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FOREWORD

In view of the considerable improvement in the accuracy and
consistency of the properties of neutron sources relevant to neutron
metrology achieved in recent years, the International Nuclear Data
Committee at its recent meetings*) recommended that a meeting on
Neutron Source Properties be held in 1980. 1In response to this
recommendation, the TAEA Nuclear Data Section, with the support of
the Hungarian authorities, in co-operation with the Institute of
Experimental Physics of the Kossuth Lajos University acting as the
host, convened a Consultants' Meeting on "Neutron Source Properties™
during the week 17-21 March 1980 in Debrecen, Hungary.

The meeting was attended by 29 scientists and more than 10
observers from 13 Member States.

The main objectives of the meeting, in addition to high-lighting
current important developments in this field were:

- to review the requirements and status of 4ll properties and
data on neutron sources such as mono-energetic neutron-producing
reactions, white source neutron spectra, spontaneous fission
neutron specira, gamma~-neutron and alpha~neutron sources, fil-
tered neutron beams and thermal and epi-thermal pile neutron
beams. The neutron energies to be covered extend from thermal
to 40 MeV and above. Plasma neutron sources are not to be
included,

- to identify.the uncertainties in the properties of neutron
sources and the corrections needed to improve the accuracy
and consistency of neutron measurements, and

- to formlate speci?ic technical recommendations for future
work and its coordination.

The proceedings contain the review papers, the abstracts of the
contributed papers presented at the meeting as well as the introduction
and report on the summary conclusions and recommendations of the meeting
related to the following subjects:

1. Radioactive Be(x,n), photoneutron and spontaneous fission
sources;

2. White neutron sources and filtered beams; and

3. Mono-energetic neutron sources from charged particle reactions.

The assistance of the Hungarian Govermment, the Hungarian Atomic
Energy Commission, the Hungarian Academy of Sciences, the Kossuth Lajos
University, and, in particular, its Institute of Experimental Physics,
in the organization and conduct of the Meeting is most gratefully
acknowledged.

K. Okamoto
Editor
Fuclear Data Section

#)  10th INDC Meeting in October 1978 (INDC-31/L appendix XI.C. p.5)
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INTROIUCTION

For mearly half a century neutron sources have been of high interest
in both basic and applied contexts; extending from the very low energies
primarily relevant to condensed-matter studies to the very high energies
associated with elementary-particle interactions. A diversity of neutron—
source types are involved ranging, for example, from small sources implanted
in buman tissue to the very largest of accelerator—-based research facili-
ties. The primary application of neutron sources is now energy related,
particularly associated with the provision of the basic physical parameters
underlying the utilization of both fusionm and fissiomenergy systems.
Neutron sources are also widely applied in other fields; for example geolog-
ical and bio~medical. The requirements for neutron data, and neutron—source
properties generally, have shifted from a qualitative to the present very
quantitative status; often reflecting very large cost and/or safety impact.
In many cases very small parameter variations can be decisive. The interest
in and utilization of neutron sources is world wide though the character,
the application, and the magnitudes may be very different.

Considerations of the above nature have resulted in a continued and
high international interest in neutron sources that is reflected in comr
siderations of the International Nuclear Data Committee over an extended
period of time. As a result of this continuing assessment that Committee
felt that a timely review of the neuton—source field by a small group of
selected specialists was now warranted and this meeting is the result of
that recommendation. The objective is the wide—scope technical assessment
of the status of neutron sources with emphasis on their relevance to and
use in neutrom-associated applications. The energy range of interest
extends from sub~thermal to 50 MeV and above. A wide range of source
types are relevant including; those based upon natural activities, mono—
energetic sources (e.g. accelerator based, filtered beams, etc.), white
sources (e.g. reactors, accelerators, etc.), and reference neutron fields
particularly employed for calibration purposes. The assessments should
include not only the properties of the sources themselves but also aspects
of their practical utilization. Projections as to future trends in both
large and small source contexts are sought. Comparative evaluations should
identify both strengths and weaknesses of the various source types. From
these deliberations should emerge definitive guidance for future efforts
with particular attention to cooperative endeavors.

A. Smith
Argoune National Laboratory
March 1980






Summary Conclusions and Recommendations
Working Group 1

Radioactive (a,n), Photoneutron and Spontaneous Fission Sources

Chairman: M. V. Blinov, Radievyj Institute V.G. Khlopina.
Co-Chairman: K. W. Geiger, National Research Council of Canada
Utilization

Radioactive neutron sources as well as fission—neutron sources are
of low cost and normally easily obtainable. They are used as neutron
standards and as calibration sources for instruments, in particular
dosimeters. Furthermore they are suited to special applications notably
as probes in geological exploration. For these probes Be(a,n) sources
are of particular interest because relatively hard spectra are required.
Radiocactive (Y,n) sources are particularly useful for the precise abso-
lute measurement of neutron cross sections at reference energies, notably
activation and fission cross sections. Because of their high specific
emission rates 232Cf sources are widely used in activation analysis,
neutron radiography and as instrument—-intensity and energy standards.

In addition 2°2Cf sources have found application in medical therapy.

Recommendations

Be(a,n) and Photo—neutron Sources

1) Above energies of 2 MeV the neutron spectra of Be(a,n) sources
are well known in the context of their applications. Below 2 MeV better
spectrum measurements are needed. The low—energy range is important in
neutron dosimetry calibration and in the determination of corrections
involved in the precise calibration of Be(a,n)—source intensities using
MnSOa bath methods. :

2) Present inconsistencies in the stopping power data for He and Be
need to be resolved. These uncertainties strongly affect the calculated
yield from Be(a,n) sources. :

3) For photo-neutron sources, the relationship between calculated
yield, measured yield and photoneutron cross section should be further
investigated. Such results could provide a mechanism for obtaining more
accurate (Y,n) cross—section data than available at present.

4) A catalog of essentially mono-energetic (Y,n) sources, listing
all pertinent source parameters, shogld be made.

5) Modifying the Sb-Be(Y,n) source spectrum by filtering and modera-
tion allows the production of spectra with average emergies down to ~0.5 keV.
Application of such methods could provide sources of various energies comr
plimerting those available at larger laboratories using filtered reactor or
accelerator beams.



6) The published neutron fluence-to—kerma conversion factors should
be reviewed in the light of the present improved knowledge of (a,n) and
(Y,n) source spectra.

252¢c¢ spontaneous Fission Sources

1) A new evaluation of the experimental results on the spectra should
be made using the latest data. This should include full statements on the
evaluation error. '

2) The 252¢f spectrum can be assumed to follow a Maxwellian shape with
temperature T x1.42 MeV in the energy interval 10 keV to 10 MeV. However,
this representation is only a first approximation as deviations from the
Maxwellian shape were reported in several papers. What is needed now is more
experimental work using a variety of detectors with well known neutron detec-
tion efficiency, good energy resolution and reliable energy calibrations.

3) The error goal in spectral measurements is *3%Z from 0.2 to 8.0 MeV
increasing at the extremes of the energy range to *10% at 0.001 MeV and 15 MeV.
These accuracy goals reflect both the important requirements for spectrum—shape
information and experimenteal capabilities for determining such information.

4) Measurements of V for 252Cf show discrepancies of {1% which are
frequently associated with the measurement method, particularly considering
the MnS04 bath method versus liquid scintillation counting. These discrep-
ancies should be resolved. ’

5) Because 252Cf is widely used as a standard, not only the half life
but the 1sotopic composition of the samples should be well known as well.
The chemical composition of the samples should also be carefully specified
as ‘chemical impurities may affect the spectrum by (a,n) reactions. :

6) We appreciate the efforts of the International Bureau of Weights and
Measures in arranging intercomparisons of absolute source calibrations and we
encourage participation on the part of additional countries.

7) We recommend that 252Cf sources be utilized as standards for ¥ and
for the prompt-fission—neutron spectrum.



Summary Conclusions and Recommendations
Working Group 2

Wwhite Neutron Sources and Filtered Beams

Chairman: C. D. Bowman, National Bureau of Standards
Co-chairman: W. G. Alberts, Physikalisch Technische Bundesanstalt

1) Accelerator—based White—Neutron Sources

As neutron—based technology has grown so have the methods for neutron
production. The rate of development has increased and now we are probably
on the threshold of significantly larger source intensities and improved
measurement methods for use in neutron research and applications. It is
expected that the reactor will continue to hold a firm position particularly
in material studies. Further development of reactor intemnsities will probably
be limited due to the large energy release per available neutron (~200 MeV/
neutron). The accelerator-based sources are not near such a barrier and thus
a variety of accelerator concepts are under study for the provision of neutrom
sources of increased intensity. In addition there are engineering and manage-
ment advantages to the accelerator source (e.g.. ease of control and reduced
residual activity), and accelerator reliability may be approaching that of
a reactor. The accelerator—source advantages are most sharply drawn at the
highest intensity levels but many of the advantages remain true at more modest
intensities.

Accelerator systems used for white neutron source production can be
qualitatively characterized as follows:

Spallation Sources, >200 MeV

Electron linacs, 30-150 MeV

Ion accelerators, <200 MeV

Electron linacs, 10-15 MeV
Electrostatic accelerators, <5~10 MeV.

These categories are only general guide lines as other comnsiderations, such
as the particular application, may be governing factors.

The advantage of the spallation source is the low energy release per
emitted neutron (~25 MeV/neutron) which is an important consideration in
target—heat-dissipation capability and accelerator—energy efficiency (i.e.
energy cost). The accelerator concepts involved have been largely proven
in high-energy research facilities. For these reasons the accelerator—
spallation source has considerable development potential beyond current con-
cepts. Additional advantages are; comparatively low y—-flash, flexibility
including pulsed and continuous—-mode operation, spectral options extending
from fast to cold neutrons, and the capability for multiple research stations.
A disadvantage of the spallation source is the presence of a high—energy
neutron component which is difficult to shield against and which may perturb
experimental measurements. Experience also indicates the presence of high-
energy proton and meson backgrounds that are not always easily removed from
the measurement systems. Though efficient systems are involved, power costs



can be a concern. The usefulness of the spallation source in both steady
state and pulsed modes is broad as indicated by the qualitative comparative
chart of Table 1.

Electron linacs are the most intense presently available accelerator—
driven neutron sources. Even though less energy efficient than the spal-
lation source these devices have proven very successful and should
remain so into the future. However, it is not clear that new facilities
of this type should be built except, perhaps, to meet special objectives.

For example, a major area for improvement is in shorter pulses (e.g. ~50 psec)
which are particularly promising in some experiments. This type of source
also offers ideal capability for activation analyses by the (Y,n) method
complementing thermal-reactor activation methods.

Proton or deuteron accelerators of <200 MeV have been productively util-
ized as white sources. They are not truly spallation sources and are less
neutron efficient than the spallation source but they have advantages. The
pulse width is characteristically ~] nsec. The neutron beam is strongly
forward peaked making the source particularly useful for radiation damage
and therapy. Duty cycles are inherently high and reduced repetition rates
may significantly curtail the average beam currents. In various modes, the
application of this type of source is broad as outlined in Table 1. This
type of source again has a high-energy neutron-spectrum component that is a-
liability in some applications. The heat is more localized in the target
than for the spallation source and the beam currents are characteristically
higher than in spallation sources thus placing more burden on beam handling
and diagnostic systemse.

10-12 MeV electron beams can be used for neutron production with an
efficiency approaching that of a 100 MeV beam by using Ta(e—,Y) converters
and Be or D (v,n) radiators. Recent technological advances permit a trade-
off between beam current and energy for nearly the same neutron production
efficiency as for the 100 MeV electron beam. The high~current low—energy
option has some significant advantages. The neutron spectrum is free of
high energy components. Shielding requirements are less resulting in
reduced costs and space and better experimental fluxes. The accelerators
are simplified single—-section units and the induced radioactivity is rela-
tively small., With existing technology, the total neutron production with
conventional units remains less than that of a 100 MeV facility, but
induction-linac technology, with the promise of 1000 ampere beams, may
alter this situation. The applicability of the concept is outlined in
Table 1. The -disadvantages of the concept are the absence of neutrons with
energies above ~4 MeV, e.g. as needed for radio—therapy purposes, and less
source brightness.

The final category is the low—-energy electrostatic accelerator which,
with thick targets, offers selected opportunities for specialized white-
neutron—source work with comparatively high intensity. Optimum utilization
of the method requires a solution to the target power dissipation problem in
order to utilize available beam power. The method is particularly useful in
neutron data measurements in the keV and low MeV energy ranges where good
results can be obtained with modest facilities and costs.



In summary, a wide rénge of options is available for improved accelerator-
based neutron white-source studies leading to further development of neutron
research and neutron based technology.

2) Calibrated Beams and Fields from Reactors and Accelerators

Calibrated neutron beams and fields include; those produced by various
filter applications (primarily at reactors), thermal reactor beams, neutron
fields driven by thermal neutrons and fields driven by accelerators. The
accuracy and quality of these beams and fields was discussed including their
use in cross section measurements, instrument calibration, bio-medical applica-
tions and for other purposes.

Filtered beams have been developed for a wide range of energies using
reactor sources and, to a lesser extent, accelerator sources. The filtered
beam, first introduced by the MIR group, has been a very useful tool in both
basic and applied studies particularly where the object is high accuracy.

The most widely considered filter energies are;

2.35 MeV; 190
l44. keV, Si
55. keV; Si
24, keV, = Fe
20 keV, Sc
186. ev, 238y,

The filtered beams are particularly valuable at energies of <30 keV, where
other methods are difficult, but they are also applicable at higher and
selected energies. Neutron spectroscopy is generally not the primary pur-
pose of these filtered beams. Thus the availability of such beams at decade
intervals below 200 keV is probably adequate with possibly one well-defined
energy per decade. With this assumption the primary shortfall is in the

20~50 eV energy range. This low—energy range is difficult as, already, the
186 eV (238U) beam is subject to background problems. Beam purity remains

a problem, particularly due to higher—energy perturbations, and attention
should be given to alternate material combinations (e.g. the use of other
windows in 238U), isotopic filters and careful selection of filter materials.
At low energies (e.g. less than 2 keV) better methods of characterizing the
beam are desired. At present the beams obtained from the reactor are very
stable. This and their steady-state nature is a strong advantage in many
applications €e.g. dosimetry). The use of neutron filters in conjunction
with a pulsed-white source results in a background reduction in time—of-flight
experiments while in some cases intensities are comparable with those obtained
with a reactor (e.g. the 16g filter at 2.35 MeV is approximately of equivalent
intensity at an accelerator and reactor). Generally, what is obtained is a
pulsed mono-energetic beam with its advantages in some types of measurements
(e.g. neutron scattering studies). In other usage there is an advantage to
the pulsed and filtered beam provided by a small accelerator. The potential
of small electrostatic accelerators, filtered beams and thick targets (e.g.
7Li(p,n)) should be examined. Similarly, research with the objective of. pro-
ducing intense monoenergetic beams via thermal-neutron de-excitation of
isomeric atoms, molecules or nuclei was encouraged.



Energies in the low—keV region are particularly important in personnel
dosimetry as they contribute significantly to typical neutron fields of
nuclear power stations. Belaw ~2 keV a better calibration field would be
very helpful. Biological and medical agglications are interested in the
results of neutrons incident on Cd and B implanted in human tissue both
in diagnostic and therapy contexts. In either case, keV neutrons are used
to achieve deep tissue penetration not available with thermal neutrons.
Generally, the basic physics of neutron damage to biological specimens is
not clearly understood and it is reasonable to expect filtered beams to help
resolve the issues.

Calibrated thermal neutron beams from reactors provide a further energy
range for instrument calibrations and (n,Y) work. = Standard neutron fields
with broad energy distributions play an important role in nuclear power
development. They are frequently derived by placing 235y fission sources
in a cavity within a reactor thermal column. Appropriate use of moderators
and/or absorbers tailors the cavity spectrum to that of the particular need
(frequently a fast-reactor spectrum). The cavity—field geometries are simple
and the spectrum calculated to accuracies of ~5% at intensities of ~10% n/cm?~s
and tested by selected benchmark measurements. An accelerator = based white
source offers an alternate method for the provision of standard fields when
the emphasis is on accuracy and a tailored energy spectrum. The use of a
pulsed source and drift tube provides further spectral definition and rea-—
sonable intensity (e.g. 108 n/sec). The use of calibrated fields should be
improved by the implementation of a variety of complimenting methods and
approaches.



Table 1. Comparative Utilization of Accelerator—-based White—-neutron Sources.

+

Type of Utilization

Medium ) Isotope Neut. Radia-
Source Solid Energy Nucl. Neutrino Nucl. Bio- Produc- Act- Radi- Cancer tion
Category State Phys. Phys. Phys. Data Research tion Analysis ography Therapy Damage
Spallation
Sources, Ep or d
2700MeV o ) ° ° ® ® o ) o o )
Electron Beams
30-150 MeV ® - ' - ° ° ) . ° - -
Ion Accelerators
<200 MeV, No
Storage ring ® - . ° ) ° . ° . ° .
Electron Beams
10-12 MeV ® - ° - ° ® - . ® - -
Electrostatic
Accelerators,
Thick Targets - - ° - ° ° - - ° - -

*The degree of applicability

depends on the detalls of the method.
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Summary Conclusions and Recommendations
Working Group 3

Monoenergetic Neutron Sources from Charged-particle Reactions

Chairman: H. Klein, Physikalisch Technische Bundesanstalt

Co-Chairman: M. Drosg, Inst. fiir Experimentalphysik, University of Wien
Various applications of monoenergetic sources have been discussed by this
working group (~15 members) of the IAEA consultant's meeting. These con-

siderations are divided into topical sections as follows:

1) Monoenergetic neutron sources in the energy range 30 keV to 60 MeV

For basic and applied physical research, calibration purposes and
neutron dosimetry over the energy range 30 keV to 60 MeV several of the
reactions of Table 1 are suitable. In that context the following recom-
mendations and requirements are set forth as referenced to that table.

l1A) Reasonable energy resolution of ~10Z for 30 keV neutrons can be
achieved at low yield. The development of a high intensity target is
required and source—associated cross section measurements are needed in
this energy range including attention to the structure of the reaction
cross section.

1B) Excellent energy resolutions have been achieved using monoener—
getic sources in studies of inelastic—neutron scattering with excitation
energies up to ~400 keV (e.g. ~10 keV for a 3 MeV incident neutron energy)
and in similar studies involving reactionm—product spectroscopy. Associated
Y-ray techniques can be applied in neutron—flux—intensity measurements above
~700 keV.

1C) These sources may be useful in both relative and absolute cali-
brations to accuracies of ~5Z. However, the application is limited by the
relatively low reaction cross section.

ID) The application of tritium is largely limited to use in solid-
state metal-implanted targets (e.g. absorbed in titanium) or gas targets.
The advantages of a triton beam will, unfortumately, not be utilized at
most installations due to safety regulations. BHere continued development
of low background T -~ gas targets 1s required (e.g. employing 8Ni entrance
foils and °%Ni or Si backing).

1E) This is the most practical source in this energy region, providing
high neutron fluxes. The signal-to—noise ratio can be improved by using Mo
entrance foils and Ta backings. The background due to Dy self-buildup in
the target can be reduced by decreasing projectile energies over the period
of target use. The neutron angular distributions at incident deuteron ener-—
gies of 5 to 6 MeV are recommended as secondary calibration standards.
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An evaluation of all available d-breakup measurements is required for
use in many applications (e.g. neutron scattering, angle-integral cross
section measurements, correction calculations, etc.).

1F) This reaction may be used up to ~30 MeV neutron energy but above
~20 MeV the background problems increase rapidly.

1G) Here cross section measurements should be extended up to ~60 MeV
neutron energy. Complete neutron energy spectra are required for the inter-
action of protons with 7Li and 9Be.

For all of these neutron producing reactions the compilation of the
relevant measured source—reaction data is required so as to permit the
quantitative use of improved data in further evaluations (e.g. for the
evaluation of the p~t reaction at ~3 MeV and the p~’Li reaction near 5 MeV).

2) High Intensity Neutron Sources at ~l4 MeV

High intensity neutron sources are of special interest in many fields of
application; e.ge. basic nuclear research, nuclear data measurements, solid=state
physics, particle-damage studies, chemical analysis, bio-medical uses, neutron
radiography, neutromshielding studies, etc.

It is recommended that laboratories working in the 14 MeV area cooperate in
the design and construction of intense=neutron—source facilities, particularly
where involving rotating Ti(t) and other special high~intensity targets, and in
the development of intense deuteron ion sources suitable for use at ~400 keV
accelerators in either DC or pulsed (~msec) modes.

Multiple scattering of deuterons in thick Ti(t)- targets has to be cal-
culated to determine the angular dependence of the neutron energy distribution.
For this purpose the d-t cross section at projectile energies of <10 keV is
required. The influence of structural material should be included in such
calculations (e.g. by means of monte—carlo simulation). The results of these
calculations should be verified by means of high-resolution time—~of-flight
spectroscopy.

In addition to common (or standardized) source configurations common (or
standard) experimental setups should be developed for:

The measurement of neutron flux intensity (e.g. protomrecoil telescope,
Al(n,a) activationm,etc.).

The determination of mean neutron energy (e.g. proton—recoil telescope).

The use of secondary-reference scatterers (e.g. C, Bi, Fe instead of, or
conplementing, CH3).

The operation of these nmew high—intensity neutron sources will make possible
more complex experiments (e.g. particle—angle correlation measurements) pro—
viding more detailed understanding of the basic reaction mechanisms.
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3) Special-purpose Monoenergetic Sources

There are a number of reactions, in addition to those identified in
Table 1, that are very good monoenergetic neutrom sources in particular ex-
perimental of contexts. Notable of these are a number of (d,n) and (a,n)
reactions on light targets (e.g. /Li, 9Be) having well defined neutron groups,
useful intensities and often postive Q-values. The working group acknowledges
their importance but due to their specialized nature and application does not
deal with them here.

4) General Considerations

A number of aspects of the use of monoenergetic neutron sources involve
computing codes many of which can be made operable on modest computational
equipment. It is recommended that, where possible, these codes be standard-
ized, documented, and made generally available particularly with respect to:

Calculation of neutromdetector efficiencies (e.g. liquid scintillators
and proton—recoil telescopes).

Corrections to scattering measurements due to geometry, flux attenuation
‘and multiple events.

Such codes should operate on small computers (e.g. 16K bit words, 32K storage).
The NDS—~I1AEA provides is a suitable mechanism for the acquisition and dis—
tribution of such special-purpose codes. The development, careful test and
documentation should be the responsibility of the originator and not of the
compilation and distribution entity.



Table lo
No. Reaction
1A Sc(p,n)
1B 7Li(p,n)
1C 11p(p,n)
12¢(d,n)
1D T(p,n)
1E D(d,n)
1F T(d,n)
1G T(p,n)
7L1(p,n)
9Be(p,n)
24 T(d,n)
3A Variety of
(d,n) and

(a,n) reactions
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Neutron Energy
range, zero deg.

Threshold—5 MeV

90 keV—-2.39 MeV
0.5-14 MeV

Threshold-14 MeV

~15-30 MeV

25-60 MeV

~14 MeV

up to 20 MeV
and above

Recommended "Monoenergetic™ Neutron Sources

Remacks

Low intensity

Monoenergetic to ~0.7 MeV

Second kinematic group
present near threshold

Low intensity

Also useful to higher
energies

Background and breakup
problems above ~6 MeV

Background problems
for E, 220 Mev

Accelerator energies
of 25~60 MeV required.
Backgrounds a problem
in many cases.

High intensity source.

Sources are “monocenergetic”

only' in context of par—
ticular application
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NEUTRON SOURCES IN PERSPECTIVE*

A. B. Smith
Argonne National Laboratory
Argonne, Illinois 60439, USA

I.  INTRODUCTORY REMARKS

It has often been said that the problem of experimental neutron physics
is intensity. The axiom remains true but there are mitigating circumstances;
the character of the source, specific brightness, and the canonical variables
space, time, energy and momentum.

This meeting should sharpen the understanding of a wide range of compli-
mentary neutron sources, many within the scope of modest resources. Strengths
and weaknesses should be identified and innovative applications and techniques
put forth. Specific technical recommendations with the objective of improved
quality and utilization are sought with the emphasis on modest-facility appli-
cations. On a larger scale, major source facilities are of interest in a
cooperative regional and international context and technical recoumendations
toward encouraging such cooperative use are sought.

The following remarks have the objective of setting the stage in the
areas of: monoenergetic accelerator based neutron sources, white neutron
sources, neutron sources based upon natural activities, reactor—based neu—
tron sources, and neutronm sources employing a varity of filter concepts.

II. NATURAL RADIOACTIVE SOURCESY

Fermi and coworkers used sources of this type to study neutron-induced
activity and, probably, unknowingly observed fission. These sources remain
useful due to their stability which makes them good intensity and spectral
reference standards and to their isotropy of emission which makes them par-—
ticularly suitable for the provision of standard fields and the application
of the sphere-transmission and similar special techniques. The sources are
frequently relatively simple to use and of low cost. The limitations are
associated with spectral coverage and definition (or lack thereof), high
levels of radioactivity and practical problems associated with fabrication.

*
Prepared for the IAEA Consultants' Meeting on Neutron Source Properties;
Cebrecen, Hungary, 17-21 March 1980.

-+
Professor G. F. Knoll was kind enough to provide the author with a pre-print
of an extensive review which stimulated many of the following remarks.



A. (alpha,n) Sources

Early sources of this type were primarily based upon radium (and pro-
duct) activities. The radium source still is one of the basic intensity
standards, known to fractional-percent accuracies in the best cases. More
recently trans—uranium activities have been widely used. The latter pro-
vide convenient half-lives, good yields and relatively low backgrounds.
Illustrative examples of such sources are given in Table 1. Most of these
sources employ an essentially infinitely thick berylium target for neutron
production via the alpha+98e reaction. As a consequence all of the spectra
are continuously distributed in energy up to ~10 MeV and above as illus-
trated in Fig. l. The spectra are moderately dependent upon the underlying
activity and the details of fabrication. None can be considered a "monoener—
getic source” and thus the use is primarily as an intensity standard in a
wide spectrum of applications (e.g. bath and dosimetry calibrations). The
gamma—-ray emission is generally of approximately the same intensity as the
neutron emission. Alternate and softer spectral distributions can be obtained
by using conversion materials other than Be, e.g. B, C or Li, as illustrated
in Fig. 2. In doing so there is a sacrifice in intensity similar to that
encountered in the use of the same (alpha,n) reactions at monoenergetic
accelerator facilities.

B. (gamma,n) Sources

The primary advantage of these sources is their stable.and well defined
spectral distributions which can approach those of a monoenergetic source.
Thus these sources are useful as both intensity and energy—reference stan=
dards. The disadvantages are the very large gamma~ray intensities, the
often relatively short half-lives, and the practical problems of producing
and handling very intense radioactive samples. In practice, the use of these
sources often implies the availability of a modest sized research reactor.

The conversion radiator is usually Be (Q = - 2.226 MeV) or deuterium.

(Q = - 1.666 MeV) and, from the point of view of the gamma-ray, the radiators
are “thin". The sources are not thin to the emitted neutrons and secondary-
reaction yields must be carefully considered. With these two radiators, a
range of gamma-ray sources provide a number of reasonably monoenergetic and
isotropic neutron sources distributed over the neutron energy range of approxi-
mately 1 keV to 2.5 MeV as illustrated in Table 2. Yields can vary by several
orders of magnitude and half-lives from minutes to days. The sources are
monoenergetic to within 10-20% as illustrated by the distributions of Fig. 3.
That resolution is generally larger than provided by the well filtered beam

or the monoenergetic accelerator sources. In addition there are perturbations
resulting in long tails that must be carefully considered in precision measure-
ments. However, with care some very precise reference-cross~section values
have been obtained using relatively simple methods.

C. Spontaneous—fission Sources

By availability and half-life these are, in practice, confined to Pu—240
and Cf-252. Only the latter has a wide applicability and is of concern here.
Cf-252 is recognized as the basic fission-source reference but it, perhaps,
remains the most-under exploited of all natural neutron sources.



The neutron intensities available with the C£-252 source can range up
to $1019 n/sec and be accurately known. The neutron—emission spectrum
is reasonably known over the region of appreciable intensity (0.1 - 10.0 MeV).
Moreover, this spectrum is favorably distributed, from the point of view of
many microscopic measurements. On a velocity scale and on an energy scale it
is closely similar to the common actinide fission-neutron spectra of high
applications importance. The time of neutron emission is readily determined
to within =1 nsec making possible the application of the associated particle
technique with all its advantages. The fission— and alpha-decay half-lives
are both well known and in a useful range (5). This source can provide a
readily transferable standard-reference field that is far more attractive than
the transfer instrument concept. -

The C£-252 source has been used to a limited extent for instrument cali-
bration purposes (6). It is the primary nu-bar reference (7) but has been
relatively unused in microscopic cross section measurements. Where the latter
have been attempted the results have been encouraging (8). The source provides
a standard-reference field largely free of envirommental perturbations without
any requirement for a major facility (e.g. without the need for ‘a reactor).
Only now is the source assuming a proper place in the context of a standard-
reference field for integral validationms, e.g. for integral tests of cross
sections and macroscopic properties such as age to indium resonance (9).

There are basic problems associated with the Cf-252 source. It is an
international concern that nu-bar is known to no better than 0.7%; though
even that value is very good in the context of the knowledge of the inten—
sities of other sources (7). The delayed neutron yield is uncertain but
small (10). There are questions as to the presence of short-lived fission—
product isomers and these can be a concern in some applications. The spec—
tral knowledge over the range of appreciable intensity is probably no better
than 3-5X. The spectrum observations are generally consistent with a maxwel-
lian shape and a temperature of ~1.42 MeV (11). However, the latter value
and recent measurements raise questions with respect to the fission—neutron
spectra of the common actinides (e.g. U—235 and Pu-239) (12). At low ener-
gies the exact nature of the spectrum remains uncertain and that is a con-
cern in some applications despite the relatively small intensities involved.

Applications problems are 'less serious but significant. Cf-252 stock
material is reasonably available at most major institutions and can be of
good purity. It is not clearly so at the smaller installations. Fabrica-
tion remains a problem both in the context of encapsulated sources and thin
films suitable for fragment detection. Fragment detection can be simple and
achieve good results as illustrated by the time—of-flight-spectrum measure-
ment of Fig. 4. However, in such measurements attention must be given to
d?ad—time and time-zero determination and, more generally, to fragment detec~-
tion efficiency. The latter is not trivial and can be deceptive as careful
studies indicate that counting losses and spectral perturbations can occur
in otherwise apparently properly functioning detection systems (12). Such
losses may be a factor in some fissiom-cross—section measurements.



I1I. WHITE ACCELERATOR-BASED SOURCES

A. Major-accelerator—based Facilities

These sources are the premium tools for high—resolution neutron-resonance
spectroscopy. They are based upon (Y,n) and (X,n) reactioms involving large
electron or positive-ion (proton or deuteron) accelerators. (Y,n) targets
are convensionally thick heavy metals designed for power capabilities of 220 kW
and very short bursts (13). (X,n) targets are again usually heavy metals and
also Beryllium with deuterium beams (l4). Incident beam energies are 10's of
MeV to ~ GeV and the emitted neutron spectra a continium -distribution similar
to a hard fission spectrum. The energy distribution is frequently shifted by
moderation and the intensity enhanced by the use of fissile boosters (which in
the extreme become pulsed reactors). Pulse rates and durations vary widely but
most fast—neutron resonance studies employ burst widths of 1-50 nasec. Some
indication of the diversity of these devices is given in Table 3. Even this
extensive representation is an understatement for there are a number of subjec~
tive judgments involved in assessing relative merit. There are, however, some
overall qualitative features.

All the spectra are "white" with emmission well defined in time. Essen—
tial to use as a spectrometer is the determination of primary beam velocity.
This has the advanta§§ oprrecise time determination and multichannel ef-

ficiency. However,-E- ~-E£ EY/2 yith the implication of long flight path (L)

and correspondingly high intensities for optimum resolution. Dimensional
limitations and neutron velocities put practical restrictions on burst dura~
tion (At). The technology is such that this method car provide experimental
resolutions finer than the underlying physical structure in wide (and pri-
marily low) neutron energy ranges.

The method inherently denies one cannonical variable (time) to the
secondary (or emitted—-particle) detection system. This is an unfortunate
limitation as the velocity spectra of emitted particles can not be readily
determined and alternate neutron—spectroscopic techniques are notoriously
difficult.

The method is troubled with background perturbations. Only at very
low energies can backgrounds be solidly determined (e.g. using black
resonance methods). The source itself introduces serious perturbations;
for example, the intense flash from the (Y,n) reaction or a variety of high
energy particle effects using (p,n) processes (15).

It is clear that the method places a premium on intensity. It is not
only inherent in the method of measurement but also in the dimensionality
of the source and measurement systems.

Over about a decade intensity levels have grown by about an order of
magnitude to something in excess of the distributions shown in Fig. 5. Work
already in progress (e.g. LASL-WNR, Ref. (15)) promises a similar order of
magnitude improvement in the coming l0 years based primarily on spallation
reactions. Perhaps a question is whether or not the relevant physical
problem areas warrant such continued growth of these massive facilities.
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The question is highlighted by what appears to be a curtailment of programs
at some of the most powerful of these facilities. This suggests that the
smaller institution interested in relevant experimental efforts would be well
advised to pursue them in concert with one of the existing major facilities.
It is noted that such cooperative programs have been very successful on a
regional and national basis. It is further noted that these large facilities
are very prolific data producers and that the overall limitation is often

not the measurements themselves but the analysis; which can be carried out
elsewhere.

B. Modest e —based Neutron Sources

The above major facilities involve large capital and operating costs.
However, modest e —based neutron sources can be productive in basic and
applied neutron research.

Consider the 10-12 MeV electron facility underlying the photo—neutron
research program of Jackson and Holt (16). This linear—accelerator facility
is currently equipped with 10 m and 20 m flight paths and an electrom gun
providing 35 psec bursts at 200-amp levels- The result is a very good
measurement capability as illustrated in Fig. 6. These very nicely resolved
neutron groups from the 208Pb(Y,n) reaction show the power of the method.
They also illustrate the axiom that neutrons are rather slow and the prac-
tical instrumentation of finite dimension. As a consequence the overall
time resolution is fractional nsec despite the burst of 35 psec.

Recently it has been suggested by Bowman (17) that modest e~ accelerators
have a neutron-research potential rivaling that of the larger installations
if Be or deuterium converters are employed. It is estimated that neutron
yields with 10 MeV eT-beams and Be or D converters are equivalent to those
at 100 MeV using typical tunsten converters and equivalent beam power. The
concept has not been exploited, the neutron energies will be K10 MeV and there
remain questions as to e —beam technology (particularly with respect to beam
power as a function of current and voltage).

C. Damage Sources

Development of fusion-energy concepts based upon the (d,t) reaction have
stimulated material—-damage studies particularly of structural materials asso-~
ciated with plasma containment. The dose levels projected for the practical
device are very large (1017-1025 pvt) primarily at neutron energies of 8-14 MeV.
Engineering feasibility may be governed by these radiation-damage effects.

Monoenergetic (d,t) source facilities can provide l4 MeV point neutron
sources with intensities of 1012-1013n/s (18). Such intensities are useful
in damage studies but ~4 orders of magnitude below that desired and even then
are available in relatively small volumes. An alternative is a 35-40 MeV
deuteron beam incident on thick lithium targets. The emitted neutron spectrum
is angle dependeént but can be selected to provide an average neutron energy of
~14 MeV with intensities of ~101® n/s. The implied  deuteron—beam intensities
are within accelerator technology and molten—metal lithium targets with req-
uisite power—handling capability are under development (19). In the US such a



concept is being implemented as the Fusion Materials Irradiation Test (FMIT)
facility with design parameters as outlined in Table 4. The FMIT facility
represents an advanced engineering application of white~source technology
at extreme Intensity levels. It is not a modest concept technically or
fiscally.

In passing, it should be noted that intense white neutron sources de-
veloped in the context of fusion enmergy may have a future applicability in a
far wider scope; e.g. pellet fusion, the dense—plasma focus, etc. It should
also be remembered that there are other pulsed white sources that have been
used with varying degrees of success; e.g. burst or pulsed reactors, explo-
sive devices, etc. These diverse sources are beyond the scope of the present
remarks.

IV. MONOENERGETIC NEUTRON SOURCES
A. Qverview

Since the advent of the electrostatic accelerator (20) and the discovery
of the neutron (21) nearly half a century aga, the light-particle monoener—
getic neutron sources have played a major part in experimental fast neutron
physics. The attributes of these sources remain great. They provide control
of all cannonical variables (energy, time, space and momentum) and, in certain
classes of experiments, this characteristic places these sources in a uniquely
favorable position (e.g. processes involving residual activities and/or secon-
dary timing). The neutron yields are prolific and, in optimium configurations
at modest facilities, comparable with those of the very large white—source
facilities. Most of the reactioms are truely momcenergetic over only limited
energy ranges. Characteristically, there are secondary and/or minority neu-
tron groups and the curve of binding energy dictates troublesome multi-particle
breakup a few MeV above the primary threshold. The challenges are the selec~
tion of the source in the context of the problem and facility, the innovative
ability of the experimenter and his mastery of practical technology.

There are three monoenergetic neutron source categories.

1) The primary “big—-4~ (22).

T(p,n)3He Q = - 0.763 MeV
T(d,n)“He Q = +17.590 MeV
D(d,n)3He Q = + 3.270 MeV
7Li(p,n)”Be Q = - 1.644 MeV

2) The secondary groupe.

%Be(d,n) 198 Q = + 4.361 MeV
7L1(d, n)8Be Q = +15.031 MeV
Sly(p,n)3lcr Q = - 0.331 MeV
+ various other 4 + and a + light target reactions.

3) Advanced or developmental sources exemplified by, for example,
those induced by tritium beams.
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Our attention is primarily on the "big—-4" as they constitute 90+Z of the
sources used in programs at, particularly, smaller facilities. The sec~
ondary group is of interest in specialized contexts. The “advanced and
developmental” sources can be very powerful but often involve serious
facility considerations (e.g. tritium activities) that make them difficult.

B. The "big—4"

Over the applicable energy ranges the zero—deg. neutron yields of these
sources can vary by an order of magnitude as illustrated in Fig. 7. None is
ideal over the 10-14 MeV range important to fusion technology. All but one
(7Li(p,n)) inherently involve gaseous targets.

1. The T(p,n) reaction

The inherent advantages of this source are: a relatively low—energy
threshold, a very wide monoenergetic range (0.1-8.0 MeV), and a simple
reaction mechanism relatively free of background effects (e.g. no associ-
ated gamma-ray). Multi-particle breakup is a problem only at relatively
high energies. There are inherent and practical limitations. The very
light system makes the reaction sensitive to kinematic effects. There
is some uncertainty associated with the absolute yields but the relative
angular distributions and polarizations are reasonably known (23). Best
yields are obtained with gas targets——and with associated health hazards.
Power handling capabilities are approximately 10 w/mm?. The limitation
is the gas—cell window usually of nickel, molybdenum or tungsten. The power
capability can be somewhat improved through the use of multiple and cooled
windows or supporting and cooled grids. Windowless cryogenetic or hyper—
sonic gas cells have been proposed and even tested. However, they remain
complex developmental devices that have not found wide application. There
are backgrounds associated with contaminants and the beam stop. The latter
is subject to hydrogen inclusion resulting in the well known blistering
phenomena even in heavy metals. Use of special low—background stops (e.g.
S1i-28) is limited by material availability and fabrication problems.

