 0455 0.668 0.759
0.18 0.223 0.546 0.759 0.830 0.138 0.388 0.600 0.704
020 0.186 0481 0.701 0.789 0.114 0332 0.538 0.649
025 0.125 0.354 0.567 0.680 0.075 0.233 0409 0.525
030 0.089 0.268 0.458 0.577 0.053 0.170 0.316 0.424
035 0.067 0.208 0.373 0488 0.039 0.129 0.248 0.344
040 0.052 0.165 0307 0414 0.030 0.101 0.199 0.283
050 0.034 0.110 0.215 0303 0.020 0.066 0.135 0.197
0.60 0.023 0.079 0.158 0228 0.014 0.047 0.096 0.144

Discussion

'We have described Monte Carlo calculations of the time-dependent intensity and the
integrated intensity transmitted by single- and multiple-slot chopper systems. The
results of earlier calculations!*! of the integrated intensity are fully confirmed. This in
itself justifies the present calculations, since the earlier calculations were quire
complicated in their formulation. In the course of the present work, an error was
discovered (prior to publication) in one of the equations of reference 4. This lends
credence to the argument that Monte Carlo calculations may be used to check analytic
calculations, and vice versa.

Figures 4(b) and 6 demonstrate the effects of activating the contaminant-pulse-
switching function with multiple-slot chopper systems. The loss in intensity is
considerable, especially when o is large; but the pulse is perfectly clean. The
satellite peaks, which appear when the switching function is not used, have
potentially disastrous implications with respect to the interpretation of time-of-flight
data acquired under such circumstances. The best course of action is to use very
stable choppers, e.g., with a ¢ of order 10% or less of the burst time, and to reject all
contaminated pulses.
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t is our inte 1t ion to build a high-resolution muitiple-disk-chopper time-of-flight
pectrometer in the neutron guide hall of the Cold Neutron Research Facility at the

Jatinnal Tnatitnta af Qeandarde and Tachnalaou farmasle tha Natinmnl Disweanss
ANALIVIIAL RIDMLULNY UL JLAalluaiud aliug lv\’llllulusy \‘.u‘lllu‘.ly IV 1yaguvliai ouivau Ul

Standards). The design specification requires burst times of the order of 5 - 10 s,
and the available guide dimensions are such that we may well decide to include an
option to use the two-slot double chopper arrangement illustrated in Fig. 1(c). We
expect to operate the choppers at a maximum speed of 20,000 rpm, and the mean
chopper disk diameter will be of order 5¢ cm, The calculations described in this
paper and in our previous publication!4! suggest that ¢ for each of the choppers
should be no greater than 1 ps if % = 1.2. Recent measurements! of this quantity,
using a chopper system buiid at the KFA (Jilich, Federal Republic of Germany)
research center, indicate that values of ¢ of the order of 50 - 100 ns may be
achieved. It, therefore, seems that the necessary technology already exists so that we
can exploit the muitiple-siot chopper concept and, thereby, realize a significant gain
in instrumental throughput.
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Application of eV neutron scattering and eV neutron
absorption techniques ‘

S. Ikeda

National Laboratory for High Energy Physics
Oho, Tsukuba-shi, Ibaraki-ken, 305

JAPAN

Intense spallation neutron sources can provide a useful eV neutron flux in the energy
range 1-100 eV, which is much more intense than has ever been available from
steady state sources, and makes two fruitful techniques possible. One is an eV
neutron scattering technique, which allows the impulse approximation limit to be
approached. In this limit, the scattering function is simply related to the momentum
distribution n(p) of the struck particle (mass M) by [1,2]

5(Q,hw— R) = / dp8(hw — R— hQ - p/M)a(p), (1)

where £Q is the momentum transfer and R = h2Q?/2M the recoil energy. If
n(p) is Gaussian, S(Q, hw — R) can be written as

5(Q, hw — R) = (V270g) ™" exp (—(hw — R)?/20%). 2)

In this equation, o = V2RkpTer and kpTeg = (2/3) < K >, where < K > and
T.g are the mean kinctic energy and the effective temperature, respectively. The
mean kinetic energy and the effective temperature are related to the density-
of-state f(E) . Thus,
Ep
kT = (2/3) < K >= (1/2) / Ef(E)coth(E/2ksT)dE. (3)
0
T is the real temperature of a sample and Ep the maximaum energy of f(E) .
If f(F) x E? (Debye model), Teg is given by
kBép
ks Tor = (3/2) / E*coth(E2ksT)dE/ (ksbp)’, @)
0

where 8p is the Debye temperature. This method has been applied to measure-
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ments of the momentum distribution in pyrolytic graphite, superfluid helium
and metal hydrides. Some successful results have already been obtained [3,4,5).
In eV neutron scattering, atoms in a solid are considesred to be "free atoms”.
Hence, the overall scattering function, S;., for a mixed system, such as com-
pounds and alloys, should be written as a sum of the scattering functions of
atoms A,B,C- - - :

S =y, 05 NP-S9(Q,hw — R), (5)

i=A,B,C-

where Ry;), ag)
and number density. Let’s consider a compound composed of two kinds of atoms
(Aand B; Mg > My ). If R4 >> Rp, Siear has two distinct peaks around
hw = R4 and hw = Rg, corresponding to scattering from atoms A and B. This

and N, y) are the recoil energy, neutron scattering cross section

unique nature of eV neutron scattering provides an opportunity for the direct

observation of the motion of a specific atom, separated from the others.

