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PROLOGUE

This Symposium was organized under the auspices of the Office
of Fusion Energy and the Division of High Energy and Nuclear Physics
of the U.S. Department of Energy to consider in detail the present
state of neutron cross sections from 10 to 50 MeV. A similar Sym-
posium was held at Brookhaven in May 1977 and it was felt that
advances made since then should be reviewed and the state of knowl-
edge of the field assessed in view of the immediate needs of the
Fusion Materials Irradiation Test (FMIT) Facility under construc-
tion at Hanford.

With these objectives in mind, the Symposium was divided into
five sessions deaiing with the following subjects:

1. Introductory Remarks discussing the recommendations of the

1977 Symposium and the progress made since then.

2. Intense High Neutron Sources And Their Characteristics.

3. Differential Data Including Dosimetry Reactions.

4. Fusion Materials Irradiation Test (FMIT) Facility Related

Problems-Shielding And Materials Damage Studies.

5. Nuclear Model Codes And Data Evaluation.

The general format of the Symposium was the same as the last
one. Each session opened with one or more review papers which
summarized that present status of the subject of the session. The
review papers were followed by contributed papers reporting on the

advances made in the different laboratories. Each session had a



workshop which provided a specific set of recommendations for fu-
ture'work in the field that could give valuable guidance to the
sponsors.

We would like to thank many of our colleagues who gave valuabie
suggestions and recommendations regarding the organization of this
meeting. We also are happy to note an increased participation by
our colleagues from abroad as shown in the.number of contributed
papers as well as those who attended the meeting. We also grate-
fully ‘acknowledge the cooperation received from the Symposium spon-
sors, participants and authors which has made possible the prompt
publication of the Proceedings of the Symposium. Finally, our
grateful thanks are due to Ben Magurno who took care of many de-
tails of the meeting and Mary Rizzi and her secretarial staff

whose efficient help was essential to the success of the meeting.

" June 27, 1980 " M.R. Bhat and S. Pearlstein
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. INTENSE HIGH ENERGY
NEUTRON SOURCES AND THEIR CHARACTERISTICS

C.D. Bowman, NBS - Chairperson

R.G. Alsmiller Jr., ORNL G.S. Bauer, KFA

T.W. Burrows, BNL -~ J.M. Carpenter, ANL
S. Cierjacks, KFK J.S. Fraser, CRNL ’
R. Gold, HEDL L. Greenwood, ANL
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M.A. Lone, CRNL S. Pearlstein, BNL
R. Peelle, ORNL ] H.G. Priesmeyer, KIG
G.J. Russell, TASTL = ‘H. Takahashi, RNT,

I. Introduction

Since the first symposium in this series on May 3-5,1977, the
use of high energy neutrons has continued to increase. The use of
accelerators to éimulate high energy neutron damage -for fusion
reactors hag grown, the fusion-fission hybrid and the accelerator
breeder continue to be considered, encouraging results have been
obtained for . cancer therapy using high energy neutrons, and
concern for personnel radiation safety have reemphasized the need
for better measurements of  this type for high energy neutrons.
However the strongest driving force continues to be the concern
for damagé to fusion reactor materials.

The construction of the FMIT facility is well underway.
Source characteristics and dosimetry methods for this accelerator
have been actively studied wusing the Davis -cyclotron and the
RTNS-I1 source. A number of 14 MeV neutron sources around the

world have been directed toward the fusion data measurements.



Since 1977, the worldwide interest in powerful spallation
soufces for condensed ‘matter studies has steadily increased,
bringing increased needs 5for shielding data and for improved
personnel dosimetry. These accelerators also make available'

intense high energy neutron béams and fields suitable for  other

studies such as materials damage studies for fusion reactors.

II. Progress on 1977 Recommendation

One measure of progress in this field is a review of
recommendations made in 1977 all of which related to the fusion
materials damage program. Perhapé the strongest recommendation at
that time was the need for parallel pursuit of passive dosimetry
and dosimetry based on calculational methods. Since that time
active dosimetry has also been added to these two. We have seen
in this meeting dramatic progress in passive dosimetry, a
substantial level of activity in active dosimetry, and a small
level of activity following the calculational approach.

The recommendation regarding d+t neutron beams and fields for
reference standards purposes has been pursued, but not
sufficiently aggressively - perhaps because the desirable
characteristics of the fields have not been defined clearly.

Progress has been made in satisfying the request for more
measurements on the d+Li systems. The low energy component of the
spectrum has apparently been accurately measured, but a complete
characterization of the' thin target 47 yie}d and angular

distribution over the full energy range has not been completed.