Yields from gas—absorbed metal foils (e.g. titanium) are inferior, target
life is limited and target thickness difficult to control. However, the
foils are easier to use and the health hazards reduced. The kinetics of

the reaction make it attractive from the point of view of the associated-
particle calibration technique despite the low energies frequently involved.
This capability is illustrated by the low energy results of Mier et al. (24)
shown in Fig. 8. These were obtained using gas loaded titanium foils and
form a part of an extensive program for the provision of precisely known
neutron fields.

2. The T(d,n) Reaction

The large positive Q-value, the good yield at low incident energies,
the near isotropy of neutron emission and a relatively high three-particle
breakup threshold make this a particularly attractive reaction for studies
employing small accelerators. Such measurements are now of considerable
technological importance due to the key part the same reaction plays in
fusion—-energy concepts. The yield is maximum at very low incident ener—
gies and relatively simple gas—absorbed metal targets are conventionally
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employed. These have limited power handling capability but that can be
greatly increased by rapid physical motion as at the Lawrence Livermore
Laboratery RTINS facility (25). However, at higher powers target life is
short and there is a considerable release of tritium. This source is,
perhaps, the optimium reaction for the application of associated particle
techniques; for example, as used to high accuracy by Genier et al. (26).

In view of the contemporary technological importance of this source it is
odd that many major institutions have no research capability in this area.
There remains a dirth of accurate non—-elastic cross sections at l4 MeV to
the detriment of precise evaluation. There are relatively few determina=-
tions of 14 MeV neutron induced neutron emission spectra as illustrated,

for example, by the work of the Dresden Group. And yet, technologically,

it is relatively simple to produce very intense nsec bursts near 14 MeV (27).
Macroscopic 14 MeV benchmark neutron measurements have been largely confined
to the work of onme group (28) and yet they provide critical tests of evaluated
neutronic files. It is only recently that higher intensity versions of this
source have been used to provide a good understanding of radiation damage in
materials of fusion interest (25). Certainly, this source offers basic and
applied research opportunities for the smaller facility.

3. The D(d,n) Reaction

This reaction has many of the attributes and problems of the T(p,n) and
T(d,n) reactions, above. The yield is large and well known (23) (see Fig. 7)
both at a zero—degree reaction angle and as a function of angle. The Q-value
is positive and the source attractive at modest facilities. The health hazards
involved with the source are relatively modest. The reaction is widely used in
applications of the associated-particle technique (24). The primary liability
is a relatively low threshold for three-particle breakup (4.98 MeV) and a large
breakup yleld as illustrated in Fig. 9. At an incident energy of 10 MeV the
breakup yield accounts for approximately half the neutron yield and severely
limits the usefulness of the source (29). Here, as in the use of the above two
reactions, practical applications using either gas—cell or metal—=film techniques
involve background determinations that can be significant. Many of these are of
a contaminant nature.

4. The ’Li(p,n) Reaction

This is the only inherently metallic target of the “"big—-4". This char—
acteristic provides for a control of target performance and ease of fabrication
not enjoyed with the above three alternates. The reaction Q-value is negative
and relatively large making necessary a few-MeV accelerator. The source is
truely mono—-energetic over only a rather narrow range (0.1-0.6 MeV) with the
threshold for the second and minority neutron group at 2.38 MeV. There is a
residual-product activity that has been exploited in absolute source~strength
determinations (30). The second-neutron-group yield can be both a sin and a
blessing. It provides a mechanism for the accurate determination of the energy
of the primary group (31) and the associated gamma-~ray emission can be used for
accurate flux determinations (32). More serious is the breakup reaction (n +
e + “He) with its relatively low threshold (3.68 MeV) and its rapidly increas-
ing yield with energy (see Fig. 10) (33). There are extensive compilations of
total and partial yields but uncertainties remain particularly where associated
with the secondary yields (34). The source is polarized, an often ignored
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factor in some experiments. There are practical considerations in target
fabrication and use. Lithium metal is not a good heat conductor, has a

low melting point and is chemically active. In conventional applications
the power handling capability seems to be limited to 50 w/mmz. The use

of molten metal targets has been explored but not widely employed. Backing
materials are a concern from the point of view of heat dissipation and back~-
ground contributions. However the widely used vacuum deposition techniques
employed in fabrication remain simple.

C. The Secondary Group

There are a number of these reactions that can be productively used in
special applications at monoenergetic facilities. Typical examples are:

1. The V(p,n) Reaction

This reaction has a relatively low Q-value (- 0.33 MeV) and a nearly
isotropic yield. The intensity is weak and the reaction follows a relatively
sharp energy—dependent structure. The primary advantage is in absolute in-
tensity measurements based upon the well known residual activity (Cr—-51) (35).

2. The Pseudo—-white and White Sources, 7Li(p,n), 7Li(d,n) and

9Be(d, n)

It is not generally realized that these reactions can be very productive
at even rather modest monoenergetic facilities. They are bright sources and
have been used in the pulsed mode with flight paths of more than 100 m with
consequent very good resolutions. They can provide a very good knowledge
of energy scales through the use of various techniques relative to precisely
determined frequencies and the velocity of light (36) and, if properly utilized,
can provide energy resolutions comparable to those of the most intense white
source facilities (37). In view of these capabilities at rather modest facili-
ties it is odd that these sources have not been more exploited.

D. Energy Scales

The underlying source-reaction Q-values are generally well known. How-
ever, the neutron energy scale in many monoenergetic applications is dependent
upon the precise calibration of the facility. There are a number of (p,n)
and (p,gamma) reactions that are known to the requisite accuracies (38). It
is not clear that they are always carefully used nor that they are readily
available in a compiled format suitable for wide and competent use.

E. Reaction Theory

Our present knowledge of monoenergetic neutron sources is largely a nu-
merical construction from experimental observations. The underlying nuclear
structure is often at relatively high excitations (e.g. ~17 MeV for the 7Li(p,n)
reaction). However, the structure is relatively simple and there is hope of
physical understanding. Reaction theory combined with experimental structure
knowledge, may have the potential for substantive theoretical interpretation
of measured source reactions in a manner similar to that pursued in other
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neutron-reaction contexts. Such interpretations might improve accuracies
and remove some of the present numerical and experimental artifacts. The
requisite structure studies and interpretations have been long neglected yet
they remain within the province of modest capabilities.

F. Calculational Capability

Inherent to the precise use of monoenergetic neutron sources, and neu~
tron sources generally, are detailed corrections associated with the source,
its environment and the detection system. Often these are pursued using
monte—carlo or other extensive numerical calculations. Such calculations
are demanding of calculational time but often not of storage and I/0 capa-
bility. The problems can be readily and economically handled on small and
low—cost computational machines and thus are well within the capabilities of
the small institution. The wide availability of small, fast and low cost
computational equipment is a technological advance of profound impact that
is underestimated and underutilized.

V. FILTERED BEAMS

A. At reactors

More than a decade ago the MTR group recognized that the familiar 2 = 0
resonance~potential interference patterns could be utilized to obtain intense
fast-neutron beams of well known energy and stability at a reasonably power—
ful research reactor by means of neutron transmission through well defined
“windows™ in a number of materials (40). Since that time the concept has
been used in both basic and applied research endeavors; for example at BNL,
NBS and the University of Missouri (41,42,43). The usefulness of the concept
has been augmented by the concurrent development of precise neutroo~flux~ and
spectrummeasurement techniques applicable to the low energy region (44,45).
There are problems associated with the concept. The beams are not truly
monoenergetic and all have some secondary—energy components. Backgrounds can
be a problem both in the context of secondary neutron groups and of residual
gamma—radiation. Performance is sensitive to isotopic and chemical impurity
and consequently material avdilability. Consideration of these factors has
led to the selection of three primary beam filters; Sc—45 (2 keV), Fe—536
(25 keV) and Si-28 (144 keV). A wide range of alternate filters have been
employed to a lesser extent over the energy range <l keV - >2,5 MeV. Each
has a deep resomance interference minimum at the respective energy. Only
Sc=45 is mono-isotopic in the elemental form. Minor isotopic contributions
degrade the performance of both Fe-56 and Si-28 filters. Secondary and com
posite filter systems have been employed for special purposes as illustrated
by the extensive capture gamma—-ray studies of Bollinger et al. (46) but these
are not of general usefulness.

The iron filter is perhaps in widest use and its application well illus—
trates the power and the problems of the method. The Fe~56 total cross section
is known to display a very deep minimum (8-9 mb) at 24.5 keV as illustrated
in Fig. 11 (41). This minimum value can increase by factors of 4-5 with very
small chemical impurities. In elemental iron the corresponding minimum value
is nearly two orders of magnitude larger. Clearly, filter thickness must be



carefully considered and there is motivation for very good isotopic and chem-
ical purity with the associated problem of material availability. There are
characteristically a number of higher—energy satellite windows. The satellit
windows are largely "closed” by judicious selection of additional components
in the filter. When properly done 99+% of the transmitted intensity falls
within a few keV of the primary 25 keV window as illustrated in Fig. 1l2.

In this particular example the performance is achieved with elemental iron
of reasonably available purity. The intensity in the window is approximatel;
105 n/cm? when using a.5-10 megawatt reactor. Improved spectral performance
and a two order of magnitude increase in intensity can be achieved by using
an isotopic filter and a more powerful reactor. The variation of spectral
distribution with filter thickness is shown in Fig. 13. Backgrounds and
spectral distributions can be improved by attention to the configuration of
the primary neutron source within the reactor core as illustrated in Fig. l4.
In this example, rather than looking directly at the primary fission source,
a titanium scattering source is used with the resulting reduction in gamma-
ray background and satellite components, all-be—it at some compromise of
intensity.

The above concepts, illustrated by the iron example, can be directly
extended to the Sc—45, Si—-28 and other applications (44). Again, careful
‘ttention to filter composition and the- primary source results in beam

pectra with approximately 99Z of the intensity in a very narrow and well
fined energy band.

These filtered beam sources are very stable and very reproducible.

ey provide excellent standard fields of good intensity in an energy

gion difficult to address by other means. The beams are nearly monoener-
:itic and steady state. The number of high—quality energies is limited.
acondary-reaction—spectroscopy requires a spectral sensitive detector.
ecent advances in the GeLi detection of gamma-rays and the measurement
)f neutron spectra by proton recoil counters have greatly increased the
»ower of the filtered beam concept in both gamma— and neutrom—spectroscopy.

B. At pulsed white-source accelerators

Filters, particularly of iron, have been effectively used at pulsed
white—source accelerators, notably at RPI and ORNL (41,48). Beyond the well
known energy, the advantage of the method is increased intensity (primary
flight path is no longer an essential concern) and a well known time of
burst. What is achieved is essentially a pulsed monoenergetic source whose
intensity often exceeds that available with the conventional monoenergetic
facility. The method has been used at very large white—source facilities
with pulse durations of 5-25 nanoseconds. However, there seems to be no

{nherent limitation to productive use at much smaller facilities and with
\imeé scales in the fractiomal nanosecond range.

C. Inverse filters, or the bright~line detector

very On: cin make use of the filter principle in an inverse manner using

ity mo 38 m0§oe:ergetic facilities. A detector response can be obtained
ficulgoo resolution at a well known energy where other techniques are dif-
t. For example, the prominent 89 keV resonmance in Mg-24 has been used
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to obtain a scattered—neutron—-detector response with a resolution of about

5 keV. Such a detector is being employed in inelastic-scattering measure-—
ments involving heavy and deformed actinides. It provides a degree of reso~
lution not easily obtained in this low energy region using other methods.

VI. PILE-NEUTRON SOURCES

A. Large Reactors

About 30 years ago Arthur Snell reviewed neutron sources and concluded
that a reactor was a costly research-neutron factory (49). The conclusion
was prophetic. By 1966, at the INS Conference (50) it was clear that the
trend was toward pulsed neutron sources for fast—neutron research purposes,
while the steady—state reactor remained promising for condensed-matter studies.
That position has been eroded in the intervening l5 years. Several large
reactors (e.g. BNL and Gremoble Franco-German) have come into use, primarily
for condensed-matter work, but a number of other similar projects have been
aborted. New projects, under construction or recently commissioned (e.g.
ANL-IPNS, Rutherford Laboratory, Harwell-linac and Dubna-IBR-II), are pulsed
devices; either accelerator driven, pulsed reactors, or both. It {s difficult
to avoid the conclusion that the large steady—state research reactor is a
costly source approcaching a technological intensity limit thus restricting
future utility in neutrom—nuclear research and there are similar considera—~
tions in the area of condensed matter studies. Certainly, such devices are
far too costly and specialized to be implemented by any but the most afluent.

B. Reference Fields

Certain technological applications make wide use of standard fast-
neutron reference fields. These fields are provided by cavities introduced
in moderate~sized (few MW) reactor thermal columns. The fast-neutron spec—-
tral distribution is determined by the configuration and composition of the
cavity lining always including a fissile material. With care, the spectrum
can be made to closely approach that of technological interest (e.g. a fast-—
fission~reactor spectrum). Calculational and experimental and techniques
can be used to determine the exact spectral character. Illustrative of such
a reference cavity and its associated field is the ISNF facility at the
National Bureau of Standards shown in Fig. 15 (51).

C. Modest Source Reactors

Very modest reactors can be exceedingly useful ancillary neutron sources
supporting measurement programs over a wide scope. They can, for example,
provide precise calibrations of cross sections at thermal, prepare standard-
reference activities and undertake materials assay using activation techniques.
The devices are simple, relatively cheap and safe. A number already exist
throughout the world. Illustrative of this type of reactor is the ANL-
Argonne Thermal Source Reactor (ATSR) shown in Fig. 16. This light-water—
moderated reactor first ran at the 1958 Geneva Conference and since then has
been in routine use at powers of up to 10 kW. Thermal- and fast-neutron fluxes
are readily available to levels of ~10l2 n/cm2. There are also facilities for
fast sample transfer (rabbit) and beam extraction. These capabilities have
long met many requirements at a large laboratory involving both nicroscopic
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and macroscopic neutron research. Operation is on a “on demand” basis. Fuel
life is practically infinite and radiocactivity encountered during and after
use is modest.

VII. A CONCLUDING REMARK

In the beginning it was pointed out that source inteunsity is often con—
sidered the essential factor in neutron physics.

In the end it is suggested that the paramount consideration is system
effectiveness, of which the source is only one factor. One cannot help but
wonder what would have happened if the resources that have gone into some
large-source developments had been devoted to creative physical concepts and
their experimental investigation. It remains true that the creative and
innovative concepts very often occur and can be exploited in modest circum—
stances. It is hoped that this gathering will stimulate such accomplishments.
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Table 1. Illustrative Be{a,n) Neutron Sources
Neutron Yield per Percent Yield
106 Primary Alphas with Eg < 1.5 MeV
Eq
Source Half-1ife (MeV) Calculated® Experimental Calculated Experimental
239y /Be 24000y 5.14 65 57 11 9-33
241pn/Be 433 y 5.48 82 70 14 15~23

3Calculated values from G. Knoll et al.

Table 2. Illustrative (y,n) Neutron Sources
Gamma Gamma Neutron Reutron Yield,
Ray Half- Energy Energy n/s for 101%8q
Emitter Life {(MeV) Target (keV) activicy
24Na 15.0 h 2.7541 Be- 967 340 000
2,7541 D 263 330 000
12hgy, 60,2 d 1.6910 Be 23 210 000




Table 3.

Specifications of Accelerator-Based Pulsed Neutron Facilities as Taken from Ref.
Peak Instant Repet. Average Pulse Flight Path  Best Nooinal
Energy  Current Keutron Rate Keutron Duration length (in Resolution
Accelerator Part. Target (MeV) (ar) Intensfrys (pps) Intensfry® (nsec) Heters) (nsec/m)
Upgraded e u 120 10,000 44018 900 t-10!? 3 30-400 0.008
Ceel Linac 600 2.5-201¢ " 900 450101 2,000
Exfsting e v 43 1,000 2-10!7 500 1+ 1042 10 100 0.1
Harwell Linac
U-booster 42 500 se10t? ¢ s00 2.5¢10"? 5-300 0.3
Scheduled New . (U Ta) 120 6,000 2.10'8 2,000 241012 5 5-400 0.0l
llarvell Linac 80 1,000 3et0!? 300 2+ 10t 2,000
U-booater 110 1,000 3-1018 300 1-10%* 100
Kurchatov e u 60 1,000 31017 50 810!t 50 10-300 0.16
Linac 1,000 31087 150 2.5+ 10" 5,500
Above-Ground e Ta 120 4,000%) 8-10%7 720 3-1012 5 20-200 0.025
NBS-Linac 100 300 6-10'¢ 200 11043 1,000
0,05 (0.003)+")
Livernore e Ta 115 10,000 2-10}¢ 1,440 1.5-1012 5 7-250 0.02
Linac 100 350 7-1018 360 8-10!3 3,000
Oak Ridge e Ta 140 15,000 r4e0'8 1,000 t.2¢10"? 3 10-200 0.0
Linac 140 500 1+1047 1,000 1+101% 1,000
RPI e Ta 80 7,000 71087 120 s- 102 10 10-250 0.04
Linac 4s 300 5+10'6 360 8-10!? 4, 560
Harwell P ] 150 3,000 3.10%? 800 1-101" 4 8-100 0.04
Syanchrocyel.
Colunbia P Ta 600 6,600H)  3,2.102° 300 1-10!% 10 35-200 0.05
Synchroeyel.
Karlsruhe d ] 50 1,000 7-10!0 20, 000 2+101% 1.5 10-200 0,008
lsochr. Cycl. 7-10!7 200,000 20101
Kiev lsochr. d 0 60 2,000 1.7+10!8 20, 000 3.4-100% 1 200 0.005
Cyclotron
Los Alamos P W 800 340 2+20!9 120 7+101} S 4-200 0.02
WNR Fac. 120 11015 6,000

*neutrons/sec; tIuith the new gun a peak current of 20,000 oA 1s expected; t+)See text; H¥)Assuning that the present design goal
of 25 pA average beam current 1s met, presently only )} uA {s realfzed.

14,

- E;i: -~



Table 4. Fusion Materials Irradiation Taest Neutron Source

Characteristics
Continuous -Output 2 x 1016 Neutrons/sec
Mean Neutron Energy 14 MeV
Peak Neutron Flux Near 1013 n/cm? - sec
Primary Test Volume 1 Liter

Deuterium Beam

Current C.1 A
Energy 35 MeV

Lithium Target
Flow Velocity 12 Meters/sec

Average Temperature Rise 500
Target Size lx10x 2 cm
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Résume on ncutron yields from a-particle bombardment of light elements

X.W. Geiger, Division of Physics, National Rescarch Council, Ottawa,
Canuda KI1A OR6

1.. Introduction
The thick target ncutron yicld which results from a-particle bombardmernt

of tight clements is important for environmental considerations in the spent fuc)
technology. The yicld can also serve as an additional parameter in chemical
analysis. Actinide a-emitters are produced by successive ncutron capturc when
burning the tuel in a reactor. Incvitably these ac-emitters come into contact with
light clcments, cither by chemical processing or because the fuel itself has a
light clement component when, for instance, it consists of U0, or UC. The spent
fuel will, in addition to spontaneous fission necutrons, exhibit neutron emission
through (a,n) rcactions. To evaluate such complex actinide plus light element
system one nceds to know the thick target (a,n) yvields as a function of incident
@-CHerey.

2. Thick target (u,n) neutron yiclds

The yicelds can be measured directly by using a positive ion generator,
capable of producing g-particles of up to 8§ McV and thick targets of those elements
which cmit significant numbers of ncutrons. On the other hand, the yields can be
calculated from existing (a,n) total ncutron cross scction data combined with the
stopping powers for the respective target element. Refereaces 1 to 4 arc the
principal papers which deal with the problem.

In the rirst two papers, yields are calculated using cross section data
for Li, Be, B, C, N, O, Ne, Mg, Si and U0;. Uncertainties are approximately $30%.
for the rather important clement fluorine, no appropriate cross section data are
available. For magnesium, a rather old excitation curve by lialpern (1949) was used
in ref. 2. The 28Mg(a,n) cross section only was used in ref. 1. For this reason,
Dr. Van der Zwan and myself have just begun a ZSMg(a,n) study at this laboratory.
The most abundant 26Mg does not contribute to the neutron yicld.

Actual thick target mcasurcments were carried out inm ref. 3 and 4, using
a Van de Graaff gencrator and a 4w dctector surrounding the target. This detector
necds to have an efficiency which is independent of neutron cnergy. This can
never quite be scihicved amd presents a major difficuley. Lven if the efficiency
variation with cnerpy is known, it is often impossible to apply the correcrion
since low energy neutron groups populate excited states of the product aucleus.
Relative intensitics for various ncutron groups arc frequently unknown. In
addition to the clements listed carlier, yields for F, Al, Fe and UC werc determined

veae 2






Fig. 1 shows a comparison between yiclds of rof. 2 and 3. Good
agrcement hetween megsurcment and calculation is obtained, except for Si
and U0, , where differences of up to a factor of two occur. I belicve this
is caused mastly by poor input data for the calculations. The cffect of input
data is illustrated well
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Fig. 1. The points show expcrimental values for thick target (a,n)
neutron yields3). The lines represcent the calculated yviclds of rof. 2.
The figurc is taken from rcf. 3.

for‘thc case of beryvllium, where a number of mcasurements and calculations arc
available, sce table .

Table 1, Bela,ng yiceld at 5.5 MoV a-cnergy

Hethod HU Yield por 106 a-particles

4 0y ¢ 4

Thick target measurement

3.65
Y = 0,95 x 0,152 Eu quoted aa b ]
Max., Po-Be source 3 0y @ 2
Calculated [ ({8 I
" 2 86 ¢ 25
" 5 73 £ 7

It should be noted that the measurcment (first centry in the table)
does not incluwde a correction of about +5% to take carce of the Fall-off in
detector sensitivity with ncutvon energy and of the Be(n 2n) reaction within
the target. The last two entries use the same nuclear cross scction datad)
but different atomic stopping cross scctions for berylliun’»8), The Be nuclear
cross scction data are known better than for any of the other clements.

5. Conclusions

In an intimate mixturc of target waterial and a-cmitting actinides,
such as in spent fuel, the a-particles are slowed down and may interact at any
energy, from the maximum available. Also the a-particics travel into all
directions. Therefore, the distinct neutron spectrum, otherwise found with thin
targets, is very much broadened. Because the spectra have lost most of their
identity, I believe it would only be possible in rarc cases to obtain a chemical
analysis from a weasured ncutron spectrum. The neutron spectrum is further
degraded when it passes through the matecial.  However, the measurced neutron
intensity itself is clearly a further parameter to be considercd when comhined
with other methods of chemical analysis.
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Radioactive Be(a,n) and Be(y,n) neutron sources
K.W. Geiger
Division of Physics, National Research Council of Canada
Ottawa, Canada KIlA OR6

March 17, 1980

1. Introduction

The neutron was discovered in 1932 by Chadwick as a product
of the Be+a reaction. Since then, radiocactive Be(a,n) and Be(y,n)
sources have found widespread use because of their smallness and
hence their easy portability. The variation of neutron emission
rate with time is predictable. Therefore such sources serve as
laboratory standards for instrument calibration, in particular of
neutron protection instmentation. Thermal neutron flux density
standards contain these sources for the same reason. Industrial
applications include their use in soil moisture meters and in other
small probes for the study of geological formations. Disadvantages
are the broad neutron spectrum of (¢ ,n) sources and the y-rays which
accompany ¢-emission.

For activation analysis and for neutron radiography these
gsources have in the 1last decade been replaced by 252¢cf fission
sources which have much higher neutron emission rates per unit
source weight and only few accompanying Y-rays. Their disadvantage
is the relatively .short: half-life of 2.6 years. Nevertheless, for
neutron emission rates of up to 109 s~1, Be(a,n) and Be(y,n)
sources are often the most suitable ones. A discussion of their
properties is timely since during recent years, new results became
available on measured and calculated spectra. It is essential to

know the shape of these spectra accurately for dosimeter calibration

80 as to be able to make the appropriate fluence. to kerma conversion.



2. Experimental Be(a,n) source spectra

To understand the formation of the mneutron spectrum from
radiocactive Be(a,n) sources, let us first consider the thin target
situation where, because of the energy conservation law, a line
spectrum is obtained. Fig. 1 shows the energy level diagram.
Neutron groups ny to nq are expected, populating the well known

states in 12C

. An example of a thin target spectrum is given in
fig. 2. Except for the n; group which is outside the dynamic
range of the stilbene spectrometer used, the groups ny to ng are
clearly visible. Bdt note the neutron continuum below 3.5 MeV.
This might partly be caused by broad levels in 120 above 9.6 MeV
but the main contribution is caused by the break-up reaction

IBela ,a' ) Bex + 8

Be + n
involving the 1.67, 2.43 and 3.06 MeV levels of 9Be (0BS72). This
interpretation was already put forward in 1938, see AMAS9. We will
later discuss the continuum in more detail.

Let us now look at what happens when we replace the thin Be
layer by a target thicker than the range of the incoming a-particle
beam (fig. 3). The bombarding energy is 5.48 MeV, corresponding to

2l"]'Am. Since we now have a continuous

the a-particle energy from
distribution of a-energies within the target we get a broadening of

the lines but not as yet an overlap. Because of the recoil given to
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the compound nucleus, the neutron energy in the laboratory system
changes with the angle of observation. After weighting the spectra
with the appropriate solid angle, their sum will simulate the
spectrum of an 241Am;Be source shown on top of fig. 3. In a
radioactive neutron source we have an intimate mixture of Be and
a-emitter. Not only is a continuous a-energy distribution present,
but also the observation occurs at all angles, leading to further
broadening of the spectra.

A typical source capsule for radioactive (a,n) sources is
shown in fig. 4. To obtain a nearly equal neutron fluence rate into
all directions, it is desirable to make the source as spherically
symmetrical as possible. TFor the more usual cylindrical shape,
length and diameter should be about equal and the inner capsule
should be inverted. The source material may either be a pressed
pellet, a sintered pellet or an alloy, such as AmBe;; in a Be
matrix. For a high relative source yield an excess of Be is
needed. For a neutron standard, the alloyed source is the preferred
one because the alloy ensures that no physical change takes place
during the lifetime of the source.

Until the beginning of the last decade the results of the
spectra measurements were quite varied and inconsistent. An example

210

for Po-Be is given in fig. 5. The spectrum by Whitmore and

Baker (WHI50) is noteworthy: It is based on the analysis of 7000

proton recoil tracks in emulsion and it will be seen later that the
shape comes close to the expected one. A more Tecent spectrum by

MED62 is of similar shape. The situation for 241

Am-Be is given in
fig. 6, which also lists the various spectrometers used. The word

"barrel" applies to a spectrometer where a barrel shaped hydrogenous



foil 'is placed around the axis between source and protoa recoil

detector in such manner that the scattering angle becomes

independent of the scatter location.

3. The calculation of spectra from Be(a,n) sources

These large discrepancies which were also seen in sources
like Ra~Be, Pu-Be etc., prompted I;. van der Zwan and myself to
calculate the spectra from knowa differential Be(a,n) cross sections
(GEI75). By 1974 sufficient cross section data were available,
including those for the break-up of IBe which produces the neutron
continuum. The low energy component had rarely been measured
directly on sources but needs to be known well when calculating the
kerma produced by- a source spectrum.

Obst et al. (OBS72) measured the angular dependence of the
cross section responsible for the continuum in great detail by the
time of flight method. As an example, a series of these spectra at
E, = 5.38 MeV is showm in fig. 7. The authors were also able to

establish from which of the excited states of 9

Be the neutrons
originat:e;i (fig. 8). The low energy limit of the time of flight
method was 0.5 MeV but Werle et al. (WER73) were able to extend the
energy range down to 0.1 MeV using propor;:ional counters. Again, an
example is seen in fig. 9. Combining these data we obtained the
thin target, angle integrated cross sectiouns showm in fig. 10. As
there Were no measurements available extending below 0.1 MeV neutron
energy, the curves were extrapolated to zero intemsity at E, = 0.

These <cross sectiomn curves are identical to the thin target

continuum spectra when observed from all angles.
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For the 9Be(a.,n)lzc reaction cross section the
published data were carefully evaluated, appropriately averaged and
smoothed. The compilation is given in GEI76. The data had been
adjusted to a certain extend to follow the direct measurement of the
total neutron production by GIB65 as seen in fig.' 11. The
uncertainties iﬁ "SUM" are estimated to be + 8% whereas for the
individual neutrom groups they are somewhat larger. The relative
angular distributions have an uncertainty of + 5X for the 1y, 0
and n, groups.

The neutrom spectra can now be calculated. We c.onsider at
the moment an idealized source where the @ —particles are slowed down
only in the Be matrix and not in the a-emitter itself. Then, for
a-particles of an enmergy between E, and E, + AE, the distribution

of neutrons per umnit emergy interval is

2r sin 6d6 AE,
F(E = (1)
( ) = o(8) =
where 0(@) is the c.m. differential cross section for mneutron

production and € the stopping cross section for beryllium at E,.
The neutron energy in the laboratory system may be expressed as a

function of the c.m. angle in the form (MAR68)

E = a + bcoso. (2)
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This allows rewriting of eq. 1l in terms of En:

4w AE

F(En) = G(En) E (6=0) - E, (6=m) —eﬁ (3)
where En(6=0) and En(e= T ) are the maximum and minimum neutron
energies kinematically possible. The neutron energy distributions
for a particular a-energy are therefore simply proportional to the’
c.m. differential cross section expressed as function of neutron
energy, see fig. l2. Note that an isotropic angular distribution in
the c.m. system results in a neutron spectrum of rectangular shape.
A graphical approach used by LEH68 further illustrates the method
(fig. 13). Fig. 14 shows the addition of such partial spectra. We
have actually added the spectra in steps of AE, = 0.03' MeV up to the
maximum a-energy available and our results are shown in figs. 15 and
16 which include the break-up component. For a 239Pu-Be source,
the various neutron groups remain still quite distinguishable. The
peaks in the gpectra near 3 and 5 MeV are caused by the back and
forward peaking in the angular distribution for the n, group.

Errors in the shape of the sgpectra depend mostly on the
angular distributions and are estimated to be + 5% above 2.5 MeV,
increasing to + 10Z below 2 MeV. It is unlikely that further
supplementary cross section information would change the shape
significantly for En>2 MeV. The yields are proportional to the
total cross section (uncertainty + 8%) “and inversely proportiomnal to

the stopping cross sectiom (+ 3.5Z).
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4. Comparison of calculated with measured source characteristics

The calculations can now be compared with measured spectra
as shown in fig. 17 for Am-Be. The match at higher energies can be
considered excellent but at lower energies the shapes differ
although the actual number of neutrons is nearly equél for E, <
1.5 MeV. Fig. 18 shows a calculation by Rumar (KUM77b). Not much
is known about his input cross sectioms but it appears they are less
complgte than ours. Also note the good agreement of the measurement
by WHI50 (fig. 7) with our calculations.

Important parameters for a number of source types, namely
the total yield, the yield for E, < 1.5 MeV and the average
neutron energy are listed in table 1. The yield in column 5 is

calculated from (RUN56):
Y =0.95 x 0.152 Ei'és neutrons per 108 a-particles (4)

where E, is the o-energy of the emitter in MeV and the factor 0.95

takes care of a more recent calibration of the neutron standard used
to establish this formula. The variation in yield is more easily
seen graphically (fig. 19). Our calculated yields lie somewhat
above the curve given by the experimental points of RUN36 but a

measurement on a specifically prepared Po-Be source (AND71) is in

good agreement.



Taate 1

Characteristics of Be(x,n) sources.

Source E, Yield per 10¢ alphas Fractioa with Ea
(MeV) ’ . Eq<1.5 MeVY
This work  Maximum Y from This work  Literature This work  Literature
experimental  eq. @) (%) (%) (MeV) (MeV)
1 2 3 4 5 6 7 8 9
230py-Be 3.14 65%6 574318) 57 11£2 922) 4.59 4,213
332 4,723)
210po-Be 5.30 1M=7 693:220) 64 13£2 1229 4.54 4.323
41 Am-Be 5.48 3248 70 £ 318). 2 14£2 152%) 4.46 3.927)
2321 4.326)
24Cm-Be 5.79 100+9= 88 1843 2924 4.31 3.5524)
UCm-Be 6.10 11810 106 £ 518) 106 2+%3 263) 4.16
%20Ra.-Be  7.69, 6.00,5.49, 50250 491° 263 3329) 394 2.7527)
. 5.30 (50%).4.77 38t 3.6%%)
227A¢c-Be  7.365, 6.71 702+ 60 683* 2823 3829 3.87 3.1426)
6.56, 5.90.5.65

® This does not include a 4% contribution from spontaneous fission of 34+Cm.

Columns 7 and 9 give experimental values.
the largest and smallest values published are given.

20 AND71; 21 PAU72; 22 AND72; 25 KLU69.

GEI7S.

* Summed over all five emitters.
Yhere two values are listed, only
References:
The other references as listed in

The yields for the low energy component with En < 1.5 MeV

are displayed in fig.

data.

particularly high.

lower values by this method.

The threshold detector activation

20,

results

of PAU72

together with the spread of published

are

It is worth noting that PET73 and FOM70b found

Most of the other determinations are

based on a comparison of the total source emission rate determined

in a MnSO, bath and the emission rate found by neutron
spectroscopy for E_> 1,5 MeV only (e.g. KLU69). The values for
the average neutron energy, fig. 21, include the low energy
component. Note that for fig. 20 and 21 the data for 226pa and
227y ¢ should not be related to the a-energy axis since these two
isotopes with their daughters emit a -particles covering a broad

range (table 1).

18 RUN36;
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5. Time dependence of emission rate and deformation of spectra

We have so far considered '"ideal" sources, without taking
into account variations of neutron = emission with time or
modifications in the spectrum caused by interactions of neutrons
within the source.

Half life corrections can easily be dealt with in the usual
way. Some problems may be encountered for 239py-Be sources
because commercial 239, is usually admixed with small quantities
of 240p, and 241p,, It is necessary to know the exact isotopic
composition and to comsider their parent-daughter relationships for
appropriate decay and growth corrections (AND68). Similar
considerations apply to 226pa-Be sources. | The last a-emitting

daughter in the decay chain, 210

210

Po, grows slowly into the source

because of its Pb parent having a half life of 22.3 y. Taking

account of the relative neutron contribution caused by 210p,

through equation 4, the neutron emission Qt at the time t becomes

Q. = q (1.138e™1% - 0.138 e™2%) (5)
where )  and A, are the decay constants for Ra and 210py
respectively. The emission rate Q  relates to the time t = O when
the radium had last been purified and the source was made.

Actually, Qo should be determined one month after fabrication when

the 3.8 day radon daughter has completely grown into the source.
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The physical composition and mass of a neutron source
modifies its calculated yield and spectrum to some extent. Whaf
happens experimentally can be seen in fig. 22 where Tyufyakov et al.
(TYU73) measured the spectrum from a single Po-Be source and from an
assembly of 10 such sources. We notice a considerable softening of
the spectrum. It will now be necessary to consider the various
causes which deform the spectra:

1) Elastic and inelastic neutron collisions within the source.
2) ©Neutron induced fission within the a-emitter.
3) The 9Be(n,2n) reaction.

4) The 9Be(y,n) reaction. Occurs only with 226Ra and can
be estimated from the data given in Chapter 8.

5) Reduction of the effective a-energy by slowing down of the
a-particle within the a—emitting cluster.

For sources not exceeding 2 cm in capsule dimensions, the
first three causes do not deform the spectrum by more than the error
for the spectrum calculation. For larger sources, the neutron

spectrum can be expressed as follows:

$(E) = $o(E) + $14(E) + P4(E)..... -
* 916(E) + 99g(B) ... + 915(E) + 99, (E)

where ¢0 is the uncollided spectrum. ¢13, ¢23 refer to the

single, double, etc., scattering collisions and similarly (blf and

¢

1n t© collisions producing fission and n,2n reactions. The long,
24000 year half life of 239?u requires physically large sources

to obtain adequate neutron emission. These sources therefore become
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particularly susceptible to these corrections. For a 10 Ci source,
Monte Cario calculations for the various spectral components have
been carried out by KUM77a and are shown in fig. 23. Note  the
logarithmic scale. The uncollided spectrum is designated as "1".
After adding the components, the source emission spectrum 'total" is
obtained. Considerable softeﬁing occurs, mainly caused by single
scattering events on Be. .Earlier experimental studies by AND72 on
four 239Pu-—Be sources of various sizes show a similar trend,
namely a slight broadening of peaks and an increase in low energy
neutrons.

Spectral distortion by the last of the five causes listed above
is not a function of source size and can be almost eliminated by
proper care in the fabrication of a source. The G-emitting clusters
must be made very small in relation to the a-particle range.
Cluster effects.in alloyed sources were studied experimentally .by
RUN56. Path length distributions of a-particles within spherical
clusters and their energy losses were calculated by a Monte Carlo
technique (VDZ68). The energy distribution of the a -particles
leaving the clusters could thus be obtained. Spectral deformations
are noticeable when the clusters comnsist of Po but are very small
even for quite large clusters of Pu-Be;; or Am-Be;; in the
beryllium matrix (fig. 24). Neutron yields are much more severely
affected than the spectra (fig. 25). Since the theoretical yield of

a source is known (table 1), the source emission rate is a measure

of clustering and therefore of the quality of source fabrication.



4. Helium stopping power in beryllium

In source spectrum calculations, the shape and even more so
the yield are affected by the value of ¢, the stopping cross sectiomn
for beryllium (equation 3). Recommended values are giveq by Ziegler
in his recent compilation (ZIE77) and are shown in fig. 26. The
author adjusted the theoretical curve to fit the experimental data
of CHU69 which are omly available up to Ea = Z MeV. However, for
" source calculatioms -accurate stopping power data are needed for
Eq from 2 to 8 MeV, the a-particle range from which most of the
neutron yield originates. TFor the calculations carried out in
Chapter: 3 we decided therefore to use instead the experimental
proton stopping power data by BAD56 and to comnvert these to
a~-stopping powers which we assumed could be dome with negligible
additional errorol These data are shown in the uppér curve of fig.
26. Since then however new direct measurements on Be by Santry et
al. (SAN78, SAN79) became available. Their results are about 8%
below the curve of BAD56. This is now a matter of some concern
gince, although the new data would not noticeably change the
calculated spectra, the source yields would increase by 8Z, pushing

measured and calculated yields further apart tham seen in fig. 19.
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7. Other (a,n) neutron sources

To conclude the review of a-induced neutron sources it
appears worthwhile to briefly mention (a,n) reactions on other
elements and to show some source spectra. A number of different
sources is commercially available. Table 2 shows aéproximate

210p,

neutron yields with various elements when wusing as

a-emitter. Beryllium gives the highest neutron yield by far,

followed by 180 and llB

. Some of the elements listed can not be
incorporated directly into a source. It is for instance necessary
to use compounds, such as H2180 or CaF2 as source material
with an equivalent decrease in neutron yield. Examples of spectra
for four different source types are given in fig. 27. The LiH (a,n) .
source is of particular interest because of the low average neutron

energy. The B and 32180 source simulate to some extent a

spontaneous fission spectrum which is nowadays more easily produced

by 292cf.