Another one is an eV neutron absorption technique. Many heavy atoms,
such as T'a, U, Sb, Ba and Ho, have large neutron resonant absorption in the
energy range 1-100 eV, and the cross section of neutron absorption, o, is also

described using the effective temperature in the weak binding approximation,
as follows [6]:

o = oof(2v/A) / dy exp [~(€/2)%(z — 9Pl (1 + #7), (©)

where z = 2(E — Ey — R)/T;, € =T;/A, R = (m/M)E; and A = 2,/RkgTe;;.
Here, m is the neutron mass and ¢4 the peak cross section of neutron absorption.
The intrinsic line width, T; , is defined as the full width at half-maximum of
the resonance. Since a specific atom is identified by the resonance energy, Eq
, one can measure the effective temperature of the specific atom by using the
width of the resonance peak, apart from the other atoms in a mixed system.
The finite thickness of the absorbing material leads to self-shielding effects, and
the probability for neutron absorption is given by [6]

Po(E) = 1 - exp(~ngo), @
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where ny is the number density of the resonant absorbing atoms per unit area
perpendicular to the neutron beam.

A schematic layout of an eV neutron scattering spectrometer is shown in
Fig.1(a). Pulsed white neutrons produced at f, on the moderator are scattered
by a sample, and the scattered neutrons of final energy £ are captured by a
resonance foil. The probability of neutron absorption of the resonance foil also
can be described by P,(£y) in Eq.(7). Promptly after the neutron capture, a
4 -cascade is emitted from the resonace foil, which is detected by a scintillator.
The energy of the incoming neutrons is determined by the time-of-flight(TOF).
In this geometry, the TOF scattering spectrum Ig(t) is given by

Is(t) = / dXredX sdX pdBydBrdto Pa(Ey ) I(E, 0)5(t — to — b/ — Uy [vg)

XV Ef/Ei'S(Q)w_R)7 (8)

where §; = | X, — X.|, Iy = | X, — Xp|, cos = (Xp — Xs) - (X5 — Xp)/lily and
(M/m)R = K*Q?/2m = E; + E; — 2,/E;E; cos 6. Here, I(E;, 1) is the neutron
intensity of energy F; at the emission time ¢y on the moderator. F,v and [ are
the neutron energy, neutron velocity and flight path length, respectively, and
i and f refer to incoming and scattered neutrons. Xp,Xs and Xp represent
positions on the moderator, the sample and the detector, respectively. Fig.1(b)
shows a schematic layout of the neutron absorption spectrometer. The prompt
capture v -cascade produced in the sample is detected by a scintillator and the
energy of the incoming neutrons is determined by TOF. The TOF spectrum of

the resonant neutron absorption, [4(t), is given by
IA(‘t) = /dEde;dtoPA(Ef)I(E;,10)6(t — g — l;/v;). (9)

The discovery of superconductivity in the temperature range 30-100 K for
the La-Cu-O system (7] and the Y-Ba-Cu-O system [8,9] is one of the most

exciting events in the recent solid state physics. Many attempts to explain such -
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Fig. 1 Layout of an eV neutron scattering spectrometer (a) and a neutron
absorption spectrometer (b).

extraordinarily high 7. values have been made with the conventional electron-
phonon coupling theory [10,11] as well as with non-phonon mechanisms [12].
The most direct test for such theories is to look for the predicted excitations by
using inelastic neutron scattering techniques. Actually, many experiments have
been performed using thermal and epithermal neutrons in the energy range
E; <1 eV [13,14]. As mentioned above, the eV neutron scattering and eV
neutron absorption experiments also can provide new important information
for the understanding of the high-T. mechanism, which has never been obtained
by ordinary neutron scattering experiments. For the first time, I applied these
methods to the observation of the motions of the specific atoms in La-Cu-O and

Y-Ba-Cu-O systems. In this paper, I will report a procedure of the application.

Each powder sample of copper metal, CuO , LagCuOy4 and Y Ba;,Cu30y
was held in a zirconium cell of 10-mm diameter, 8-cm height and 50-gm thick-
ness, and set at a distance of 8.361 m from the moderator surface. A resonance