Perhaps for this reason the recommendation for use of a calibrated
d+Li source for integral tests of activation c¢ross sections has
not yet been very well followed. |

The 1977 workshop recommended the development of a small
accurately calibrated neutron detector with an efficigncy of 1%
which could be calibrated to an accuracy of 2-4% from 0.3 to 30
MeV and from 4-8% from 30-50 MeV. No progress seems to have been
made in designing such a detector or in promoting iis wuniversal
use for interrelating the measurements from different facilities.

Finally the list closed with the recommendation that the
required measurements and calculations be given the same priority
as accelerator construction in order that useful measurements can
be. made as soon as the facility becomes operational. A firm
commitment is required to keep this portion of the program from

falling behind.

III. Present Status

For neut?on dosimetry the detailed understanding of neutron
irradiation experiments requires an accurate characterization of
the neutron source environment for each experiment. This 1is
particularly true of fusion materials test environments, which
typically have steep flux and (in some cases) energy spectrum
gradients as . a function of irradiation position. This
characterization is presently being performed using a combination
of active, passive, and calculational dosimetry. The passive

dosimetry technique, based in particular on foil activation and



helium accumulation measurements, is a proven technique, and can
be applied to all neutron source facilities usea for fusion
materials testing. While a 1large number of passive dosimetry
materials are presently used, future routine dosimetry for a given
neutron field will use a smaller, optimized reaction set.

Future dosimetry development requires pursuit along all three
lines (passive, active, and calculational). Calculational
dosimetry probably cannot, by itself, provide an adequate
characterization of the neutron environment, because of changes in
beam conditions, and because of perturbing or heterogeneity
effects' produced by the irradiation samples. Calculations are
nevertheless required as input to spectral unfolding codes used to
interpret passive dosimetry results. Finally, active dosimetry is
required for beam diagnostics, to optimize +the neutron source
operating conditions,A and £o determine the flux-time history of
each irradiation.

Many of the recent experiments using modest sized Be(d,n) and
Li(d,n) neutron sources have been in support of FMIT development.
These experiments have included cross section measurements for the
engineering design of FMIT, as well as dosimetry development and
damage analysis studies. This type of neutron source will still
be needed after FMIT becomes operational. FMIT will be dedicated
to long-term (several month) materials irradiations for fusion
studies, and will not be ‘readily available for, and is not
designed for, basic physics experiments. These unfulfilled basic

physics needs will include c¢ross section measurements, some of

- 10 -



which will undoubtedly be defined as a result of FMIT experiments.
Cyclotron-type neutron sources are well-sui ted to such
measurements, and can provide Be(d,n) and Li(d,n) benchmark
neutron fields.

It should be pointed out that FMIT will not, by itself,
satisfy all of the needs for fusion materials irradiations,
primarily due to flux and space 1limitations. In fact, only a
small percentage of proposed materials studies will actually be
performed at FMIT. Fission reactors and T(d,n), Be(d,n),
spallation source and other Li(d,n) sources will still be needed
for materials irradiations as well as for other studies.. Work
should thus continue in support of these alternate facilities.

Some areas that might be anticipated are as follows: (1)
Updates in cross sections for neutron dosimetry and testing of new
dosimeters will probably be necessary to improve characterization
of irradiation experiments. (2) Measurement may be needed of some
activation cross sections which affect radiation dose levels but
which were not expected to be important before FMIT operation.
(3) Measurements may be needed of gamma radiation fields and
spectra and their effects within samples similar to those in FMIT.
(4) Measurements which test data and methods to predict neutron
flux-spectra deep within bulk samples of materials used in the
FMIT facility may be added.

It should be noted that there are some differences between
d+Be and d+Li sources. One area where this is true is activation

reactions with very high thresholds which may occur with d+Li

- 11 -



neutrons but less so or not at all with d+Be neutrons. For
example, the reaction N-14(n,x)Be-7 has a threshold of
approximately 30 MeV and can occur in FMIT (35 MeV d+Li) but much
less so with similar energy deuterons on beryllium. 'This Feaction
has significance for FMIT where air is in the accelerator vault
and nitrogen is the test :ell atmosphere. Furthermore, one would
not expect to be able to calculate the cross seétion for this
reaction very well.

Sui table neutron sources and measurement methods also must be
developed for medical programs such as cancer therapy with fast
neutrons. Extensive cross section data are needed for tissue
material and Na, Ca, P, S, K, I, and Ar for a variety of
reactions with a nominal accuracy of 10% and with neutron energies
extending to 100 MeV. Monoenergetic sources probably are best
suited for these measurements and special care in beam purity and
background = conditions will probably be necessary for these
experiments. Cancer therapy requires detailed neutron transport
calculations for each patient to prescribe the proper treatment
program. Accurate source characterization is clearly necessary to
provide the séurce term for this irradiation. A specific need is
for cross section and thick target yields for the p+Be source for
beams up to 70 MeV incident energy.