Table 2 (z,n} Reactions on Light Nuclei

Yield per
Target Q-Value 106 alphas
L -2.79 2.6
%Be 5.70 80
10g 1.06 13
l1g 0.16 26
13¢ 2.22 10
18g -0.70 29
lsg -1.95 12

(Data of Roberts 1947, as quoted in BEC 64)
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8. Be(y,n) photonmeutrom sources

Sources using the Be(y,n) reaction are less commonly used
because of their extremely intense Y-emission which- imposes severe
restrictions on the choice of the neutron detector. They do,
however, have their special applications. Photoneutron sources
containing a radium capsule i.'n. the center of_ a 4 cm diameter
beryllium sphere are the primary standards at the national
laboratories of the United States and the Soviet Union (CUR49,
FOM70a). These sources can be built in a 'reproducible manner and
emit, with 1 g radium in their center, about 106 neutrons per
second. Another advantage 1is the absence of the Po growth
correction. The spectrum consists of several neutron grz)ups with
energies of up to 670 keV. Depending on the Y -energy of the isotope
used, other Be(y ,n) sources emit quasi-monoenergetic neutrons at
energies from 23 to 1000 keV (table 3). These sources. are therefore
often used to determine absolute activation or fission cross
sections at these energies.

1t is also possible to obtain average neutron energies as
low as 0.5 keV by surrounding the neutron source with appropriate
moderators and absorbers (HAR76). This is a partic;_ularly
interesting energy range occurring around nuclear reactor shielding
for which the response of neutron rem—metérs has not as yet been

fully explored.
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Table 3 Data on Be(y,n) Photoneutron Sources
Y- T% _ Y- line Average neutron energy Yield
emitter energy strength calc. meas. (u x 107
€
(kev) (keV) (keV)
124gp 60.2d 1691.03 .49 22.8 + 0.6 26.0 * 1.3
RYV71 RYV71 LAL70
12.4
2091.0 .06 378 363 * 15
LAL70
1161, $4,1m 2112.1 .15 397.3 399 = 10 0.94
140y, 40.3h 2522.0 .04 751.7 765 ¢ 15
0.20
2899.8 .001 1097.5 1099 + 30
24Na 15.0h 2752.9 1.0 966.9 971 + 18 10.8
226pa 1599y 6 lines varies 21 to 670 7
MARG60

For In, La and Na the enerpies listed are from MUE73.
Except for Ra, the ylelds were measured by BENG9
The yield p is expressed in cm?g-ls-1¢i-1

Because the y-radiation in photoneutron sources does not
lose energy in beryllium in the same way as g-particles do, spectrum
calculations are simplified. Again, in first approximations the

neutron energy is of the general form of equation (2):

E =a+b cost (2)



In a photoneutron source, all neutron emission angles occur. For
monochromatic Y-rays of energy Ey the neutron energy is therefore

not strictly monochromatic. Then the full equation reads as follows

(BEC64) :

A-1 (A-1) (Ey-1Q])
En = A (EY-IQl) :EY/E 931 A3 (6)

where the energies and the Q values of the Be(y,n) reaction (Q =
1.665 MeV) are expressed in MeV; A is the atomic weight of Be.
Because the center of mass movement of the Be+Y system 1is small
(this contrasts with a deuterium photoneutron source) the resulting
neutron line width is quite narrow, for instance + L.4 keV for the

23 keV line from a lzl‘Sb-Be source.

Table 3 shows the properties of some Be(y,n) sources. The
short half life of the isotopes emitting energetic Y-rays is a major
impediment. Also, the presence of weak higher energy Y-lines,
producing supplementary high energy neutrons is of disadvantage,
particularly for dosimetry calibrations. The kerma factor 1is
increasing nearly proportionally with the neutron energy making the
evaluation of the dosemeter response often uncertain. The
calculated and measured neutron energies are given in the table, as
well as the yield u which would be obtained for lg of Be located
] cm away from a 1 curie source. This yield u, also called the

Wattenberg congtant, is then defined by
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Q = ubM/r2 (7)

where Q is the emission rate, D the activity in curies of the
radioactive isotope, M the Be target mass in gram and r the
effective distance between Y-emitter and the Be target.

By appropriate integration and by taking self-shielding of
Y-rays within the Be into account, Bensch and Vesely (BEN69) could
express the relationship between p and the emission rate of a
spherical source Qith the Y-emitter in its center. The emission
rates of such éources were measured by activation of a manganese
sulphate bath. The results for the yield constant u are listed in
the last column of table 3.

Similarly to equation 7 one can also define the neutron

.

emission rate from a thin Be target in terms of the Be(y,n) cross

section:

Q = 3.7 x 1019 peNo. _/Chrr®) (8)
By comparison with equation 7 it follows that

B o= 3.7 x 1010 £Na. ./ (4T) (9)

where N is the number of Be nuclei per gram and f is the fractiomal
intensity of. the Y-ray responsible for the neutron production.
Since this fraction f is generally not too well known and weak
additional y-lines producing neutrons may be present, BEN69 did not

attempt to derive Be(Y,n) «cross sections from their yield

determinations.
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Cross sections have been measured directly using the
bremsstrahlung difference method. Results are given in figs. 28 and
29. The errors are much largef than those found for the counstant
u. It therefore seems valuable to study ché relatipn betweén o and
¥ in the future.

Measurements of photoneutron source spectra have been made
with proportional counters. Pulse shape discrimination was needed
to discriminate against the intense Y-radiation. Furthermore,. lead
shielding was required and the effect of different shielding
configurations was studied as shown for the upper three spectra in
fig. 30 (LAL70). The bottom spectrum is particularly significant as

it. shows that the authors were actually able to detect the weak

higher energy neutron lines. An intensity ratio of I(363 keV)/(26
keV) = (5.1 + 1.0)% was found. The upper spectra in. fig. 30 were
now fitted to Monte Carlo tramsport calculations for neutrons in

lead and in the source material which permitted to .derive the
primary photoneutron spectrum shown omn top of fig. 31. Below,
computed spectra for various source configurations are shown. The
source used for the experiment was the homogenous, cylindrical
source, consisting of a 30 g mixture of Sb and Be powder in a thin

aluminium capsule.

The average energy of the measured primary spectrum is
(26.0° + 1.3) keV (table 3). Ryves and Robinson (RYV7l) made

elaborate determinations of the L 2¥Sb Y-line energy and calculated

an average neutron energy of (22.8 + 0.6) keV. This discrepancy is

not understood and needs further investigation.
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9. Conclusions and recommendations

1) For the neutron energy range between 2.5 MeV and the maximum, the
agreement between measured and calculated spectra of Be(a,n) sources is

now within the expected errors.

2) Below 2.5 MeV discrepancies still exist. More cross section data
for the break~up neutron production are needed. The proporfional counter
method needs further refinement. It appears to be the only technique
which has been applied at low energies for cross section as well as for

spectrum measurements. Are other suitable techniques available?

3) When measuring source spectra, the effect of source material and
capsule should always be considered when making comparisons with

calculations.

4) The present inconsistency in the stopping power data for beryllium

needs to be resolved.

5) The reason for the difference between the calculated and measured

average neutron energy for Sb-Be(Y,n) needs to be explained.

6) The relationship between photoneutron source yields obtained through

the constant ¥ and through (y,n) cross sections should be investigated.

7) For many source types, neutron fluence-to—kerma counversion factors
have been published. These papers should be reviewed in the light of the
present knowledge about spectra and a new comprehensive 1list of these

factors should be made.
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Fig. 3
Thick target neutron spectra at
various emission angles for an
incident energy of E = 5.48 MeV,
The uppermost spectrﬁm is composed
so at to simulate an 2"*lAm-Be
source spectrum. From GEI70.
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Fig. 4 -
Typical double walled source capsule for
radioactive (a,n) sources. From KNO79.
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Fig. 7
Angular distribution of the neutron continuum at Ea = 5.38 MeV for the
Be+a thin target reaction. From 0BS72.
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Fig. 29
Be(y,n) photoneutron cross
section using a 4w neutron
detector (HUG75).
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NEUTRON ENERGY SPECTRA OF SPONTANEOUS FISSION SOURCES
(Review)

M. V. Blinov

V. G, Khlopin Radium Institute, Leningrad, USSR

Abstract

Some characterisfica of energy distributions of neut-
rons from spontaneous fission sources are presented. The da-
ta on neutron energy spectrum of ESZCf are considered in de-
tail. Main properties of neutron source on the basis of

252Cf are discussed,

1. INTRODUCTION

During the last years spontaneous fission sources be-~
came more important among the other isotope neutron sources
than earlier. The intensity of neutron emission from these
sources can vary within a large range and attain the values
which are comparable with accelerator neutron fluxes. Froum
practical point of view the use of these sources is stimu-
lated by the similarity of their neutron spectrum to that
from the fission events in nuclear installations. So, the va-
rious physical values necessary for the practical purposes,
for example the fission cross-sections, can be determined in



neutron fluxes from spontaneous fission sources. A broad-
range energy fission neutron spectrum enables by using one
gource to calibrate neutron spectrometers over a large ener-
gy interval. This feature is already widely used in physical
experiments and engineering.

Different isotopes of heavy nuclei may be used as spon-
taneous fission neutron sources. Among these sources 252%¢
is the most convenient; it has been recommended by the IAEA
[1] as a standard. In this review I shall discuss the pre-
gent status of investigations on energy distributions of
prompt neutrons from spontaneous fission sources; 252Cf will
be considered in detail.

2. SYSTEMATICS OF SPONTANEOUS FISSION
NEUTRON ENERGY SPECTRA

2.1. Some comparable characteristics of
spontaneously fissionable isotopes

Up to date spontaneous fission of nuclei from Z =30 to
Z = 107 has been known. The half-lives for spontaneocus fis-
sion are within the range from 1017 years to the values less
than one second. Isotopes with Z more than 100 (Fm) cannot
be obtained in sufficient quantities, therefore they are
excluded from the further discussion. The average number of
neutrons emitted per fission event increases from 0 = 1,3
for some thorium isotopes up tov 4 for fermium. We do not
consider here spontanecusly fissionable isomers produced in
different nuclear reactions. They decay too fast
(T & 10-2 gec) to be used as neutron sources. The analysis
of known properties of various spontaneously fissionable
nuclei leads to the conclusion that Pu, Cm, Bk and Cf are
now seen as the most convenient sources. The isotopes of Th,
Pa, U and Np have low neutron yields and the known isotopes
of Es and Fm have too short half-lives.

The mogt convenient isotopes as spectral neutron sour~

ces geem to be 24OPu, 242Pu 244Cm, 2460m, 2480m, 252Cf and

’
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254Cf as regards to simple production, neutron yield, half-
life and N£/Nf ratio., Some of their characteristics are pre-
sented in Table I. Plutonium isotopes have greater T, but
their fission neutron yields are comparatively low. Hence,
they are applied very seldom, Curium isotopes give 104 ti-
mes more intensive neutron fluxes, However, 24"’Cﬁm has a ge-~
rious drawback and namely a great number of &4 -particles
emitted per fission event. The EX/Nf ratio for °*%m is much
better in addition to the other good characteristics. 248y
is expected to be used as a long-lived source of spontaneous
figsion neutrons. The isotope of 254Cf is of interest due to
its particularly great neutron yield, but its relatively low
half-life (60 days) would significantly limit its use. The
most convenient neutron source on the basis of spontaneous
figsion is now 2520f. Its characteristics, namely great
neutron yield (10° 1/mges) with low weight, good Ny/N, ratio,
gimplicity of production,comparatively long half-life

(2,6 years), meet many necessary requirements. That is why
the IAEA recommended to use this spectrum as an internatio-
nal standard.

2.2. Experimental data on energy
spectra

The available data on the average energy of spontaneous
fission neutron spectra are presented in Fig. 1, 2 and Tab-
le II. The "hardness" of spectrum ig shown to increase with
increase of Z°/A andV . The gpectra of plutonium and curium
isotopes were measured by time-of-flight method [3, 4],
using 3He—-spectrometer [ 5] and by means of amplitude distri-
butions of recoil protons in single-crystal spectrometer [6].
The first two methods were uged for measurements within
0,5-7,0 MeV and the last-mentioned method for 1-12 MeV range,
A1l the investigators came to conclusion that within the ex-
perimental accuracy the energy spectra could be described by
Maxwellian distribution (Fig. 3 ). However, the measurement
accuracy was not high because of low activity of preparatims.



In the case of 240Pu, 242Pu and 244Cm, the reactions
(A, n) could contribute appreciably to the spectrum of
neutrons from the sources. So, in [C] the neutron yield of
reaction (£, n) on 18 of Pu0, (®*0py) at the energy 3 MeV.
was comparable with the yield of spontaneous fission neut-
rons. Becaugse of that the authors had to prepare another
PuBr4 source. For 242p, (oxide) the effect of this reaction
was also found to be considerable (~ 25%) [ 3]. However, the
{~quanta coincidence technique permiited to make this effect
five times less. The data on energy neutron spectrum of
2520f gspontaneous fission will be discussed later in detail.
There are no data on 254Cf-spectrum in the literature.

2.3, Mathematical representation of the
fission neutron spectra

To describe the fission neutron spectra, Maxzwellian
distribution is generally used

N(E) o VEeE/T, § - %T (1)
or sometimes Watt distribution . '
N(E) ~ e-E/Tsh-z-yT——, E =W+ 2T (2)

where E -« neutron energy,
W - average kinetic energy of a fragment per one nuc-
leon, .

T - "hardness" parameter which is named as temperature.
Although having been ugsed for a long time, these expressions
have no strict theoretical substantiation. However they de-
fine rather well experimental distributions. Both dependen-
cies give very similar predictions of spectrum shape over a
wide energy interval and only at higher energies their dis-
crepancy is essential (the difference at 10 MeV - 25%).

' For approximate determination of E (if there are no re-
liable direct measurements) one can use Terrell semiempiri-
cal relation [7] deduced from the gimplified Weigskopf eva-
poration model: E = 0,78 + 0,621V V + 1 (3)



3. ENERGY SPECTRUM OF 229G SPONTANEOUS
FISSION NEUTRONS

3.1. Spectrum measurement techniques

Measurements of 2520f fission neutron spectrum were ma-
de for the first time in 1955 and continue up to now. This
subject has been discussed in about 30 papers. The data of
these papers are presented in TableID. In recent years the
number of experiments increased sharply and the quality and
accuracy of spectrum measurements substantially improved. In
mogt investigations 2520f fission neutron spectrum was mea-
sured by time-of-flight method. High accuracy of measure-
ments performed with this technique attracts many investiga-
tors. In a number of works the method of registration of re-~

coil proton energy and of 3Re (n, p) and 6Li (n,d ) reac-~
tion products was used. The method of threshold detectors
(activation of different foils) also was applied. Spectrum
average energy was defined with moderation spheres (Bramb-
lett counter) and mangenese bath. -

In the case of time~of-flight method as the most accu-
rate one, the characteristics of neutron detectors used for
measurements should be considered. The detectors can be de-
vided into three groups according to the energy intervals
where they are used. For energies above 0,5-1 MeV different
organic scintillators are usually used. Detectors based on
614 (n,d ) reaction (lithium glasses, 6LiI(Eu) crystals)
are applied for energies below 2-3 MeV without principal
regtriction of low limit. Fission chamber with 252U layers
ig a detector for the whole energy interval (0-15 MeV),

Its substantial drawback is low efficiency. This makes it
difficult to use great flight distances and to provide a

high energy resolution. It is also difficult to achieve a
high gtatigtical accuracy at spectrum edges.

The efficiency of neutron detectors based on 6Li (n, o)
and 23%y (n, £) reactions is determined according to the
known standard cross-gsections of these reactions. The effi-



ciency of organic scintillators is usually determined by spe-
cial measurements in each work. In this case precision measu-
rements of monochromatic neutron fluxes of different energies
are necessary. 1t requires significant additional efforts of
the experimentators, and they not always pay the due atten-
tion to this problem. However it should be noted that accu-
racy of efficiency measurements substantially improved after
publication of the Recommendations of Meeting on fisgsion
neutron spectra in 1972 t1§.

3.2. Spectrum measurements within the
energy range from 1 to 8 MeV

This range covers 70-75% of the whole spectrum intensi-
ty. Naturally, it was studied most intensively. The authors
of all papers noted a good agreement of experimental data in
this energy interval with Maxwellian distribution. The va-
lues of parameter T in different papers performed by diffe-
rential methods are in the range from 1,39 to 1,52 MeV, the
most part of data being about 1,41-1,43 MeV. The work | 23]
done recently with threshold detectors showed the value of T
which agrees with these data. (1,41 MeV). "Age" method gives
a somewhat higher value of T (1,48 MeV) [19, 23]. Note, that
the comparison of results of different authors using only
parameter T is not very informative as it does not provide a
detailed definition of spectrum shape. The IAEA recommended
to present information in the form of deviation of experi-
mental data from Maxwellian distribution, for example, with
T = 1,42 MeV obtained as a result of evaluation [32]. Fig. 4
shows the results of some works in this form. In LBO] expe-
rimental data did not deviate from distribution with T =
= 1,42 MeV by more than +2% in the energy range from 1 to
6 MeV, In [16] these deviations were less than +4% (1-8 MeV).
In other works substantially greater deviations were ob-
gerved. It should be noted that in many even detailed measu-
rements there were some negative features leading to conse-
quences that have not been sufficiently analyzed. So, inLZB]
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fission gamma-quanta counter was used as "o"-time detector,
but the influence of its characteristics on the apectrum
was not studied. In {16] a very powerful fission source was
used in a counter having a long light flash. As a result,
the efficiency of registration was only 70% and the absence
of low energy fragment discrimination was not shown. In [21}
an appreciable part of fragments correlated by angle with
neutron motion direction was not registered. The author of
[33] noticed that in measurements by the time-of-flight
method corrections for true-random coincidences sometimes
were not taken into consideration. Thus, a detailed analysis
of conditions of every experiment seems to be necessary to
understand the causes of disagreement in results of diffe-
rent works.

3.3. Measurements in the energy region
below 1 MeV

This energy range is difficult for measurements, and
the difficulties increase with energy decrease. They are con-
nected with absence of high effective, fast, insengitive to
gamma-rays neutron detectors for measurements in keV-range.
Since this part of spectrum contains easential part (~ 25%)
of the total intensity, therefore Internmational Meetings
[1, 34] recommended to pay a special attentiom to the neces-
8ity of precision measurements in this energy region. Fig. 5
shows experimental data for this part of spectrum. As it is
seen (from the Figure) there is a great dispersion of data
which indicate a significant neutron excess in comparison to
Maxwellian digtribution in this region (for example, at
E = 50 keV the excess reaches 40%). In some papers 25, 31,
35] devoted to the study of low energy part of spectrum it
was shown that the spectrum shape is greatly influenced by
neutron scattering on detectors, on components of experimen-
tal facility and in the environment. Inlj31] the measurements
were supplemented by calculation of neutron scattering using
Mionte~Carlo method for definite experimental conditions.



The calculation was made for the case of gcattering process
evolution in the time scale. Experiment and calculation
showed that even comparatively small scintillation detectors
of neutrons and fragments noticeably distort low energy
neutron fields. Taking into account the scattering effect
along with the improvement of experimental conditions led
the authors of [31} to the conclusion about possibility of
description of neutron spectrum in the range from 1 keV to
1 MeV by one-parameter Maxwellian distribution.

Taking into consideration substantial effect of neut-
ron scattering on spectrum shape as well as the results of
recent work r36] it can be explained too high spectrum in-
tensities (E~< 100 keV) (Fig. 5) by systematic errors. This
also caused a significant digagreement (up to 70%) in re-
sults of two works made by one group of authors r27, 29]

In some papers [21 28] a small neutron excess was observed
(5-10%) for the range from 0,5 to 1,0 MeV. However, due to
proximity of this part of spectrum to the threshold of neut-
ron detector registration, it can not be considered as an
egstablished fact.

Thus, the gpectrum shape for energy region below 1 MeV
does not differ significantly from Maxwellian one.

3.4. Spectrum measurements in the
energy region above 8 MeV

Difficulties of studying this part of spectrum are con- .
nected with low intensity (~nr 2% of total number of neutrons).
Data of several papers are presented in Fig. 6, In the range
of energies below 10 MeV the results are sufficiently clo-
se to Maxwellian diatribution with T = 1,42 MeV and at
higher energlies the data substantially diverge; besides,
measurement errors become too high.

Measurements were finished in the region of 15 MeV as
gpectrum intensity becomes too low.
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3.5. Irregularities in the spectrum

In 252Cf fission neutron spectrum within wide energy
range (1 keV - 5 MeV) irregular deviations from smooth curve
reaching 15% of continuous spectrum level above it ("fine
structure® of spectrum) were observed in some works 137-40j.
Special search for this effect in the range of 1-5 MeV led
to negative result L41, 42]§the limit being +2%). In the re-
gion of low energies the search for fine structure also
failed 25, 311, At the same time in several papers ['21, 28]
a struc%ure of unknown origin was found but with significant-
ly lower value (£ 5%). It should be noted that the position
of structure peaks in these papers did not agree with the da-
ta of 37 4OI. [41, 42J it was reported that the appea-
ring at the 1rregular1t1es might be due to different appara-
tus errors and to a number of side effects, for example,
neutron scattering. The work r43] showed in direct experiment
that neutron scatterlng in air could lead to a weak structure.

At present it may be thought that irregularities > 2-3%
peculiar to emission mechanism in neutron spectrum do not
exist.

3.6. The influence of fission neutron
emigsgsion time on the gpectrum shape

It is known that most of the fission neutrons (~ 90%)
are evaporated from excited fragments moving with the velo-
cities-4/109 cm/a. If fission fragments before neutron emis-
sion are partially or completely moderated, neutron energy
in laboratory system changes markedly. Fragment moderation
time in dense medium is 1014210712 5 ana depends on medium
properties. In this connection it is necessary to know if
there 1s any noticeable probability that neutron emission
time exceeds 10~ '# &. Since fission fragments have s signi-
ficant angular momentum (J 2 8 §) one could expect a certain
delay of emission for some part of neutrongs. The authors of
[37, 39, 44, 45] feported the detection of noticeable part



of neutrons (~ 4%) emitted by fragments in 107%-10"" 5 arter
figssion event. Such neutrons can significantly change the
gspectrum in some regions. However in subsequent works [35,
46-49] thig effect was not confirmed; 2520f fission neutron
emigssion time does not exceed 10"14--‘10"15 [48,.4?]. '

3.7. On the possibility_of'accurate
spec trum shape calculation

Since neutron emission occurs from fragments of various
masses, charges, angular momenta and excitation energies, to
calculate an integral spectrum it is necessary to know the
probability of neutron emission for each state of fragments.
The theory cannot yet give corresponding accurate predic-
tions. However the attempts to calculate 2520f integral
neutron spectrum are made. So, authors of [50] using statis-
tical method of Hausser-PFeschbach calculated the spectrum
in the energy range 0,25-10 MeV which differs- from experi-
mental one [16] by 25% at By = 1 MeV and by 50% at 10 MeV.
The authors congidered this'agreement to be quite satisfac-
tory especially because they did not use any fitting para-
meters. In an other paper [51] neutron spectrum was calcu-
lated in the c.m. system and rather a good agreement with
experimental data was obtained [10}. Such calculations are
very useful although their accuracy is yet insufficient.

The neutrons of the "igotropic" component (~ 10%) should be
taken into account in such calculations. However, since the
mechanism of their emission is not clear, the introduction
of this component in calculation seems to be impossible now.
In this connection it is desirable to study differential
characteristics of zssz figsion neutron emigsion (angular
and energy dependences on angle, mass, charge, excitation
energy of fragmenta) for understanding the full picture of
neutron emission process.
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3.8. Characterestics of 2520f fisgion

neutron spectrum. Possibilities
of data refinement

Evaluation of gpectrum shape made by Grundl and Eisen-
hauer EBZ] according to the results of several experimental
investigations for energies from 0,25 to 8 MeV showed that
in this region the deviation from Maxwellian dis{ribution
with T = 1,42 MeV was not more than +%%. If along with this
evaluation we use the data of recent works LBO, 31] it is
possible to describe the whole spectrum from 1 keV to 10 MeV
by one-parameter Maxwellian distribution (1,42 MeV) with po-
ssible deviation from it +10% at the ends of this range..

I think that before appearance of new reliable experimental
data and new evaluations it is possible to use this repre-~
sentation as the first approximation. But we cannot forget
that considerable deviations from such representation were
observed in several papers (Fig. 4, 5, .6). All this requires
great efforts to obtain new accurate data for definition of
standard neutron spectrum. It is particularly important as
the validity of any standard is determined by the accuracy
with which it is known.

Owing to the fact that at present the method of accurate
calculation of 2520f fisgion neutron spectrum does not exist,
experimental methods of its investigation should be deve-
loped.

The following measures can lead to the increase of date
accuracy: '

1. Precigion measurements of spectrum in a wide energy
interval (including low energy region) by single detector
and in the same experiment to avoid the operation of
"joining" the data from different detectors.

2. A particular attention must be paid to the accuracy
of determination of neutron detector efficiency: it should
_be high enocugh and reliably determined (with compulsory in-
dication of errors in their determination and methods of

checking).
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3. It is desirable to increase energy resolution, par-
ticularly in the range of energies above 5 MeV, It is neces-
gsary to account for the resolution in the whole energy inter-
val to restore true shape of spectrum.

4. In measurements an account must be taken of. different
gide effects which can substantially distore the shape of
spectrum (neutron scattering, delayed gamma-quanta etc.).

5. It is advisable that in all subsequent works the
authors themselves should perform a detailed analysis of all
possible experimental errors both statistical and systematic
ones.

6. It is desirable to make a detailed reviews of avai-
lable works with periodical experimental error analysis
(about one time in three years), spectrum evaluations based
on the analysis of works and selection of reliable results.

7. Investigation of 252 ¢ gspontaneocus fission neutron
emission process is to be continued; the calculation method
for spectrum determination should be developed.

8. It is necessary to fulfill all the requirements to
experimentas and their descriptions presented in the Recom-
mendations 21}.

4, THE MAIN CHARACTERISTICS AND SOME FEATURES
OF NEUTRON SOURCE BASED ON 252Cf SPONTA-
NEQOUS FISSION

a) The neutron yield B = 2,3-109 55 the average
neutron number per fission event | = 3,747+0,009; the avera-
ge energy of neutron spectrum E = 2,12 MeV; half-life Ts =
= 2,64 years.

b) Angle neutron distribution - isotropic.

¢) Low gamma-background (2 fission gamma-quanta per one
neutron). _

d) The spectrum does not depend on the properties of
backing material as the fragments lose their energy in dense
medium for 10~ 12-10"1% § and upper limit of neutron emission
is about 10”14 &
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e) In the case of californium source as a thin layer
with registration of fission fragments, it is necessary to
avoid the discrimination of the fragment part in relation
to enérgy and angle as there exists correlation between
the neutron energy and these values.

f) Using the thin layer the effect of self-dispersion
of californium should be taken into account.

g) The fraction of delayed neutrons is ~ 0,25% (SZ].

5. CONCLUSION

Spontaneously fissionable isotopes of plutonium and cu-
rium have been used for a long time as neutron sources. In
the laat years the sources based on 2520f are widely used
as most convenient according to all the characteristics.

The widespread use of spontaneous fission neutron
sources requires a more exact knowledge of energy neutron
distribution from these sources. This is particularly im-
portant for 252Cf which was recommended as a standard. Des-
pite the successful recent investigation on the shape of
252Cf spontaneous fission neutron spectrum, the further ef-
forts on substantial correction of these data are necessary.
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TABLE 1

Characterigstics of Some Spontaneously Fissionable Isotopes [2, 3@]

Element Mass number Half-1ife ‘1‘s of N Neutron yield | Nu - bar

-T-E-—-zﬁ——-— -

T (years) Tspof 1 sp.f m;.s vp

(years)

Pu 240 6,54 105 1,3.10" 2,0.107 0,9 2,15
242 3,8+10° 7,20101° 1,9410° 1,6 2,14

Cm 244 18,1 1,34107 7,210 1,1.10% 2,68
246 4,8.10° 1,8.107 3,8.10 8,8¢10 2,95

248 4,010° 4,2.10° 10,6 4,1+10 3,15
cf 252 2,72 85,2 32,5 2,3.10° 3,737
254 60 60,5 days | 310 1,3.1012 3,89

-G~



TABLE IT

Average Energy of Spontaneous Figsion Neutron Spectra (E)

o a——

Nuc- |Mass |Year |Authors, references |Neutron Method Results
lide |number ;:g;gy(uev) Ty (MeV)' E (MeV)
Pu | 240 [1961 |Bonner [20] <4 Integr. (Bramblett| 1,16+0,0311,74+0,05
: counter) -
1974 |Alexandrova etc. [6]| 2-14 Single-crystal 1,27+0,03/1,91+0,05
| : spectrometer :
242 {1969 |Belov etc. [3] 0, 5=6 TOF (time-of- 1,21+0,06 |1,82+0,09
flight) '
Cm | 244 [1969 |Belov etc. [ 3] 0,5~7 TOF 1,3740,042,0640,06
1969 |Herold [5] 0,5~6 3He-spectrometer 1,461+0,062,19+0,09
1974 |Alexandrova etc. [6]| 2-14 Single-crystal 1,3340,03/2,00+0,05 .
spectrometer '
1974 |Zhuravlev etc. [4] 0,4-6 TOF 1,38+0,03{2,07+0,05
246 (1974 |Zhuravlev etc. [4] 0,4-6 TOF 1,50+0,05(2,25+0,08
248 |1974 |Zhuravliev etc. (4] | 0,4-6 TOF 1,4340,04(2,15+0,06
Cf | 252 {1975 |Grundl, Eisenhauer 0,25~-8 Evaluation 1,42 2,13
(32)

- 96 -



TABLE III

Summary of Data on Fission Neutron Spectrum of 252Cf
NN [Year|Authors, references |Neutron Method, neutron detec~ . Resul ts
rangeMeV) tor P (MeV) E (MeV)
: maxw
1. |1955|Hjalmar etc. [8] >2 Photoemnlsion 1,40+0,09 -
2. 1957|Smith etc. [9] 0,2-7,0 |TOF, plast. scint.; - 2,36
photoemuls.
3. [1961|Bonner [20] <4 Integr (Bramblett 1,367+0,030 -
: counter) ,
4. [1962|{Bowman etc. [10] 0,5-6,0 |TOF, glast. scint. - 2,34+0,05
5. [1965|Conde, During [11) 0,07-7,5 |TOF, "Li-glass, plast.|1,39+0,04 (2,09)
- {scint.
6. 1967|Meadows [12) 0,003-15 |T0F, ®Li-glass, 1iquid|1,52 2,348
. scint.
7. |1969{Green [13] - Integr. (Mn-bath) 1,39 (2,09)
8. [1970{ Zamjatnin etc. [14] 0,005-6,0{T0F, "Li-glass, plast.|1,48+0,03 (2,22+0,05)
scint,
9, [1972]Jdeki etc. [15] 0,002-1,0(TOP, 6Li-glass 1,57(1,3) -
10. [1972|Smith, Koster [53) Review
11, 1976{Knitter [54]) Review
12, 1972| Werle, Blunm {18] | 0,2-8,0 |’He-spectrometer, 2,15540,024
prop. counter (1,42+0,015) 2,130+0,022
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TABLE III (continued)

]

-

Method, neutron detec~

NN |{Year{Authors, references |Neutron Regults
energy tor —
range(MeV) T axw (MeV) E (MeV)
13,11973|Green etc. [16] 0,513 TOF, org. scint, 1,406+0,015 | 2,105+0,014
14.11973{Knitter etc. {17} [0,15-15 TOF, org. scint, 1,4240,05 2,13+40,08
15.]1974|Spiegel [19] ' ~ Integr. ("age") - 2,2110,05
16,{1974|Alexandrova etc, 2,04-13,2 |Single-crystal spectro~-| 1,42+0,03 (2,13+0,045)
(6] meter |
17.11975|Kotelnikova etc. 0,5%17,0 TOF, 1liquid scint. 1,46+0,02 (2,19+0,03)
[21] -
18, {1975]Johnson [22] 2,6-15 Single-crystal spectro~| (1,42+0,02) 2,131+0,03
meter
19.]1976|Ceikai, Dezso 2,515 Activation detector
(threshold reactions); 1,41+0,02 (2,12+0,03)
| "age"-method 1,48+0,03 (2,22+0,05)
20.|1976|Batenkov etc., [24] {0,02-2,0 TOF, 6LiI—crystal 1,40 -
21.]1976{Stewart etc. [34) - Review -
22,11975|Grundl etc. [32) 0,25-8,0 |Evaluation (1,42) 2,13
23.]11977|Blinov etc. [25] 0,01-7,0 TOF, 6LiI-crystal, 1,41+0,03 2,12
235U-chamber
24.11977|Djachenko etc. [26)]< 2 Amplitud., reaction 1,18

6Li(n,oL)'l‘
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TABLE III (continued)

NN | Year jAuthors, references} Neutron ‘Method, neutron detector Results
energy : .
range (MeV) Tmaxw (teV) N (M_e‘{_)
25.{ 1977 | Nefedov etc. [27] | 0,01-10 | TOF, metal. 23%y; 235y - 1,28 (1,92)
chamber
26.] 1978 | Bertin [2é] 1-10 | TOF, 1iquid scint. (1,51) 2,2740,02
27.11978 | Nefedov etc. [29 | 0,01-10 |TOF, metal. 2%y, 235y - [1,4340,02 | (2,15+0,03)
chamber
28.}1 1979 | Blinov etc. [5{] 0,001-1 TOF, 6LiI-crysta1 1,42 :
29.]1 1979 | Boldeman etc. 30 0,6-15 TOF plast. scint, 1,424+0,013 | 2,136+0,020
Note: The values of Tmaxw and E in brackets are taken not from the reference works, but

calculated according to their data.

- 66 =



E | 2ep, 2ap, M0y™0y2Cn =0¢
Me)F W frr
) T
221 |
2,0:
18 :
16F 1 , .
2 3 2

Fig. 1. The dependence of average energy of neutron
spectra E on Nu - bar -V

« -1 x- U] +-[s].8 - [6], A - [20], ©- [57]



- 101 -

E

(M &V) ap, M), MCn MOy MCm 20
a2r § Eoos
20+ ; : }g
18 1 i
1.6

265 370 375 380
Z7A

Fig. 2. The dependence of average energy of neutron spectra
E on fissionable parameter Z2/A

.-[BJo x"["‘]s + - [4]: | "[611 A - [20:" @ - [32]-



- 102 -

103

T T TTTII]

NE)/VE , MeV ™

LR |

Fig. 3. Energy neutron spectra of gpontaneous figsion 242Pu,
244cn, 25%0¢, Straight lines - Maxwellian distributions with
parameters T equal to

1,21 MeV, 1,37 MeV and 1,42 MeV.



- 103 -

w ™~
) o
— , -

\V)
-

O

—
O

DEVIATION FROM MAXWELLIANE)
O

N
o

Fig. 4. The deviation of the experimental data on 252Cf spon-
taneous fission neutron spectrum from Maxwellian distribution
with T = 1,42 MeV,. The data were normalized in the interval

1-2 MeV _

® - [6], ~~- [16],8,4 - [17},0,8 - [18], - [21], x -[29]



100 + .
E . 00
Z 80}F * .
— . .
g 0} . - +
> ° *
<
= 40
5
e 20.
& 0
}__
<t
o 20t VLI
Q a
£0 T | — .'.“..la — ]
0001 001 01 1,0

En'MeV

Fig. 5. The deviation of the experimental data on 252Cf spon-
taneous fission neutron spectrum from Maxwellian distribution
with T = 1,42 MeV, The data were normalized at 1 MeV

o- [12], 4 - [15],0,® - 18], + - [27), x - [29], e - (31]



100} ]
=
=z
=
3 -
= S50+
= a
>
<C 4 a
Z &
= 4. o s ®
g 0 ?ic %2 _° “e *.’ *¢4° -
Lo \~\‘*~\~ 3
pd “. Tl
o o
:: A
< 50}
) .
ool
7 8 g 10 1M1 12 13 14 15
En,MeV

Fig. 6. The deviation of the experimental data on 252y spon-

taneous fission neutron spectrum from Maxwellian distributinn
with T = 1,42 MeV. The data were normelized in the interval
1-2 MeV :

®- (6],4,4 - (17], O - (18l, ® - [30]



- 106 =

List of Figures

Fig. 1. The dependence of average energy of neutron spectra
E on Nu - bar -5_
¢ - [3]1 X - [4]a + - [5]9 R - [6], A - L20]1
® - [32]. o

Fig. 2. The dependence of average energy of neutron spectra

E on fissionable parameter 22/ .

e - (3], x- (4], +- (5], & - [6], & - [20],
® - (32].

fig. 3. Energy neutron spectra of spontaneous fission'242Pu,
2440y, 2520f, Straight lines - Maxwellian distributions
with parameters T equal to
1,21 MeV, 1,37 MeV and 1,42 MeV,

Fige 4. The deviation of the experimental data on 2520f spon-
taneous fission neutron spectrum from Maxwellian dis-
tribution with T = 1,42 MeV. The data were normalized
in the interval 1-2 MeV _ '

= E6], === £16],A,‘ = E17]y aR - [181ro "’[121] ’
x - [29].

fig.5. The deviation of the experimental data on 252Cf spon-
taneous fission neutron spectrum from Maxwellian dis-
tribution with T = 1,42 MeV. The data were normalized
at 1 MeV.

o-[12], a -[s],0,® - [18], + - [27], x- [29]
e - [31].

Pig. 6, The deviation of the experimental data on 252y gpon-
taneous fisgion neutron spectrum from Maxwellian dig-
tribution with T = 1,42 MeV., The data were normalized
in the interval 1-2 MeV

® -[6],A.4 -[17],0 -[18], e - [30].



iaper =4
- 107 - -

Thermal and Epithermal Reactor Neutron Beams and Fields

Wolfgang G. Alberts

Physikalisch-Technische Bundesanstalt, Braunschweig,
Fed. Rep. of Germany

Introduction:

At present thermal neutrons seem to play a minor role in the family of
neutron sources. Their radiobiological effectiveness and their destruc-
tive power, which would be significant in the fields of health physics,
in radiation protection work or in material damage research, are smaller
than that of faster neutrons.