foil of tantalum (5 cm X 5 cm) at room temperature was installed at a distance
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of 0.15 m from the sample with fixed at an angle of 159 degrees. Scattered
neutrons with a final energy of E; = 4.28 eV were detected by a tantalum
foil with a scintillator. In these conditions, @ ~ 90A™! was realized. Figs.2,
3, 4 and 5 show the neutron scattering TOF spectra of copper metal, CuO
, LaaCu0, and Y Bay;CusO7 , in which the background has been subtracted.
These TOF spectra were measured at a channel width of 0.5 usec. I calculated
the single scattering and multiple scattering TOF spectra and plotied them
in Figs.2, 3, 4 and § as solid and doted lines. In these figures, the thin solid
lines, the doted lines and the thick solid lines represent the single scattering
spectra calculated by Eq.(8), calculated double scattering spectra and the sum
of those, respectively. In the case of copper metal, the effective temperature at
T = 300 K was calculated to be 319 K using the Debye temperature of copper
metal, fp = 343 K (see Eq.(4)). The TOF spectrum was calculated with Teg
= 319 K and compared with the measured data. Good agreement between the
calculated spectrum and the measured data was obtained, as shown in Fig.2.
This result suggests that the Debye temperature can be well estimated from
the effective temperature using Eq.(4). For a mixed system, such as CuO , the
TOF spectrum should be calculated using Eqs.(5) and (8). A fit was made to
the measured spectrum using the effective temperatures of Cu and O as param-
eters. A satisfactory fit to the measured spectrum was obtained with Tog = 375
K for Cu and Tg = 550 K for O , as shown in Fig.3. For a more complicated
compound, such as LayCuQy , the TOF spectrum can also be calculated by
using Egs.(5) and (8). The total scattering Siotar in Eq.8 should be written as
the sum of three components. A similar fit was made to the measured apectrum
of LayCuO; using the effective temperatures of Cu , O and La as parameters.
A good fit was obtained with Tog = 600 K for Cu , Teg = 550 K for O and Teq
= 500 K for La , as shown in Fig.4.

Y Ba;Cu30y is a very complicated system comprising four kinds of atoms.
1t is, of course, possible to perform a similar fit with many parameters, though
a precise determination of the effective temperatures seems to be very difficult.

Therefore, I tried, at first, to detemine the effective temperatures of Ba and Y
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Fig. 2 Neutron scattering spectrum of copper metal at 300 K. The thick solid line
is a calculated spectrum with Tg4=319 K. The thin solid line and dotted line are
calculated single and multiple scattering, respectively.
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Fig. 3 Neutron scattering spectrum of CuQ at 300 K. The thick solid line is a
calculated spectrum with Tg¢=375 K (Cu) and Te4=550 K(O). The think solid lines

and the dotted line are calculated single and multiple scattering, respectively.
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Fig. 4 Neutron scattering spectrum of La;CuQ, at 300 K. The thick solid line is a
calculated spectrum with Tog=600K (Cu), Te=550 K (O) and Te#=500 K (La). The
thin solid lines and the dotted line are calculated single and multiple scattering,
respectively.
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Fig. 5 Neutron scattering spectrum of YBa,CuzO; at 300 K. The thick solid fine is
a calculated spectrum with Toy=750 K (Cu), Tg=550 K (O), To#=300 K (Ba) and
Te=300 K (Y). The thick solid lines and the dotted line are calculated single and
multiple scattering, respectively.
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by neutron absorption experiments, and then to fit to the measured data using
only two effective temperatures of Cu and O as parameters. I performed neu-
tron absorption experiments on HoBa,CuzOy instead of Y BayCusOy , since
185 Ho and 13 Ba have very large neutron resonant absorptions at 3.92 eV and
24.4 eV, respectively. However, Y has no neutron resonant absorption in the
energy range 1-100 eV. HoBayCu30y is isostructural to Y Ba,Cu30; , and its
transition temperature is the same as that of Y BayCu3O [15]. Therefore, the
effective temperatures of Ho and Ba in HoBa;Cu30; is considered to be the
same as those of Y and Bain Y Ba;Cu307 . In order to test the neutron absorp-
tion spectrometer, neutron absorption experimnts were performed on holmium
metal foil (5 cm x 5 c¢m, 25 pm) at 300 and 20 K. The TOF spectra, I4(%),
was calculated by Eq.(9) and fitted to the measured spectra using the effective
temperature of Ho as a parameter. Excellent fits to the measured spectra at
300 and 20 K were obtained with Ty = 300 K and T.g = 80 K, respectively. In
the calculation of [4(t), I used I'; = 87 meV and oy = 9510 barn, which were
taken from ref.(16), and ny = 7.95 x 10'° ¢m~2 which was calculated from the

foil thichness. These results were consistent with a previous measurement [17].