The rapidly increasing interest in intense spallation sources.
will have a major impact on neutron measurements and applications.
There is a large and increasihg demand tor slow neutron sources to

be used in condensed matter research, biology, chemistry and
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fundamental neutron physics. This 1is exemplified by  the
oversubscription of existing user-oriented high-flux sources (150%
. at ILL-Grenoble).. The sources with léw-duty cycle time structure
provide more efficient utilization of the neutrons produced than
those which may be said to be continuous. This time structure can
be designed in since these are accelerator-driven devices. The
spallation sources have advantages over reactors in that they do
not. involve the wuse of fissile material and heat dissipation is
simpler because of the comparatively efficient mechanism of
neutron  production. Pulsed spallation neutron sdurces vhich are
now available or under construction provide effective fluxés of
thermal neutrons competitive with those of high flux reactors and
have the prospect for producing orders of magnitude greater fluxes
than reactorsg The uniquely high effective epithermal neutron
flux already available is opening up new areas for study.

With respect to fast neutron radiation effects facilitieé,
spallation sources designed for fast neutron radiation effects
studies produce a continuous spectrum very similar to that of fast
reactors. Of course, there is no prominent 14 MeV component; The
high energy tail which extends up to the accelerated particle
energy contains a small fraction of gll the neutrons but so far as
is known, this does not provide either a disadvantage or
significant advantage in these applications.

A significant advantage for temperature control in
accelerators compared with reactor sources follows from the low

nuclear {gamma ray) heating. Another advantage over the reactor
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is that the passive target enables much greater flexibility in
experiment design. The high flux region is large (10x10x10 cubic
centimeters) and flux and spectrum gradients correspondingly iow
so that large samples can be investigated. This class of
applications usually depends only on the time-avefage value of the
flux. The time structure may be useful in some . applications.

Nuclear data are required for the design of facilities of
many kinds. Spallation sources provide neutrons in a continuous
spectrum extending to energies of order 1 Gev and may be wused to
generate these data with the proper pulse structure mode of
6peration. The sources may be tailored to provide good time
structure for time-of-flight energy analysis even out to energies
of several hundred MeV. Thus, the spallation sources extend by an
order of wmagnitude the range of energies accessible by more
conventional charged particle reactions.

The broad energy spectrum available with intense spallation
neutron sources will be of interest in nuclear physics,
radiotherapy studies, and material damage studies. Of interest to
nuclear physics is the possibility of producing higher thermal
neutron fluxes than are néw available from reactors. These would
permit improved fundamental experiments such as those on parity
violation in (n,p) and (n,d) systems and on the °neutron magnetic
moment and lifetime. The epithermal neutrons from an intense
spallation source could be used for resonant (n,gamma) studies and
in investigations of the capture reaction mechanism, giant dipole

- resonance and nuclear 1level densities. An intense spallation
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neutron source will also produce large fluxes of mesons and
neutrinos of interest to medium energy physics. Large fluxes of
moderated fast neutrons would also be available for nuclear
ppysics studies.

These sources themselves require further data, particularly
for "the higher power next generation sources now under study and
for any future accelerater breeder based on the spallation
reaction. Present data on neutron yields, energy deposition and
transport, total and angular neutron cross sections, fission and
evaporation product distributions (including light gases) are not
adequate for design of advanced facilities. Computational methods
suffer from the drawback that underlying processes are not yet
well enough.understood. An example is the competition Dbetween
evaporation and high energy nucleon induced fission.

Tn summary, an - array ¢f powerful new neutron generation
facilities will probably become available during the 1980's with a
major increase in capability for neutron studies. A major effort
for accurately characteriziné these sources for maximum usefulness

will be required.

IV. Recommendations

1. For irradiation dosimetry a trial spectrum derived by
calculational methods is indispensible in interpreting results
from passive dosimetry. Continual improvements and extensions in
the transport cross section libraries for transport codes are

vital. Refinements in -the three dimensional transport calculation.
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of neutron flux maps within test modules are desirable.
Sensitivity studies of these flux maps.to nuclear data must. be
made.