It seems to me as . well that the intensity of research with thermal neutrons
has decreased considerably in the last decade as compared to fast neutron
research, at least for these applications. I would therefore 1ike to
consider this paper rather as an introductory remark for a discussion

than as a review paper as it was planned originally.

In fundamental research, e.g. in solid state and nuclear physics, there
is an interest in using very slow neutrons in the meV range as probes
for discovering fundamental properties of matter. There is probably some
activity of this kind at almost every research reactor and for this
purpose thermal or subthermal neutrons are extracted from the reactors
by curved neutron guides or gained from neutron diffractometers or
rotating selectors. This paper shall deal, however, with thermal neutron
fields with broad spectra of preferentially Maxwellian form.

At the time of generation free neutrons are genera]]y'fast. They are slowed
down in moderating media by scattering processes and lose energy until

they are in “thermal equilibrium" with their ambience or vanish by
absorption. Thermal neutrons are therefore produced by media with a large
moderation-to-absorption ratio such as graphite or heavy water and the aim
is to keep the fast and epi-thermal neutron component as small as possible
at the place of interest. Thermal neutrons of this kind are responsible for
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235

thermal fission of ° 239

U and 7Py and therefore essential in most of the
power and research reactors in the world. It seemed necessary, therefore, to
do extensive thermal neutron metrology even without reactors. In the late
Sixties, for instance,-an international intercomparison of the thermal
neutron flux density unit was performed using mostly standard thermal neutron
flux assemblies employing (a,n) sources distributed in a suitable moderator.
The results of this intercomparison were published in Metrologia /1/, the
international journal of scientific metrology, and the participants came
from the exclusive club of national laboratories. Another example: at

the National Physical Laboratory in the United Kingdom a standard thermal
flux assembly has been established for about a decade which comprises a
graphite moderator containing two neutron sources consisting of beryllium
targets bombarded by deuterons from a Van de Graaff accelerator.

Now, the subject of this paper is thermal and epithermal reactor beams
and fields. I want to show you with a few examples some thermal and inter-
mediate-energy neutron fields in and at reactors and some of their properties.

The desired properties of a thermal neutron field are strongly connected with
its intended application. For some applications one needs iéotropic fields
with high intensity, whereas for others, one prefers monodirectional fields.
From the point of view of application I would like to discuss thermal neutron
fields in these two classes: cavity fields and beams.

Cavities:

Most of the operating research reactors are equipped with a graphite thermal
column. Some of these columns have a spherical cavity to provide an isotropic,
well thermalized neutron field with a high neutron flux density. At present
they seem to have become insignificant as thermal standard fields in
compar{son with their use for producing secondary neutron fields with
converters. All that remains of the original field properties is the absence
of fast neutrons from the reactor. Thus the characteristics of the secondary
field depend exclusively on the materials within the cavity. The resulting
isotropic or quasi-isotropic neutron fields are a standarized approximation
of the field conditions in a reactor. Work done with such fields is well
documented in [AEA publications such as from the Consultants' Meeting on
Neutron Cross Sections for Reactor Dosimetry of 1976 /5/ from which the
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following examples are taken x)' They all employ uranium-235 as a converter
to produce an initial thermal-neutron-induced fission spectrum. Additional
materials are used to give the spectrum the desired shape. The original
thermal neutrons are kept away from the cavity center by shielding layers.

1. A 235U fission spectrum is produced in the 1 m cavity in the thermal
column of the BR-1 at Mol, Belgium /2,5/.

The experimental configuration is shown below:
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EXPERIMENTAL CONFIGURATION IN THE SPHERICAL
CAVITY OF THE BR-1 THERMAL COLUMN.

The thermal field causes thermal fission in a thin metallic 93 %-enriched
uranium sheet which is wrapped around the center of a cadmium tube. In
this way it produces a quasi-isotropic uranium thermal-neutron-induced
fission spectrum within the center of the tube with suppression of the
thermal neutrons. Problems with epicadmium neutrons returned from the
cavity walls are controlled by exact geometrical calculations.

2. A neutron spectrum with a strong intermediate energy component (ISNF) is
generated in the 30 cm cavity in the thermal column of the 10 MW NBS

reactor at Gaitersburg, USA /3,5/. A cross section of the facility is shown
on the next page:

X)All figures in this paper are taken from the respective references.
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Eight 93 %-enriched uranium metal discs positioned 1 c¢cm from the cavity
wall produce fission neutrons which are partly moderated and scattered
from the wall. These scattered neutrons, together with the direct
component from the source disks, are transmitted through.a 14 cm dia.
boron-10 shell to produce the ISNF neutron field at the center of the
cavity. Knowledge of the properties of the field relies on calculations
which include the densities and the cross secfions, all standard, of
carbon, uranium and boron-10.

If the boron shell is omitted or replaced by a cadmium shell (ISNF/CV), a
near-1/E spectrum from 0.4 eV to 0.1 MeV is created at the center of

the cavity. The total neutron flux density amounts to about 1.6~109 cm-zs'l.

Whereas the slowing down of fission neutrons in an infinite, non-absorbing
moderator with constant scattering cross section would result in 3 pure 1l/E
field above the thermalization range, in a realistic field like ISNF/CV

one has to assign to measurements realistic uncertainties due to spectral
shape deviations from the ideal law. Carbon cavity wall return neutron flux
density spectra do not obey the 1/E law but generally speaking the deviations
are very well known for certain purposes, as for instance the measurement

of average cross sections /4/. The calculated flux density at the center

of ISNF/CV deviates from 1/E by 18 % per decade over the energy range 0.4 eV
to 10 keV /5/.

. Another intermediate-energy standard neutron field called LI /5,8/ is

produced in the 50 cm cavity in the thermal column of the BR-1 at Mol,
Belgium.
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A schematic view is shown below:

Fission neutrons, converted essentially by the first one centimeter of the
outer portion of the 5 cm thick uranium shell, arrive at the center of the
system degraded in energy primarily due to elastic scattering in the

graphite and inelastic scattering in the uranium. The boron carbide shell
preferentially absorbs the low-energy component, shaping this portion of

the spectrum to make the Sigma Sigma energy distribution relevant for fast
reactor application. The total neutron flux density amounts to 7-108 cm_zs-l;
departures between spectrometry results and calculation of the spectrum are
below ¥ 15 3.

Beams:

The properties of thermal neutron beams differ from those of the cavity
fields, which again influences the applications. Whereas the cavity neutrons
form homogeneous neutron fields with various spectra at the center of the
cavities and are used for the irradiation of small samples like activation
foils or small fission chambers, thermal neutrons are needed as well to
calibrate larger instruments which may even contain moderating material
themselves, e.g. rem counters. For such calibrations cavity sources are
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not very feasible as standards because of the strong coupling between
cavity wall and instrument: the possible scattering of neutrons between
detector and cavity wall causes flux density disturbances. On the other
hand, the response of detectors irradiated in a thermal neutron beam,
free in air, represents the quantities of the undiSturbed field.

Contrary to the fields in cavities the flux density spectral characterisation,
i.e. the temperature parameter of the Maxwellian distribution and deviations
from the Maxwellian shape, can be achieved in beams directly by chopper
time-of-flight measurements. The thermal neutron flux density is smaller

by several orders of magnitude; on the other hand, the relative y-ray
background is usually lower than in the case of cavities.

Again a more or less arbitrary selection of three examples for thermal
neutron beams:

1. The graphite reflector and column at the 10 kW, Argonaut-type Low Flux
Reactor (LFR) at Petten, the Netherlands /9/. The maximum thermal
neutron flux density in the central reflector region is of the order
of 10! cn™%s7L. The total length of moderating graphite (reflector plus
thermal column) is 185 cm, which produces very well-moderated thermal
neutron beams without a fast (fission) neutron background (cadmium ratio
for 1/v absorber ~103). At a distance of about 0.5 m from the opening
in the biological shield the beam has a width (at 0.9 maximum flux
density) of 23 cm with a thermal neutron flux density of 1-104 cm"zsnl.
A central interest in these beams stems from the investigation of the

neutron response of personnel neutron dosimeters.

2. Heavy water facility attached to the 5 MW Kyoto University Reactor (KUR)
Japan /6/. A schematic diagram of the facility is shown on the next
page together with two spectra explained below:
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A cone-shaped tank contains 2 tons of 020. The layer is about 1.4 m
thick and gives rise to a smooth spectrum (spectrum (a)) which is in
good agreement with a Maxwellian distribution having a temperature
parameter corresponding to 60 °c (slightly higher than the heavy
water temperature of 40 °C). No contribution of epithermal neutrons
was found; this is underlined by a cadmium ratio of 5-103 for gold

foils /6/. Spectrum (b) is taken behind an additional 48 cm graphite
layer; it shows some structure at lower energies which is assumed to be
due to the crystal structure of the graphite. The spectra were taken
with a fast chopper measuring device. A bismuth scatterer can be applied
to reduce the y-ray background in the beam. A concrete-shielded

2.4 mx 2.4 m room provides comfortable irradiation conditions.

. The thermal neutron reference beam at the 1 MW Research and Measuring
Reactor (FMRB), Braunschweig, Fed. Rep. of Germany /7,10,11/.
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A cross section of the reactor is-shown below together with a beam
profile (right) and spectrum of the beam:
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The reactor has two cores weakly coupled by a DZO tank (60 cm wide,

- 80 cm high) that extends over the entire fuel zone. The thermal neutron
flux density at the center of the tank in the through tube is 7-1012 s'l.
A beryllium disc scatters neutrons through a collimator system within
and outside the tube S1 to produce a well-collimated beam whith a dia-
meter of 3.2 cm (0.9 maximal flux density) at the target position about
2 m from the biological shield.

The essential properties of this beam, as it was originally designed,
are the sharp collimation (cf. above figure) and a well-established
Westcott neutron flux density. The beam served to produce fission
spectra from U and Pu converter foils in a low-scattering arrangement.
Its special features, as compared to the cavity fission source mentioned
above, are the directed fission neutron field and the absence of a
neutron component from the beam or a cavity wall.
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Now the beam is chiefly employed for calibrations of neutron monitors
used for radiation protection purposes. The cadmium ratio in the beam
was measured to be only 11 at the target position (20 um gold foil,
beam geometry), which is due to the rather thin moderating 020 layer
of about 25 cm between reactor core and beryllium scatterer. This

is rather small as compared to the situation found at the Kyoto
Reactor, for example. Therefore all irradiation experiments (acti-
vation measurements or neutron dosimeter calibrations) are invariably
performed using a cadmium difference method.

The spectrum of the thermal neutrons, shown in the figure above, was
measured with a chopper and can be described by a Maxwellian
distribution with a temperature parameter of 63 % in the range from
12 meV to 120 meV. The structure in the spectrum around 7 meV is due
to the influence of the Bragg edge in the scattering cross section
of beryllium. ‘

Final comment:

Isotropic thermal neutron fields and beams can be produced with a
spectrum rather well approximated by a Maxwellian distribution.
Thermal neutron fields seem to be of minor importance as reference
fields for pure metrology, perhaps with the exception of dosimeter
calibration and the measurement of certain cross sections. Their
actuality arises from the production of secondary fields, in cavities
as well as with beams.

As for the intermediate neutron energy range, isotropic fields 1ike ISNF
cover the energy range between thermal and several keV. On the other
hand, there is a gap apparent for neutron beams between the thermal
range and the Towest energies achievable with filtered beams, which

are discussed separately during this meeting.

Acknowledgement: The author wold like to thank Mr. H. Kluge and
Mr. M. Matzke for helpful discussions.
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WHITE SOURCE USE IN A NEUTRON STANDARDS LABORATORY

C. D. Bowman, A. D. Carlson, 0. A. Wasson, R. A. Schrack, J. W. Behrens,
R. G. Johnson, and K. C. Duvall

National Bureau of Standards
Washington, D.C. 20234 USA

Abstract
Methods are described for accurately characterizing the neutron
beam from a white source in spectral shape, absolute intensity, and
source brightness distribution. Measurements can be made over more
than nine decades of energy from .01 to 2 x 107 eV from a single source.
Beams with easily modified spectrum and wifh total intensity (integrated

6 n/cmz-sec can be obtained. Over most of the energy

over energy) of 10
range these methods can be implemented with a modest electron linac
facility operating in the 10 - 12 MeV range. Such a versatile facility

is perhaps within the budgetary range of even a modest laboratory.

Introduction

The purpose of this paper is to describe measurements which characterize
a pulsed white source of neutrons from an electron accelerator. While this
general class of facility can take several forms,[1] attention here is directed
to the electron linac based source. The typical facility accelerates pulses of
electrons to the 50 to 150 MeV range which strike a tungsten target. The electron
energy is converted to bremsstrahlung which then interacts with other nuclei to
produce neutrons by the (v,n) reaction. The pulse width varies from a few nano-
seconds to a few microseconds and thus the neutron pulse width can be varied

accordingly aside from moderation effects in the target. Neutron time-of-flight
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methods are then used with flight paths from 3 to 250 meters for experiments.

A number of facilities of this type have Been built, and over the past decade
these facilities have been perhaps our most prolific source of neutron cross
section data. A large effort has been expended with these facilities in
improvements of neutron cross section standards. In the course of this and other
types of neutron nuclear data measurement, methods have been developed for flux
measurement which are now finding application in areas other than neutron
standards measurements. Most of the work described here are measurements which
have been developed for use at the National Bureau of Standards 100 MeV electron
linac neutron source. A more general discussion of white sources is given in
another paper [2] at this meeting.

Neutron Flux Measurement

A number of problems in neutron standards require the use of fields or
beams of well-known intensity and spectral shape. ﬁor the purpose of this
paper we define a neutron beam as a column of neutrons of known spectral shape
and intensity all moving nearly in the same direction. A neutron “field"
differs from a "beam” in that the neutron motion is not unidirectional. Detector
response in a beam can be made equivalent to that in an isotropic fie]d of known
spectrum and intensity by appropriate rotation of the detector. Neutrons from
spontapeous decay such as (e,n), (y,n) spontaneous fission sources and from
reactor cavities generally. fall into the class of fields while the accelerator
sources will generally fall into the class of beams. In general, the fields
are easier to use experimentally than beams. However, the parameters of the
fields are usually calculated and it is difficult to confirm the calculated
parameters of the field by experiment. While the implementation of the beam

is more difficult, the experimental methods permit characterization of the
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beam to high accuracy--presently as good as * 2% in spectral shape and intensity.
In addition, genera]iy a greater degree of spectrum tailoring is possib]é since
both the source spectrum and moderating materials can be changed with 1ittle
effect on the eiperimehta] accuracy in defining shape and intensity.

At the NBS, time-of-flight methods have been developed which permit accurate
beam spectral and intensity determination over almost the complete spectral
range from .01 eV to 20 MeV. These presently available methods are summarized
in Fig. 1. Typically, they require both the device under calibration or
exposure and the neutron monitor to be located at well-separated positions on
the same beam line, which may vary in length from 5 to 200 meters. This separa-
tion prevents neutron scattering between detectors, permits the 1ocatidn of the
neutron monitor at the most appropriate position for good performance, and allows
the neutron intensit} on the device or sample under calibration to be changed
at will. The method requires that neutron collimation be arranged so that the
neutron monitor and all parts of the calibrated device see all of the neutron
source. In this case inverse r2 scaling can be used to convert the measured
intensity to that at the déQice under calibration. Two neutron producing
targets are available at MBS--the tungsten target giving a fission-like
spectrum and a tungsten-Be target giving a harder spectrum with a tail extend-
ing up to 30 MeV and with average energy near 8 MeV.

Beginning with the highest energy, the annular proton detector (APD) is
useful in the energy range from 1 to 20 MeV. It is shown in Fig. 2. Neutrons
collimated to an annular beam pass through a thin hydrogenous radiator and
knock out protons which are then_detected by a detector on the beam axis which

is shielded from direct neutrons. This detector is located at 60 meters where
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it can be operated at full 1inac power (4 kW) with no problem from y-flash

and where it has adequate timing resolution to achieve 10% energy resolution
for 20 MeV neutrons. Convenient pos{t{ons for measurements or calibrations are
in the 4 - 10 meter range and with some compromise in beam quality at 1 meter.

6 n/cmz-seé. This system

The flux integrated over energy at 4 meters is 4 X 10
is now being used to calibrate a proton spectrometer which will be used to
measure spectra at the world's most intense accelerator-based neutron source,
the Facility for Materials Irradiation and Testing (FMIT), under construction
at Richland, Washington.

For measurements from 0.200 to 2 MeV the black detector [4] is positioned
at 200 meters as shown in Fig. 3. This plastic scintillator detector is
designed to absorb nearly all of the kinetic energy of a neutron so that the
pulse height response shows a peak well separated from Tow amplitude noise
rather than the shelf which is more commonly observed for neutrons in a thin
plastic scintillator. Detector efficiency can be calculated accurately using
Monte Carlo methods and at NBS has been measurad absolutely using the associated
particle techniques. Time-of-flight measurements are possible owing to its
fast timing capabilities. The neutron spectral shape from the white source may
be tailored using any source and moderator configuration from a quite soft
spectrum to that of a fission spectrum. Convenient positions for irradiations
are located at 60 meters, 4 meters, and with less beam quality at 1 meter.

For measurements at still lower energy, the hydrogen proportional counter
(HPC)[4] can be located at 200 meters. The 5-cm diameter detector is used
with a 2.5-cm diameter collimator as shown in Fig. 4. Below 40 keV no recoil

protons are allowed to strike the walls so that wall effect is eliminated. At

higher energies the pulses are allowed to saturate the detector. Therefore,
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for this detector wall effects on efficiency determination are eliminated.
Since the detector is 60 cm long, the end effect is greatly reduced. The
effective length of the detector can be calibrated to 2% (1 SD) using a
collimated Tow energy y-ray source. The other Timitation on accuracy is the
accuracy in alignment of the collimator which introduces a +2% (1 SD) accuracy
uncertainty. ° Backgrounds in this detector from y-rays can be separated from
neutrons by pulse shape discrimination. The detector has been used as low as
3 keV but can be used reliably between 8 and 800 keV and, therefore, has a wide
region of overlap with the black detector. The irradiation positions on this
flight path are the same as those used with the black detector.

Finally, at low energies there are the 1/v detectors which have a useful
range from .01 to 104 eV. The reactions 3He(n,p), 6Li(n,a), and ]OB(n,a) are
all useful reactions.of this type. The 1/v detectors have been used for many
years as absolute flux monitors and at NBS for flux shape measurement. Modest
absolute accuracy of about 5% can be achieved by several methods with the flux
monitor located 10 or 20 meters from the source and with irradiations made at
5 meters or perhaps 1 meter from the source. Czirr [6] has proposed a black
detector for low energy neutrons using a combination of Li glass and other Li
compounds, which should approach a 1% accuracy throughout the energy range.

A1l of these methods require a greéter amount of experimental complexity
than other methods, but the potential for more accurately simulating a flux
shape encountered in some practical application and of directly measuring the
absolute intensity and flux shape will be important considerations in some

experiments.



- 124 -

Position-Sensitive Detectors

A further addition to our neutron beam characterization capability is
the NBS-ORNL development of high resolution position-sensitive detectors for
eV and MeV neutrons. [7] MWe are now using these detectors in the pinhole
geometry shown in Fig. 5 to characterize the neutron intensity distribution
of eV neutrons at the surface of the target moderator. A proportional counter
5 c¢cm long containing 3 atmospheres of 3He and 7 atmospheres of Xe has been
used to detect eV neutrons with a position-resolution along the tube axis of
1 mm. This resolution is five times better than that now commercially avail-
able. The position-sensitivity is obtained by measuring the tima difference
between the signals from both ends of the counter. [8] A two-dimensional
neutron detector of area 5 cm by 5 cm is also being tested with a resolution

of 1T mm x 1 mm. The filling gas is approximately the same, but the geometry

permits a much higher neutron detection efficiency. The detector also can

3

be filled with 4He-instead of “He in which case it should be useful for imag-

ing a source of high energy neutrons. by 4He recoils.

The NBS is currently carrying out a study of the use of a pinhole camera
with a two-dimensional detector containing 4He. The intent would be to image
the neutron source for the FMIT facility referred to earlier for the purposes
of providing feedback on beam position for accelerator operation and of provid-
ing a source term for neutron transport studies in the irradiation volume.

Source Considerations

The typical white source for neutron work makes use of a high eneray
accelerator which is both large and expensive. If such an accelerator is not
available at a neutron standards laboratory, it is perhaps possible to carry
out experiments at a white source facility as a visiting scientist using methods

described here. However, recent studies at the NBS [9] have demonstrated that
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intense pulsed white sources need. not necessarily be as expensive as now
thought to be. These studies indicate that neutrons can be produced with as
much power efficiency with pulsed 10 - 12-MeV electrons as with 100-MeV electrons.
The number of neutrons produced per joule of accelerated e]ectron energy is
very nearly the same.

There are a number of advantages in.using lower energy electrons. Since
the energy is much lower, the accelerator length can be greatly reduced--probably
down to about 3 meters. Also, since there is no high energy tail on the
neutron spectrum, the concrete shielding around the source can perhaps be
reduced to only 1 meter. The savings in the building to house such an accel-
erator are therefore large. A number of other advantages also arise from the
use of Tow energy eiectrons. Since the energy is only slightly above the
particle emission threshold for most materials, activation of the target and
the accelerator should be quite small with a signi%icant simplification in
safety procedures. Such an accelerator probably would be a one-section accel-
erator with one modulator and therefore with greatly simplified operation and
maintenance. The two disadvantages of the concept are that the neutron producing
target would be about 30 cm long giving a relatively low source brightness, and
that no ngutrons would be available above about 4 MeV. Nevertheless, it appears

0]2-]0]3 n/sec

that a very versatile pulsed white source with intensity in the 1
range could be acquired and made operational within the budgetary restraints
of a modest laboratory. |
Summary:

In summary, this paper described methods for accurately characterizing

the neutron beam from a white source in spectrum shape, intensity, and source
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brightness distribution. More than nine decades of energy from .01 to

2 X 107 eV can be explored. Beams with easily modified spectrum and with
total intensity in the 106 n/cmz-sec range can be obtained. -Qver most of the
energy range, these methods can be implemented with a modest electron finac
facility operating in the 10 - 12 MeV range. Such a versati]etfacility is

thgrefore within the budgetary range of even a modest laboratory.
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A Summary of High Accuracy Absolute Flux Measurement Methods for Use
with Pulsed White Sources. These methods are discussed in detail in
the text except the lithium black detector propoéed by Czirr [6]
which has not been constructed. Each is capable of + 2% (1 SD)

flux measurement accuracy in its energy range of usefulness and of

+ 5% accuracy in energy resolution or better for practical flight
path position.

The Annular Proton Detector. Neut?ons collimated to an annular beam
pass through the radiator and knock out protons which are detected
near the beam axis. The pulse height spectrum at 10 MeV is shown in
the inset. The absolute accuracy of the system requires an accurate
weight and area measurement of the radiator and the accurate measure-
ment of the radiator-detector spacing.

The Black Detector. This detector absorbs nearly all the energy of
a neutron so that all neutrons of a given energy have approximately
the same pulse shape. The pulse shape for this detector is shown

in the inset.

The Hydrogen Proportional Counter. The hydrogen pressure in the
detector is 760 Torr so that with 2.5 cm diameter collimation,

there is no wall effect below 40 keV. Since the detector is 60 cm
long, the end effect is reduced. The effective'length of the detector
can be calibrated to + 2% (1 SD) using a collimated low energy y-ray
source. The other Timitation on accuracy is the accuracy in align-
ment of the collimator which introduces a + 2% (1 SD) accuracy limit

on the system.
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Figures (continued)

Fig. 5.

5/16/8032

Pinhole Camera Geometry. The source is viewed through a "pinhole"
which projects an inverted image on the detector. The detector

js either a one-dimensional position-sensitive detector which is
moved across the image plane to produce the two-dimensional image
or it could be the two-dimensional position-sensitive detector for

eV and MeV neutrons now under development at the NBS.
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1. INTRODUCTICN

The neutrons produced in high flux nuclear reactors, and in accelerator
induced fission and spallation reactions, represent the most intense
sources of neutrons available for research. Howevef,tﬁe neutrons from
these sources are not momo-energetic, covering the brnad range extending
from 10-3_eV up to 107 eV or so. For moderated spallation neutrons the
range may be even greater. Mény measuremengs with these sources can be made
at high resolution with the time-of-flight technique using a mechanical
chopper or a pulsed source. This method is extensively used for total
ngutrdh cross-section_measurements. However, there are several situatioms
where this method cannot be applied - for example when the response time of
the irradiated cbject is comparable with or greater than practical flight
times or when high intensities ﬁre required. Examples occur in health
physics, radicbiclogy and nuclear physics. For many measurements it is
also desiratle to eliminate the large accompanying gamma-ray flux which may
make the evaluation of the effects of neutrons or detection éf neutrons
and.captura gamma-~rays difficult. Examples of experiments where such
difficulties may arise are: the evaluation of the biological effects of
neutrons, the measurement of inelastic scattering cfoss—sections, Doppler
effect measurements and the evaluation of the response of radiatiom
dosemeters.

Thus, in or@er to make many quantitative measurcments of the effects
of neutrons and their dependence on neutron energy it is desirable to have
mono—energetic neutron sources. The next section deals briefly with
methods of obtaining mono-energetic neutrons and with different methods of
filtration. This is followed.by more detailed discussion of neutron window
filters and a summary of the filtered beam facilities using this technique.
The review concludes with a discuss?on of_fhe main applications of fiitergd

beams and their present and future importance.
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2. MONO-ENERGETIC NEUTRONS

2.1 General Techniques

For energies from about 20 meV up to 10 eV or so, the use of Bragg

scattering from single crystals has, for many yearé, provided a very
'valuable source of mono—energetic neutrous (one of the earliest reports of

a crystal spectrometer was by Zinn (1947) and a recent report by Briggs

and Stirling (1976) reviews the large number of such facilities available

in Westérn Europe). The energy range capability depeuds ﬁpon the plane
spacings in the crystal and the emergy of the neutron beam can be continuqusly
varied by changing the angle of the crystal with respect to the main beam.
The rasultant diffracted mono—energetic beam is essentially free of
gamma~rays and is usually well collimated.- It is possible to extend the
energy range to below 1 meV (ultra-cold neutrons) using Doppler—shifted
Bragg scattering (Dombeck, Lynn, Wernmer, Brun, Carpenter, Krohn and Ringo,
1979). However, for neutron energies above 10-20 eV the angle of reflection
is very small and the available diffracted intensitj becomes .very low as

the crystal reflectivity varies inversely as the na2utron energy.

Neutron generating nuclear reactions produced by accelerated charged
particles have for many years been used for producing neutrons at intermediate
and fast energies. In this way mono-energetic neutrons down to 1 or 2 keV
have been obtained, thereby establishing an overlap with the energy range
conveniently accessible with fast choppers. One of the most useful reactions
for producing intermediate energy neutrons is the 1i (p,n) 7Be reaction
although only above neutron energies of 120 keV are nmono-energetic neutrons
produced in the forward direction. Lower energy neutrons are emitted at
backward angles, but the neutrom yield aecreases as the backward angle
increases and measurements in the backward directions pose some difficulties.
There.are several other useful reactions producing mono-energetic intermediate

energy neutrons. These include proton reactions with scandium, copper and



- 139 =

vanadium targets which can provide mono-energetic neutrons of energies
down to 2 keV in the forward direction. Mono-energetic neutrons covering
the range 0.6 to 30 MeV are supplied by the reactions of accelerated
protons and déuterons on deuterium or tritium targets. For all these nuclear
reactions there will be some accompanying gamma-rays from (p, p'y) and
(p, Y) reactionms.
Theée procedures for the production of mono-energetic neutron beams
" have the advantage of allowing a continuous variation of the neutron energy.
However, towards the limits of their energy ranges these methods yield very

low intensities.

2.2 _Neutron Filters

Neutron filtration was, in fact,one of the earliest methods of making
crude energy selection from a wide spectrum neutron source such as a reactor
(Hughes, 1954).

Cadmium which was one of the first materials to be used as a filter
(Szilard, 1935),lacts by removing thermal neutrons and leaving the
epithermal and fast neutrons, thus enabling separation of thermal and fast
neutron effects. A strong absorption resonance at 0.178 eV dominates the
thermal region and strongly absorbs neutrons below about 0.5 eV. A measure
of the effects of thermal neutrons may therefore be obtained with a
cadmium filter by a difference method. Cadmium is also used to define the
"cadmium ratio" of a reactor beam by measuring the response of detectors
with and without a cadmium sheath. Other materials similarly used as high
energy baﬁd pass filters are boron and gadolinium.

Another early type of filter was based on the fact that in a
polycrystalline material no Bragg reflection occurs for neutron wavelengths
that are larger than twice the largest lattice spacing. Hence such a filter
has a cut-off energy above which no neutrons_cah pass through it. The oﬁly

remaining processes which remove neutrons from the beam are incoherent
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scattering and neutron capture. Materials which have been most extensively
used for this type of filter include graphite, beryllium, and berylliun oxide
with cut-off wavelengths respectively of 0.67 nm, 0.4 nm and 0.43 nm (these
correspond to energy cut—off values of 1.8 meV, 5.1 meV and 4.0 méV respaect-
ively), hence they transmit only cold neutrons. Like cadmium filtered beams,
the resulting beam is not mono-energetic but it does have an gxceedingly
sharp cut-off energy. The intensity of the cold neutron beam c;n be considerably
increased by cooling the filter in liquid nitrogen (Bartom, 1965) and it is
possible to use a bismuth cr&stal to filter out the gamma radiation. Such
cold neutron beams are useful for the radiography of small hydrogenous
objects through large thicknesses of polycrystalline materials such as iron
or lead. They are also used for primary filtering prior to the production
of mono-energeﬁic cold neutron beams by diffraction from a single crystal.
’ Miller and Watanabe (1971) have developed filters of rare earths
which pass neutrons in selected energy bands. The filters (referred to as
foil filters) consist of several thin metal plates or other materials used
in combination to remove neutrons of certain energies from the beam. Rare
earth elements make very good filters because of the many large resonances
in their neutron cross-sections. To select a suitable combination of foils
transmission versus eﬁergy plots (calculated from the éross—sections) for
each filter material can be overlayed in order to give an indication of
the transmission of the filter combination. Such filters have been used to
increase the contrast of neutron radiographs and can be used in the energy
range 0.3-15 eV.

Any material with a large resonance can be used to remove a specific
energy band from a neutron beam. For instance plutonium—-239, which has a
strong resonance at 0.3 ¢V, 1is often used to remove the second order from

the diffracted beam of a single crystal spectrometer while allowing the
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first order necutrons of a lower energy to pass. Anderson's (1969) design
for a resonance scattering facility utilises a thin absorption filter in
order to quantify the effects of unwanted scattering by the difference
method. Similarly it is possible to use é small quantity of any material
with a large resonance absorption peak to deplete the spectrum of a
reactor neutron beam of neutrons around the resonance energy. Such a source
may be tcémed a "négative" neutron source and the difference in response
of, say an inétrument, to the two source conditions (i.e. with and without
absorber) gives an éstimate of -the response at this eﬁergy (Mijnheer and
Aten, '1973). -Clearly there are potential probléms with such a method:

the "negative" source strength may be low and the response is derived from
small differences.

Another type. of filter is the neutron window filter. This type of
filter has a large dip (the window) in its cr0557section and if an appropriate
length of this material is inserted in a beam tuse of a reactor only neutrons
of energy corresponding to the window energy will pass through. The filter
is also very effective in stopping gamma radiation. The technique was first
developed by Simpson and Miller (1968) who produéed a mono-energetic neutron
beam of 2 keV by inserting a length of scandium into .the beam tube of a
nuclear reactor. Later, filters of iron and silicon were‘develobed to give
mono—energetic beams at 24 keV and 144 keV feSpectively (Brugger and Simpson,
1973).. Several similar filter facilities have now been developed for reactors
throughout the world. More recently, filters of uranium {(Royer and
Brugger, 1977), giving 186 eQ-neutrons and of liquid oxygen (Koeppe and
Brugger, 1980), giving 2.35 MeV neutrons, have been developed. " In principie,
mono-energetic neutron beams for a large number of different energies are
possible by using other elements and enfiched stable single nuélidés as

filters (Harvey and Mill, 1978; Mill and Harvey, 1978). Moreover this
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appears to be the only method of producing high intensity mono—energetic
neutron beams in the energy range from several electronvolts to several
tens of kilo-electronvolts.
3. ] NEUTRON WINDOWS
One of the phenomena occurring when neutrouns interact with nuclei is

that of nuclear resomance. This is observed experimentally as sharp
increases in the total cross—section of the target nucleus at discrete
energies of the incident neutrons. Resonances can occur for elastic
scattering, inelastic scattering, capture, fission and various other
reactions. The total cross—sections are properly described by R-matrix
formalism (Lane and Thomas, 1958), however, for many cases the simple
Breit and Wigner (1936) formula gives a good description of the cross—section
in the region of an isolated s-wave resonance. For such a resonance the
cross—section, o(E), is given by:
2+ "'-*231};1.’

E-E )% + (1/2)?

o(E) = 4n(RY)

- 4WXR'gly (E-E )
+

(B-E,) 2e(r/2)?

where I' = total width at resonance (this is related to the lifetime of the
compound nucleus formed by the interaction of a neutron with a stable nucleus).
Pn = neutron scattering width
Eo = resonance energy
X = reduced neutron wavelength
R' = nuclear radius for potential scattering
g = a statistical weighting factor.

2T+1+1
2(21+1)

I = spin of target nucleus



This simple Breit-Wigner formula is valid for R' << x .i.e. for E X 0.5 MeV. The
first tefm of the equation describes pure resonance scattering without the

- formation of a cémpound nucleus and the second term describes pure resonance
interaction. The third éerm describes tﬁe'interference between resonance
and potential scattering. For energies less than the resonance energy the
interference term is negative and there can occur an energy band where
potential and resonance scattering cancel each other out to érodpce small
cross—-sections, although this can only occur in s-wave interactions. (In
s-wave interactions the orbital ;ngular momentum of the neutron relative

to the target nucleus is zero.) These regions of low cross-section are
known as windows. Figure 1 shows the general shape of the cross—section
near an s-—wave scattering resonance. For neutron energies outside the

range R' << X the interference dip will occur at higher energies with
respect to the resonance energy. In fact the interference minimum in
oxygen—-16 occurs just‘ébove resonance.

For nuclides of odd mass number the total angular momentum of the
compound nucleus can take oa two possible values in s—wave scattering,
however, the interfecrence between resonance and potent£a1 scattering will
occur only in the resonant spin state. Hence there will still be a
contribution fo fhe total cross—section in the wiﬁdow from the non—Eesonant
spin state. Typically, for an isolated resonance the cross—section at
the minimum will be about a half of the potential scattering cross—section
{as g = 1 for both spin states). However,.for nuclides with even atomic
numbers and even mass numbers-there is only one possible spin ;tate (and
g = 1) and for these nuclides the cross—-section can fall to very low values
in the window., (In fact if there were no other decay modes the cross-section

would fall to zero apart from contributions from other levels and from

p—wave scattering.) The cross—section can also reach these low values in



odd mass nuclides when two resonances, of opposite spin state, occur close
enough together such that their interference dips overlap. Such a dcep
window occurs in scandium-45 at 2 keV.

4. NEUTRON WINDOW FILTERS

4.1 General Considerations

The existence of cross—section windows suggesis the means for making
suitable neutron filters;and;nu:lidcs with even mass numbers and even atomic
numbers are the most promising in this respect. However, all nuclides which
have even numbers of protons aqd'neutrons occur in mixtures of isotopes,
the result being that, in the natural element, a window in one isotope is
usually obscured by the potential or resonance scattering background of the
other isotopes present. Nevertheless, useful filters have been constructed
using elemental iron (91.7Z, iron—56), silicon (92.27%, silicon-28), oxygen
(99.8%, oxygen-16) and uranium (99.37, uranium—238) as w?ll as scandium
(100%, scandium=45) — which is an odd mass number nuclide. Elemental sulphur
(95.0%, sulphur-32) is also a promising filter material. in order to
extend the range of filter materials and make use of the numerous windows
present in even—even nuclides it is necessary to use enriched nuclides as
filters. At present this approach has been adopted only for iron-56
(Liou, Chrien, Block and Singh, 1979) although a proposal to use other
enriched nuclides has been made (Mill and Harvey, 1978); and there are
proposals to use zinc—64 in conjunction with scandium to give 2 keV
neutrons (Brugger, 1979).

One major drawback with neutron window filters is that they
invariably have more than one isolated s-ﬁave resonance, and hence there may
be several windows present in addition to the main one. Transmission of
neutrons through these subsidiary windows may be significant and it is
generally unwise to rely simply on a single filter compoment to obtain a

mono-—energetic neutron beam. Therc are two techniques which can be adopted,
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either singly or in combination, which are usually effective in eliminating
the effect of neutrons transmitted through secondary windows. The first
method is to use another (secondary) filter which has a window (or a region
of relatively low cross-section) at the same energy as the main window in

the primary filter while no other regions of low cross—section coincide. For
example, iron and aluminium both have windows at 25 keV. Generally this
method is of limited application when using elemental materials. Alternatively
materials for use on secondary filters can be chosen on the basis that

they have a resonance at an energy corresponding to one of the secondary
windoys in the main filter.. In this case only a small thickness of the
secondary filter 1is required. An example here is the ﬁse of titanium in
scandium filtered beams to suppress the transmission through the secoﬁdary
windows at 7 and 24 keV in scandium.

The second method is the use of resonance scattering. Here a material
having a large scattering resonance peak at the energy of interest is placed
in the filtered beam and will preferentially scatter these energy neutrons
out of the primary beam. Other resonance peaks in the scatterer should not
coincide with any of the secondary windows in the filter. In order to
minimise scattering of neutrons whose energies do not coincide with the
resonance energy, the scatferer should be thin. Manganese can be used as a
scafterer for a scandium filtered beam. It is also possible to use the
scatterer prior to filtration to preferentially scatter neutrons corresponding
to the resonance peaks into the filter. This is particularly effective
when the filter is placed in the through tube of a reactor.

One major advantage with neutron window filters is that the large
length of material used generally reduces the gamma—-ray dose—rates to
very low levels.

Figurelz shows typical layouts of filtered beam facilities at a

‘reactor. The beam tubes in Figures 2(a) and 2(b) are radial onmes directed’
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at the reactor core. In Figure 2(c) the beam tube is a through—tangential
one and a scatterer must be placed at the centre of the tube in order to
scatter or reflect neutrons towards the filter. The arrangement with the
external scatterer provides a much lower fluence rate at the sample position
than either of the other arrangements.

There are several factors to be considered when designing a filter
facility. For instance, window filters act by scattering neutrqns out of
the beam, and not by absorption. Therefore it is important not to locate
the sample too close to the end of the filter where scattered and thermalised
neutrons may be present. Other factors to be considered are the effects
of collimation, neutron streaming, the design of the sheilding, and; of
course, the actual thickness of the filter. TFor example, the bandwidth of
the filtered neutron beam may be made narrower by successively reducing the
filter length. However, this occurs at the expense of decreasing the
intensity of the transmitted beam; although background (both gamma-rays
and fast neutrons) will also be decreased, and by a much larger faétor.
A useful discussion of the practical aspects of filter beam.design is being
prepared by Block and Brugger (1980).