I prepared a sample of HoBay;Cu3O7 (2 cm x 2 ¢cm and 0.2 mm thick) and
set it on the sample position. n, ’s of Ho and Ba in this sample, were 6.5 x 10'®
cm™? and 13 x 10'® ¢m™?, respectively. Figs.6 and 7 show the TOF neutron
absorption spectra of Ho and Ba in HoBay,Cu307 , which were simultaniously
measured at 300 and 20 K. The channnel width was 0.125 usec. I4(¢) for Ho
in HoBay,Cu30O7 was calculated with the same values of I'; and oy as those
used in the calculation for holmium metal. The solid lines in Figs.6(a) and
(b) were calculated with Teg = 300 K and T.gx = 80 K, respectively. Excellent
agreement with the measured spectra was obtained. Note that the effective
temperatures of Ho in HoBayCusOy are the same as those of holmium metal
at both 20 and 300 K. These results indicate that the Debye temperature of
Ho in HoBa;Cu30y is the same as that of holmium metal. 1,(¢) for Ba in
HoBay;Cu3O7 was also calculated using I'; = 124 meV and o, = 4680 barn,
taken from ref.(16). Since the Debye temperature of barium metal is 116 K,



eV scattering

30000 [T e e
B © ot 300 K (@) 1 at 20K () 1
- 25000 |- ] 3
2 - : ﬁ :
~ { i
L ] o % ]
£ 20000 |- ﬁg . 8 ]
Z - ; 1 s % 1
3 g % ] 2 @ ]
(&) [ g i ] Q [} i
o
= 15000 |- g8 . § 3 .
> C o 8 ] § g 1
- @ ? 0 )
= F % o E i) 3] E
w o Q - E
= 10000 ~ 4 o = g % -
Ld o 5’" 5“‘. i g i
= C g 4 ] 3 ]
= - g oY . 5 : ]
5000 - 4 R ™
o'x--IL..I.l.11‘l4l.fnf7.|1L,.11...Lx..Lt
2350 2400 2450 2500 2400 2450 2500 2550
CHANNEL NO. CHANNEL NO.

Fig. 6 Neutron absorption spectra of Ho in HoBa,Cu30; at 300 K and 20 K. The

solid lines are the calculated spectra with To4=300 K (a) and T4=80 K (b),
respectively.
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Fig. 7 Neutron absorption spectra of Ba in HoBay,CugO5 at 300 K and 20 K. The
solid lines are calculated spectra with T¢;=300 K (a) and T 4=45 K (b), respectively.
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the effective temperatures of barium metal at 7' = 20 K and T = 300 K were
calculated to be 45 and 300 K, respectively. The solid lines in Figs.7(a) and (b)
were calculated with T.g =300 K and T,z = 45 K, respectively. Good agreement
with the measured spectra was obtained. These results also indicate that the
Debye temperature of Ba in HoBay,Cu3z07 is the same as that of barium metal.
From these results, the effective temperatures of Y and Ba in Y Ba;Cu307 at
T = 300 K were assumed to be Ty = 300 K. Then, the effective temperatures
of Y and Ba were fixed and a fit was made to the neutron scattering spectrum
of Y BayCuy O using the effective temperatures of Cu and O as parameters. A
satisfactory fit to the measured spectrum was obtained with T,y = 750 K for

Cu and Ty = 550 K for O, as shown in Fig.5.

Table I shows the effective temperatures of O and Cu in copper metal, CvO
, LaaCuOy and Y BayCu3Or , obtained by the present experiments. Note that
the effective temperature of O is 550 K in CuO , LayCuO4 and Y Bay,CusOy .
This value is almost the same as the effective temperature of O in H,0 at T =
300 K, Teg = 500 K [5]. My results may suggest that the effective temperature
of O is almost independent of the structure and the bonding atom. The most
interesting result in my experiments is that the effective temperatures of Cu
in LayCuO, and Y BayCu3zO; are much larger than those of CuO and copper
metal, and that the effective temperature of Cu in Y BayCu30r is larger than
that in La;CuOy . The neutron absorption spectra of Ta in T'aC and T'ayOs

were measured in order to determine the effective temperatures of T'a. The

results show that the effective temperatures of T'a are almost the same as that
of tantalum matal in a wide temperature range of 40 - 300 K {17]. Generally,
the effective temperature of a heavy atom in a compound with light atoms is
considered to be the same as that of the pure heavy atom’s metal, independently
of the bonding atoms. My results for Cu in La;CuO, and Y BayCuzO; are
opposed to ’the sound consideration’. This suggests that the Cu vibration is
abnormal in La;CuO4 and Y Bay;CuzO7 . It might be interesting to calculate
the Debye temperature by Eq.(4) in order to make.a rough estimate of the
density-of-state. The dashed line in Fig.8 shows the relation between the Debye
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temperature and the effective temperature at T = 300 K. By this relation,
the Debye temperature of O was determined to be about 1400 K, and the -
Debye temepratures of Cu in Lay,CuOy and Y BayCuzOr were determined to
be about 1500 and 2000 K, respectively. This indicates that the O vibration
spectrum extends to 120 meV in CuO , LayCuOy4 and Y BayCuz0; , and that
Cu vibrations in La;Cu0O4 and Y Ba;CuzOr may extend to 130 and 170 meV,

respectively.

(6] Cu
Teff (K) / 6p(K) Tesr (K) / 6p(K)
Copper metal 319 / 343
CuO 550 / 1400 375 / 700
LapCuOy 550 / 1400 600 / 1500
YBapCuz07 550 / 1400 750 [/ 2000

Table | Effective temperatures and the Debye temperatures of O and Cu.
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Fig. 8 Relation between the effective temperature and the Debye temperature at
300 K.
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ABSTRACT: A review is given of the current state of neutron diffraction
irom liquids and amorphous maieriais ai ISIS. In particular ihe jusiification
and status of the SANDALS diffractometer, which is now undergoing detailed
design and construction, is reviewed, and compared with competing
diffractometers in Europe and the U.S.A.. A general description of this
instrument is included.