2. Thin target data for protons and deuterons on Li and Be
for energies up to 100 MeV over the full angular range and energy
range of neutron emission should be measured. Thin target yields
are also needed for precise definition of neutron flux-spectra at
positions very close to a source such as in the FMIT facility.
Some work has already been done to infer thin target data from
available thick target d+Li data and this information 1is  being
used in transport calculations to answer design quesfions in the
FMIT facility. For calculational dosimetry in the FMIT facility,
improved accuracy will be needed and thereforé, specific thin
target measurements are needed.

3. Neutron fields for the d+t and/or t+d 14 MeV sources
should be established by comparing results obtained by the
associated particle and proton recoil techniques. Efforts should
be taken to carefully eotablish the neutron energy of the d+t
source to avoid effects of energy uncertainty.

4. Greater effort in active beam position and distribution
measurements should be made for all types ofAhigh energy neutron
sources. -

5. Computer codes for calculation of neutron detector
efficiency should be tested experimentally for the purpose of
achieving an accuracy of 2 to 4% from 6.5 to 30 MeV and to 10%

from 30 to 600 MeV. This will require experimental determination
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of the detector efficiency of a suitable detector, with associated
particle technique, to the ‘above mentioned dccuracy.

6. The characteristic of a reference : standard d+t 14 ~Mev
neutron ' field or begm must be defined more éafefully‘so that
progress. can be made in the establishment and use of such a field.

7. The feasibility of wusing a 6-Li + d converter for
producing fast neutrons in a reactor core for fusion material
damage studies should be investigated.

8. Other sources for fusion irradiation will continue to be
required after the FMIT is operational for a number of purposes.
Plans should be made to continue support for these 1less intense
sources.

9. Spallation sources should bé used for .studies of
cross-sections important for neutrons transport and build-up in
the thick shielding required for future more intense gccelerator
sources.

10. Materials damage arising from the thermal cycling
peculiar to spallation sources can and should be s£udied for
future larger spallation sources.

11. Improved measurements of high energy absolute neutron
yields and spectra are required for spallation sourcé'design.
Present experiments suggest a large discrepancy (factor of two)
with calculations.

12. Thick target yields for charged particle neutron
production as a function of angle and energy should be included in

the National Nuclear Data Center bibliography.
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13. A firm commitment should be made to assure that passive,
active, and calculational dosimetry methods are in place as soon
as the FMIT accelerator becomes operational.

14. For the next conference the neutron energy range of

interest should be extended to 1 GeV.
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I. Introduction

Two broad review papers were presented assessing the status
of differential data measurements, one by Alan Smith and the
other by John Browne. We also had four or five specific papers
in our plenary session which described programs at several
laboratories to address the problems of providing differential
data in the region of 10 to 50 MeV. We therefore felt in the
working group that an additional summary was not required of us.

In 1977 the emphasis for the needs wés strongly in the
region below 15 MeV. Our workshop at the time, however, chose
to address mostly the needs in the eneréy region above 15 MgV.
At this meeting we hardly heard about th? needs in the energy
region below 15 MeV. Beéause of the construction of the Fusion
Materials Irradiation' Tesg (FMIT) Facility, the region of
maximum importance has moved up for iO to 15 MeV, where it used
to be, to energies around‘éS.MeV. We were shown that for some

shielding problems the higher energy region around 50 MeV was

very important. The problems associated with the design and
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operation of FMIT_sé much dominated the conference that- some of
us in the workshop wondered if the overall needs for data above
10 MeV were given a proper perspective at the meeting. We did
not hear much about medical needs. They may not have changed
much since tﬁe last meeting, but the fact that no one thought it
necessary to reiterate them this week should not make us forget
them. We also failed to hear about the needs for data for the
Engineering Test Facility (ETF). We should also presume that
there does not yet exist a sharply focused set of needs for'ETF,
bu£ that very'iikely the broad recommendations reviéwed in‘1977
are still applicable today tor tuture fusion devices whére the
most important energy region is in the range of 10 to 15 MeV.
Several speakers at this meeting commented upon the fact
that a surprising amount of progre;s has been made in the
differential data area since‘i977. This was discussed also in
the workshop, but sevéral points were stressed that are worth
noting in our report. The progress has been far from uniform.
Little significant work has been déne on the dosimetry cros§
sections about 10 MeV. At least none were reported at the
meeting. Our recommendations of the last meeting seem to havg
had little effects in this area. Much of the work reported at
this meetinngn differential data above IOAMeV was largely the
result of ongoing programs or were the consequence of our
ability to exploit techniques well in hand; such as for total

cross sections. We did not recommend last time that new
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facilities be built to 'solve the differential data problem above
10 ‘MeV. We felt then that we did have a number of faéilities
which could not provide all the needed data but could be
exploited efficiently  to acquire some data which if used in
connection with theoretical . calculations could Possibiy go a
long way toward meeting the needs. We think that the output of
differential data since ‘1977 has shown that we were-at least
partially correct. We also saw how data and theory can be
coupled effectively with each other. We also saw at this
conference that reliance on theory only may be very misguided
since large differences than many anticipated were found between
predictions used in designs and subsequently acquired data. We
think that the art of assessing credible uncertainties in'model
calculations needs to be very much improved before we can bridge
important data gaps by model calculations.