4.2 Filter Materials

4.2.1 Scandium

It has been known for 25 years that there is a significant dip in
the total cross—section of scandium metal at ~ 2 keV, This window is due to
the fact that the interference dips from the 4.33 keV resonance (which has
spin, J = 4) and the 3.30 keV resonance (spinm, J = 3) are close to each
other. Pattenden (1955) reported that the cross—section dropped to 0.5 barn
at 1 keV; Simpson and Miller (1968) confirmed the existence of this window.
Measurements, on rather purer scandium,reported in their paper suggested
that the'crosé-section was 0.05 barn at 2 keV, it was on the basis of this

‘very low cross—section value that scandium filters were first installed in
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beam tubes at reactors in the USA. Scandium also has'many windows at

higher energies (Cho, Fréhner, Kazerouni, Muller and Rohr, 1970) and

those at 24 keV, 40 keV and 76 keV are particularly deep. More recently,
measurements with an energy resolution far superior to the earlief work

have been made in order to determine the minimum cross-section more accurately
(Liou, Chrien, Block and Kobayashi, 1978; Chrien, Liou, Block and

Kobayashi; 1977). This was undertaken because a scandium filter installed

at the High Flux Beam Reactor at Brookhaven National Laboratory produced

an output substantially lower than that expected from a 0.05 barn minimum.

In fact Liou et al (1978) ;howed the dip at 2 keV was approximately an order
of magnitude higher in cross—section, at 6.71 * 0.03 barn. Their results

near the miniﬁum (which is actually at 2.05 + 0.02 keV) are shown in Figure 3.

The results of Liou et al (1978) have serious implications for the
effective use of scandium as a filter for 2 keV neutrons as many of the
higher energy windoés have comparablg cross—sections. In fact many of the
.scandium filtered beams have high contamination from fast neutroms, although
this can be reduced by the addition of small thicknesses of titanium which
is particularly effective in reducing the transmission through the windows
at 7 keV and 24 keV. Most scandium filtered beam facilities have 1-2 cm
of titanium as an additiomal filter. It is also possible to reduce the
high energy background by using a resonance scatterer of manganese which
has a broad scattering resonance at 2.38 keV.

As. the backgrounds with scandium filtered beams can be large a
difference techniqﬁe is often used to measure signal and background. A
difference filter of cerium and manganese, or just manganese can be
effectively used to remove 2 keV neutrons from a filtered beam while
réducing the background only slightly. This gives a measure of ﬁhe

background, while the open beam gives a measﬁre of signal plus background.
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The current cost of scandium is high and typical filters 60-110 cm
long may use 1-2 kg of scandium. Thus compared to filters'made of ironm,
silicon and aluminium, the scandium filtered beams are relatively expensive.
4.2,2 Iron |

The well-known interference window in iron is on the low energy side
of the 27.7 keV resonance. This is an s-wave resonance in irou-56 (927 of
patural iron) and it produces a deep window at v 24.5 keV.

Some particulariy accurate measurements have been made on this window
by Harvey (1972) and by Liou et al (1979). Both sets of measurements used
the filtered beam technique., Harvey (1972) reported the minimum in natural
iron to be 0.43 * 0.005 barn at an energy of 24.5 keV. Later measurements
by Kobayashi, Fujita and Ogawa (1977) gave similar results: 0.40 £ 0.02 barn
at 24.3+0.1keV. The cross—~section for natural iron as reported by
Harvey (1972) is shown in Figurg 4, The coutributions of iron-54 and
iron=57 to this window were also estimated by Harvey (1972) and shown to
account for essentially all of the observed cross—section. fhis also
applied to the other deep minima at 82.0 keV, 128.7 keV, 137.5 keV and
168.1 keV. The measurements of Liou et al (1979) on iron—56 indicate a
minimum cross—section of 7.5 * 4.2 wbarn at 24.4 keV. Their results are
shown in Figure 5. As the minimum cross-section in iron—-56 is considerably
smaller than the minimum cross—section in natural iron, a filter of iron=56
would result in a much more intense beam of 24 keV neutrons than a natural
iron filter. For example, a 70 cm long filter of iron-56 would result in
a transmission of ~ 757 at the minimum whereas through natural iron the
transmission is 9%. Thus an iron—56 filter could be used in very thick
configurations to reduce unwanted fast neutrons and gamma-rays. However,
successful natural iron filters have been assembled at several reactors

with very low contributions from fast neutrons and gamma-rays.
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Aluminium, which has a shallow window at ~n 25 keV, has been used ;s
an additional filter material with all irom filtefed beams. Also the
addition of small amounts of sulphur (5-8 cm) are desirable for the
suppression of high energy neutrons. Titanium, which has a broad resonance
arca centred at 17.5 keV, may be used as resonance scatterer in conjunction
with iron filtered beams. Titanium ¢sn also be used as a &ifference filter
for the determination of signal and background.

Being relatively inexpensive, iron/aluminium combinations have been
widely used to produce very pure.ZS keV neutron beams. Typically 25-70 cm
of iron and 20-40 cm of aluminium have been used in the construction of
iron/aluminium filter facilities.
£.2.3 Aluminium

Aluminium has a broad s-wave resonance at 34.7 keV resulting in an
interference dip at 25 keV. Aluminium which is a single isotopic element,
has an odd atomic number and the cross—section in thé broad minimum falls
to 0.54 barn while the ;verage cross—section elsewhere is about 2 barn.
There 1s another window at 400 keV. Although aluminiug has never been
used as a filter in its own right, it ﬁakes An excellent secondary filter
for iron and is effective in reducing transmission through the high energy
windows in iron. Tﬁe cross—section of aluminium near 25 keV is sh;wn in
Figure 6 (Garber and Kinsey, 1976).

4.2.4 Silicon

Silicon (92.22,-silic6n—28) has a st;ong s—-wave resonance at
188 keV-which produces a very broad window at 147 keV. A smaller window
at 54.5 keV is the result of the 55.6 keV resonance. There are no windows
above 147 keV. The data at these minima from Garber and Kinsey (1976)
suggest a value of 0.42 barn for a 144 keV minimum, while at 54.4 keV no

vindow is shown. Kobayashi et al (1977) report values of 0.093 # 0.004 barn
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at the 147 £ 1 keV miniﬁﬁm and 0.14 t.0.0A at the 54.5 + 0.3 keV minimum.
Their results are shown in Figure 7.

As there are no windows above 147 keV the transmission of fast neutrons
is not a problem. However, as silicon is a crystalline material, it alseo
allows low energy neutrons below the Bragg cut—off at 2 maV to be transmitted.
Thece low energy neutrons can be easily removed by the addition of boron-10.
Another péoblem (even with 100-200 cm of silicon) is the gamma-ray transmission,
and it i1s usually necessary to use some lead (& 10 cm) to reduce this to an
acceptable level. Some titanium is also necessary to suppress neutrons transmitted
through the window at 54.5 keV. dowever, this window may be utilised to
produce mono-energetic neutrons at 55 keV, when it is necessary to add some
sulphur to suppress the neutrons at 147 keV. Difference filters of sulphur
(for 147 keV) or titanium (for 54.5 keV) may be used to evaiuate signal and
background.

4.2.5 Uranium

Uranium-238, which comprises 99.37 of natural uranium, has a neutron
window at 186 eV due to the s:roﬁg s-wave resonance at 189.7 eV. However,
there are several other windows present at higﬂer energies, up-to 6 keV
or so, and many of these arc as deep as the 186 eV window. To reduce the
‘background from these windows small amounté of materials having large
resonances which overlap these background windows are needed. Beam purity
may still be low and a more successful technique for extracting a relatively
pure beam of 186 eV neuérons may be to use a resonance scatterer. For
example, neodynium-143 has a strong s-wave resonance at 186.6 eV which
matches the window in uranium very well. Similarly it may be -possible to
extract mono—energetic neutrons of several other energies by identifying
suitable scatterers to mgtch otherwindows in uranium. Germanium—-73, for

example could be used to extract a beam of 100 eV neutrons (Harvey, 1979).
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As many of the windows and resonances in this energy region are narrow,
ideal matching may be difficult for more than a few cases. However, it
would seem feasible to use a single filter of uranium, combined with several
‘different resonance scatterers to providé a range of mono—energetic neutron
beams betwezen 100 eV and 6 keV. The transmission of neutrons through a 18.4 cm
uranium filter is shown in Figure 8 (Harvey, 1979’.
4.2.6 Oxygen

Oxygen, 99.8Z of which is oxygen-16, has 2 large window in its
cross—section at 2.35 MeV, due to a s-wave resonance at 2.35 MeV. The
cross—section falls to 0.13 barn in the window (Mughabghab and Garber,
1973); also there are several other regions of low cross—-section between
5 and 8 MeV. The only practible form for the filter is liquid oxygen
which does present some problems in.handling. Additional filtering
materials are needed to reduce high energy neutron and gamma-ray contamination.
The cross—section of oxygen near 2.35 MeV is shown in Figure 9 (Garber and
Kinsey, 1976).

4.2.7 Other Materials

As well as the six elements described above there are a few other
elements which have windows in their cross-section and which are suitable for
use as neutron filters. Sulphur, for exaumple, has a broad minimum near

70 keV where the cross—section falls to 0.1 barn. Another possibility is

neon, where the cross—section fall# to 0.2 barn at 400 keV.. Nitrogen has
wigdows at 0.97 MeV and 4.8 MeV, however the cross—sections here f£all omnly
to 0.9 barn.

The range of filter materials can be considerably extended by utilising
enriched nuclides. Mill and Harvey (1978) have identified several suitable
such fil;ers: neutron beams of 60 eV, 160 eV, 400 eV, 2 keV, 4 keV and

13 keV may be obtained by using filters of erbium~170, tungsten~184,
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zinc-68, zinc-64, nickel-60 and nickel-58 respectively. The windows in
these nuclides were identified by theoretical means (Mill, 1979) and, so
far, measurements on thick samples of enriched nuclides have confirmed the
existence of windows in nickel=-60, nickel-58 and zinc=64 (ﬁarvey, 1979).
Figure 10 shows the cross—-section of nickel-58 near the minimum at 13 kev.
S. FILTERED NEUTRON BEAM FACILITIES

S.1 Reactor—-Based Facilities

This Section covers some of the properties of reactor-based filtered
beams. To date, only a few reactors have, or have had, a filtered beam
facility; these are listed in Table 1. Specific details of these filtered
beams are to be found in Tables 2, 3, 4, 5 and 6 which deal respectively with
scandium, iron/aluminium, silicon, uranium and oxygen filtered beams.

The first neutron window filters were used on the Materials Testing
Reactor (MTR) (Simpson, Smith and'Rogers, 1971); lhowever this reactor was
closed down in 1970 and the filters were transferred to the National Bureau
of Standards Reactor (NBSR) as part of the neutron standardé programme
(Hoy and Schwartz, 1976). Many of the filter facilities have been designed
for the ease of insertion and interchange of filters. At the High Flux
Beam Reactor (HFBR) this is achieved by using a 4-position collimator located
external to the biological shield.  Similarly the iron filtered beams at
the High Flux Reactor (HFR) and the R2 Research Reactor are installed in
rotary collimators. The Missouri University Research Reactor (MURR) has
a specially designed filter tube system and several different filter syétems
are in use. The filter facility at the HFR is rather umique in that the
neutron beam is focussed by a series of neutron mirrors. The mirror system acts
as a collimator with 90 nickel plates (each 200 cm x 20 cm x 0.1 cm) focussing

the neutrons on a horizontal plane 5 m from the reactor core.
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All the reactors are light or hecavy water modecrated apart ffom the
First Atomic~P§wer Reactor (APS-1) which is moderated by graphite. The
reactor APSARA and the Forschung - und Messreaktor (FMRB) are swimming pool
reactors while the other water moderated reactors are of the high flux
type.

The most widely utilised filter combination is that of iron/aluminium/
sulphur. This is presumably duc to the low cost of this filter combined
with the relative ease of obtaining a pure 25 keV neutron beam with a high
flux reactor. The MURR 25 keV_Beam is particularly pure (Tsang and Brugger,
1976)'aithough the iron beams at the FMRB (Alberts, 1978) and at the APS-1
(Kuzin, Belov, Dvukhsherstnov, Furmanov and Shchadin, 1973) have relatively
high fast necutron components. In order to estimate the output at 25 keV
and to use these later two beams experimentally it was necessary to employ
the difference teéhniqﬁe using a difference filter of titanium. The fast
neutron components in the difference (or signal) beam were typically 10-20
times lower than in the open beams.
| Initjally the iron filter at the NBSR was placed in a radial beam tube
and used in conjunction with a titanium scatterer located between the fuel
elements (McGarry and Schroder, 1975). Later, a through tube with a graphite
scatterer was used, although this does nct seem to be especially advantageous
(Schwartz, 1977).

The combinations of iron, aluminium and sulphur in the 25 keV beams
were usually optimised by varying the thickness of the filter compcnents
and measuring the transmitted neutron spectra with recoil proton detectors.
At the reactor APSARA an absorption method was also Qsed for optimisation

| (Kondaiah, Anand and Bhattacharya,. 1973). The iron filtef from the
APSARA has now been transferred to the 40 MW high flux reactor CIRUS

(Kondaiah, 1979).
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Several scandium beams have also been developed despite some difficulties
with high energy neutron contamination. Titanium has usually been used as
a secondar& filter. In general the filter components have not been optimised
to the same degree as for the other filter materials. The problem with the
fast neutron background arose because the cross—-section of scandium was
originally thought to be 0.05 barn at 2 keV while, in fgct,'iﬁ ié actually
0.7 barn. Hence Largé thicknesses of scandium are unlikely to provide pure
2 keV neutron beams with high outputs. The scandium beam at the MIR
(Simpson et al., 1971) had a 40%Z contribution from fast neutrons due to
neutrons transmitted through the high energy windows in scandium and a
difference filter of cerium and manganese was used for measuring the signal .
spectrum. However, by using a resonance scatterer of manganese located at
the centre of a through tube it is possible to reduce this background.

At the NBSR, where this method was adopted wusing the scandium transferred
from the MIR, the fast background is reduced to 3Z (Schroder, Schwartz and
McGarry, 1975). The scandium beam at the FMRB also uses a manganese
scatterer. Here, however, the fast background for the difference beam is 15%
(Alberts and Knauf, 1977; Alberts, Cosack, Kluge, Lesiecki, Wagner and

Zill, 1979) and no values are refofted for the open beam. A similar

value for fast neutron contamination in the 2 keV difference beam from the
Obninsk reactor is reported by Kuzin et al (1973); this beam, however, does
not utilise a manganese scatter.

Greenwood and Chrien (1976) at the HFBR undertook a study to determine
whether materials other than titanium could be used to reduce the fast
neutron background. They tried magnesium, aluminium, sulphur, titanium,
vanadium, chromium, irom, cobalt and nickel, and concluded that scandium,
cobalt and titanium should provide the purest 2.keV beam. However, the

fast neutron component was still high (97) with this combination.
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Brugger (1979) is planning toinstall a scandium filter on the MURR.
It is planned to add a mixture of titan%um, cobalt, iron-54, nicke1-6d
and zinc—-64 to reduce the fast neutron background.

Silicon filters have been developed at the MTR, the NBSR, the MURR
and at the Obninsk reactor. The main problem at the MIR was the large
gamma-ray component in the beam (Simpson et al., 1971). Although this
could be re&uced with the addition of lead the beam intensity at 144 keV
‘was also reduced considerably. Tsang and Brugger (1976) assembled a
much longer filter compared to that at the MIR and reduced the gamma-ray
background significantly. The silicon filter at the NBSR is at the
other end of the through tube from the iron filter and hence views the
same graphite scatterer. This also greatly reduces the gamma-ray background,
but at the expense of some intensity. As there are no windows at energies
above 144 keV, tﬁere are no problems with fast neutrons. However, there is
a small window at 55 keV and silicon, being polycrystalline, transmits
neutrons below the Bragg cut—off at 2 meV. These lower energy components
can be removed by the addition of titanium and boron-10. The Russian group
(Kuzin et al., 1973) used a sulphur filter to measure the difference
spectrum in their silicon beam. They probably found the need for this
method as their silicon filter is only 51 cm compared to the 100-200 cm
used by others. They also used a silicon filter (combined with some sulphur
to remove neutroms at 144 keV) to extract a beam of 55 keV neutronms.

In addition to iron and silicon filters, uranium and liquid
oxygen filters have been developed at the MURR to give filtered beams at
186 eV and 2.35 MeV respectively. Uranium has several other windows between
100 eV and 3 keV and many of these are as deep as the one at 186 eV.
Consequently the beam purity with 43 cm of uranium was only 467 and it was

necessary to add small amounts of selenium, gemanium and manganese.
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For measuring spectra, the detector was surrounded by interchangeable
polyethylene spheres. However, the presence of the background windows and.
the poor energy resolution of the spheres made a difference technique necessary.
Tunésten was used for this purpose (Royer and Brugger, 1977).

For safety reasons (radiation éonverts oxygen to ozone'which presents
an explosion hazard) it was necessary to place the liquid o#ygen filter
just outside the end of the filter tuge and other shielding material - uraniun
and bismuth - was placed in the filter tube to reduce the background. The
beam purity with 1.8 m of liquid oxygen is good although greater output
would be obtainable if the filter were placed inside the biological shield
(Koeppe and Brugger, 1980).

Some sample spectra for transmitted beams of scandium, iron, silicon
and oxygen are shown in Figures 11-~17.

5.2 Accelerator—-Based Facilities

Accelerator-based filtered beams have been used exclusively in time=-of-
flight systems for precise evaluation of cross-sections. Because of the
general set—up involved in these systems, accelerator-based filtered beams
cannot be generally regarded as permanent or semi-permanent facilities as
are the reactor-filtered beams.

The filtered neutron beam has several advantages over white sources.
In particular the filter strongly absorbs background off-energy neutrons and’
gamma-rays and also allows the measurement of this background during the
experiment. Most filters produce several energy bands of filte?ed beams
separated by their time of flight, and this enables experiments to be
carried out simultaneously at several energies corresponding to the minima
in the filter materials. As the transmission of neutrons whose energies
correspond to the minima is high, the intensity of these neutrons is
comparable to that obtained without the filter. With time-of-flight

systems it is not necessary to add additional filter material to suppress
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unwanted neutrbns: Also large thicknesses of filter are not required as the
attenuation of neutrons either side of the minima is generally high.

Most of the reported filtered beams have been from pulsed electron
linear accelerators using a photoneutroﬁ target and a polyéthylene moderator.
Filters of iron have been used at the Oak Ridge Electron Linear Accelerator
(ORELA) (Harvey, 1972), at the Kyoto University Linear Accelerator Laboratory
(KUR) (Block, Fujita, Kobayashi and Oosaki, 1975) and at the Gaerttner
Linear Accelerator Laboratory, Rensselaer Polytechnic Institute (RPI)

(Liou et al., 1975). Silicon ha; been used at the KUR (Kobayashi et al.,
1977) and scandium at the RPI (Liou et al., 1978). At the KUR (Block et al.,
1975; Fujita, Kobayashi, Oosaki and Block, 1976; Yamamura Doi, Miyagawa,
Fujita, Kobayashi and Block, 1978) part of the iron filter was placed
immediately in front of the collimator system, thus scattering most of the
unwanted neutrons and gamma—ra&s out of the flight path before they could
enter the collimati;g system. Additionglﬁiron was placéd further along

the flight path to complete the filtering of the neutron beam. The

technique was also used for the silicon filter (Kobayashi et al., 1977).

Some details of accelerator-bgsed filgered beams are shown in Table
7 and Figure 18 chows the spectrum through an iron filter placed in the KUR

. neutron beam.

6. APPLICATIONS OF FILTERED BEAM

6.1 Cross—section Measurements

| Filtered beams, both in experimental reactors and also in pulsed
time—-of-flight expérimental systems, have found increasing applications in
recent years for the measurement of cross—sections. It might seem, at
first sight, that fi%tered beams would have few aanntages compared with
broad spectrum neutron sources combined with highly accurate time-of-flight

systems since filtered beams are availabie at relatively few energies.
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However, difficulties do arise in white source measurements due to scattered
neutrons which interfere with the neutrons of inferest. Thus the white
source techniques are ideél for measuring the relative magn{tdde of cross—
sections at different energies but can give difficulties when absolute
values of cross—section are required with high precision. The'filtered
beams are ideal for benchmark measurements of high accuraéy to which,

in principle, ofﬁer measurements can be related.

Filtered beams are also useful for precision measurements of the
cross—section at the minima'in the cross—section of the material of the
filter itself, since contaminating radiation is kept to a minimum. Such
minimum values are of great importance in shielding calculations since the
precision with which the flux at depth in a shield can be estimated depends
crucially on the value of the cross—section at the minima (Goldstein,
Lidofsky, Oblow, Preeg, Soran and Weisbin, 1971). A material to which such
considerations obviously apply is iron and measurements with filtered beams.
using time—of-flight techniques have been reported (Harvey, 1972; Liou
et al.,, 1979).

Accurate cross—section measurements of fissile and fertile materials
~are similarly of importance for reactor design and a silicon filtered beam
has been used to measure the differential cross—section of uranium—238 at
144 kKeV (Tsang and Brugger, 1978) and an iron filtered beam to measure
the c;oss—section of thorium at 24 keV (Kobayashi, Fujita, Oosaki and Block,
1978).

Measurements of the fission éross—sections of uranium-235 and plutonium
239 have been made at 2, 24, 55 and 144 keV (Zhuravlev, Kroshkin and Karin,
1977).

The effect of Doppler broadening on the uranium-238 and uraniu=-238
oxide cross—sectioms at 24 and 144 keV have been measured for the terperatrra
range 38 K - 1100 K (Tsang and Brugger, 1980a). Similar measurements have

been made of the tin cross—section at 24 keV (Tsang and Brugger, 1980b)
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Accurate measurcments of the (m,p) scattering cross—section have been
used to confirm theoretical studies of nuclcon-nucleon inteFactions
(Fujita et al., 1976) and measurements of the total neutron cross—sections
of beryllium, carbon and oxygen at 24 keV have been compared with the
predictions of nuclear theory and used as bench-marks for conventionally
measured cross—sections (Block et al., 1975).

Extensive measurements of neutron capture cross-—sections at 24 keV
have becn made on the Indian iron filtered beam, some cross—section
values differing widely from meaéurements made elsewhere. (Anand, Jhingan,
Bhattacharya‘and.Kondaiah,1979). A notable example 1s the capture cross-
section for cerium-142,19 % 4 mbarm which contrasts with values reported by
other authors of 425 # 43 mbarn and 525 * 50 mbarn. Similar measuremernts
of neutron capture cross—sections of a range of nuclides at 24 keV have

been reported by Yamamurc and coworkers (Yamamuro, et al., 1978).

These and similar measurements are reviewed comprehensively by
Block and Brugger (1980), as are the (n,y) spectrometry data discussed in
the next section.

6.2 (n,y) Spectrometry

Filtered beam facilities lend themselves to a studj of (n,v) reactions
because of the high fluxes and energy spreads in the beamé. For low-Z nuclei,
which have widely spaced resonances, the capture gamma-ray lines often arise
from discrete resonances whereas for higher-Z targets, the capture gamma-ray
spectrum.is a composite resulting from many resonances. Average resonance
capture is discussed in detail by Greenwood and coworkers (Greenwood,
Harlan,.Helmer and Reich, 1969) who show that such spectra give information

on the multipolarities of the primary gamma-ray transitions and the possible

range of spin values of the final states populated by the primary transitions.
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Filtered beams have also been used to give iﬁformation on the (n,Y)
spectra of nuclides which are very difficult to study with thermal neutrons
bec;use neighbouring or impurity nuclides have very large thermal neutron
cross—sections giving rise to serious contamination problems. An example
is the gamma-rays produced by 2 keV neutron absorption of gadqliniumr156
{Greenwood and Qhrien, 1976).

Early studies of this type were discussed by Brugger and Simpson (1973)
and Gamalii, Zemtsev, Ivanov, Nesterov and Kham'yanov (1972) and in more
recently by Stecher—Rasmussen and Ratynski (1979).

6.3 .Shielding Studies

Many of the filtered beams are ideally suited for bench-mark
measurements to check shielding calculations. The time-scale of moderation
and absorption processes im a thick shield precludes the use of time-of-
flight techniques and since 2 keV neutrons are at the limit of energies
obtainable by alternmative systems, a scandium beam would ;ield valuable
information if used with integrating detection systems.. The irom and
oxygen filtered beams give neutrons of energies at which shield penetration
can be a maximum since, of course, these materials are incorporated in

shields.

6.4 Instrument Calibration and Development

The development of many neutron sensitive instruments has long been
bedevilled by the fact that appropriate neutron sources are not available
throughout much of the intermediate energy region. The use of time—of-flight
techniques is often difficult or impossible because of either the requirement
to modify the detector in the instrument or the fact that the response
time of the instrument is comparable with, or greater than, the flight times
involved. This latter comsideration is particularly relevant to all

instruments which are based on large moderating assemblies. Examples are
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the widely used Andersson—Braun type of instrument used for environmental
surveys for radiological protection purposes, the h1ong counter" instruments,
often used as primary neutron flux transfer standards and spectrometry
systems based a range of moderating spheres.

Many instruments are well calibrated at energies down to 25 keVror
s0 with conventional mono-energetic neutron sources. Generally, the response
of instruments over the six decades of energy between 0.025 eV and 25 keV is
. either ignored or estimated by interpolation. The wide range of instruments
to which these comments apply has been well summarised by Anderson (1969).

A knowledge of the response of health physics instruments in this
energy region is important for three reasons. Firstly, many surveys have
shown that a significant proportion of neutron dose in many different working
environments around reactors and other neutron producing installatioums is
due to neutrons with energies less than 30-100 keV. These surveys, which
are summarised by Harvey and Beynon (1972), are of course subject to the
very uncertainties which stem from the lack of adequate instrument calibration
facilities in the intermediate energy region. Secondly, a widely used
type of personal dosemeter, the albedo dosemeter, which utilises devices
which are sensitive to neutrons reflected from the wearer's body is sensitive
principally below 10 keV-(Harvey, Hudd and Townsend, 1969; 1973). Not
only is the response of sucﬁ dosemeters therefore poorly verified throughout
the energy region in which they are semsitive but readings are often
modified on the basis of instrumental surveys of the environments in which
the personnel are exposed (Harvey et al., 1973; Hankins, 1976). Inadequacies
in understandihg of the characteristics of the survey instruments are
therefore reflected in the overall accuracy of the personal dosimetry
system. The third reason for the importance of this energy regiom in the
context of health physics instrumentation stems from the fact that the dose

equivalent-fluence relationship changes abruptly at 10 keV. The response
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function of a typical detector based on ﬁeutron moderaﬁion on the other hand
is likely to change smoothly with neutron energy in this region. It follows
that such instruments which purport to measure dose-equivalent rate are
most likely to be in error at energies around 10 keV.

Work in this area has been performed principally at two centres;
NBS Washington CC and Physikalisch-Technische Bundesanstalt (PTB) Braudschweig.
The NBS beams have been used for calibrating heaich physics monitoring
instruments and "albedo™ personal neutron dosimeters (Hankins, 1977).
Characteristics of the beams and.application to such measurements have been
discucsed by loy and Schwartz (1976) and Hoy (1976). The average dose
equivalent rates in the beams are; 140 mrem nt (1.4 mSv h—l) at 2 keV,
150 mrem b © (1.5 mSv h 1) at 25 keV and 3.2 rem h © (32 mSv b Y) at 144 keV.
The beam dizmeters at 2.25 m from tﬁe reactor are 4.25 cm (2 keV), 6 cm (25 keV).
and 4.5 cm (144 keV). Instruments with dimensions larger than the beam
diameters are exposed on a movable platform which performs a raster movement,
so that all parts of the instrument are exposed. This factor can be
advantageous, since it allows an exploration of the variation of sensitivity
with position on an instrument. The concomitant disadvantage is that for
overall scnsitivity measurements the instrument response has to be integrated
over ome or more raster cycles and the effects of relatively low.background
fluxes of neutron§ are more noticeable. An instrument of the size of an
Andersson—Braun remmeter for example (approximately 22 cm x 22 cm) is
effectively cxposed to a dose rate 2.97 of that in the beam, i:e. 4.1 mrem b !
at .2 keV, which is comparable to background neutron dose rate in the
_vicinity of the reactor. This implies a need for care in the application
of the beam but dces not, of course, preclude accurate calibration.

The PTB beams have been used for similar pioneecring measurements in
Europe. The PTB made the beams available to scientific groups in Europe for

an intcrcomparison of instrument calibrations (Alberts et al., 1979)
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at intermediate and other energies. The reactor at PTB has a lower intermediate
energy flux than other reactors used for filter beam experiments (of order

6 x 1010 cm_zs—i as compared with 4 x 1012 cm_zs-1 at the NBS for example).

In consequence a somewhat shorter filter length is used (71 cm of scandium as
opposed to 110 cm at the NBS) and the proportion of unwanted neutrons and garma
radiation is correspondingly greater. The measurements have ther;fore been mal
with a "difference" technique in which instruments are exposed to the
filtered beams, both with and without foils to absorb the wanted neutron
energies. The foils consist of 5 mm of titanium for the 24 keV beam and 25 =
of manganese powder for the 2 keV beam. This gives rise to somewhat larger
uncertainties than would apply to irradiations in beams without a difference
technique. The use of the beams has been a significant step forward in
extending the range of neutron energies available for the calibration of

w

neutron sensitive instruments in Europe.

Such measurements (Alberts, 1978) have confirmed theoretical predictions
(Tessler and Glickstein. 1975) and measurements with a moderated antimony-
beryllium source (Harvey, Lavender and Thompson, 1976; Harrison, Harvey
and Boot, 1978) which suggest that a number of commonly used instruments
are oversensiﬁive to neutrons in the energy band 100 eV - 10 keV by factors
which can be as large as four.

Included in the instruments calibrated at the PTB have been spectrometry
systems based on a range of moderating spheres. Although attempts have been
made to calibrate spherical moderator systems with time~of-flight methods
(Wetzel, Kneske, Taut, Algnikov, Komozkov, Nazarov and Klapper, 1969;

Basson, 196Z) interpretation of the results is difficult. This follows
from the fact that the mean lifetime of the neutrons in the moderato; is

often greater than the required "live-time" of the instrument.
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Because of the difficulty in deriving reliable response functions
experimentally a number of attempts have been made to calculate the detection
efficiencies ﬁy Monte Carlo computor codes. Nachtigal and Burger (1972)
summarising these data conclude that there exists "a remarkable uncertainty
as to the true response curves''. The same authors emphasise the experimental
measurement of the response functions should be undertaken and that filtered
beams would be particularly appropriate..

Proton recoil spectrometry systems can also be calibrated with the
filtered beams. The routine caliﬁration of the proportional counter is
frequently based on either alpha particles from an internal source or
protons from the 3He(u,p)3H reaction in added helium—-3 gas. This later.
reaction has 2 Q value of 765 keV. Overall calibration and system
linearities are checked by reference to presently available mdno—engrgetic
sources at energies above 10 keV or so and an extensicon to_ lower encrgies
is valuable. Rogers (1970a, b) and Powell and Rogers (1970) have described
the use of scandium and iron filtered beams for the calibration of a proton
recoil spectrometer, and the related study of the way iy which W values
cﬁange with neutron energy for proportional éounters filled with hydrogen
' aﬁd methane gases.

6.5 Biological and Medical Studies

It is possible to use filtered intermedizte energy neutron beams to
produce significant fluxes of thermal neutrons inside the human body.
The advantage of using intermediate energy néutrons is that they produce
much lower thermal neutron fluxes at the surface of the body for a given
" flux at depth than do thermal beams and also do not give a significant
knock-on proton dose in the thermalisation process as do fast neutrons.
The variation of thermal neutron flux with depth for incident 2 keV neutrons

is shown in Figure 19 where it is compared with the flux profiles resulting
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from incident thermal neutrons and neutrons from a heavy water moderated
californium-252 source which has been proposed for experiments of this type
(Murray, Deutsch, Zamenhof, Pettigrew, Rydin and Brownell, 1975).

Two applications have been proposed to take advantage of this thermal
neutron flux profile:- boron neutron capture therapy (BNCT) and "“in vivo"
measurement of the cadmium content of organs.

Neutron capture therapy involves the selective up-take by a tumour of
a nuclide having a high neutron capture cross—section followed by irradiation
with neutrons. Nuclides which may be used include boron-10, lithium—6
or uraniumr235; of which boron—-10 is most often considered. The reaction
of slow neutrons ﬁith boron—-10 produces fission fragments of very short

range and high linear energy transfer.

]'OB + n -+ 11B -+ 7Li + 4He + 2.4 MeV

The alpha particle and the lithium—7 nucleus have a range of less than
11 ym and hence irradiate only a single cell and itc immediate neighbours.
There is a permeability difference between brain tumour and normal
tissue and several studies have shown that many compounds whose entrance
into normal prain tissue is restricted are not impeded in penetrating brain
tumours. Thus BNCT was first attempted on brain tumours, especially
Glioblastoma multiforme, a rapidly growing neoplasm giving an average
survival time of less than a year when treated with conventiomal radiotherapy.
The initial trials (e.g. Astbury, Ojemann, Nielsen and Sweet, 1972) were
disappointing fdr fwo reasons. Firstly, it was found that the circulating
blood retained a high concentration of boron—-10, approximately three_to
four times that in the tumour. This gave rise to a large intracapillary
dose in the normal parts of the brain. A second problem was that the dose
‘to the surface of the.brain was high due to the rapid fall-off of flux

with depth for thermal neutrons.
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Recently new boron—~loaded éompounds have been developed which bind
to tumurous tissues so that neutron irradiation can be delayed until these
compounds have cleared ffom the systemic blood (Hatanaka.and Sweet, 1975).
In addition a large dose of adrenocorticosteroids can be given to prevent
radiation damage to normal cerebral blood vessels. The possible use of
these new techniques has revived interest in BNCT. However; the problem of
a high surface dose which still exists could, in principle, be solved
.with filtered neutroun beams at intermediate energies. Mill and Harvey (1978)
calculate that a scandium filtered beam from a typical high flux reactor
would deliver a dosé rate to the tumour equivalent to a gamma dose rate of
260 rad h—l. This would be adequate for experimental radiotherapy.

The secoud application which makes use of the thermal neutron flux
profile produced by intermediate energy neutrons is the study of the cadmium
content of human organs. Cadmium is not only hazardous to workers in
cadmium-related industries but also to the genmeral public because of its
persistence in the environment and the consequent slow build-up with time.
Ryde (1980) has showr that intermediate energy neutron beams constitute an
effective method of monitoring cadmium levels, particularly in kidney and
liver which can contain a significant proportion of the cadmium content of

the whole body. The method is based on the reaction 143 144C

cd (m,vy) d
which has a cross—section of 20,000 barn at thermal emnergies and gives rise
to gamma radiation of 558 keV which can readily be detected outside the
body with for example a Ge(Li) spectrometry system. Ryde, using a simple
huménoid phantom has showm that it is possible to detect 4 mg af cadmium
in the kidneys with a precision of # 3 mg for an exposure in an iron filtered
beam of one minute giving a dose of 32 mrad to local tissues.

Direct irradiatien of biological specimens with intermediate energy

beams could give useful information about the mechanisms of the interaction

of ionising radiation with cellular systems. Neutrons; althdugh themselves



- 167 =

non-ionising, produce densely ionising short range particles within
irradiated tissue. The dimensions of the tracks of these particles ma§ be
comparable to the dimensions of important cellular componenﬁs and can give
valuable insights into the mechanisms of radiation injury. However, almost
all studies to date have been with neutrons of energy greater than 100 keV
(Hall, Novak, Kellérer, Rossi, Marino, Goodman, 1975). An important
exception is the work of Bergman (1974) who. worked with neutrons having a
mean energy of 8 keV. The paucity of data is due to the difficulty of
producing suitable sources of these neutrons rather than a lack of interest
in intermediate energy neutrons.

There are two reasons why studies using intermediate energy neutrons

are important. Firstly, the ranges of protons produced by these neutrons
are less than cellular dimensions and may therefore be used to gain information
concerning the size and separation of radiosensitive elements in cells.
Secondly protons in this energy range lose a significant proportion of their
energy by non—ionising airect recoil interactions with hydrogen nuclei.
The proportion of emergy lost by such collisiomns is 97 at 2 keV (ICRU, 1970).
The possible implications of such interactions are uncertain and the only
relevant experiments which can be performed at the present time involve the
use of charged particles incident directly onto very thin enzyme samples
(Sutcliffe and Watt, 1974; Jung and Zimmer, 1966).

Mill and Harﬁey (;978) have shown that an average high flux reactor

1 4t 2 keV and 7 rad h !

could give filtered beam dose rates of 5 rad h
at 24 keV. The dose rates quoted hére are kerma in small tissue elements
which is the parameter appropriate to biological experiments of this type.
The biological samples would have fo be small in order to minimise
thermalisation and the dose rates quoted are adequate for carefully chosen

biological experiments. As far as we are aware no such experiments have

yet been -attempted using filtered beams.
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6.6 Neutron Radiography

There are a number of reports of the use of filtered beams for
radiography. The most obvious application is the use of an irom filtered
beam for radiographing materials encased in a thick iron container because
the container will in general not attenuate the neutron flux significantly.
The principle difficuity is in finding a detection system which is
particularly sensitive to intermediate energy neutrons. For this reasom
a tomographic technique is attractive since the detector can then be a
thermal neutron detectof inside a moderator. In such applications the
detector can be located behind a collimator and the object rastered in the
beam. This approach has been used to radiograph voids in 83 mm of polyurethaune
" sandwiched between 130 mm of steel (Tsang, Alger and Brugger, 1978), the
arrangement being used to simulate an explosive device. Another application
is the tomography of copper pins in graphite inside a stain%ess steel pipe
having a wall thickness of 32 mm. This test was designed to simulate fast
breeder reactor fuel in sodium inside a stainless steel pipe.(Brugger, 1979).
Miller and McNeece (1969) were able to detect a small plastic tube behind
50 cm of steel.

An early theoretical analysis was made of the possible use of an iron
filtered beam for human radiography (Bryant and Bull, 1974). Although good
contrasts could be achieved the dose from high energy contamination was

too high for the technique to be tried. The technique is attractive

although overall transmission through the body would be low.

7. CURRENT STATUS OF AND FUTURE PROSPECTS FOR FILTERED BEAMS

Over the last decade there has bgen a steady increase in number of
reactors with installed filters, in the energy of beams available and in
the number of applications of filtered beams. It is most probable that

this trend will continue.
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There 1is, for example, considerable scope for increasing the range
of enmergies. At low energies filters of high atomic mass are used. The
one which has currently been realised is the 186 eV beam from a uranium
filter. As can be seen from Figure 8, other useful windows exist in uranium
throughout the energy range 20 eV - 2.5 keV. It will be possible to utilise
a number of these with the aid of scattering foils which have peaks at
appropriate energies.
| The highest energy window of significance in uranium (2.5 keV) ties
in very well with the lowest epmergy window in medium atqmic mass materials,
that at 2 keV in scandium.