1. Introduction

In the last three years the proton current at ISIS has increased steadily so
that it nowv operates routinely at 100puA. Although this is still below the
design current of 200uA, it has become apparent that the majority of working
neutron instruments are performing at least as well as originally planned and
in some cases much better than expected. For liquids and amorphous materials
diffraction the Liquids and Amorphous Diffractometer (LAD) was originally
designed as the main workhorse for structure factor (S(Q)) measurements, and
it has produced high quality datasets on such diverse materials as deuterium
gas, superionic glasses, molten salts, molecular 1liquids, and aqueous
solutions. Figures 1 and 2 show the measured structure factor and pair
correlation function, g(r), for amorphous boron as measured on LAD (R G
Delaplane and U Dahlborg, 1987, unpublished data). Table I 1lists the
experiments accomplished since May 1988. Recently the solid angle of the
lover scattering angle detector banks on LAD was increased by a factor of 8
and this, combined with the high proton currents, means that more difficult
experiments such as isotope substitution experiments have been tackled
successfully.

ISIS and therefore LAD have come rather 1late in the field of disordered
materials diffraction because intense reactor neutron facilities have been
available in BEurope since the early 1970’s for this type of work. The ILL at
Grenoble and the Orphée reactor at Saclay, both in France, have high count
rate liquids instruments available, and several other European institutions
have useful albeit lower flux facilities. Additionally in the time it has
taken to bring ISIS on line liquids diffraction facilities at the ILL have
undergone several upgrades with substantial rises in count rate. In the case
of liquids or amorphous materials, where structural features are intrinsically
broad the most difficult experiment that can be attempted correlates directly
with the number of neutrons per measuring bin accumulated in the course of an
experiment. ILL with its diffractometers D4B and D20, has generally taken the
lead in terms of countlrate, it being routine to obtain 10 counts in a Q-bin
of width of say 0.05A7" in a few hours of running time. As a result there have
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been several significant achievements in 1liquid and amorphous diffraction at
ILL: perhaps the most important contribution is that isotope substitution has
become a routine technique for probing complex materials. It has for example
revolutionized the study of ions in melts and aqueous solutions.

TABLE I Experiments on LAD May - September 1988

Investigator Institution Sample

WVood/Hove Leicester University molten KC1l/ZnCl
Borjesson/Torell Chalmers U., Sweden superionic glasSes
Vright/Sinclair Reading/Harwell Pb-germanate glasses
Neilson/Sandstrom Bristol/Stockholm Cr-perchlorate solutions
Dupuy Lyon, France LiCl.6D,0 glasses
Skipper Oxford Ni-vermicullite.3H,0
Fontana Parma, Italy Cu-nitrate solutiofnis
Dahlborg Stockholm, Sweden iso-propanol glasses
Bermejo Madrid, Spain butane, methanthiol
Burgess ICI battery polymer

Orton Brunel molten antimony
Neilson/Adya Bristol molten ammonium nitrate
Yamaguchi Fokoda, Japan lathanide perchlorate solutions

Therefore the case for using a pulsed source for diffraction on li;uids and
amorphous materials is based not on count rate, at which reactor sources have
traditionally excelled, but on two instrinsic weaknesses of the reactor
experiment vwhich are unavoidable. First of 1a11 the region of Q over which it
operates, typically in the region of 0.4A7" to 17 A™" for D4B (vavelength =
0.74) is always finite. This range can be extended by using several
wavelengths but that reduces the effective count rate by a factor of 2 or 3.
Also the reactor experiment necessarily involves a scan in scattering angle at
fixed incident energy. This means that recoil or Placzek effects (Placzek
1952) deteriorate with increasing Q value resulting in great controversies
about to how to cope with the corrections. (See for example the various
attempts to measure the partial structure factors in liquid water: Thiessen
and Narten, 1982; Soper 1984; Dore, 1985)

For time-of-flight diffraction, which uses fixed scattering angles, the range
of @ vilues avail?ble is much broader, (for example LAD has a range in Q from
~0.15A"" to >50A") and the recoil correction is nearly independent of Q at
small scattering angles (see figure3d). It will be noted that the correction is
particularly small for scattering angles below 20°.

The LAD diffractometer at ISIS has detectors at scattering angles of 5°, 10°,
20°, 35°, 58°, 90° and 150°, and resolutions (4Q/Q) at 20° of ~2% and at 150°
~0.5%, Howells (1980). These are certainly good for most applications
concerning disorderd structures. In fact in the past LAD has doubled as a good
medium resolution powder diffractometer. In addition the background is
exceptionally 1low, the beam-on, no-sample count rate being essentially zero,
due to the high degree of collimation in the scattered beam. Figure 4 shows a
diagram of the instrument.