.The most important point that the working group thought it
should make at fhis stage was: we feel far less confident at
~this meeting than we did in 1977 about our ability to. rise to
the challenge of the data needs. The vitality of the data
measuring community as demonstrated by our output since 1977 is
more representative of the past than the present and will not
likely be seen again unless some cﬁrrent trends are reversed.
It is unfortunately an easily documentable fact that there has

been, in the last few years, a general erosion of our

capabilities in the differential data measurement area. We feel
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that the technical capabilities that we had three years ago are
still largely there and in some areas have improved. However,
our ability to exploit them, for financial reasons mostly, has
decreased. Our facilities are underused and understaffed. The
prospecg; for the future do not appear bright to most. Losses
of highly skilled staff have been significant and cannot be
easily made up overnight. We see in the not too distant future
a maturing of the Fusion Energy Program to the stage of
designing, building, and operating devices where neutronic
problems will become increasingly important, giving rise to
specific data needs hard to anticipate accurately now. The
history of the development of the data needs for FMIT and our
ability to perceive them shquld, we think, serve as a lesson for
those who think that the experience in the fission area is not
too relevant. We do not know yet, and probably will not know
for some time, the price we have to pay or the cost we incurred,
if any, for having had to generate data overnight. In the case
of FMIT we were able to react to some degree, but ﬁany in the
workshop felt that we will be less able to do so in the future
if the current trends are not soon reversed. Some people in the
workshop felt strongly that, although they fully agree with the
above options, the workshop report was not the appropriate place
to express them. Others felt equally strongly that we would be
less than responsible if we did not make our opinions known

here.
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We reviewed the recommendations we made last time and found
that they were‘stillAessentially valid today. This is in large
part due to the fact that the recommendations dealt with broad
approaches. Our experience in the intervening three years seems
to confirm them to be useful and worth reiterating again with a
few changes in emphasis. Some comments will be added mostly in
areas where recommendations were not. followed, for known

reasons, but nevertheless should be followed.

II. Recommendations

We still felt strongly that our data needs should be met by
a judicious combination of both oﬁr experimental and theoretical
capabilities. We should therefore strive in our experimental
programs for a proper balance between écquiring data which
directly meet the needs and those which enhance our ability to
test and improve our theoretical calculations. We emphasize the
fact that it seems to us that where model calculations are used
as a substitute for experimental data they should not be mere
predictions based on some model but by some estimate of-what the
true cross sections are, including estimated uncertainties. We
understand that this may not be easy but is a price which we
mgst necessarily pay when_ theoretical predictions are mere
interpolation of experimental data and their uncertainties.

At the last Symposium we set apart the dosimetry cross

sections and think this division should still be made.

- 23 -



A. Nondosimetry Cross Sections

1. Hydrogen, helium, charged-particle production, and
transmutation cross sections.

In thié area much progress has been made as we heard
during the cog;ereﬁce. Yet we think that all of the 1977
recomﬁéndations é;e still valid to&ay. fhey were:

a) The likely imptovementg to the existing programs
of measurements should be catriéd out.

b) The measurements near 14 MeV and at 50 MeV should
cover the materials of both fusion energy and medical interest.

c) These measurements should also be used to validate
model codes as wellias to improve evaluated data files.

d) Measufements- of the charged particle production
cross seciions, spectra and angular distributions should be made
on selected iéotopés at a few energies between 15 and 50 MeV.
The isotopi; data ’shouid be used to check nuclear model
calculations.

e) For carbon, oxygen ;nd nitrégen more measurements
should be made at more energies in the 15 to 50 MeV range. The
nﬁclear models may not be appropriate for these light eiementé
which are of crucial importance in neﬁtron thérapy.

£) The feasibility of‘aﬁd neéd for.measﬁremeﬁts of

. . -
other transmutation cross sections should be assessed.



g) Pulsed white neutron sources between 15 and 40 MeV
in the mesurement of the charged particle production cross
sections should be considered. 4These sources would offer the
possibility of measuring the. cross sections over the entire
énergy range.

1980° Comments:

A particular area where little progress Has been made since
1977 is in the measurement of transmutation cross sections. A
broad attack on this problem is difficult and we realize that
specific needs are hard to anticipate since they are very

.