Several well—utilised windows in medium atomic mass materials cover the ramng
2 keV - 144 keV. It should be possible to use low and medium atomic
mass materials to give beams at energies between 144 keV and 2.3 MeV the
energy of the oyxgen beam. Iron, for example, has useful windows in the
energy range 244~376 keV, scandium has windows at 190 keV and 345 keV.

It might be possible to utilise the 420 keV window in neon, if practical
problems do not preclude the use of liquid neon.

It seems most likely therefore that beams will be produced with
 energies throughout the range 20 eV - 2 MeV with a set of filters and
scattering foils of common and relatively inexpensive materials. The range
of enmergies could be further extended by the use of single nuclide filters.
Considerable masses of separated nuclides are available as by—products of
the separation of low abundance nuclides at the Oak Ridge Natiomal
Laboratory, USA. If these were purchased, the charges offset over a ten
year period would not be excessive (Mil} and Harvey, 1978). Alternatively
they could be hired for periods of a yeaf or so at relatively small ceost.
Separated iron—56 has been used at the HFBR (Liou et al., 1979)
gnd there are plans to ‘use zinc—64, iron—54 and nickel-60 in conjunction

with a scandium filter (Brugger, 1979).



- 170 =

In summary there are currently some six energies which have been
practically realised. This could be extended ﬁo possibly as many as 20
energies throughbut the energy range 30 eV - 2.3 MeV.

If the various filters and scattering foils were easily interchangable
as for example in a revolving filter assembly, then any given energy could
be established rapidly by appropriate juxta position of filter and
scattering foil. Such a facility would be very useful for certain
applications where neutron beams are required within a wide energy range,
such as in the development and calibration of neutron sensitive instruments.
At present it is expensive and time consuming to have access to a range
of neutron energies. Energies from a few keV to 14 MeV can be derived
from a number of charged particle reactions with a Van de Graaff accelerator,
but to cover the full range involves time consdming procedures such as
measuring threshold energies for each target. Energies below a few keV are
not available from charged particle reactions.

There are currently three reactors with filtered beams in the United
States, three in Europe, two in Russia and one in India. The need for
filtered neutron beams has been demonstrated recently by the response to a
questionnaire widely distributed in Europe (Harvey, 1980). The response
indicated that some 25 laboratories would use a range of filtered beams,
the requirements ranging from less than one day per year to several months
per year. The distribution of the required utilisation times by scientific
discipline is illustrated in Figure 20. The aggregated requirement would
be for more than 500 days per year, roughly twice the time that could
be provided by a single beam tube. These considerations would seem to
indicate the need for a centralised facility in Europe. This should be
based on a high flux reactor since this gives scope for higher fluxes

and hence more applications, and greater beam purities. It would seem to be
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an ideal area for an international agency to play a coordinating role.
Seven high flux reactors in Europe would be pafticularly appropriate from
a scientific point of view kMill and Harvey, 1978): BR-2, Mol, Belgium;
Pluto/Dido, Harwell, England; DR-3, Ris;, Denmark; Dido~Julich, Julich,
Federal Republic of Germany; HFR, Petten, Holland; High Flux Reactor,
Grenoble, France and the R-2, Studsvik, Sweden. It is also possible to
utilise neutrons produced by high energy charged particle accelerators,
many of which are being converted to neutron generation (Dore, 1978;
Southworth, 1976). Rough calculations suggest that the time—averaged
intermediate fluence in the moderator block of such a device would be one
or two orders of magnitude less than in the core of a high flux reactor.
This disadvantage would be offsec.by the fact that filters could probably
be placed closer to the source.than with a high flux reactor since less
biological shielding would be needed. Also a pulsed source would allow
very good beam speétrometry by time-of-flight methods.

In summary, the filtered beam facilities which are available at a few
reactor establishments have been shown to be useful in a wide range of
scientific disciplines. There is considerable scope for extending the
- energies available and many scientific groups have indicated a need for a
range of filtered neutron beams. It is possible that if the potential range
of energies and simplicity of operation can be realised, filter beams could
replace accelerators in applications where fixed energy beams are required
over a wide energy range.
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Filtered Beoams

REFLKENCE | KEACTOR | BEAM TEAM TUBE QUUTED b OF ELLTER vu NEUTRON FLUX | SHGH FNERGY UAHMA-RAY ADD IV HONAL COMMERTS
TUBLE DIAMETER cm ERERGCY — ] Al 2 okey NEUTRON BUSE--KATE
Ihev SCANDIUM | TUTANIUH few2a7h NrARENATION | fae 17h
Simpaon HER 1B~ 3; 15 2.5 210,17 107 1.4 Salu u.4 ~1 (-._ldn_.lnn faria in beaw u.-lu- ~ A,
ct al hocicontal Ditlecence Cileer of 2.% cm
(19/1) Leam tube wanganese and 1,0 o ud ceriwe abed L
Jiteoted at vvaluate background.
vule
Kuzin et horizontal 5 2 210.7 13 [ -9 0.2 cwm sxiut D154 “pnu::ik..lly Medsarcaciits ot V2 MY
al (1971) chanunel bogun-10 . nune® AValues fueler to divterene buums, uiing
chtering a ditherence tilter ol U6 chm MRS,
Care
-— - 1
, 5 ; > 2 .
Schuactz NUSK thiough- 1.4 1.25 2 1o 1 wanguticie = G.5200 Jalu V.03 L] YO cw”, 3 mm trick mangancse - aluminium
(1977) Cube passing aluminium avatterer bovated 2,38 w trom scand i,
within 0cm scattcrer ncertainty v inlonsity weasutcwnts ¢ 57,
of cure Beaw diameber ot 2.5 woia 4,25 vw oud Clus @5
l.‘Jxl()l‘.uu'2=_| .
- Y . . ? & . -
Grecuwuod | BEBR fiin, 4.9 t.1 210.,9 ¥} [ - 3. ixlu 6.9%x|0 U 3au Thevmal steution | hux ©
anwd Chidien Ltangential (syuaic) ('3} 1.9 ) 2xt0® .09 Several additianal Filtey wateeiata
{1970) thiuble : , . fuveatigatod,
Lube Calvulated ainl measuied tlures agieod
withia 202,
Alburts FMRY 5%; 14.8 13.> 3 n 1.5 manganes 2.4xtu 1.6x10 . -ll/(l.l’)A 28/us Y uncestaibnty du dlua oatimdden,
and Knaut horizontal Beatterer AValies reter 1o ditleicice beaws, naing o
{1918) Lungueatial dillerence Fibler of 2.9 cm ab wmangdivoe.
Leam tube Wb cwm Lhick mangmicssy acatteivr located cluse
. o seactol care.




- - e e im e e g e e e A R, - e = ey - . e e oy
SEARM Tume  |PIAMETERJQUOTED LENGEH O0F FELIERSon L NEITRON  [NEUTRON FLUXTHIUH ENEKGY  JGABNA -RAY ] APDIE LONAL. CORMENTS
REFERENCE [ RLACTOR | BEAN OB UIA"" l.lui jor srAad ENERGY B . Ses e MA'l'l-:RlAI 5 INTENS L AT l(l eV NEATTRUN IOSE~RATE
HETER cm) ) IheV TRUN A st SuLrauR B VL few 45" CONTAMINATION] Jukt ™}
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REFERENCE | REAGTOR | BEAM TURE | BEAM TUBE | DIAHETER OF § QUUTED § LENGTH OF | OTUER MATERLALS HEUTROR | NEUTRON FLUX GAMMA-RAY | A iTIONAL COMMENTS
DIAMETER/cm | BEAH/cm ENERGY | SILICON INTENSITY { AT QUOTED DOSE-RATE
ey | sem Ja-1 ENERGY /em~ 297 ] Jog no)

Simpoon MR H-2; 5 10.2 144130 102 10 em Jead |09 m] 500 Sitlcon Eilter lnserted in dron colljmator.
et ol juellney 0.32 ca boron~10 Ko [ast neutron contamination.
(J911) heam tube

directed

al core
Kuzin et }ArS-| horizontal 5 2 14415 51 1.7 cm citanium a.o/l..nhxm" 0. 12/0.04% "\_I:-\m-a refer to difference beams. Difference
al (1970 beam tube 0.2 cm boran—~10 nlu.-r- vere 2.8 cm sulphur (for 144 kev) and 1.7 cx

entering of titaniue (far 53 kev).

corce Heasurements at 12 MW,

reglon 55¢5 38 17 cm sulphur Joba ).254 Detectors located 5 m from core boundary.

0.2 cm buron-u0 '
- , _ 5
5(";;";;;“ nask :::;:"uh" 10 23 1 1o 2,:':||;::a:i::“, &-3xi0 v.015 40 Sillcoa fliter oppusite and of through=tube as
BT Ry iron Ellter.
At 2.22 M, beam diamcter is 4.9 ca and flux is

__ . } S 14nt0%ca™2s”
Tewnz and |HURR [ F; noriz- 10 3.8 14ar2s | 211 - Laxiol oo} 0.0 1200 | possucements repeated for many €lter combinaions.
Brugger m:un! tubél $44122 21l 10,2 em load ].hllls ).)xlﬂl‘ > 0,36 180 The newtron contaminat jon is esseatially atl
(1976) direcred 1441422 21 )m cm Jead 2.50107 | 2. 2xb00 0.6 15 from therwal neatfonn.

at core 144828 0.2 ca cadmivum 2.8xi0 2.5xi0 0.01 15K}

Detector located 50 cm from end of filrer.




TABLE 5
The Uranium Filtered Beam at the MURR (Royer and Brugger, 1977)

BEAM TUBE |BEAM TUBE DIAMETER OF{QUOTED ] LENGTH OF FILTER/em NEUTRON NEUTRON [HIGH ENERGY GAMMA—RAY |THERMAL ADDITIONAL
DIAMETER/ cm|BEAM/ cni ENERGY INTENSITY{FLUX AT [NEUTRON DOSE~-RATE [NEUTRON COMMENTS
eV URANIUM| SEJ.EN TUM]MANGANESE JGERMANIUM |/s~1 186 ¢V [CONTAMINATION|/wk h~1  [FLUX/cw™ 251
’ Jem 2471

F; hori- 10 2.7 186t1.9] 21.6 - - - l.8x107 J.leug 0.80 38 850 Beam purity
zontal ) 186t1.5) 43.2 - - - 4.1x10 7.2x10 0.54 7.5 180 determined using
beam tube 18611.5] 43.2 0.2} 0.90 0.32 1.9x10 3.3x10 0.32 7.5 130 0.25 ¢m Lungsten
directed difference

at core filter.

TABLE 6.

The Oxygen Filtered Beam at the MURR (Koeppe and Brugger, 1980)

BEAM TUBE BEAM TUBE | DIAMETER OF | QUOTED LENCTH OF FILTER/cm NEUTRON NEUTRON | NEUTRON GAMMA~RAY | THERMAL | ADDITIONAL

DIAMETER BEAM /cm ENERGY INTENS1TY ]} FLUX AT CONTAMINATION | DOSE-RATE | NEUTRON | COMMENTS

fem /MeVv L1QulD | uraNtUM | BISMUTH | /871 2.35 MeV /oR b1 FLUX

OXYGEN /cm"zex-l /cm*zs“l

F; horizontal 10 2.35:0,1 J91.5 - - 5.9x10g l.lxlug 0.15 > 10000 < 150 Filters placed
beam tube 183 - - 2.lx105 3.6x104 0.02 < 1000 < 100 just outside
directed at 183 - 8 4.9x105 8.5xlOl 0.02 < 25 < 100 end of besm tube.
core 183 4 - 4.9x10 8.5x10" 0.02 < 25 < 100




TABLE 7

Accelerator-Based Filtered Beams

REFERENCE ACCELERATOR | FILTER FLIGHT ADDITIONAL COMMENTS
PATH
Harvey (1972) ORELA 10 cm and 80 m and | Filters placed 8 metres from photoneutron
140 MeV 24 cm of iron | 200 m target,
electrons
Liou et al (1978) RPI 70 MeV 10 cm of
electrons scandium 28 m
Liou et al (1979) RPI 20 cm of iron| 28 m
Block et al (1975) KUR 46 MeV 30 em of iron| 22 m 20 em of filter placed at 1 m and further
electrons 10 cm of filter placed at 12 m.
Yamamuro et al (1978) KUR 15 cm of iron | 12 m 5 cm of filter placed at 2.5 m and further
10 cm of filter placed at 7 m. ~
Kobayashi et al (1977) | KUR 57 cm of 22 m
silicon

- 8L -
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Production of Fast Monoenergetic Neutrons by Charged ?article
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Abstract

All five reactions 2H(d,n)3He, 1H(t,n)3He, 3H(p,n)3He, 3H(d,n)4 He

2

and H(t,n)4He are discussed with special emphasis on recent deve-

lopments and on the higher neutroa energy range up.to 40 MeV. It is
discussed how inclusion of recent data will change previous
evaluations of the p~T system at lower energies. Breakup data of

all reactions are collected. Experimental technigues and uncertain-
ties of neutron source property measurements are discussed and re-
commendations for future work are given.

I. Introduction.

Neutron producing reactions among the hydrogen isotopes are not
only of interest for fusion applications but alsoc as sources of
monoenergetic neutrons. Properties of these neutron sources are
important for many applications, e.g. neutron dosimetry, cali-
bration of neutron detector efficiencies or simply as source of
neutrons. Previous evaluations were limited to 10 MeV 1) and

20 MeV 2) respectively. During the last years it became apparent
that radiation damage experiments and medical therapv require
cxoss sections for neutron energies up to about 40 MeV 37 and
consequently neutron sources in this energy range as well.

Because some applications regquire "clean™ monocenergetic
sources neutron background accompanying neutron sources is very
important. Therefore the abundance of background neutrons is an
important source property, especially at higher energies.

The present work extends the previous evaluation 2) to higher
neutron energies. In addition, the impact of several recent pa-
pers 4-6) on the low energy evaluation 1) is shown. Special
emphasis is laid on the measurement metliods and background neutrons.
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II. Measurement Methods

Monoenergetic neutron production by the hydrogen isotopes

and the associated particle method for neutron flux deter-
minations are closely connected. Although this method has

been known for about 30 years /) and has been reviewed

only recently 8) the close connection with monocenergetic

neutron production makes it mandatory to deal with it here. Fur-
ther-moreI want to include one more method which seems to have
been overlooked among the associated particle methods.

The associated particle methods are based on the fact
that for each neutron produced in a monoenergetic neutron.
source reaction there will be a charged partner with uniquely
determined kinematic properties. Because charged particles
can be detected with 100% efficiency and neutrons generally
not, neutron fluxes can be measured absolutely by counting
the associated charged particles.

A straight application of this method is the socalled
time uncorrelated associated particle method. In this method
the associated charged particles are collimated and counted
in a detector. From this yield the neutron flux for the
corresponding neutron angle is calculated. Accurate measure-
ments of the effective solid angles for both the neutron
detector and the charged particle collimator are vital. In add-
ition the angles of both detectors are critical.

In the time correlated method individual reaction partners
are identified by their correlation in time. Therefore this
method depends on good timing characteristics of both detectors.
The associated neutron cone determined by the solid angle
of the charged particle detector must be smaller than the
neutron detector. Thus solid angles need not be known. Only
the correct angular alignment of the neutron detector remains
vital, making sure that all of the neutron cone goes through
the sensitive volume of the detector. (Uniformity
of the detector is essential!)In addition, this method allows
discrimination against background, because neutron background
events will not have a time correlated associated charged
particle of the right kind , energy and angle.

Thus monoenergetic neutron beams can be produced
electronically. There are two major drawbacks of the time
correlated method: The counting rate and hence the neutron
flux is limited by chance coincidences and the neutron
detector cannot be used with its full aperture but only spot-
wise. Therefore additional uncertainties will occur when the
efficiency of all of the detector must be determined. Nevertheless
this method proved successfull in calibrating a neutrcn de-
tector between 2 and 25 MeV within + 2%

One other major drawback of any associated charged par-
ticle method is that it cannot be applied to neutron production
at 0°. Neutron production at 0° is, however, very desirable:
usually the differential production cross section is forward
peaked, has at O° only a small dependence on angle and the
neutrons are unquestionably unpolarized ; besides the neutron
energy is highest at 0°.
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Our concern here is not so much the absolute measurement
of neutron fluxes and calibration of neutron detectors - al-
though they have some bearing on our subject as well - but
the status of neutron source properties. And to my knowledge
there are no published measurements on differential neutron
production cross sections using the time correlated or uncorre-
lated method.

However a different type of associated particle method has
been applied for neutron production measurements for some time
This method uses very accurate charged particle cross sections 10)
of the reactions in question as cross section standard.to
calibrate the experimental set-up. These differential cross
sections fulfill both requirements of a standard for a high
quality cross section ratio measurement

1) They are very accurate (uncertainties of less than 1%)
2) They are practical standards and can be applied very easily

Because cross sections of the target itself are used as a
standard there is no difference in geometry and sample mass.
In such a type of experiment most absolute experimental errors
drop out because only changes in the experimental conditions
must be recorded rather than their absolute values. (There-
fore these . measurements are also called "quasiabsolute").

Table 1 compiles uncertainties of absolute measurements of
differential neutron production cross sections using gaseous
targets. Differences in uncertainties for absolute and guasi-
absolute measurements and estimates of error limits are given.
This shows that the quasiabsolute method has smaller uncertainties.

Havipg a versatile accelerator available, cross section standards
of Q1fferent source reactions can be combined 2) for the
calibration of the experimental set-up by using the identical
%arget gith different bombarding particles, e.gq. 2H(d,n)3He -
H(t,n)%He and 3H(p,n)3He - 3K(&,n)4He.

Eecauge the center-of-mass cross sections for d-3H and t-2H are
1den§1cal (at the corresponding energies), all 3 reactions can be
combined 2’ and measured with the same scale uncertainty.

Owing to the wide neutron energy range the accuracy of the final
result depends strongly on the guality of the efficiency curve.

Here,again, the exchange of bombarding and target nuclei is of great
benefit. Fig.1 demonstrates this for the 10 MeV d-3H distribution.
The complementary distribution is t-2H at Ex = 14.975 MeV. '
To eagh center-of-mass cross section belongs a pair of neutron
energies from the two distributions. The efficiency ratio at

these en?f?ies is given by the (center-of-mass) yield ratio.
Recently » complementary distributions of p-3H and t-lH

were use@ to obtain the low energy part of a low bias efficiency
curve. Fig.2 shows the resulting curve. The interesting feature

Qf the low bias curve is the structure due to inelastic carbon
interactions for energies as low as 5.3 MeV. Indications of this
structure can be found in the literature12'13)although it seems
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that no attention was paid to it until now. Repoiggd structure

in the higher energy part of neutron spectra of Cf could
probably be due to. this kind of efficiency structure. Table 2
gives some idea of present consisgcncy of evaluated differential
cross section data of the 2H(d,n) He reaction. This table compares
redundant efficiency measurements using S and 6 MeV differential
cross section predictions 2] as reference. Note that there is

no scale adjustment ! These measurements prove the consistency of
the S and 6 MeV data to about +1%. This high precision was

made possible by accurate charged particle reference cross
sections in connection with the quasiabsolute measuring technique.
The latter includes the experimental determination of the energy
dependence of the nesutron detection efficiency under the actual
experimental conditions. This takes care of parasitic effects

like small angle scattering in the collimator bore (at least to a
first order), of geometric effects and of the attenuation in the air.
At the same time Table 2 shows how the quasiabsolute method can

be used most powerfully.Provided that data can be measured re-
producibly at all, differential cross sections of the same reaction
at various energies can be checked for inconsistency the following
wav: yield ratios at angles with the same neutron energy must
equal the corresponding cross section ratios. In such a measure-
ment the neutron detector efficiency does not enter.

III. Quality of data.

What accuracy of the neutron production cross section should we

aim at?

Adequacy in data must always be addressed in terms of specific
applications. Since the overall accuracy of the result is

important uncertainties in the cross section need not be much

less than those of all other contributions. Therefore all pertinent
properties of a neutron source must be appraised with the specific
application in mind. Obviously the highest accuracies will be needed
for data to be used as secondary standards either for calibration
or for efficiency determination purposes. But also in these cases
other source properties will be important. Which properties of a
practical monoenergetic neutron source must be considered?

1) intensity

2) energy resolution (and time resolution in case of time-
of-flight measurements)

3) energy definition

4) energy and intensity anisotropy

5) cleanness (contamination with unwanted neutrons)

6) practicability

These characteristics are a mixture of physical properties and

technical possibilities. (The following discugsion is restricted

to gaseous targets and neutron emmission at 07 .)

III. A,Neutron Source Intensity

The intensity depends on the cross section, the target thickness,
and the beam current (and therefore on the heat sink capability
of the target). Therefore intensity comparisons are
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4).

often made for equal energy loss in the target1 . This procedure
is good enough for sketching a rough picture. It assumes that the
current capability of the accelerator is independent of the type
(and energy) 9f the charged particles and that the limitations

in the target constructions depend on the energy loss in the
target. Neither is usually the case. Fig.3. provides lab cross
sections for the neutron production by all five reactions for
neutron energies up to 40 MeV. From this graph can be seen that -
except for the resonance above 14 MeV in the d-T reactions - the
t-H reaction provides the highest cross sections for neutron
production between 1 and 40 MeV.At 5.3 MeV the cross section is
bigger by a factor of 15 than those of the competing reactions.
This high cross sections together with the other favourable
properties discussed below makes the t-H reaction a very attractive
source. Unfortunately only few installations can provide triton
beams.

IITI.B. Energy and Time Resolution

The energy resolution depends on the energy loss in the target
(i.e. on the target thickness), on the straggling in the
entrance foil, on the energy spread and energy variations of
the incoming charged particles and on the neutron energy
anisotropy within the relevant outgoing neutron cone.

The time resolution in time-of-flight experiments is not

only limited by the energy resolution, but also by the transit
time of the charged particles through the target (target length
and velocity of the charged particles) and the time spread of
the incoming charged particles. The timing uncertainties in the
detector and its associated electronics are, however, independent
of the source reaction. The experimental time resolution in

TOF set~ups is a combination of the intrinsic energy and
intrinsic time resolution. Therefore this total resolution must
be considered when investigating the suitability of a neutron
source. In a particular application it was shown 13) that even
at an energy as low as 8 MeV the p-T reaction can compete with
the d~D reaction when the total resolution is considered.

III.C. Enexrgy Definition

For gaseous targets the determination of the mean neutron

energy is no real problem if the accelerator energy is well
calibrated and all energy degrading and smearing effects are

taken into account. In favourable cases a final uncertainty

of less than 5 keVmay be reached. Due to the finite energy spread
the effective mean neutron energy will be different if the neutron
cross section under investigation is nonlinear as is the case in
threshold reactions.

For solid targets the determination of the mean interaction
energy is not so simplel6).

There are several cases among the neutron production cross
sections where the energy uncertainty limits the final accuracy.
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This happens not only at the slopes of the resonances of
the p~T and d-T reaction but also with the d-D reaction:
The 17.5-deg laboratory excitation function of 2y (d,3He)n
changes near 6 MeV by as much as 27% per MeV

ITI.D. Anisotropy

In general, there is both an angular dependence of the neutron
enexrgy and of the neutron flux First we will consider
disadvantages of these anisotropies. '

If the neutron flux was not measured for the solid angle actually
in use, the angular dependence of the neutron production cross
section must be considered in the correction. The anisotropy

of the neutron energy increases the energy (and time) spread

of the neutrons reaching the sample (and/or the detector) and
lowers the mean energy.

On the other hand one can take advantage of the anisotropy.

The biggest anisotropy occurs when the mass of the accelerated
particle is bigger than that of the target nucleus as is the
case for the 'H{(t,n)3He reaction_!’/). In this case the neutrons
are emitted into a cone around O~ with a semiangle 8 of
approximately

- - _ 1/2
8 = arcsin (1 Ethr/Et)

Where Eip, is the threshold energy of the reactiom and E
the triton energy in the lab system. The advantage of such
a behaviour is tremendous: nc¢ shadow bar is needed to shield
the source for scattering at back angles. '

For the other reactions forward peaking of the flux ard of the neutron
energy is less pronocunced but often sufficient to reduce the background. First, the

room background is proportional to the total neutron production
Cross section whereas the signal is proportional to the o
differential cross section at the angle chosen (usually 07).
Second, if the usable neutrons have the highest energy, background
from the other neutrons can be shielded more easily.

his was realized , e.g. at the elastic neutron scattering from
He 18). In this case 14.4 MeV neutrons were produced by the
p—-T reaction rather than the usual 4-T reaction. For the p-T
reaction the flux drops by more than a factor of four and the
energy by more than a factor of two when moving from O to 90
degree.

The production of 14 MeV neutrons by the d-T reaction is the
worst choice with regard to anisotropy: both the flux and
energy anisotropy are small.

III. E. Neutron background

At high enough charged particle cnergies the monoenergetic
neutron spectrum will be contaminated by secondary neutrons

from competing neutron reactions in the target and by background
neutrons from the target (and beamline) structure. Wereas the
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first contribution is a property of the source reaction and
therefore unavoidable, the uther one is design-dependent.

In principle the structure background can be corrected for by a
background run with an empty target. However, this does not
always work out properly for two reasons: :

1) Due to changes in beam stearing this background may change
in time.

2) The charged particle beam will not undergo an energy de-
gradation in the empty target therefore the background will
be higher. For protons a dummy £illing of hydrogen can correct
for that. Better practice, however, is to keep this background
small form the beginning.

For proton beams materials with high (p,n) thresholds are avail-
able for the entrance foils and the beamstop (e.g.58Ni,

2C, 2833 19'20)). At 14.9 MeV incident proton energy back-
ground from a 283i beam stog is more than a factor of 100 less than
that from a gold beam stop 2°).

In Fig.4 zero degree neutron spectra of (p,n) reactions in
carbon, 285i and °8Ni for 14.9 MeV incoming protons are given.

The uravoidable background cannot be campletely subtracted by a background
run with an empty target. Nevertheless, same .success was reported for the
d-D reaction 21) by taking advantage of a similarity in the deutercn break-
up in helium and deuterium.

In cases where the energy gap between the primary and secondary
neutrons does not help and no alternative source is available,
calculated corrections of the unavoidable background must be
applied 22). For this end the energy spectra of the breaakup
neutrons must be known very well. Therefore good knowledge of
double differential cross sections dzc/deE became important
during recent years. Table 3 summarizes such measurements for
the 4-D reaction.

Up to 17.5 MeV neutron energy there are no break-up neutrons

from the VH(t,n)3He reaction. Together with its high cross
section, nearly an ideal source. It has been used for measure-
ments of the continua in neutron emission reactions in light
elements (e.g.Ref.24). For the t-H reaction only the structure
background (from the triten breakup in the entrance foil and

the beam stop) must be corrected. This was done by subtracting

a background run without gas. The energy difference of the tritons
~hitting the beam stop was approximately compensated for by reducing
the total background yield by a few percent as dg}ermined by a
side experiment using scattering from hydrogen 2 Background
conditions for production of neutrons of 10 and 11 MeV by the

t-H reaction can be found in Ref.20. Fig. 5 and 6 are taken from
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that work. Fig.5 shows . that the unavoidable background from

the d-D reaction is more than a factor of ten bigger than that

of the p-T reaction when producing monoenergastic 14 MeV neutrons
of the same intensity. Fig.6 compares experimental signal-to-~-
background ratigs when_producing 10 MeV neutrons by the 1H(t,n)3He,
3H(p,n)3He and 2H(d,n)3He reactions under varying experimental
conditions. With regard to total background the p-T reaction with
a 28si beamstop is best, as was shown up to neutron energies of
14 MeVZ20),

This fact and other advantzges like better time resoluticn and negligible
self target build up makes the p-T reaction better suited for many ex—
periments above 10 MeV than the d-D reaction. This was demcnstrated years

ago by accurate elastic scattering measurements of neutrons on 3ge at 12,

13.6 and 14.4 MeV 18) showing that the upper limit for the use of the

p-T reaction is not 11 MeV as sane authors (e.g. Ref.26) believe. In additicn
smaller unavoidable background results in smaller systematic errars in ex-
periments that are background sensitive. Here, tco, p~T is better than 4-D
even if the statistical precision is inferior.

III. F. Practicability

The final decision on what source reaction to use is determined
by the practicability, i.e. by the availability of a specific
charged particle with the necessary energy and the corresponding
target. In some laboratories, like the Los Alamos Scientific
Laboratory, this point is unimportant because bunched p,d_and t beams
up to 17 MeV are available and gaseous tritium targets have
been routinely used for a very long time.

In some cases, however, one has the impression that mainly

the practicability is considered when choosing a neutron source
thus making the routinely used source reaction the best source for
all applications.

Usually gas targets will give the better performanceZS):

- smaller energy spread at a given intensity due to higher purity
- amount of target material can easily be adjusted
- change of target thickness in time can easily be recorded
- structural background can be minimized by choosing optimum
beam stop and window materials.

However, the increased target length has at least two dis-
advantages:

1) The time spread is bigger
2) The source is extended rather than pointwise thus
complicating the geometry.

IV. Status of Cross Sections:
3 3 1 3 .
IV. A. "H{(p,n) He and 'H(t,n) He Reactions

Table 4 summarizes measu¥em?nts included in this evaluation but
not in the previous ones *2) | With support of the high energy
data 22-31) the zero degree excitation function was S§tended to
50 MeV. Matching the slope of the data below 20 MeV and that
of the higher energy data 27) gives ihe recommended data of Fig.7.
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Fig.8 shows a new analysis of the zero degree excitation
function near the resonance . This work was triggered by
complete angular distributions at 2.5 and 4.0 MeV using the
TH(t,n)3He reaction for the back angle data. These were the
first distributions measured over all the angular range. They
give a backward peaking that is stronger by 17% than the pre-
vious (extrapolated) data. Inclusion of these new data in the
general analysis gave the following differences 6) to the best
previous evaluation 1): Below 2 MeV and above 5.5 MeV the

two solutions coincide. In between (at the resonance) the

new solution is up to 10% lower. A scale error of 4% was deduced
combining the internal error contributions. Fig.S shows the
energy dependence of the total cross section. Between 3 and 8 MeV
the lower curve coincides with the previous evaluation 1). Below
3 MeV the new curve is typically 4% lower. (Shifting the new
curve by about 50 keV to lower energies would give even better
agreement). The 3H(p,n)3He reaction contributes as inverse
reaction to the total n-3He cross section. However, at 2 and

3.5 MeV neutron energy the sum of partial cross sections did

not add up to the total 32), New measurements of the total cross
sections are about 5% higher 33) so that this discrepancy was
settled. However, now elastic n-3He scattering data at 6 MeV

and 7.9_MeV, from two different authors 18,34) , or the total
3H(p,n)3He at the corresponding energies of 7.02 and 8.92 MeV
appear to be discrepant by more than two error bars. Or is it due
to the total n—3He cross section?

In Fig.10 the zero degree breakup cross sections are extended
to 50 MeV by means of (incomplete) high energy data<29;35)
Table 4 also cites another reference an Russian work on p-T
breakup 36)

Fig.11 shows the reduced Lengendre coefficients for eneggies
up to 30 MeV. The high energy analysis depends on the O da§%
shown in Fig.7 and on charged particle data up to 32.8 MeV ).

Iv. B. 2H(d,n)3He Reaction

Table 5 summarifes references that were not included in previous
evaluations 174). The extension of the zero degree excitation
function of Fig.12 beyond 28 MeV is based on (extrapolated)
information of incomplete angular distributions at higher
energies 38-41), The only actual measurements 42:43) lie within
the energy range of the previous evaluation 2). It is very
pleasing that the predicted energy dependence up to 28 MeV which
is in strong disagreement with data by Dietrich et al. ) was
verfied very recently by Ref.43.

New relative distributions at very low energies 4,3) will change
the recommended Legendre coefficients between 0.1 and 0.4 MeV.

As can be seen from Fig.13, the anisotropy at 0.2 MeV is probably
4% bigger than obtained from the previous evaluation 1). A

similar difference (in the opposite direction) was noted pre-
viously 2) at 6 Mev.

Fig.14 was taken from Ref.2. New breakup data points between
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5.3 and 7.2 MeV 2®)uere added. They practically coincide with
the curve. From the scatter about the curve it can be concluded
that the uncertainties of these data points are too big to

add significant information. The insert in this fig. shows total
breakup cross sections at higher energies 23,45) . This allows

to estimate how the zero-degree excitation function will behave
beyond 20 MeV where no data are available. The importance of the
d-D breakup spectra 22) is emphasised by Table 3. It compiles
published imformation on breakup neutron spectra and angular
distributions at the various energies.

Fig. 14 shows the total 2H(d n) He cross section in reduced
form up to 100 MeV. No new data b%came available to support or
to disprove this parametrization

Fig. 15 shows the reduced Legendre coefficients for the differential
cross sections of the d-D reaction for deuteron energies up to
25 MeV.

IV. C. 3H(d,n) *He and 2H(t,n)4He Reactions.

Since the last evaluation 2) no new data were reported. 47-51)
Table 6 compiles breakup measurements for the d-T reaction .
Fig. 17 shows the zero degree excitation function in reduced form.
This allows an easy extrapolation for a few more MeVs. This curve
was solely derived from experimental data of Ref.2. As was shown
in Pig.13 of Ref.2 it is in very good agreement w1ch all data

up to 19 MeV.

2
Fig. 18 shows the reduced Lcgendre coefficients of the_“H(d,n)4
differential cross sections up to 19 MeV.

V. Discussion and Recommendations

The adequacy of the neutron production cross sections can only be
discussed in connection with specific applications.

V. A. General Physics

The wross sections discussed in this paper belong to reactions

in the mass ¢4 and 5 system which have for some time, been subject
to R-matrix analysesSQ);&spIUaof some success the amount of

input data is too sparse or not enough consistent to allow reliable
predictions especially at higher energies.

The problem is twofold

1) Not enough data
2} Data with too big systematic errors.

From the present evaluation the need of high quality data
(total error less than 3%) at the follow1ng energies and
angles 1is eVLdent- .

1) °H{(p,n)"> 3He a) Absolute zero-~degree values of the maximum
at 3.1 MeV and of the minimum near 8 MeV.
b) 180-degree excitation function (by means of

the t-H reaction) between 2 and 5 MeV proton energy.Evern
relative data would be bensficial.
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c) One complete angular distribution as high in
energy as possible (limited by the energy
reguirements for the triton beam)

d) Total cross sections at 7 and 8.9 MeV wouid
help to clarify the total cross section dis-
crepancy in the n-3He system (see Sect.IV.A.)

e) Angular distributions of the (inverse)

He (n,p) 3H reaction could provide very valuable
back angle data at any energy.

2H(d,n)3He: Some improvement of the previous evaluation 1) in

the low energy range (around 0.2 MeV) seems necessary due

to new data %:/5) .New neutron data at higher energies will

suffer from the huge background and do not seem worthiwhile.

Due to the strong anisotropy at higher energies special attention
must be paid to an accurate angle determination

2)

3) 3H(d,n)"‘He: Absolute zero degree data between and 7 MeV are
necessary to verify the evaluated data there 2)., Below 1 MeV
the total cross section is not well determined (5 - 10%).

V. B. Secondary Standard

Many desirable properties (high intensity, ease of use, wide neutron
energy range) predestinate these neutron source reactions as
cross section standards. They are especially useful for (relative)
detector calibrations. However, the primary accurate charged
particle cross sections are neither convenient with regard to
machine energy (not accessible for small accelerators) nor easy
to reproduce (strong angle dependence, high neutron background).
Therefore the establishment of secondary standards is suggested.
The properties of such secondary standards should be as follows:

1) Particle energy low enough to serve as many users as possible

2) Straightforward application.{no severe energy cr angle dependence
of the data).

3) Wide energy range covered within one distribution

4) Neutron energy overlap when switching - from one source to another

One obvious choice would be the angular distribution of 3H(p,n)3He

at the cross section maximum (3.1 MeV). For the d-D reaction the

5 MeV distribution seems to be a good candidate. The consistency

of such a set of secondary standards could easily be checked by

quasiabsolute measurements. A consistency of about 1% should be

aimed at.

Then there is a need for accurate charged particle data with
associated neutron energies bigger than 29 MeV (up to 40 MeV).
This would allow to calibrate neutron detectors experimentally
at the higher energies. In this case 2 to 3% charged particle
data would be sufficient.

V. C. Monoenergetic Source:
Many applications (e.g. fast fission and other threshold

reactions, measurements of neutron continua) require mono-
energetic sources to avoid systematic errors.
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The second neutron group of the t-H reaction is very low in
intensity and energy and therefors often negligible. However,

the source is not very practical and the background from the
target structure is. usually not negligible and must be subtracted.

The unavoidable background from p-~T sources is small. In addition,
the structure background can be kept small by use of materials
with a high (p,n)threshold. Although the use of gaseous tritium
is not as practical as that of deuterium, the p-T reaction is a
good choice even for the highest energies. Up to now only little
information on the p-T breakup is available. Therefore additional
double differential cross sections (mainly at 0°) of the p-T
breakup are needed.