However this high degree of secondary flight path collimation ultimately
limits the usefulness of LAD because it imposes detector solid angle
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constraints which mean the count rate is only as good a the ILL
diffractometers over a rather limited range of Q near Q=1A"". (See the
discussion in Section 3 and Figure 5.) Therefore several years ago a proposal
wvas made to complement LAD with a Small Angle Neutron Diffractometer for
Amorphous and Liquid Samples (SANDALS) which would emphasize the small angle
scattering region. By doing so }t would reduce even further the smallest Q
attainable to approximately 0.05A7" (this is crucial for experiments, such as
those aiming at determining the pair potential, where accurate pair
correlation functions are required), at the same time as reducing recoil (or
Placzek) corrections by performing the whole diffraction measurement at small
scattering angles. Subsequently two further conditions were established: to be
viable SANDALS would have to be very competitive with ILL in terms of count
rate. Also there has been a long-standing interest in the possibilities of
exploiting the anomalous dispersion of the neutron scattering length near a
nuclear resonance to tackle the problem of extracting partial structure
factors from multicomponent systems: this would require a continuous span of
detectors with scattering angle. These added requirements have necessitated
several redesigns, but the various ideas have now converged to a final design
wvhich 1is currently under construction. The present schedule calls for the main
detector tank and part of the detector bank to be in operation by the end of
1989.

This article therefore is devoted for the most part to a review of the ideas
that have lead to the final SANDALS proposal.

2. Tests with the SANDALS prototype

Before final design of SANDALS could proceed it was necessary to check certain
key aspects of the instrument, in particular the detector performance, the
beam collimation and the count rate, and also to gain experience vith data
analysis with a large number of detectors. The original proposal called for a
l4m f£light path and since much of the collimator and beam stop had already
been purchased these were installed on the beamline. A tank (volume 1x1x3m)
from the NIMROD accelerator was filled with argon and used as a detector tank:
the detectors were two glass scintillator optically encoded modules, formerly
from the LOQ instrument, making a total of 1120 detectors. These detectors
subtended scattering angles of 4° - 8° and 11° - 26° respectively at the
sample position. In addition several other detector types and configurations
were tested. One experiment, on the water correlation functions in
concentrated solutions of urea, was completed, Finney, Soper and Turner (1988).

The prototype produced the expected count rate based on known moderator
parameters. However backgrounds were quite severe at high neutron energies
(>1leV), particularly at the smallest scattering angles. Comparison with other
ISIS instruments indicated that there was a similar problem although much
scaled down on LAD at 5° scattering angle and also on HET (with both choppers
removed) at small scattering angles. 1In all three cases the problem appears
to be related to the fact that the B,C used in the collimator becomes a
partial scatterer of neutrons and is less efficient at neutron capture at
high neutron energies. As a result since the small angle detectors are
difficult to shield they may view this B,C and the background problem becomes
exacerbated. Therefore careful attention has been paid in the SANDALS design
to the final collimation stage.

The other main achievement of the prototype was to iest various detectors. On
the assumption that gt would be prohibitively expensive to build the final
detector bank from “He tubes, then the only practical alternative yas
scintillator detectors, which could be built for a fraction of the cost of “He
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tubes. Because they have not been tested nearly so extensively in neutron
scattering applications, scintillator detectors inevitably require a longer
development time. Two types of scintillator detector have beeg tested: glass
scintillator and =zinc sulphide scintillator. Both rely on Li for initial
neutron capture. The former have an intrinsic deadtime ,on the order of 100nms,
but have a high background, on the order of 0.5cts/s/cm”, and more importantly
cannot be made completely y-insensitive. The latter property turns out to
serious for 1liquids and amorphous solids diffraction since many potential
samples are likely to be sources of y radiation when in a neutron beam. It is
particularly serious for SANDALS where the demand for high efficiency
detectors means thick scintillators are needed.

On the other hand the =zinc sulphide scintillator which is built from a
sandwich of scintillator materials between glass sheets, to assist 1light
extraction, had vy sensitivity only marginally higher than a “He tube and had a
very low intrinsic background. Its deadtime was on the same order as a “He
tube. However the count rate in an individual module on SANDALS is unlikely to
be sufficient that dead time would be important for these detectors. The zinc
sulphide detector3 has the important advantage that it can be made more
efficient than a “He tube at epithermal energies: a module 20mm deep can be
made ~30% efficient at a neutron energy of 10eV, which is twice as efficient
as the corresponding “He tube. Therefore it was to decided to employ the zinc
sulphide scintillator for SANDALS.

3. Count rate calculation and comparison of instruments

For 1liquids and amorphous materials diffraction, irrespective of whether it is
constant wavelength or time-of-flight diffraction, the structure factor S(Q)
is measured versus the momentum transfer, hQ/2nr, where for elastic scattering

Q = 4n sin 6 / X 1)

and 26 is the scattering angle and X the neutron wavelength. Because the
features in S(Q) are rather broad (compared to crystalline powder diffraction)
the requirements for resolution are relatively relaxed, but an adequate count
rate can be crucial to obtaining a useful result, particularly for those
experiments which involve differencing datasets as a function of pressure,
temperature, isotope, etc. In these cases the differential behaviour is
usually more important than the total scattering pattern. Therefore count rate
is almost always the primary quantity of interest. Typically the data for S(Q)
are mapped out in bins of width 0.05A™", and the quantity of interest in
rating the performance of a diffractometer is therefore the count rate per
Q-bin per unit volume of standard scatterer which is normally vanadium:-

neutrons / s / 0.05471 / em> of vanadium 2).