"device"” dependent.

2. Other cross sections.

In spite of much progress here the needs for data remain
great. We endorsed the 1977 recommendations fully which were:
a) Total cross sections should be measured over the
complete energy range and be reproduced by model calculations.
b) Elastic scattering measurements “be made at
selected energies from 15 to 40 MeV to establish the systematics
of the optical model parameters used in calculations and obtain
reference reaction cross sections which should be reproduced by
model calculations. The extensive data base for charged
particle scattering should be used- with the neutron data to
establish the optical model parameters.
c) Multiple particle emission data such as (n,xn)

should be obtained, particularly for the specific nuclides of
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interest - in applications, in order to check the model
calculations.

d) Inelastic cross. sections, - neutron and gamma ray
emission spectra should be obtained in order to check the model
calculations.

| e) Charged particles data should also be used to
validate the model calculations.

f) The . experimental program should be strongly
coordinated with the model calculations and evaluation effort.
The CSEWG seems an adequate forum where interaction between
mé;suters, evaluators, and users should take place to have an
effective program.

1980 Comments:
a) Total cross sections: The failure of frequently used

"

sets of "global parameters” to reproduce data came as a shock to
some people. We thought that it may point out an
underestimation of the usefulness of this rather easily acquired
kind of data and an overestimation of the ability of models to
properly estimate those important cross sections. We think that
the matter deserves to be looked upon carefully.

b) We saw at this meeting data obtained via an adaptation
of the old _"sphere transmission” technique for measuring
reaction cross sections. We felt in the workshop that the

method should be further investigated and could possibly be

developed as a general tool to measure more reaction cross
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sections over a broad energy region. If the method could be
adapted for use with white neutron sources, it would be very
valuable. The failure éf some médel calculations in predicting
total cross sections leaves some doubt as to their ability to
predict also the reaction cross sections.

c) Since 1977 much new data on neutron emission spectra,
mostly on natural elements at around 15 MeV, have been reported.
We saw at this cqnference that some improved model calculations
are now capable of reproducing these data well. This 1is a
recent development which we welcome. We feel that in the past
this class of data, which we know how to obtain, has been
underexploited from a theoretical point of view and in many
evaluations. It was suggested that efforts be made to obtain
neutron emission spectra on at least some separated isotopes at
the same or very close to the same incident neutron energies
where we have charged-particle emission spectra.

d) We saw at this meeting an example of Fhe use of
charged-particle data to better understand model calculations
relevant to neutron cross sections. It was pointed out that
there has been a dramatic reduction in facilities devoted to
study light-ion induced reactions in the last few years. There
are many data in the 1literature on charged-particle induced
reactions, in particular protons, and they should be exploited

as much as possible, but a large fraction may not be accurate

- 27 -



enough to be of much use since they were not acquired with our
applications in mind.

e) We thought three years ago that the CSEWG could be an
effective place for strong interaction between measurers,
evaluators, and users. It was the general impression in ‘the
workshop that this strong interaction needed for a very
effective experimental program had not occurred. We understand
that there are plans to implement our recommendations. . The
strong national, 1i.e., U.S.A. character 6f the CSEWG does not
fully meet the needs of the international community in this
regard. A suggestion was made and endorsed by the workshop that
a newsletter be established to serve the needs of providers and
users of data in the range of 10 to 50 MeV. ‘This newsletter
could be patterned after similar ones dealing with gamma rays
and actinide cross sections.: We understand the National Nuclear

Data Center is willing to undertake this effort and we welcome

it.

B. Dosimetry Cross Sections

We had made 1in 1977 very extensive and detailed
recommendations concerning data for dosimetry. We felt then

that such strong and detailed recommendations were needed and
éﬁould be followed if we were to see any significant progress in
this area. We were rather sorry to see that, even though there
is an increasing awareness of the great impoftance of - detailed

dosimetry for proper interpretation of radiation damage in an
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environment, such as provided by FMIT, and an increasing
awareness of the importance of the correlations in the data, for
adequate unfolding, very 1little has happened in the data
program. Papers were presented at this conference which
reemphasize these needs.

We feel in 1980 as strongly as we did in 1977, and possibly
even more, that we do understéﬁd fairly well the problems of
differential data measurements in this area. If little progress
has been accomplished in the iast three years, it is not, we
feel, because of our lack of capabilities in this area but
rather because considerable experience has taught us that not
doing 1t right willlimpose severe limitations. We think that 1t
takes a dedicated and sustained effort of highly trained people
at the appropriate facilities, and that the problem must be
viewed in its entirety, in order to make significant progress.