The amount cf data on the d-D breakup below 13 MeV is abundant.
However these data should be evaluated so that experimenters

who have to use the d-D reaction and have to perform an experi-
ment with monoenergetic  neuitrons. above the breakup threshold can
make the best correctiocn possible.

v. D. Generél Use

The cross sections for neutron production at zero degree by

the five reactions considered here are known to better than

10% over most of the energy range up to neutron energies of

40 MeV (maybe, excepting d-D beyond 30 MeV). This accuracy
seems to be sufficient, expecially for tritium targets where it
takes some pain to determine the exact amount of tritium with
an uncertainty of less than S5%.
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TABLLE

1

Uncertainties of Absolute Differential Cross Section Measurements.
Caunparison of absolute and quasiabsolute methed

Source of error

absolute

quasiabsolute

Accelerator connected

energy calibration

energy spread

divergence of C.P.beam
stability of beam steering
charge oollection

beam pick-off (TCF)

Geametry

zero—degree offset

reaction angle

absolute value of solid angle
finite solid angle

Target ({(gasecus)

thickness (purity)

loss of target material

beam heating

energy spread

BG fram secondary n's

BG fram target structure -
attenuation in target and structure

Electronics and Detector

Statistical error
Charge measurement

Dead Time

Multiple event probability (TCF)
Detector efficiency -

Cross Section Reference

Accuracy
Adjustment error

Cambination of given error estimates

a)

b)

yes 1%

yes 13 @

abs.
abs.

abs.

abs.

no
n

)

b)

>0.1%
0.1%

>2%

>2,5%

b)

rel.

rel.

rel.

rel.

yes
ves

b)

<0.1%
<0.1%

<1.3%

<0.4%
<0.7%

<1,6%

for Tz-target the error will be appreciably bigger because the parity
of ’I‘2 gas during the experiment will not be known with this accuracy.

neglegible in low current experiments
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TABLE 2

Redundant Efficiency Measurements Used to Check for

Inconsistencies in the 5 and 6 MeV d4-D

(Typical error of each yield + 1.1%)

En 5 MeV
eLab Y/o
8.24 0.4° 4896

7.00 38.0° 4985
5105
5.95 54.3° 5798

6 MeV

Y/o

4750
5047
5186

5684

Lab

Cross Sections

Difference

3

-3.1
+1.2
+1.5

-2.0
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TABLE 3

Measurements of d-D breakup

E,. At zero degreee Angular distributicns Total
(MeV) cross secticns spectra cross sections spectra cross section
a)

5.3 CRS6 MES8O

5.8 CRS6 ME8Q

6.2 CRS6

6.3 CRS6,ME80 CR56

6.7 ME8Q

6.8 CR56 DR76

7.2 CR56 MESO

7.3 CR56

7.9 DR78 LE62, DR76

8.8 WIG1A

8.9 DR78 ANS58,LE62,DR76

9.8 WIGS1A 1E62

10.0 DR78 DR76

10.9 WI6G1A 1E62

11.0 DR78 DR76

11.3 PO72

11.8 b) ANSS

12.0 DI72

12.9 WL61A b)

14.0 ' DI72b)
16.0 DI72

16.6 WE73
17.0 DR78

17.5 b) HE77
18.0 VL57 DI72

18.6 WE73

18.8 RY61 b)

19.0 DI72 c)
22.3 LY74
31.3 Y74
42.8 IY74
49.6 Y74
51.5 BR70
58.1 Y74

a) Symbols see Table 5 and previous evaluations (Ref.1 and 2)
b)relative spectra only

c)Ref.23
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TABLE 4

3H(p,n)3He Differential Cross—-Section Measurements

which are neither included in Liskien's Evaluation

nor shown in Table I of Ref.2

with LI73, i.e.Ref. 1)

Symbol Author(s) : Reference Method

Absolute Data

BA6Y Batty et al. 29
IA70 Langevin—Jolict et al. 30
DA72 Darves-Blanc et al. 31
Relative Data
DRBO Drosg 6

Break up Data

BA69 Batty et al. 29
WI69 Williams et al. 35
KU74 Ruz'min et al. 36
DR76 Drosg et al. | 20

n,TCF
He
He

n,TCF

n,TOF
Spectra
n,TCF
Spectra
n,TCF
Spectra
n,TOF
Spectra

1)

(Symbols in accordance

angular Range
{Center~of-Mass
degrees)

o
83.4...178
74...165

0...180

(Lab.degrees)
0]

2,20

Proton Enerqgy
(Lab)
(MeV)

30,50

156
56.7

2.5,4

30,%

30.2

11.2,14.2,15.3

10.8...14.8
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TABLE 5

(Symbols in accordance with LI73, i.e.Ref.1 )

Symbol Author(s)

VA2
CHe9

RO69
BR70
FE70
G079

CH69
YI73
PO75

DI72

ME8O
DR74
DR78

SM74}

Van Oers et al.
Chemarin et al.

Roy et al.

Brickmann et al.

Fegley
Ganez et al.

Chemarin et al.

Ying et al.

Pospiech et al.

Dietrich et al,

Reference

38
42

-39

40
41
43

42

44

Smith and Meadows 22

Drosg et al-
Crosg

26
20
2

Methed

Absoclute Data

3He
n,TCF
calc.

3He

3He

3He

n,C.T.

nor shown in Table VI of Ref.2

Angular Range
(Centar-cf-
Mass degrees)

11.5...89.4
o)

7...91
20...60
13...102

0

Relative Distributions

n,TOF

3He

3He

Breakup Data

E spectra
no scale

E spectra

E spectra
no spectrum

0...68
30...170
20...80

(Lab.degrees)

(d,n)3He Differential Cross—-Section Measurements which are neither
included in Liskien's Evaluation!)

Deuteron Energy
(Lab)
(M)

25.3
27.5

83

51.5
12.5...40.2
13.6,24.3

. 27.5

0.3...0.7
0.07...0.14

12...19

5.3...7.2
6.7,7.2
6.8...11.0
17
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TABLE

6

Measurements of d-3H Breakup Cross Sections

(Symbols are in accordance with LI73,

Symbol

HES55

BO56

VL57

1262

PO63

Author (s)

Henkel et al.

Bogdanov et al.

Vliasov et al.

lLefevre et al.

Poppe et al.

Reference

47

48

49

50

51

i.e.Ref.1)

Methed Angular Range

(Lab.degrees)
n,C.T.
no spectra 0
n ,TCF
spectrum only O
n,TOF 0]
spectra 0...45
n ,TCF O
spectra
n,TOF 0
spectra 0...70

Deuteron Energy

(Lab)
(MeV)

3.7...6.1

14.4

19
18

6.7...8.8

...11.9
...10.9

6
4.

o W
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Figure Captions

Fig.1. Differential center-of-mass cross section for the
H(d,n)4He reaction at Eg = 10 MeV. The correlation
between the neutron energies of d-T and t-D is shown.

Fig.2. Efficiency curves of a NE213 neutron detector with biases
at 0.3 and 2.0 MeV equivalent proton energy (Ref.11)

Fig.3. Laboratory cross sections for neutron prouduction at
zero degree. The bar at each curve indicates the
threshold for secondary neutron production.

Fig.4. Comparison of the neutron output of beamstop materials at
14.9 MeV incident proton energy.

58yi 2845

a) carbon b) c)

Fig.5. Production of 14 MeV neutrons by the p-T reaction (a)
and the d-D reaction (b).

Fig.6. Signal-to-background (S/N) ratio for 10 MeV primary
neutrons in dependence of target thickness

a) p-T using a 2851 beam stop

b) p-T using a 8Ni beam stop
c) p—~T using a gold beam stop
d) d-b using a gold beam stop
e) t-H using a gold beam stop

The S/N ratio due to unavoidable background

coincides:with the upper frame line for p-T and with the arrow for d-D.
Fig.7. Reduced zero-degree differential cross sections for the

3H(p,n)3He reaction. ( DR78 is Ref.2, BA69 is Ref.29).

Fig.8. Low energy part of the zero degree excitation function
(DR78 is Ref.2, the other symbols are from Ref.1)

Fig.9. Total cross section for 3H(p,n)3He (Symbols see Ref. 1,
DR78 is Ref.2).

Fig.10. Zero-degree breakup cross sections for the p-T reaction.
(For the symbols see Table 4 and Ref.2)

Fig.11. Reduced Legendre coefficiints of the differential cross
sections of the reaction “H(p,n)3He (Symbols see LI73,i.e.Ref.1).

Fig.12. Zero-degree excitation function of 2H(d,n)3He

Fig.13. Anisotropy (0(90 )/c(O ) of the differential cross
sections of 2H(d n) 3He. (Symbols see Table 5).

Fig.14. Neutron production at zero degree by d-D breakup. The insert
shows the total cross section f£or this reaction. (Symbols see Table 3)

Fig.15. Total 2H(d n)3He cross section in reduced form (from Ref.46)

Fig.16. Reduced Legendre coeff1c1ents of the differential cross
sections of the 2H(d n)3He reaction (LI73 is Ref

Fig.17. Reduced zero degree excitation function for the H(d n)4He
reaction.Experimental data from Ref.2.

Fig.18. Reduced Legendre coefficients of the 3H(d,n)4He differential
cross sections. (Dashed curves below 5 MeV are from Ref.1}.
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Abstract

The neutron source properties of

7Li(p,n)7Be, 45Sc(p,n)4sTi, 51V(p,n)51c: and 9Be(p,n)gB

are reviewed. The impact of new data on the last evaluation
of the p-Li source is discussed. Special emphasis is laid ’
on the production of neutrons below 100 keV (p-Sc and p-V)
and of neutrons up to 40 MeV by the other reactions. The
status is presented and recommendations for future work

are given.

I. Introduction

Monoenergetic neutrons in the MeV range are usually produced
by charged particle reactions among the hydrogen isotopes.
1)

This was discussed in the accompanying paper .However, for

neutrons below 0.65 MeV the 7Li(p,n)7Be reaction has better

3H(p,n)3He reaction. At even

properties than the competing
lower energies also the p-7Li reaction fails. The minimum
energy that can be produced at o° is 120 keV. The production
at other angles is usually much stronger .contaminated

by background neutrons. Therefore reactions like p~V and p-Sc

with lower neutron energy limits of a few keV in the zero



degree direction can be useful despite their low cross

sections.

The upper limit of monoenergetic neutron production by the
hydrogen isotopes is 23 MeV (by the t-D reaction) . Therefore
background neutrons are unavoidable beyond that energy. At
higher energies background from (p,n) reactions will
cbviously be smaller than that from (d,n) or (t,n) reactions
where the charged particle beam itself produces background
neutrons. Therefore only (p,n) reactions are considered for
guasimonoenergetic neutron source reactions beyond 20 MeV.

Aside from the p-T reaction 1

the p—-Li and the p-Be reaction
are often considered, whereas for very high energy purposes the

2H(p.n)2p reaction is often used.
- 7. 7 .
II. The 'Li(p,n) Be reaction

II. A. Neutron Production below 10 MeV.

The p-7Li reaction was evaluated not too long agoz) up to

7 MeV proton energy. Neutrons from the breakup reaction
7Li(p,n3He)4He with a threshold at 3.69 MeV usually limit

the application of the p-7Li reaction to proton energies be-
low 6 MeV. However, the p~Li source is truly monoenergetic
only between 1.92 and 2.37 MeV proton energy, corresponding
to 0.12 to 0.65 MeV neutron energy at zero degree.At 2.37 MeV is the
threshold far the population of the first excited state in 7Be
(0.43 MeV excitation energy) so that above that energy two
neutron groups with an energy separation of less than 0.5 MeV
occur. At higher energies this separation is usually less

than the instrumental resolution. (Reaction data are summa-

rized in Ref.3). Table 1 summarizes measurements of the
p-Li reaction which are needed to update 4=7) Liskien's
evaluation 2) or to extend its energy range 8-17).

Fig.1 shows the integrated cross section of the p-Li reaction.
New data 6) deviate up to 7% near 1.9 MeV and about 3% near
3 MeV.
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Fig.2 gives the zero degree excitation function. The in-
formation obtained from the three new data sets4’6'7) does
not warrant any changes.

Fig.3 shows the ratio of the cross section for neutron pro-
duction at zero degree through the first excited state and
the ground state. It seems that in the evaluation the EL72

data 18) had too much weightjg). An increase of about 5% in

the 4-5 MeV range seems necessary 19), The new data 447 iq
Fig.4 do not change the recommended Legendre coefficients for

the angular distributions of the ground state neutrons although
the coefficients near 5 MeV seem to depend too strongly on
EL72 18).

Fig.5 gives the recommended Legendre coefficients for the
angular distributions of neutrons from the first excited
state. Due to lack of consistent data they are obviously

not in a good shape. Inclusion of the new data measured

with the associated gamma ray technique will improve the
situation. (E.g., at 3.4 MeV the maximum disagreement in

the shape of the recommended and the measured angular distri-
bution is 10% at 77°).

Like in the p-T case one could consider to exchange target
and incoming nucleus, i.e. one could consider to use the
1H(7Li,n)7Be reaction. Between 13.1 MeV and 16.5 MeV lithium
energy only neutrons from the ground state are produced with
neutron energies at zero degree between 1.4 and 3.8 MeV. The
cross section is extremely high (0.6b/sr for 3 MeV neutrons,
however the second neutron group at 0° is neither negligible

in energy nor in intensity (0.69 MeV, 75 mb/sr).

II. B. Neutron Production at Higher Neutron Energies

Between 6 and at least 23 MeV there is little interest in
the p~Li reaction as "monoenergetic"” neutron source, as both
the cross section and the signal-to-background ratio are
meagre. Near 30 MeV the cross section is still a factor of
two less than that for the p-T reaction. However, the target

is more convenient to handle so that p-Li will be the choice



for many experiments. In some cases the source ehergy
resolution will limit its application. Due to the unresolwved
neutrons from the excited state it is restricted to about
0.5 MeV.

Fig.6 gives the zero degree excitation function at higher
energies. From the data it can be concluded that the cross
section between 30 and 50 MeV is known to better than 5%.
From the point at 800 MeV 20)

section continues to rise with increasing energy.

it can be seen that the cross
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IIT. Monocenergetic Neutrons below 120 KeV.

Below neutron energies of 120 keV the attractiveness of the
p—7Li reaction decreases with energy because these neutrons
cannot be produced at 0° bt only at bigger angles. Because of
the anisotropy of both the intensity and the neutron energy,
background from inscattered neutrons becomes more and more
severe. Therefore alternative reactions must be considered

to achieve clean monoenergetic conditions.

By increasing the mass of the target nucleus the lower

limit for the neutron enerqgy at zero degree can be reduced.
However with heavier nuclei low lying levels become more

likely. So neutron groups with lower energy will occur far energies
above the carresponding threshold. Therefore only narrow energy
bands for monoenergetic neutron production can be expected

from these nuclei.

III. A. The 51V(p}n)51Cr Reaction

This reaction and some of its properties have already

21{The threshold for the (p,n)

reaction is 1.565 MeV, additional neutron groups appear

at 2.335 MeV, 2.358 MeV, 2.76 MeV etc. The lower enerqgy
limit for monoenergetic-neutron production at 0° is 2.36 kev,
the upper limit 780 keV. The admixture of 0.25% °°V in-
natural vanadium does not introduce measureable background

(less than 0.2% 22’23)).

been reviewed in 1960

The differential cross section in the energy range of
interest is 1 mb/sr and less, i.e. about two orders of
magnitude less than corresponding backward cross sections
of the p—7Li reaction. The advantage of this source, aside
from its cleanness, is the practicability of the target. It
can easily be produced, is cheap, has good electrical and
thermal conductivity and its stability allows high beam
currents.
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Because of the very small energy change between forward and
backward angles the intensity can be increased in those

cases which allow 4n geometry. The source is not cnly isotropic

with regard to neutron energies hut also with regard to-umaintensity242

Therefore approximate differential cross sections can be obtained from

the total quite easily. However, the cross section shows

22)

many narrow resonances as shown in Fig.7 . They make the
effective cross section at a given energy dependent on the
target thickness. Therefore accurate differential cross sections
with good energy resolution are of little prajjgalvaluei Angu-

. 22-24)
lar distribution measurements are reported up to EF’= 4 MeV

Total cross section measurements 23-30)
Part of the discrepancy stems from different target thicknesses

and therefore resolutions, part is due to the difference in the methods:
31)

are not very consistent.

neutron detection versus associated activity method
By measuring the 320 keV gamma ray intensity accompanying

the decay of 51Cr (half life 27.7 days) the amount of produced

51Cr and therefore the associated neutron flux can' be calculated.

45Sc(p,n)45Ti Reaction:

III. B. The
With a (p,n) threshold of 2.908 MeV this reaction is not
accessible for small accelerators. Neutrons from the first
excited state will be produced beyond 2.946 MeV. Therefore
monoenergetic neutrons between 5.5 and 53 keV can be pro-

duced by this reaction.The disadvantage of such a small energy
range compared to the p-V source is compensated for by a bigger
cross section. E.g. it is about 2mb/sr for 20 keV neutrcns which campares with
15 mb/sr for backangle neutron production by p—7Li. However,

the neutron spectrum is much cleaner and the gamma background
smaller . Like in the case of the p-V reaction, the ehergy
anisotropy is negligible. Another disadvantage compared with

the p~V reaction is the short half life of 3.1 hours of the

B+ decaying daughter nucleus. Application of the associated
activity method 31) for the determination of the neutron

flux does not allow long irradiation times. However, a kind

3)

of associated y-ray technique 3 can be applied, using a
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calibrated y-ray detector as monitor. Even total cross
section data in the energy range of interest are sparse 34).
The use of the p-S reaction for calibrating radiation

protection detectors is discussed in Ref. 35.
IV. Monoenergetic Neutron Production above 20 MeV

Up to 23 MeV truly monoenergetic neutrons can be produced

by the t-D reaction. However, the differential cross section
is rather low (about 10'mb/sr 1), In addition, the background
from the target structure hit by the tritons will usually be
high. At energies above 23 MeV there is no neutron source
that is intrinsically monoenergetic. However, several source
reactions with unfavourable signal-to-background ratio around
10 MeV become relatively cleaner with increased energy. The
most important (p,n) reactions for production of neutrons at

higher energies are those with'D,T,7Li and 9Be. Spectra

for 30 and 50 MeV are given in FigfﬂzzThe p-T reaction was

1)

discussed in the accompanying paper the p~7Li in chapter II.

At energies around 40 MeV the 2H(p,n)2p reaction, which is widely
used as neutron source at very high energies, has lower .cross sections

. . . 12-14
and worse energy resolution than its competitors 2 ‘Therefore

9

we confine our discussion here to the Be(p,n)gB reaction.

IV. A. The 9Be(p,n)gB reaction

The threshold energy for the (p,no) reaction is 2.06 MeV.
However, neutron production sets in already at 1.85 MeV by

the (p,p'n) reaction with a very low cross section. The thresh-
old for the next neutron group is 4.76 MeV. As can be seen

from Fig.8 the intensity of this neutron group with a 2.43 MeV
lower energy is hot negligible. Angular distributions and
differential cross sections at lower energies have been measured

36-40)

with typical errors of about 10% These are, however,

of little importance for neutron production. At 15 MeV the
signal-to-background ratio is about 1/4 m . It improves to
something like 1/2 at 50 MeV.

Differential cross sections for the zero degree neutron pro-

11-14,36,37,41) '

duction are shown in Fig.S.
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V. Conclusions and Recommendations

V. A. 7Li(p,n)7Be:

The new data for energies up to 7 MeV which were not in-

2)
18)

cluded into lLiskien's evaluation

changes, although the EL72 data
19)

suggest only minor
might have too much
weight in the analysis . However, some changes regarding
the cross sections of the excited state will be necessary.
From using this:reaction for low energy efficiency measurements 42)
it appears that the 7Li(p,n)7Be cross section predictions are
not as consistent as needed for a careful (relative) efficiency
calibration. Therefore a consistency check with the quasiabso-
lute method as detailed in the accompanying paper N at several

neutron energies for as many proton energies as possible would
be very valuable. .

Above 25 MeV only zero degree neutron production cross sections
are important. Between 30 and 50 MeV the present accuracy level
of 5% seems to be adequate for most applications.

V. B. Low Energy Sources

Judging from the few publications in this field, these

sources are not in common use yet. The strong structure
complicates the use of differential cross sections for flug
determinations (tdgether with current integration and deter-
mination of the target thickness). An application oriented pro-
gram to measure yields for several target thicknesses over the
moncenergetic energy range is needed.

V. C. Higher Energy Sources

Cross sections for the zero degree neutron production by

p~Li between 30 and 50 MeV appear to be accurate to 5% which
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seems to be sufficient. The p-T cross sections, as
evaluated in Ref.1 are at the upper edge of the 10% error
bars of actual measurements. Verifying data will be needed
to give confidence in these predictions at a 5% level. The
state of the 9

of the points allows only to determine the cross sections between

Be(p,n)gB data is not very good. The scatter

30 and 50 MeV within + 10% to + 15%. There is obviously more
work needed.

Up to now phe 1H(t,n)3He source was not considered for producing
neutrons Sf higher energy, although its cross section is
appreciable higher than even those of the p-T reaction

(see Ref.1). It remains to be seen whether the background

from the structure is really so high that this source cannot
compete.
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Measurements of "'Li(p,n) Cross Sections Not Included in Ref.2

(Symbols in accordance with Ref.2).

Symbol Author(s)

SC77
PO76

BR77
SE76
WH67
MC75
BA6YS
BO78
RO76
AN70
1067
WA73

BO63

BU74

Reference  Exc.State

Absolute Data
Schery et al. also
Poppe et al. also
Brandenberger 5 cnly
Sekharan et al. both
Whitehead 10 both
McNaughton et al. 11 both
Batty et al. 12 both
Bosman et al. 13 both
Ropero et al. 14 both
Anderson et al. 15 both
Iocard et al. 16 only
Wachter et al. 17 both

Relative Distributions
Barchers and Poppe 9 also
Burke et al. 7 no

Angular range
(Center-of-
Mass degrees)

0...160
3.5°...160
3.5°
3.5°
0...155
total

O

0

O
0,20

5...140
total

Proton Energy

(MeV)

24.8...45
15.1...26
4 ...12
15.1...26
3.1...4.9
1.9...4.2
94
14.3...29.6
30,50
0
29.4...50.86
9.8,19.6
2.3...52
41,64
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Figure captions

Integrated cross sections of the 7Li(p,n)7Be reaction.
The curves are the recommended values of Ref.2. (SE76
is Ref.6)

Zero degree center-of-mass neutron production cross section
by the ’
Ref.2. (For symbols see Table 1)

Li(p,n)7Be reaction. The curve is recommended by

Ratio of OO center-of-mass cross sections for the reactions
7Li(p,n)7Bé"and 7Li(p,n)7Be. The curve is from Ref.2
{(PO76 is Ref.4)

Legendre coefficients for the reaction 7Li(p,n)7Be.
Curves are the recommended values of Ref.2. (For symbols
see Table 1)

*
Legendre coefficients for the reaction 7Li(p,n)7Be-
Curves are recommended values of Ref.2. (For symbols
see Table 1)
Zero degree neutron production cross sections for the
7Li(p,n)7Be (0+0.43 MeV) reaction in the laboratory

system (RI 77 is Ref.20, other symbols see Table 1)
Forward yield of the 51V(p,n)Cr51 reaction. (From Ref.22)

Zero degree neutron spectra from the p-D, p-T, p—7Li
and p-?Be.reactions at 30 and 50 MeV (from Ref.12),
The energy scale gives the distance from the mono-
energetic peak.

Zero degree neutron production cross sections for the
9Be(p,n)gB reaction in the laboratory system. (BY 78 is
Ref. 36, WA 65 is Ref. 17, GO 79 is Ref. 41, other symbols see

Table 1)



- 256 -

600-+—

Ret.

¢ SE76

f
Litp,n)"Be

(o +o*) and o*

Integrated Cross Sections

400

300

200

15

20

30 40 50
Ep [Mey] —

Fig.1

60 70



- 257 -

l

l

Ref. i (p,n)’Be |
0* c.m. Cross Section gg (0%
80—
do’ e
2% (0°) y
: U74 reL.
[mb/sr] s PO7
c.m. ¢ SE76
60
40
4
: \
0
15 30 40 50 60

Fig. 2



- 258 -

!
Ref Lip,n) 'Be |
04 Ratio of 0* ¢.m. Cross Sect@ns,é
do* e /dO
S0/ g o
go'* ©°) s PO76
w
‘em o3
02
$
o N
) $
/ .
00
15 20 30 40 50 80 70
Ep [MeV] —>

Fig.3



| "Li(p,n) "Be
| Legendre Coefficients A;
g normalized to LA =1
H | il
| s‘ ' |
P | | T
| | !
! ! E
Aj !
c.m. ?
|
| |
10— Ret. T ?
T
$ !
o :
i
0.5—"-— I ( '
! |
, ;
@ BU74
¢ PO76
0
~05
-10
<
05
0

15




- 260 -

. | |
Ref Li{p,n)"Be* '
A Legendre Coefficients A;
Aa normalized to ZA;=1
15-+— A
ala
3 PO76 &
a BR77 N
a
{\
10 3
-9
N &
Ag
S
05 4
ﬁ/——-—z‘ A1
: /]
0
a
\ 5
r ?
-05 =
MAA\N;A\_/ |
A
-10
Z <>
10
05 K\
AAAF e‘\
AA ® &
a A,
0 : 1 Aq
\ - -3 A
| l
-05 T
15 50 60 70

Fia. s




9 ‘B4

(dU(Oo)/dQ)Lab (mb/sr)

100
80

60

40

20

¥

7Li{p,n)’ Be

, §° ‘§' o SOLID LINE FROM
PO 76

RI 77
- BO 78
MC 75
BA 69 -
SC 77 -
WH 67 7]
RO 76
WA 73
AN 70

= 9 -

¢ D 4« O e 0 + %X O

10

I']ll!] ] ¥ l'llll

50 100 500 1000
E, (MeV)



- 262 -

RELATIVE NEUTRON YIELD
COUNTS / MICROCOULOMD

*—————THRESHOLO

i |3 |3 i ) ] i

v3'p,n) Gr¥ FORWARD YIELD
I XEV TARGET

| ‘\

: it
= j‘ Uelig ! 1 [
Aiia ‘ : “‘x.‘“ :
1 L’\{'}X\; \"’J\l J\,UI i l\j.i\‘}. \(j ‘{J\%j%

Fig. 7




CROSS-SECTION (LAB) mb/sr MeV

CROSS-SECTION (LAB) mh/sr MeV_

- 263 -

357 Ep = 30 MeV ﬁ\q
30l e 7 Be

w t
il
mu = 50 MeV ! M
0° I}
15T
N
10} e it
I
i
. Be ; \.w.. m
= ! __M“ .
D / Mo
o ! .
e ) /.\ 7
Vel 3 J..NM!HMH“..“-II.HH..\ -\\H .\ //
] : “ - ~. N

NEUTRON ENERGY (MeV)

Fig. 8




(da(0°)/dS2) o (mb/sr)

- 264 -

50 ™T T Y T T T T7
°Be(p,n)?B 7]
30- }& i ]
L T
?
>
204 -ZI- -
i X BY 78
O WAGB5
o BO78
107 0o )f(x ® RO76 7]
- B MC75 .
O xxm
7 # BAG9 —_
. A GO 79 a
5 1§ T Y 1 T T T
8 10 20 40 80 80 100 150
E, (MeV)

Fig. 9



- 265 - Paper R-10

PRODUCTION OF 14 MeV NEUTRONS BY LOW VOLTAGE
ACCELERATORS

J.CSIKAI
Institute of Experimental Physics, Kossuth University,

Debrecen, Hungary

Abstract. This review outlines the present state of
the development of D-T neutron sources based on low voltage
accelerators. The following topics are discussed: importance
of 14 MeV neutrons in the determination of neutron data
and different fields of applications; output characteristics
of the D-T reaction; generation and acceleration of ions;
targets and neutron yields; characteristics of some neutron

generators.

INTRODUCTION

The first device for the acceleration of charged particles
has been constructed by Cockcroft and Walton [1] 4in 1932, the
same year when Chadwick [2] discovered the neutron.

On the basis of the pioneering work of Penning and Moubis
[3] Graves et al. [4] have developed metal tritide targets in
1949 which were used by Barschall and his co-workers to measure
the angqular distribution of neutrons scattered by protons (5],
deuterons [19] and tritons [20] and to determine the total
cross sections [21] for the elements from H to U.

From this time tritium was available as a target material
to produce 14 MeV neutrons by the D-T reaction with high inten-
sities, resulting in a extensive development in the use of

small accelerators.
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It is well known that the large cross section of the
3H(d,n)4He reaction permits high yields of fast neutrons to
be obtained even at low enerqgy, e.qg. at 150-200 keV. Such a
device is inexpensive, easy to install and operate; therefore,
hundreds of small neutron generators are used at present in
various institutions, e.g. in research laboratories, univer-
sities, industry and medical centres. During the last decade
the International Atomic Enerqy Agency has promoted neutron
research in several developing countries by providina neu-
tron generators to be used in pure and applied research ser-
vice and education.

As indicated in the latest list issued by the Agency
[6], there is still a larae number of requests for the 14 MeV
neutron data, mostly for the desimnof D-T fusion reactors.
Most recently, under the auspicies of IAEA, an Interregional
Project has been formulated [7] for the measurement of fast
neutron nuclear data (with emphasis on 14 MeV) required for

neaceful uses of nuclear enerqgy.

The aim of this proposal is to complete the data needed
for applications and also for checking nuclear model calcu-
lations.

In a number of laboratories much progress has been made
in producino intense neutron sources based on the D-T reaction
to study the interaction of 14 MeV neutrons with structural
materials of fusion reactors, to increase the sensitivity of
the activation analysis, to measure the low cross sections
and to use them is neutron therapy. From the fifties till noQ
a2 number of reaction cross sections were determined, mostly
by activation method. Recently the intense neutron sources
have made possible to measure the energy and angular distri-
butions of emitted charged particles [22] as well as cross
sections for rare reactions as (n,v), (n,3He), (n,t) and
(n,2p) etc.

Using nanosecond pulsed D-T generators both the spectra

and anqular distributions of neutrons and gamma rays emitted
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in (n,n’), (n,2n), {(n,n’ch) reactions as well as in secondary

processes can be determined.

Pulsed D-T generators in the us region are used in neu-
tron gas physics, reactor experiments and bore-hole measure-

ments.

Recently the D-T generators are the cheapest source of
high energy neutrons which can provide adequate intensity for
neutron therapy, permitting isocentric mounting with a source
strenath of leoll n s"l sr-l so that treatment time does not
exceed 5-10 minutes. For the total body in vivo activation
analysis the D-T generators with a source strength of about
5x10%°
irradiation time is needed for the determination of 0, N, Na,
Mg, P, 5, Cl, K, Ca, etc.

n/s is satisfactory. In this case only a few minutes

The innermost wall of an expected D-T fusion reactor is
bombarded by a 14 MeV neutron flux density of about lO14 n/cm2 S.
Intense 14 MeV neutron sources are not available at present for
the study of the radiation damage of structural materials for

such systems.

This review is based mainly on the excellent papers of
Barschall [8] and Sztaricskai [23] regarding to the 14 MeV D-T
sources. The details on D~T generators, as well as on their
installation, operation and hazards can be found e.g. in Refs.
(8, 12, 13]. A survey of commercially available neutron gener-
ators is given in Ref. (14].

1. OUTPUT CHARACTERISTICS OF D-T REACTION

3H(d,n)4He reaction as a function

. d=109 keV;
therefore, the thick-target neutron yield increases rapidly up

to about Ed=200 kevV. The excitation function of the 3H(d,n)4He
reaction has been measured by several groups [24] in the enerqy

The cross section of the

of bombarding deuteron energy has a broad resonance at E

range of 10 keV to 1 MeV. Accurate cross section data would be



- 268 -

very important below 10 keV especially for the design of fusion
reactors. As shown in Fig. 1 the vield increases by a factor of
four between 100 and 200 keV and only about 50 % escess can be
achieved when the 200 keV deuteron energy is doubled [9].

According to the evaluation of Paulsen and Liskien [10]
for the differential cross sections, the yield of neutrons from
the D-T reaction depends on the emission angle in the laboratory
system, but the anisotropy is less than 15 % between the forward
and backward directions at Ed=2OO keV. The energy of neutrons
in the c.m. system emitted in D-T reaction is 14.1 MeV. In the
laboratory system the neutron energy depends on the bombarding
deuteron energy and on the emission angle as shown in Fig. 2.
If Ed=200 keVv, the anqular variation of energy is En~2 MeV; this
variation is especially accentuated around 90°.

It is important to note that at an angle of 98° the neutron
energy remains constant at a value of about 14.0 MeV and is
independent of the bombarding deuteron energies below 500 keV.

The excitation functions for many threshold reactions vary
significantly around 14 MeV (see Fig. 3), thus the cross section
depends on the position and the dimension of the sample. This
may be one reason of the large spread in the data published by
different authors.

As it can be seen in Fig. 4 the differences between the
(n,2n) activation cross sections relating to the same nuclide,
considerable exceed the errors given in the references. The
deadline date for the literature survey for points was 1969,
while the crosses represent the modern data. The spreads are
significant both for points and crosses.

To decrease the inconsistencies of the data caused by the
unnormalized neutron energy the sample should be placed in the
angular interval from 93° to lO3°, in which the energy spread
of neutrons does not exceed a few ten keV, resulting in
negligible errors in the cross sections [1l]. The energy spread
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of neutrons at a definite angle arises mainly from the stopping
and scatterina of deuterons in the target. The spread caused

by stopping is indicated in Fig. 2 in function of the angle,

for different deuteron energies. The large enerqy spread

(AE=0,45 MeV) in forward and backward directions raises several
problems in measuring rapidly varying excitation functions [11].
This is the reason why physicists should take into consideration
the target arrangements - and through it the spectra - of emitted
neutrons, before measuring the cross sections.

Recently Raics [58] has given the following simple formula
(based on the reaction kinematics) for the calculation of the
laboratory neutron energy (En) versus deuteron energy (Ed) and
emission angle (%) for thick Ti-T target:

4

En(Ed,f%)=1.94~1o‘4 Eglz cos P+ +0.162 E. cos? > +(9.52 10~

d

1/2

£3/2467.42 Ej

3 )cos‘19‘+0.397 E

g+14049.51 | (1)
were En and Ed are in keV. Using this formula, such guantities
as d‘En/crEd and crEn/d\T as well as the anisotropy factor can

be given in a simple way. In the knowledge of the stopping cross
section E(Ed)=(dEd/dx)/N and the D-T reaction cross section
S(Ed), the enerqy distribution of emitted neutrons S(En,Ed) at

a given angle can be calculated. Fig. 5/a shows the "stopping
spectra™ of neutrons for five different angles at Ed=175 keV.
The resultant spectrum S(En) that will reach the sample, depends
on the source-sample geometry, too. If the dimension of the
sample covers a st FO s angle interval which corresponds to a
change in neutron energy EgtAEn, then the average energy <En>
for the surface of the sample far from a point source is:

o) o
+ +
En AE E AEn

<E > =J N(En)@(En) E dE_ -,'N(En)é (E;)dE_ (2)
o}

o
En AEn En - AE
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where N(En) is the number of target atoms in the unit angle
interval at Y° direction. The spectrum of the impinqinq neu-
trons on the sample is S(E )=S(E_,E4)aM(E_)§(E_), where d(e)
is the flux density. Curves of S(En) are agiven in Fig. S5/b
for the followina geometrical arrangement: the diameter of
the sample is 19 mm: the distance from the source is 7 cm;
the diameter of the beam is 14 mm. In Table I. neutron
energies and the relative yields as a function of angle as
well as the enerav spreads, including the effect of multiple
scattering of deuterons, are summarized for the ageometrical
conditions mentioned above. The relatively larage spread at 90°
is caused by the effect of finite anqular interval used for
the irradiation.

Table I.

Neutron enercies vs. emission angle for D-T reaction

at Ed=l75 keV.

Angle enzzs;a?;ev) ?itiiéziy
0 14.80t0.17 1.07
30 14.70%0.15 1.06
60 14.45%0.12 1.03
90 14.12%0.08 1.00
120 13.75%0.10 0.97
150 13.52%0.12 0.95
180 13.41%0.13 0.94

The enerqy spread of neutrons depends also on the ratio
of atomic and molecular ions. The eneray of the latter is half
of the former; therefore, they produce much less neutrons.
According to the problems mentioned above in the nuclear data
measurements the neutron enerav must be specified more defi-
nitely that "1l4 MeV" and it is advisable to determine the
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spectrum experimentallyv for the agiven source-sample arranage-
ment. One should pav special attention to the role of second-
arv neutrons oroduced in the taraet holder or in the sur-
rounding materials if cross sections for low threshold reac-
tions are measured; e.g (n,vy), (n,n’y), (n,p), etc. Because
of the large amount of structural materials around the target
the sealed-tube generator and the intense D-T sources [8]
have serious limitations in the cross section measurements
but not in the field of applications. By these equipments,
however, the primary neutron spectrum to be expected from a
D-T plasma of a few ten keV temperatufe can be simulated.

Liskien [15] has pointed out that the 14,1 MeV line is strongly

broadened and has a width of about 2 MeV if neutrons with at
least 5 % of the maximum intensity are included (see Fiqg. 6).

2. GENERATION AND ACCELERATION OF DEUTERIUM IONS

a) High voltage power supply

There are two basic types of power supplies to
produce accelerating voltages up to a few hundred kV,

namely the electrostatic (the Van de Graaff or Felici [37]
design) and the Cockcroft-Walton voltage-doubler systems,

The Van de Graaff and Felici power_supplies have good
voltage stability and low ripple which are required to
produce a stable beam for analysis and long transport.
Most commercially available D-T generators do not have
beam analysis and their power supplies can provide current
up to 50 mA, below 300 kV. The C~-W system . has various
versions: cascade {25, 26], symmetrical cascade [27-29]
and dynamitron [30-32]. The principles and main parameters
of these circuits are summarized in Table II.[38].

The advantage of the symmetrical cascade and dynamitron
systems in comparisen with the original C-W doubler is the

lower voltage drop against increasing of cascade steps N.



Table II.

Main parameters of cascade circuits,

CASCADE SYMMETRICAL CASCADE DYNAMITRON

CIRCUIT

U = 2NU
o

IDEAL OUTPUT N = number of doublers

VOLTAGE UO= input voltage
dU = =ix N(N+1)
2£C
RIPPLE f = frequency
I = loading current
VOLTAGE DROP av = 2N Yy aU = 1 (N3+ Ny AU = L N
= o = —e—
fC'3 3 fC'6 * 3 fC, +_§1
2
WORKING VOLTAGE 0,1 - 1 MV 0,1 - 2,5 MV 0,7 - 5,7 MV

MAXIMUM CURRENT ~ 1A ~ 200 mA ~ 20 mA

-2Le -
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The selenium rectifiers have been replaced with
high-speed Si diodes to increase the frequency range.
A 600 kV, 10 mA C-W voltage supply using Si diodes at
100 kc was described bv Reginato and Smith [25].

For neutron generators and sealed-off neutron tubes
not only cascade and electrostatic systems are used as
voltage supplies but also insulated core transformers
(1cT) {33], pulse transformers (PTA) and transformer
accelerators (TA) [34-36]. In the PTA and TA systems
the acceleratinag tube is used as rectifier. In high
vield neutron generators the acceleration field is pro-
duced often with a single electrode pair placed at a
distance of 10 to 100 mm from each other,.

Rectifiers are manufactured by the High Voltage
Engineerina Corporation, Tunzini-Sames, E. Haefely and
Co. with voltages up to 500 kV and current ratings up
to 500 mA. These supplies are available with medium and
high stability, e.g. at 250 kV and 7 mA the voltage drop
with load is between 400 V/mA and 2 V/mA with a ripple less
than 0.5 %.

b) Ion Sources

Low-voltage D-T generators employv three types of ion
sources: radiofrequency (RF) [39-43], Pennina (PIG)
[44-46] and duoplasmatron (DP) (23, 47, 51]. The advan-
tage of RF sources is their high monatomic ratio (~ 90 %),
while PIG and DP have high currents. After several
hundred hours of operation, a thin metallic layer is
deposited on the inner walls of the RF source bottle and
this leads to a reduction in the atomic ion ratio to
40-50 %.

In the case of PIG and DP sources the extracted beam
contains only about 40-60 % of atomic ions. The neutron
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vield (52, 53] and the target life-time [54] can be
drasticallyv increased by using analyvsed atomic beam.
Nevertheless, PIG ilon sources are often applied in neu-~
tron generators, even for deuteron energies lower than
200 keV, because of their simple construction, power
supply system and long operating life-time.