This definition serves to normalize out differences between instruments which
are purely geometric in origin, (usually the size and shape of the beam at the
sample position). This number is also useful to know for a given
diffractometer: a rough estimate of the count rate for a given sample can be
obtained by multiplying it by the volume of sample times the ratio of sample
scattering cross section to vanadium scattering cruss section. It would be
helpful therefore if this number could be specified for all 1liquids
diffractometers so that realistic intercomparisons could be be made. For
convenience I shall refer to the count rate number according to (2) as the
"C-number" for a given diffractometer.
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For reactor experiments the count rate is almost independent of Q, but for
pulsed sources the spectrum falls as 1/Q in the epithermal region. In addition
the detector §fficiency is proportional to A ~ 1/Q, so the measured count rate
falls as 1/Q°. Inlpfactice efficiency corrections mean that the intensity
falls more like 1/Q”°", but even so there is a dramatic fall in measured count
rate with increasing Q, as shown in figure 5, where the measured spectrum for
LAD at a scattering angle of 20° is displayed.

TITLE : C—Number for LAD at 20 deg.
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Figure 5. Measured count rate (or "C-number" - see text) for LAD at 20°

scattering angle as a function of Q, Note the log axes.

For the methane moderator at ISIS, the parameter that describes the epithermal
flux is & and at 100pA proton current and 750 MeV energy, this has the value
for a moderator area of 100 square cm, Taylor (1984)

0.92

dI/dE = 8 = 2.7 x 101278 %21/ ev/55/100em% /s (3).

Now E ~ Q2 so dI/dQ = 2(B/Q)AI/AE = 5.4 x 10M%/q n/A~1/sr/100em2/s

2.7 x 10'1/Q n/0.054"1/sr/100em2/s (4).

Using these values the expected count rate on LAD can be estimated. It is
assumed that:-

(1) the collimator views most of the active area of moderator;
(ii) the incident flight path is 10m;
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3 in volume

(iii) the sample is a cube of vanadium, 10 x 10 x 10mm
(corresponding to a 30% scatterer); 3
(iv) detector;is 30% efficient (corresponds to a “He tube at 2eV, and

021041 for 20° scattering angle);

then the scattered count rate per unit detector solid angle is

2.7x10 x 0.3 x 1.0x10% x 0.3/ 4no
0 0 1 0

moderator fraction sample detector

scattered solid efficiency

by sample angle

at
moderator
= 1940/Q n/0.058"Y/sr/s/emv. (5)

t will be noted that this number, which of course applies strictly only to
he epithermal region of the spectrum, is independent of scattering angle for
a given Q value. The fact that count rates vary for different scattering
angles and different Q values in practice arises because the thermal part of
the spectrum eventually takes over at low neutron energies and in any case the
detector efficiency will be different for the same Q value at differeni
scattering angles. For LAD at 26 = 20° the detector area if 2 x 0.04 x 0.2m
and the fiial f%ight path is 1.0m, and so for Q =,10A"" the C-number is
3.1n/0.05A4" "/s/em V. I quote the C-number at Q = 10A™ since it is important
to remember the very rapid decline in count rate at a pulsed diffractometer
with increasing Q value.

Figure 5 1 show that the measured C-number 1is uch  lower 3t
~0.70/0.05A" " /s/cm for this Q value (and ~22n/0.054""/s/cm”V at Q = 1A7%),
and the reason for this disagreement is not clear at the present time. It
should be born in mind of course that for most experiments several LAD
detector banks can be combined so that the count rate should be multiplied by
a factor of ~2-3 to get a realistic estimate of likely count rates. Even so
the very rapid fall in count rate with increasing Q is clear from figure 5.

For the nev glass diffractometer at IPNS, GLAD, the estimated C-number
assuming 3 full complement ?f detectors at the same Q value is ~20 -
25n/0.05A""/s/cm”V at Q = 10A™", Montague and Price (1988), which includes the
factor of 2.5 enhancement which has taken place since the booster target was
installed.

Finally for the 7D4B diffractometer at ILL the measured neutron flux on the
sample is 4 x 10’ n/cm”/s for a wavelength of 0.7A, so the C-number for the
standard cube of vanadium would be

4x100 x 0.3 x 55x10% x 0.67 x 0.15/ 4n
0 1 T 1 +
flux fraction detector detector sampling
scattered solid effic. factor
by angle 1
sample for 0.05A
bins

3

= 53 n/0.054"1/s/cnv. (6)



ISIS liquids and amorphous perspectives 361

The sampling factor arises here because the present detector does not scan all
scattering angles simultaneously. This number is entirely in accord with the
observed count rate from a sample of vanadium placed in the neutron beam on
D4B (A C Barnes, 1988, private communication). Comparison of this C-number
with figure 5 shows that when several angles are combined the LAD
diffractometfr is already as intense as D4B, but only in a narrowv region of Q,
around Q=1A"". Outside this region the intensity falls off rapidly.