We recommend that people interested in seeing that
substantial progress be made in this a?ea study our 1977

workshop report dealing with this subject.
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I. Introduction

The primary objective of FMIT is to provide a high flux of
fusion energy neutrons for the study of radiation effects in
fusion reactor materials. In order +to apply materials-property
data obtained in FMIT to the prediction of radiation effects in a
fusion device, two requirements dependent on nuclear data must be
met. One is that the neutron environment to which each specimen
is exposed be well defined. To accomplish this, a combination of
dosimetry measurements and transport calculations will be needed.
A second requirement is that the neutron environment must be
expressed in terms of energy-dependent damage parameters. such as
displacement and transmutation rates. Such parameters provide the
starting point for damage correlation models needed to relate data
obtained in different environments.

Several other areas impacting both FMIT design and
utilization are dependent on adequate nuclear data. These include

1) transport calculations of attenuation in shielding materials
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and flux-spectra in experimental assemblies, 2) energy deposition
in test cell walls and experimental assemblies, 3) activation of
facility components and experimental assemblies and specimens.
The - FMIT' neutron spectré extend to about Y0 MeV. In
addition, spallation* sources such as (LAMPF-NWR, IPNS-I, and SIN)
may be used to study radiation effects and their spectra will
extend to still higher energies. Hence nuclear data for the above
applications are needed well above the 20 MeV limit of the ENDF/B
files. In the following section, the status of nuclear data for
FMIT applications is briefly described. Recommendations are made
for actions that ‘are considered vital for the successful

utilization of the FMIT facility.

II. Status and Recommendations

A. Interaction among users and generators of nuclear data

Although there has been informal contact between the users of
nuclear data for materials damage studies and for shielding
applications and those who generate such data, there must be
increased interaction. Generators of nuclear data, whether
experimentalists, evaluators, or theorists, must realize that
request 1lists are just indications of user needs. Direct contact
must be madé so that proper materials, reactions, and energy
ranges are investigated.

In order to formalize such interactions the Cross Section

Evaluation Working Group (CSEWG) should create a committee

designed to insure that nuclear data needs for fusion materials
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studies are recognized and met in a timely and acceptable manner.

Coordination with the Damage Analysis and Fundamental Studies Task
Group of the DOE-OFE/MRE branch would be crucial for success. The
shielding subcommittee of CSEWG provides an example of such
interaction. Such a new committee would help ensure that user
needs are presented to the nuclear'data community in a way that
the chmmunity can understand and respond to. In addition, the
committee could oversee the methods, adequacy, and accuracy of
files not only in the traditional ENDF/B range of 0.00001 eV to 20
MeV but also for the higher energy of FMIT (50 MeV for dosimetry
cross sections and 40 MeV for damage cross sections). The Special
Application Files subcommittee is already responsible for
dosimetry, activation, and gas production files to 20 MeV.

The creation of nuclear data is not solely an United States
effort. Foreign participation has been significant and is
expected to remain so.

B. Dosimetry Reactions .

Dosimetry plays an essential role in damage - studiés as it
allows the determination of the neutron exposure of the samples.
In order to ensure that an adequate data base 1is available for
FMIT operation, support must be maintained for dosimetry
development.

Since the last symposium, much success has been achieved.
Passive radiometric foils have been irradiated in d+B¢ neutron
fields produced by 40 MeV deuterons. Measured activities agreed

well with calculated activities based on extrapolated cross
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sections and a time-of-flight measurement of the neutron spectrum
(1). In ‘addition mapping of the d+Be neutron field produced by 30
MeV deuterons using both radiometric foils and helium accumulation
neutron dosimetry is being performed (2). Solid state track
recorders (SSTR) are being _investigated for possible use (3).
Also, the ENDF/B-V dosimetry file has been released. Although the
file extends to only 20 MeV, it does contain uncertainty datar

However, much work remains to be performed. Table I 1lists

the most important reactions for passive in situ dosimetry. Note

that Arthur et al., (4) have recently provided evaluations of
Co-59 and Fe reactions. Additional reactions which may be used
for radiometric studies are given in Reference 5 (Table V) and in
Reference 6 (Table VI). Because of the limited space in the
region of highest flux in FMIT, materials with several useful
reactions should have high priority. For the same reason,
consideration should be given to wusing alloys for dosimetry
materials. An important candidate for passive dosimetry is the
helium accumulation fluence monitor (HAFM) which requires total

helium production cross sections. Because of their possible

interference in the interpetation of the active dosimeters,

(n,charged particles) cross sections of C, O, and Si will be

needed. The measurement of Ra-226 (n,f), (n,2n) and (n,pn) would

help extend the usefulness of SSTR's. Further cross section needs

may be found in Reference 6.