While the ion current of RF sources is generally
a few mA, PIG sources can produce 30 mA at a pressure of

lO‘.2 mm Hg [55].

Gurtovoy et al. [56] and Anufrienko et al.[57] have
described ion sources for fast neutron time-of-flight
spectrometry. The duoplasmatron ion source is able to
produce currents of a few amperes [59-62] which can
satisfy the requirements of intense D-T sources. The
characteristics of high intensity ion sources applicable
for particle accelerators have been Surveyed by wvan
Steenbergen [63].

c) Beam accelerating and analysing systems

There are various simple designs for accelerating
tubes with homogeneous or inhomogeneous field of low
voltage accelerators [64-67]. The transport of the beam
over long distances is simple if the currents do not
exceed a few 10 mA. -

The defocussing effect of the space charge cannot
be neglected for a few 10 mA beam of 5-10 mm diameter at
100-200 keV.

The multi-electrode lens structure is a weak focussing

system, the major amount of focussing of the ion beam being
generally performed by the extraction lens. The Einsel lens
system contains only a few gaps and it is therefore easy to

change the focal point over a wide range. In the case of
high currents a Pierce geometry column is used for the
acceleration of the ions (17, 68].
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Fig. 7 shows an accelerating tube designed in Debrecen
[69] for a 200 kV and 30 mA D-T generator. The voltage
difference along the glass insulator rings is divided
by electrodes connected to a bank of resistors. The
shape and arrangement of electrodes can shield the
insulator surfaces from the secondary electrons, scat-
tered ions and other contaminations.

Recently accelerator tubes both with a single-gap
{50, 70, 71] and special multi-gap arrangements [48, 72]
are used.

After acceleration focussing lenses should be used
to transport the beam through the analysing magnet to
the target placed at long distance from the accelerating
gap. To avoid the large amount of structural material
near to the target the analysing or deflecting magnets
can be replaced by a Wien filter [77]1.

3. TARGETS AND NEUTRON YIELDS

There is a growinag need to design tritium targets with
long life time at high neutron vyields.

In addition to the solid targets, tritium gas [74] as

2H and 3H have

been used as targets to produce 14 MeV neutrons. Fiqure 8

well as an implanted mixed beam [73, 79] of

plots the neutron yields of various targets against the
deuteron enerqgy (17, 18). Using gas target more than 1O14 nf/s
can be expected but there are many technical difficulties

of building such sources [8, 74].

In low-voltage generators the most common térqet is
tritium absorbed in thin metal layers. Besides titanium and
zirconium, Er, S%ﬁlY and U are also used to produce inter~
metallic compoundéViritium A thin layer of Ti or Z2r is
evaporated onto-Al, Cu, Ag and W backing metal. Theoretically,
the ratio of tritium to titanium atoms is about 1.9:1, but
in the case of commercial targets it is about 1.5:1. Rare
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earth targets have a much higher thermal stability than Ti
(see Fig. 9, Ref. (81]). Under the bombardment with deuterons
tritium is removed from the Ti-T layer resulting in a

change in the ratio of T/Ti atoms with the time and depth.
The targets of hundreds Ci can release high amount of tritium
into the vacuum system and special precautions are needed to
avoid the contamination of the environment. The life-time

of a target can be represented by the following ratio [16]:

Target 1ife-time = Ion current (mA)xHours to half vyield

Target area (em?)

The average target life for Ti-T is about 2.7 mA-h/cmZ,
the maximum being 4 mA~h/cm2 for stationary targets. In a
recent paper {54] it was shown that the half-lives of TiT
targets of 10-20 mAh/cm2 can be obtained if analyzed beam

is used. For Ti-T targets, by the time the 14 MeV-neutron
yield reaches one half of its initial value, the deuteron
build-up achieves saturation and the yield of 3 MeV neutrons
is about 1 % of the D-T output. Nowadays various suppliers
(Amersham UK, ORNL USA, CEA France, IRE Belgium, SORIN Italy,
Techsnabexport USSR, Metronex Poland, International Engineering
Service Austria) sell metal tritide target for DT generators,
mostly with Ti layers from 0.2 to 4 mg/cm2 thickness with
different backing materials. Targets with dimension up to

50 cm diameter and thickness from micrograms to milligrams

per cm2 can be manufactured. In addition to disks, rectangular
strips, annuli and other geometrical shapes of targets are
commercially available. In the case of large target surface
strong backing materials are needed to withstand of pressure
differences.

These backings are prepared from copper alloys (Amzirk:

0.15 % 2Zr in Cu, Glid-Cop: Al,0, in Cu).

Targets should be stored for short periods only, in dry
and 1lnert atmosphere, to ensure that the titanium layer
remains adherent.
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According to the yield curve shown in Fig. 1, 1 mA of
200 keV atomic deuteron beam on a fresh tritium target produces
11
about 2x10

commercially available D-T generators are a few mA, producing
11

n/s. Typical D-ion currents both for home-made and

neutrons in the order of 10 n/s.

Yields much above lOll

pating about 100 kW power in the target. Using 0.5 A ion current
12

n/s need high beam currents, dissi-
a neutron source strerngth of 8xl0 n/s was achieved in D-T
reaction at 80 kW power (see Ref. [8]). Various methods to obtain
high source strengths have been described by Barschall [8].

The maximum yield from neutron generators, in addition to
the beam current, is determined by the target construction and
a number of different stationary and rotary target systems have
been developed. The type and geometry of structural materials
around the target and the design of a target with a long life
time are playing very important role in the neutron data mea-
surements.

Using a 22 cm diameter rotating target, 16 mA of 400 keV

12 n/s that decreased

deuterons produced a neutron yield of 4x10
10-20 % in 50 hours for a 1 cm diameter spot [76] which corre-

spond to about 1600 mA.h/cm2 life-time.

Rotating target neutron generators (RTNS) have been inves-
tigated in detail by Booth et al.[48]. A target 23 cm in diameter
was rotated at 1100 rpm. The cooling water was distributed over
the back of the target using channels as shown in Fig. 10 to
produce turbulent flow [(48]. Air bearing wvacuum seal which
rotates at 5000 rpm has been constructed for a 21 diameter target
using two stages of differential pumﬁinq system between the air
cushion and the vacuum {75]. Rotating target developed by
Cossutta (78] seems to be promising for intense D-T sources.

As it can be seen in Fig. 12 magnetic fluid seal is used in the
system.,

Many details on the production and properties of tritium
targets have been discussed by Pivarc [80].
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4. CHARACTERISTICS OF SOME D-T GENERATORS

Various types of pumped and sealed tube D-T generators
have been developed for continuous and pulsed operations. Sche-
matic diagram of a nanosecond generator constructed in Obninsk
and Debrecen (82] for the neutron time-of-flight measurements
is shown in Fig. 11. Lehman et al. [83] and Roche f86] have
published excellent papers about the possibilities of nanosecond
pulsing of direct current accelerators. Target and sample ar-
ranacgement recommended for the cross section measurements by
activation method around 14 MeV is shown in FPig. 13 [84]. Scheme
of a generator developed by Schmidt and Dohrmann {85] that pro-
duces leol2 n/s in continuous operation using mixed beam of D
and T to bombard a central conical target in a radial magnetic
field is presented in Fiaq. 14. Some typical applications of intense

D-T generators are given in Table III. [23].

Table III.

Typical applications of intense D-T generators.

14 MeV H.LN.G
C.TR . Others:F N, A_A,
Radiothers Rodiography
Matenal Program i Nuclear Physcs (6)
M:MMPNQ‘ Req:> 10 Mev £
% in
0 >1$ rad/min Req:E, =14 MoV (6)
nfem”s flux 1S5D of 1m) "
Frtclchnq Solid Seaied Tubes Solid Tritium
argets Socentric facilities Rotating Targets
Gas r«Ta [ d' or t* hangieg beam
Userse LLL Users:Glasgow UsersilLL
CEA Ha_nchnior Chalk River
CASL (9 ;!.qo;b«q N.R.P B
Gric. (Harveil)
Chath River Riyod AWRE
Pernsylvania (Aldermaston)
Amsterdam JAERL
Hamburg

General characteristics of some D-T generators are summarized
in Table. IV., without making an effort for the completeness,



Some characteristics

Table 1V.

of D-T generators

Voltage Current Pulse Beam diam. Yield
MODEL (kv) (ma) width (mm) (n/s)
(us)
3 11
SAMES : T 400 2 10-8x10 10-30 5x10
3 150 2.5 10-8x10> 10-30 101!
HVE : LN-S 300 2 - <10 ax10%!
Accelerator Inc. 150 3.5 0.5-10° 3.5x10%!
Texas Nuclear 280 7 - 20 6x1011
5
Kaman Nuclear - 200 1-2x10 2.5x1011
Marconl Avionics 10 ns
. 12
SAMES TBR-8 300 8 ~ 30~-50 10
Chalk River 300 25 10 4x1012
Dynagen 500 12 20 3.5xlO12
RTNS-TII(LLL) 400 150 10 ax1013
LANCELOT 160 200 50 6x10°2
Cyclotron Corpor. 175 450 8x1012
Philips },;T 250 18 1012
Marconi Avionics 250 30 1012

- 6le -
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- 295 - Paper C-1

Emission rate and neutron spectrum measurements

for Be(a,n) sources

H. Kluge, H.W. Zill
Physikalisch-Technische Bundesanstalt, Braunschweig
(presented by W.G. Alberts)

Be (a,n) sources are investigated at the PTB to serve as calibration
sources for radiation protection purposes. The spectral distributions
of neutrons from these sources are measured to calculate mean
conversion factors for fluence to dose equivalent and to investigate
their dependence on the spectral shape. A falicity has been developed
to allow easy and fast relative source strength determinations by
means of a precision long counter. It can be used for neutron sources
showing similar energy spectra and an emission of rotational symmetry.

Final expanded 'version to be published in the Nuclear Instr. and Methods.
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Radioisotope Neutron Sources

Glenn F. Knoll
The University of Michigan
ann Arbor, Michigan USA

Sources of neutrons that are based onthe decay of radio-
active nuclides date back to the very discovery of the neutron.
Their simplicity, small size, and predictable yield offer sub-
stantial advantage in many applications. Most, however, are
limited to relatively low neutron yield. They also are charac-
terized by a fixed neutron energy spectrum that often is broadly
distributed. Despite these shortcomings, radiocactive neutron
sources continue to find many applications in various aspects
of neutron physics.

There are three main categories of such sources. Radiocactive
(,n) sources are based on a combination of an alpha emitting
isotope with a suitable target material. Beryllium is by far the
most common choice for target, and results in the largest neutron
yield per alpha particle. Other useful targets include boron,
flourine, lithium, and separated C-13. Common alpha particles
sources are Pu-239, Po-210, Pu-238, Am-241, Cm—-242, Cm-244, and
Ra-226.

Neutrons can also be produced by the photonuclear reaction
using radiocactive isotopes as a source of gamma rays. Only two
target materials are of any conceguence: beryllium and deuterium.
Gamma ray sources must have at least one photon line above the
respective photonuclear disinegration energies 0f 1.666 and 2.226
MeV. Common sources are Na-24, Ga-72, La-140, and Sb-124. Photo-
neutron sources are characterized by nearly monoenergetic neutron
yields. However, a very large gamma ray background is always
present with these neutrons and can hammner their use in many
applications.

The third general category of radioisotope neutron sources
are those based on spontaneous fission. There is only one nuclide
of any practical consequence: Cf-252. 1Its half-life of 2.65
years, combined with a nu-bar value of 3.75, vyields 2.3x106
neutrons per second per microgram of the isotope. These neutrons
are broadly distributed across a Maxwellian-shaped fission
spectrum.

The revised version of the contributed paper is to be published as part of

the '"Neutron Physics and Nuclear Data in Science and Technology" (NEANDC
monograph series) by Pergamon Press.



- 297 - Paper C-3

Radioactive Neutron Source Measurements at the

National Physical Laboratory, England

A. G. Bardell

National Physical lLaboratory
Div. of Radiation Science and Acocustics
Teddington, Middlesex, TW11 LOW, United Kingdom

A description of the methods used at the National Physical
Laboratory England for the absolute measurement of the emission
rate of radiocactive neutron sources is presented. The detection
of significant amounts of impurity in the manganese sulphate
solution and the availability of improved methods of data analysis
has led to a re-evaluation of the national standard source emission
rate and a new value for the ratio of the hydrogen to manganese
thermal neutron capiure cross section. The previcusly used manganese
sulphate has been replaced with a purer grade containing a low impurity
level and work is proceeding to verify the re—evaluation. The desirable
properties of neutron sources for use as sitandard or reference sources
are briefly described.



- 298 - Paper C-4

Properties and Applications of

Hadioactive Fhotoneutron S3Sources

Friedrich 3ensch

Atominstitut der Osterreichischen Universitften
Schitttelstrafe 115, A-1020 Vienna, Austria

Some spherical photoneutron sources have been investigated in
the "Atominstitut der Osterreichischen Universiiften” (124Sv-Be, 72Ga-Be,
126a~Dp0, 228m-Be, 228Th-D,0, 24Na-Be, 24Na~Dy0, '40La~Be, 110In-ze,
56Mn-3e ) by experiments (MnSO4—bath for source sirength determination,
proton=-recoil proportional counter tubes for the measurement of the
neuiron distribution) and/or by Monte-Carlo calculations to find data on

intensity and emission spectra of the sources. Preliminary resulis are

presented.

The full report is available as Atominstitut Report AIAU 80202 (Feb. 1980)
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Absolute calibration of 252Cf sources and effective

half-1ife

W.G. Alberts, W. Mannhart, M. Matzke
Physikalisch-Technische Bundesanstalt, Braunschweig

Strong californium sources are used at the PTB to provide neutron
reference radiations for the measurement of spectrum-averaged cross
sections and for the calibration of neutron detectors. The neutron
source strength is determined by means of gold-foil activation in a
water bath.

The reproducibility of this method is demonstrated by comparing a
series of six absolute calibrations during a period of almost seven
years (i.e. 2.5 half-lives). From such a comparison an effective
half-life for Cf-252 can pe extracted with a relative standard
deviation of the mean from the least squares evaluation method. A
preliminary value of (2.65010.002) years was derived.
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Measurement of the Neutron Activity of a 2520f Source Relative %o V_

for the Spontaneocus Fission

J. Frehaut, M. Beau
Service de Physique Neutronique et Nucléaire
Centre d'Btudes de Bruyeres—le-Chitel
B.P. No. 561
92542 Montrouge Cidex, France

We have developed a method for measuring the absolute neutron actiw;'ity
of a large 25201‘ source. The neuiron counting assembly is composed of
eight BF} counters mounted in a large tank filled with water which is used
as a moderator. The detection efficiency is determined using a low activity
252¢f source. The method is based on the identification of every fission
event, followed by the counting of the fission neutrons detected by the BF3
counters during a time interval equal to the maximum neutron lifetime in the
moderator. The efficiency is thus obtained relative to the awverage number
of prompt neutrons emitted per 25201‘ spontaneous fission which is commonly
used as a standard. The measurement accuracy is estimatad to be of the
order of 1%
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235U Cavity Fission Neutron Field Calibration wvia the
252

Cf Svontaneous Figsion Neutron Field

V. Spiegel, C. M. Eisenhauer, D. M. Gilliam, J. A. Grundl
E. D. McGarry, I. G. Schrbder, W. E. Slater, and R. S. Schwartz

National Bureau of Standards
Washington, D.C. 20234

The NBS-I primary standard neutron source has been recalibrated
against vV of 3.766 + 0.008 for 2520f, The emission rate was determined
to be 1.245 x 105 + 0.8% as of September 1978, which is within O. 25%, of
that expected from the calibration of June 1961, This source is the
neutron flux measurement base for the 252¢¢ irradiation facilities at the
National Bureau of Standards. The method of flux transfer from the 292Cf
neutron field is used to determine the flux in many of our other neutron
fields. A brief description is given of this latest calibration of NBS-I,
the relative calibration of our intense 252Cf sources to NBS-I in the
manganous sulfate ‘bath, and the fluence transfer method from the 252¢r
field to the 235U cavity fission neutron field. An appendix gives a brief
deseription of meutron sources and fields at the NBS with some of their

applications.
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The Fast Neutron Emission Specirum of 252¢f

Friedrich Bensch and Hans Jasicek

Atominstitut der asterreichischen Universitdten
SchftttelstraBe 115, A-1020 Vienna, Ausiria

The fast neutron emission spectrum of 252¢f has been investigated
by means of two proton-recoil spectrometers. By means of a large
counter tube of 900 mm length the neutron distribution between C.9 MeV
and 10 MeV was determined. Monte-Carlo calculated response functions
were applied to unfold the measured proton-recoil distributions.

Using 2 smaller, 466 mm long counter tube the energy interval between
1 MeV and 3 MeV was examined in a search for neutron fine-—-structure
groups. No such groups could be established. The numerical results

are presented in a preliminary form.

This work has been performed under the JAEA Research Contract No. 1909/RI/RB.
The preliminary report is available as both Atominstitut Report AIAU 80201
and INDC(AUS)-d.

Mnal results have been submitted for publication to "The Jourmal of MNuclear
Science and Engineering'.
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NOTE ON THE PROMPT-FISSION-NEUTRON SPECTRA OF 233y, 23Sy, 239py
AND 240py RELATIVE TO THAT OF 252cf*

A. Smith, P. Guenther, G. Winklert and R. McKnight

Applied Physics Division
Argonne National Laboratory
Argonne, ILllinois 60439 U.S.A.

ABSTRACT

The prompt-neutron-induced-fission spectra of 233y, 235y,
23%py and 240Pu are measured relative to the prompt-spontaneous-
fission-neutron spectrum of 252Cf. Analysis of the measured
values indicates that the average—fission-neutron energies are
-123 = 30 (233y), -157 £ 24 (235U), -76 £ 29 (239Pu) and -46 %
29 (240py) keV relative to that of 252Cf. These relative values
are indicated in the following figure.
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*This work supported by the U.S. Department of Energy.
tPermanent address: Institut fuer Radiumforschung und Kernphysik, Vienna.
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A Radioactive Neutronm Source with an Effective Energy of 300 eV

J. R. Harvey and A. J. Mill

Central Electricity Generating Board,
Berkeley Nuclear Laboratories,
Berkeley, Glos., GL13 9PB England

Abstract

There are many areas in working envirouments around reactors and other
neutron generating locations where the neutron dose-rate is important and
furthermore, surveys have shown that a significant fraction of the neutron
dose—-equivalent rate is often in the intermediate energy range from 0.5 eV
to 500 keV. However, surprisingly little is known about the response of
health physics instruments in this range or about the ways in which these

neutrons affect biological systems.

In order to provide some information on the response of instruments
at intermediate energies a simple and inexpensive system for producing
neutrons around 0.5 keV has been developed. In such a source, to be used
for health physics instrument calibratioms, it is essential to keep high
energy neutrons to a minimum: this is because the dose—equ&valent per unit
neutron fluence for neutrons above v 1 MeV is ~ 30 times that for neutrons
below v 10 keV. Hence an intermediate energy neutron source based on

americium—beryllium, for example, is no good for this purpose.

The 0.5 keV neutron source consists of an antimony-beryllium (y,n)
source surrounded by a sphere of water contained in a boron—carbide loaded
plastic shell. The original energy of the neutrons from the antimony—beryllium
source is 23 keV. This system has been used to calibrate several instruments

and several of these have been shown to be oversensitive by a factor of

three at this energy.

The source has considerable scope for development. For example, a
build-in shield would reduce the accompanying gamma dose~rate, and a

polythene moderator would be handier and more hydrogenous than water.
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The Measurement of the Averase Number of Prompt Neutrons and the
Distribution of Prompt Neutron Numbers for 252¢f Spontaneous Fission

Zhang Huan-Qiao Lin Zu-Hna
Institute of Atomic Energy, Academia Sinica, Beijing (Peking)

The average mumber of prompt neutrons -Gp and the distribution of
prompt neutron numbers P, for the spontaneous fission of 252 bave been
measured absolutely by use of a spherical gadolinium-loaded liquid scintil-
lation counter. The efficiency curve of neutron detection in liquid scin-
tillation counter was calibrated on the basis of occurring (n,p) scattering
as the collimated monochromatic fast neutron beam bombarded on the stilbone
crystal. The fission events have been detected by use of current pulse
ionization chamber. Finally, it has been obtained that the awverage number

of prompt neutrons for spontaneous fission of 252Cf, Yy = 3.743 + 0.018.

P

The full paper (in Chinese) was published in the Chinese Journal of Nuclear
Physics Vol. 1, No. 1 (1979) 9. The English translation (translated by the
authors) can be obtained from the IAEA Nuclear Data Section.
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Measurement of Prompt Neutron Energy Spectrum

for Spontaneocus Fission of 252Cf +)

Mon Jiang-shen, Bai Xi-xiang, Zhang Bai-shen, Hwang Sheng-nian
Institute of Atomic Energy, Academia Sinica, Beijing (FPeking)

Energy spectrum of prompt neutrons from 2520f spontaneous fission was

measurad for energy range (0.3 = 15 MeV using the time-—of-flight technique.

O-time signal was obtained from fission fragment; Neutron timing signal

was obtained from a fast response neutron detector. The data was fitted

to a Maxwellian distribution and the preliminary resulti of E = 2,12 MeV
(T = 1,413 MeV) was obtained.

#) Contributed paper but not presented
+) to be published
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The Current Status of Accelerator Produced Neuiron rfluence Siandards

at the National Physical Laboratory, England

A. G. Bardell

National Physical Laboratory
Div. of Radiation Science and Acoustics
Teddington, Middlesex, TW11 OLW, United Kingdom

The accelerator poduced fasti and thermal'neutron fluence standards
available at the Naitional Physical Laboratory, England are described
together wiih details of some recent developments and an outline of the

curreni program of measurements.
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NEUTRCN YIELDS FRCM PROTON, DEUTERCHN AND ALPHA BCMBARDMENT OF
BERYLLIUM

M.A. Lone
Atomic Energy of Canada Limited, Chalk River Nuclear Labora-—
tories, Chalk River, Ontario, Canada K0J 1J0

and

B.C. Robertson
Queen's University, Kingston, Ontario, Canada

Abstract

For cancer therapy neutrons praduced by the bambardment of Be
with deuterons or protons have been coammonly used. A compar-
ative study of these neutron source reactions is useful for
determining the most cost—effective means of producing neu-
trons for radiotherapy. In the present paper we give yields,
average energies, and spectral distributions of neutrons from
banbardment of Be targets of various thicknesses with protons
ard deuterons at energies below 50 MeV and alphas at energies
below 30 MeV. Characteristics of neutrons fram bawbardment
of Li targets with protons are also discussed. The minimum
projectile energy and current needed to satisfy the require—-
ments of neutron sources for cancer therapy are determined.
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Flux density measurements in the FMRB filtered neutron beams

W.G. Alberts, K. Knauf, H. Lesiecki
Physikalisch-Technische Bundesanstalt, Braunschweig

At the research and measuring reactor of the PTB two neutron filtered
beam facilities have been installed for 24 keV (iron/aluminium) and

2 keV (scandium) neutrons with the aim of getting reference neutron
fields for the investigation and calibration of neutron detectors,
especially neutron dosimeters used in radiation protection.

Neutron flux density in the filtered beams is measured using several
proton recoil proportional counters of both cylindrical and spherical
form. y-ray pulse-shape discrimination systems are applied. Neutron
flux densities are derived from the pulse-height spectra for the
nominal energies as well as for the high-energy neutrons in the beams.
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mxamples of Theoretical and Experimental Determinations of

Neutron TYield From (a,n) Reactions in the Light Elemenis

A. Capgras

Laboratoire de M&trologie des Rayonnements Ionisants
Centre d'Etudes Nucléaires de Saclay
91190 -~ Gif sur Avezie - France

In fuel reprocessing solutions, primary neutirons are to a large
extent issued from («,n) reactions on the light nuclei of the organic
and aqueous mediums.

In the present work, determinations of («,n) reaction yields in
solid phase for oxygen, fluorine, beryllium, carbon 13, in liquid phase
for oxygen, are achieved. The theoretical yields are calculated with
stopping powers and cross sections data from literature and with the
agsumption of an homogeneocus medium.

For experimental determinations manganese bath neutron emission
and calorimetric « emission measurementis are made.

Both results are in good agreement when the composition is well
known, i.e. Am'3C or solution of americium.

An important difference between theory and experiment for /Am,F/
source is explained by the lack of knowledge of the granulomeiry and by
composition and cross section data uncertainties.

Few comparisons with other results of literature have been possible
to do on account of experimental conditions either different or unknown.
Nevertheless a fair agreement has been showed for (o,n) neutron yield in

oxygen.

To be publighed as Note (RA-N series
*) Contributed paper but not presented
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PRODUCTION OF MONUENERGRETIC NEUTRONS

WITH ENERGIES BETWEEN A FEW HUNDRED KeV AND 40 MeV
G. HAOUAT and M. CANCE

Service de Physique Neutronique et Nucléaire
C.E de Bruyéres-Le-Chatel
B.P n° 561
92542 MONTROUGE Cédex FRANCE

ABSTRACT

Cross section data 4orn newtrhon-induced reactions are hequested {n a
wide enengy range mainly jon gission and jusion neacton develooments and 4or
medical applications.

We neview here varnious modes o4 production of monoenergetic neuthons 4orn per-
fonming choss section measunements {in ihe energy range -grom a few hundred KeV
Lo 40 MeV.

The nequined charactenistics jon the neutron sounces, the source reactions
which can be utilized and some target designs are nresented.
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Neutron Production in the Energy Range 7 to 12 MeV

using a Cas-Target *)

S. Mittag, W. Pilz, D. Schmidt, D. Seeliger and T. Sireil
Technical University Dresden, German Democratic Republic

A gas~target for operation at a tandem—-accelerator is described.
Using the DD-reaction, an energy range of neutrons between 7 and 12 MeV
can be realised. Construction and operation are described in detail.
For neutron energies Selow S MeV the neutron source is almost mono-
energetic; above this energy the deunteron break-up limits the mono-

energetic behaviour.

The full paper has been published as INDC{GIR)-11/L+ Special (May 1980).
*) Presented by H. Belfer
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. . . - . +
Limitations in the Use of Deuterium Gas Targets

H. Klein, H.J. Brede

Phvsikalisch-Technische Bundesanstalt, D-3300 Braunschweilg
Fed. Rep. Germany

Deuterium gas targets are often used to produce 'monoenergetic' neutrons
in the energy range from 5 MeV to 15 MeV via the reaction D(d,n)3He. Even if
the setup of the gas targets is optimized with respect to the entrance foil
as well as the beam stop material and thickness, the applicability of this

neutron source 1s limited:

(1) The energy resolution is mainly determined by the energy loss within
the gas. The straggling due to the energy loss in the entrance foil, the
nonuniformity of the foil and the properties of the incoming beam

have to be considered.

(2) The angular spread is caused by the multiple scattering in the
entrance foil. In addition the beam divergence and the detector

geometry have to be included in estimating the angular resolution.

(3) Besides the main neutron energy undesired background neutrons are produced
in the entrance foil and the beam stop.These contributions can be
determined by 'gas out' runs, if the production of neutrons due to
deuterium-ge] ftarget buildup in the backing is avoided. Finally the
rapidly increasing amount of neutrons from deuterium breakup reactions

limits the use of this neutron source in scattering experiments.

*to be published
to be submitied to the Nuclear Instr. and Methods
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Miltipurvose Intense 14 MeV Neutron Source at Bratislava:

Design Concept

J. Pivar¥, S. Hlavas, J. Kr&l, P. Oblo%insky, I. Ribansky and I. Turzo
Institute of Physics, Slovak Academy of Sciences
899 30 Bratislava, Czechoslovakia

and

He Helfer
Technical University, 8027 Dresden, German Democratic Republic

The present state of design of the muliipurpcse intense 14 MeV neutron
source based on a D' ion beam and a metal tritide target is reported. It
is essentially a 300 keV electrostatic air insulated accelerator capable
to accelerate a deuterium ion beam up to 10 mA. With such'a beam and a
beam spot of 1 cm2, a neutron yield typically 1012 n/s and a useful target
lifetime of around 10 h are expecteds Various users requirements are met
by means of three beam lines: an intense, low current dc and a low current
fast pulsed.

The key components of the intense source section are the rotating
target and the ion source. The rotating target is proposed, with respect
of the heat dissipation and the removal of 3 kW/cmz, in continmuous operation.
A rotation speed up to 1100 rpm is considered. The ion source should deliver
about 0.5 kW of extracted bt ion beam power. A duoplasmatron source with
an electrostatic beam focusing system has been selected.

Low current sections of the neutron source may operate with a high
frequency ion source as well. The dc section for maximum yields around 1010
n/s is designed with special regard to beam monitoring. The fast pulsed
section should produce up to 1 ns compressible pulsed D' ion beam on a target
spot with 5 MHz repetition rate.

The report includes information about other components of the neutron
source 28 a high voltage power supply, a vacuum system, beam transport, a
diagnostic and control system and basic information about neutron source

cells and radiation protection.

The full paper has been published as INDC(CSR)-2/L+ Special, May 1980.
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Monoenergetic neutron sources in the energy range

from JO keV to 20 MeV for dosimetry experiments

M. Cosack, S. Guldbakke T

Physikalisch-Technische Bundesanstalt, D-3300 Braunschweig
Fed. Rep. Germany

The response of radiation protection detectors is investigated at
the PTB ion accelerators for neutron energies from 10 keV to 20 MeV.
"Monoenergetic' neutrons are produced by means of the reactions Sc(p,n);
Li(p,n); T(p,n); D(d,n) and T(d,n) using a 3.75 MV v.d. Graaff accelera-
tor. The background of photons or undesired neutrons produced in the

target backings had to be minimized.
The following details are discussed:

a.) The preparation and handling of the targets (Sc, Li) as well as

the longtime stability of the neutron yield (Ti(DB), Ti(T)).

b.) The photon spectra produced by bombarding different backings

(Ag, Al, Cu, Ta, W) with protons and deuterons.

¢.) The contamination of the neutron fields by spurious neutrons from

D-selftarget buildup within cooled Ag-backings.

+
presented by H. Klein
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Neutron Sources for the Medical Use.

K. Tsukada
Atomic rnergy Research Institinte
Nihon University
l=f=14, Kanda=Surugadai, Chiycda-ku
Tokyo, Japan

Recently encouraging resulis of the neutron radiation therapy have
been obtained in c¢linical trials. In addition to the therapy, the
neutrons are applied to the diagnosis besides the production of radio-

isotoves, that is, in=-vivo activation analysis and neutron radiograph.

in the medicine, high energy neutrons are effectively used. The
necessary conditions, especially neutron source reactions, angular dis-—
tributions, etc., and the neutron dosimetry including neutron kerma

factors are d4iscussed.

Finally the requirements for neutron sournes, their related problems

and nuclear data are enumerated.

‘The full paper has ueen published as INDC(JAP)-dD/L+ Special, May 190
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NEUTRON SOURCE INVESTICATIONS L[N SUPPORT OF THE _
CROSS SECTI1ON PROGRAM AT THE ARCONNE FAST-NEUTRON GENERATOR™

James W. Meadows and Donald L. Smith +)

Applied Physics Division
Argonne National Laboratory
Argonne, Illinois 60439 U.S.A.

ABSTRACT

Experimental methods related to the production of neutrons
for cross section studies at the Argonne Fast—Neutron Generator
are reviewed with emphasis on the 7Li(p,n)7Be, T(p,n)aﬁe, D(d,n)aﬁe
and T(d,n)qu reactions. Ranges of applicability are indicated
in the figure.

Monoenergetic
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Target assemblies commonly employed in these measurements are
described, and some of the relevant physical properties of the
neutron source reactions are discussed. Various measurements
have been performed to ascertain knowledge about these source
reactions which is required for cross section data analysis
purposes. Some results from these studies are presented and

a few specific examples of neutron—source related corrections
to cross section data are provided.

*This work has been supported by the U.S. Department of Energy.
+) presented by A.B. Smith

Thelfull paper will be issued as Argonne National Laboratory Report,
ANL, NDM=53 '
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Limits of Application of ithe Method of Recoil Protons

in Neutron Svectrometry Using a NE 213 Organic Scintillator

A. Capgras

Laboratoire de Métrologie des rRayonnements Ionisants
Centre d'Etudes NuclBaires de Saclay
91190 -« Gif sur Yvette — France

In part one, the difficulties which have occurred in acnieving an
experimental matrix used in neutron spectrometry are described. Unaccuracy

depends mainly of:

+ Uncertainty of the flux density given by the reference detector

. Uncertainty of the calibration by gamma sources

Moreover the number of moncenergetic neutron lines investigated being
limited, interpolation between them has to be achieved to get the response
function. The great sensibility of the method to the accuracy of the
neutron-electron equivalent light-yield has been demonstrated with iwo exam-
ples.

The experimental efficiencies have been compared to theoretical wvalues
calculated with Monte Carlo 05S code. Agreement is not very good, specially
for energies of maxima of carbon scatiering cross section curve. A better
one is obtained when this cross section is averaged over energy intervals
of 0.2 MeV.

In the second part the LMRI matrix obtained is introduced in FERDO code
and used for deconvolution of protons vectors get with AmBe and 252¢cr sources,
and with a 14 MeV generator.

In conclusion is pointed out that the quality of the results for this

method depends of the four parameters:

accuracy of the electron-proton relationship

accuracy of the efficiency
-~ position of the lower threshold

spread of the spectrum

Recommendations are made for achieving an experimental matrix and
suggestion is set for the use of smaller detectors in all cases of less than

15 MeV neutrons measurements.

To be published as Note CEA-N seriss
*) Contributed paper but not presented
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Performance of Cas Target

Using D(d,n) Reaction as & Fast Neutron Source

Lian Tun~chi, Ye Jine-ping, Sa Dren
Institute of Atomic Energy, Academia Sinica, Beijing (Feking)

A gas target using the IKd,n)3He reaction as a pulsing fast peutron
source in the Isochronous Cyclotron is described. The characteristics of
this neutron source are the high yield of neutron (108 - 109 n/sec), wide
energy range, and the smell stray neutron background. It was designed
for the studies of neutron scattering, neutron-induced charged particle
reactions, and direct neutron—capture reactions. The target cell is a
Pt-lined stainless-steel cylinder (£ 2= x 3= x .03 cm), isolated from the
vacuum system by a 5 um thick Mo foil, and filled to a pressure of 3 atm
deuterium. In the target cell system, a culdesac tube filled with activa~
ted charcoal as a trap of high purity deuterium was incorporated. Low
background neutron time-—of-flight (TOF) spectrum of D{d,n) reaction and
the TOF spectrum of neutron scatiered from 12¢ at 30° with deuteron

energzy 9 MeV are presented.

*) Contributed paper bui not presented
To be published
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The following papers were circulated al ihe bMeeting

duri Lne Working Group sessions
ng g

MEASUREMEYXTS AND CALCULATIONS OF NEUTHAON STFELITRA FROM 35 MeV DEUTIRONS OF THICK LITHILN F2R
THE PMIT FACTLITY

D. L. JCHNSOR and F. M. MANK
Banford Engineering Cevelopzment Laboratory®, Richlasnd, Weshington, 99352 USA

5. V. VATSOR', J. ULLIAMY and W. G. ¥YCKOFF
University of Califormiz at Davias, Duvis, Caiifornia, 95616 USa

Reutroo yields an2d enerpy specir: vere nsssured for 35 MeV deuterons on a thizk target 57 nat-
ural lithium. Data vere obtained using the time-of-f1ight techaique cover arn sogular rense of 02
to 150° and for neusrin energiss froe speut 1 to SO MeV. A sizple nuslear =odel inas dss: >s
the differential cross sections of neutroa production was adlusied to agres vith these new ik
targst data. DMfrereat zocel parasctisars vere obtained when the =odel wvas adjustei to agree vith
previous ORYL thizk target data for 40 MeV deuterons. OQur cxperimentai dets are iz gocd agree-
ment with £ajel predictions tazied upon the ORGL time-of-flight 2ata but are scoevhasy lowar *_ar
predictions tased upon the OR"L dcsimetry as=<a. Tinally the zcdel vag u3ed to tredict tne reu-
troo spectrua at the position of hignest flux in the FMIT test cell.

g:l Presenied 2! the first topical meeting on Tusion Reactor Materijals
Jan. 1979, Miami Beach, Florida, USA. The full paper is available
as Journal Nuclear Materials 85+86 (1979) 467-471.

MEASUREMENTS CF NEUTRON SFECTRA FROM 35 MeY DEUTERONS
ON THICX LITHIUM FOR THE PMIT FACILITY

D. L. Johnson and F. M. Mann
Hanford Enginesring Development Laboratory*
Richland, washington §9352. U.S.A.

J. W, ¥atsen,t J. Ullmamn and W. G. Wyckotf
University of California at Davis
Davis, California 95616. U.S.A.

NeutTton yield spectra were measured for 53 MeV deutercns on thick nammal lithitm. The
time of flight technigue was used and data were cotained for laboratory emissicn angles of
0° to 150°. The yield of neutrcns greater than i MeV was determined at each angie and was
integrated to find the total yield.

0-2 To be published in the proceedings of the Internaiional Conference on
Nuclear Cross Sections for Technology, Cct. 22-26 1979, Knoxville,
Tennessee, USA. This is an updated version of 0-1.

RADIOACTIVE NEUTRON SOURCE SPECTRA FROM ’Be(z.n) CROSS SECTION DATA

K. W. GEIGER and L. YAN DER ZWAN
Dicision of Physies, National Research Council of Canada, Ottawe, Ontario, Canada

Cross sections and angular distributions for the Be{z.m)12C  diffcrent source types containing 13%Pu, 210Po, 231Am, 39Cm,
reaction were evaluated from the existing litcrature. These cross  S43Cm, 229Ra or *S7Ac as x-emitters were considercd. The
sections as weil as the published ncutron spectra from the Be+x  predicted spectra shouid aid in clarifying the differences which
break-up reaction were used to calculate the neutron yield and  are found between the many published experimental spectra.
the spectra emitted by radioactive Be(z.n) sources. Seven

O-3 Appeared in the Nuclear Instruments and Methods 131 (1975) 315.

Resumsé on ncutron yields from a-particle bombardacnt of ligit elements

K.¥. Geiger, Division of Physics, National Rescarch Council, Ottawa,
Cansda KIA OR6

1. Introduction

The thick target meutron yield which rcesults from o-particle bombardment
of light elements is important for environmental considerations in the spent fucl
technology. The yicld can also scrve as an additional paramcter in chemical
snalysis. Actinide aw.cmitters arc produced by succcssive neutron capturc when
burning the fuel in a reactor. Inevitably these a-emitters comc inte contact with
light clements, either by chemical processing or because the fuel itself has a
1ight clement component when, for instance, it consists of UOs or UC. The spent
foel will, in addition to spontancous fission neutrons, exhibit ncutron emission
through (a,n) rcactions. 7To evaluatc such coeplex actinide plus light element
system one needs to know the thick target (a,n) yields as a function of incident
a-encrgy.

0=4
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