4, Design of SANDALS

The count rate numbers of the previous section tell their own story: whatever
the cause for the measured count rate on LAD being lower than the number based
on moderator performance figures there was no avoiding the conclusion that the
count rate on LAD was inherently lower thanlon comieiing diffractometers over
a range of important Q values, i.e. Q = 5A7" to 20A™". This was a key result
which has directed the design of SANDALS. The principal goal has been to
strive for the maximum solid angle of detector in the "small" angle region
(i.e. for 206 < 40°), with a continuous span in scattering angle, that can be
achieved within the engineering constraints imposed by allowed sizes of vacuum
tanks and windows and the restrictions imposed by including some shielding in
the scattered flight path. As a result the available solid angle will be
approximately 40% of the theoretically maximum. As seen in table II this still
will ensure that SANDALS is highly competitive in count rate if the full
detector complement is available.

TABLE IT Some Design Specifications for SANDALS

Moderator: Methane, 100K

Incident Flight Path: 1lm

Beam Cross Section: Circular

Maximum Beam Aperture: 32mm (diameter)

Final Flight Path: 0.75m - 4.0m

Detectors: Zine sulphide sandwich detectors

200 (high) x 10 (wide) x 2 (deep) mm
30% efficient at 1QeV

Range In Detector High Resolution Low Resolution
20 Solid Angle Resolution C-number Resolution C-number
(deg.) (sr) 20/Q (%) (at 0=10A"1) a0/Q (%) (at @=10a71)
3-1 0.043 11 -2 0.3 16 - 4 7
11 - 21 0.121 2 1.6 4 -3 35
19 - 31 0.222 1.5 3.9 3 84

29 - 41 0.301 1.3 6.1 2.5 131
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The projected count rates have been achieved by shortening the original
proposed flight path from 14m to 1lm, by opening up the beam from 10mm
diameter to 32mm diameter and by increasing the detector solid angle from the
original SANDALS proposal (Appendix to NBRC 9-85, 1985). Of course there is a
penalty in resolution that has been paid in doing so, although this is
not 1likely to be serious for the high count rate, isotope substitution
diffraction work which is 1likely to feature very frequently in the SANDALS
experimental program. However since there will undoubtedly be some experiments
which require better resolution than the default resolution, provision is
being made to narrow the beam and viev a smaller area of moderator if so
desired, by placing beam defining apertures of 24mm and 16mm at 6.25m and 9m
from the target respectively. Although these will give lower count rates, they
will double the resolution in the small angle region. As a further provision
the sample tank will include windows for detectors at larger scattering angles
up to 120° in the event that better resolution is needed in the future.

An obvious problem that arises at small angles when dealing with large arrays
of detectors is that the resolution can vary sharply with scattering angle,
wvhich can make combining detectors from different angles problematic if
resolution effects are apparent. Therefore a further feature of the design is
that the detectors 1lie on a trajectory of continuous and nearly constant
resolution. At small scattering angles this trajectory corresponds
approximately to the surface of a cylinder whose axis is coincident with the
transmitted beam. With this geometry the resolution varies by a factor of ~2
over the scattering angle range 10° - 40°.

Table II 1lists the principal characteristics of the proposed SANDALS
diffractometer and figures 6 and 7 show two views of the sample vacuum tank.
It will be noted that the reduction of count rate from low resolution to high
resolution options is on the order of a factor of 20: this is because the
resolution of the instrument at small angles is dominated by the angular
divergence of the incident beam. The only way to improve this resolution is to
restrict the aperture of the beam with a consequent large reduction in count
rate. To build the "ideal" geometry with equal contributions to the resolution
from moderator, sample and detector would require a much a larger area of
detector than the present proposal, would increase the linear dimension of the
instrument by a factor of at least 1.5, would lead to increasing difficulties
with frame overlap at the ISIS repetition rate of 50Hz, and would escalate the
cost significantly above the present allocation. To compensate for the
increased cost there would have to be reduced solid angle coverage which would
correspondingly negate the advantages of the larger instrument. It is felt
that the present design is probably optimal given the conflicting demands of
count rate, resolution, cost and engineering constraints. It should also be
noted that in the high count rate/low resolution mode SANDALS will remain

competitive in count rate with ILL even if further proposed modifications to
D4B are implemented.

Outside the vacuum tank the scattered flight path to the detector modules will
be filled with argon gas to reduce air scattering. The gas will be contained
in boxes lined with B,C baffles to reduce neutron backgrounds from sources
other than the sample. The detectors themselves will be surrounded in B,C
(except in the direction of the sample!) Finally the entire instrument will ge
entombed in wax shielding to remove external sources of background. It is
anticipated that the full array of sample environment eq