The supplier of nuclear data must not only supply the needed

cross section data, but also the uncertainties in such data. The
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modern unfolding codes (FERRET, SAND, and STAYSL) use such
information to provide the adjustments. In particular, the
presence of cross material covariances in the ENDF/B dosimetry
file is necessary in certain cases.

C. Damage Cross Sections

Damage cross sections allow‘material scientists to correlate
damage experienced in one type of facility with that in another
type. The most important (although not the only) nuclear data
needed for the calculation of damage cross sections are the
primary recoil spectra and total helium and - hydrogen production.
The primary recoil spectrum is the energy spectrum of the heavy
atoms recoiling from elastic scattering and nuclear reactions.
Although, this spectrum is generated by obtaining the angle-energy
emission cross sections of light reactants and then determining
the corresponding recoil of the heavy reactant, using kinematics,
it should be emphasized, that it is the recoil of the heavy atoms
that are desired. Thus the creation of primary recoil files
(especially if taken directly from adequate model calculations) is
highly desirable. Helium production,- it must Dbe remembered,
includes not only (n,a) reactions but alsc such reactions as
(n,na) and (n,aq). Similarly, hydrogen production is not simply
described by the (n,p) cross section.

A major impediment for damage cross section application for
FMIT is the 1limitation of ENDF/B to a maximum energy of 20 MeV.
Greenwood (7) has extended recoil spectra for several metals up to

44 MeV using approximations to compensate for inadequate data.
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The LASL evaluation of Fe (4) to 40 MeV and the ORNL evaluation of
Cu (8) to 32 MeV are good examples of work needed to lessen the
impact of the ENDF/B limitation.

The acquisition of nuclear data for total. helium produc tion
by use of helium accumulation (11), charged particle observation
(12,13) and activation techniques (14) has been impressive. A
recent advance in methodology is the calculation of damage cross
sections in multicomponent nonmetals (9,10).

Al though many data have been acquired, the nuclear data base
is .still meager, particularly in a format useful to the damage

studies community. ‘'the samples most likely to be irradiated in

FMIT will contain Fe, Ni, Cr (highest priority), Ti, Al, Cu {next

priority) C, Sn, Nb, and W (lowest priority). Evaluated files

containing the recoil spectrum and total helium and hydrogen

production are needed for these metals for neutron energies to 40
MeV. In addition, -elemental transmutation cross sections are
needed but with much lower priority and accuracy. Guidance on
specific . transmutation .products of interest must come from

metallurgists. Needless to say, uncertainty estimates and proper

documentation are extremely important.-

D. Shielding

The need for shielding information 1is -of primary concern
during FMIT design. Already data have been obtained for the total
cross sections of importance: (Fe, 0, Si, Ca, and C) by ORNL (15)
by UC Davis (16), and by LASL (17). In.addition, nonelastic and

removal cross sections, at 40 and 50 Mev have been determined by UC
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Davis for Fe, O, Ca, and C. The new LASL evaluation for Fe which
conserves energy will be quite-useful in heating calculations.

What is most needed now are evaluations of C, 0, and Si. The

time scale is short (essentially CY80) and the need is for

consistent  evaluations. The concept of removal cross sections has

been a useful tool and their measurement is encouraged.

Although activation is - not strictly a shielding problenm,
activation cross sections play an important role not only in bulk
shi?ldihg design but also in the design of experimental
assemblies. * The creation of activation files at ANL (18) and at

HEDL (19) will be helpful. However, because of their importance,’

some experiméntél' activation determinations would be helpful.

Other needed activation cross sections can be found - in Reference
19,

" E. Sensitivity Studies

As this area is still in its ‘infancy, sensitivity studies

will ' provide ample rewards. The evaluator of thé recoil spectrum

should provide strong guidance to thé experimenter and model code

user as to which cross sections are important in each energy range

and for each material. For example, the damage energy response

for Fe at 15 MeV arises from inelastic (30%), (n,2n) (~30%),

elastic (n21%), and (n,charged) particle (~20%) (20).

Sensitivity studies in calculational dosimetry will provide

guidance to evaluators, experimentalists, and model code users as

to important reaction typés and energy ranges. The use of
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calculated flux maps will show the response of dosimetry cross
sections (6) and damage cross sections (21).

F. Integral Testing

Unlike the situation at fission energies, there does not
exist sufficient differential data at higher energies for the
important materials to provide complete evaluations. Therefore,

the use of integral experiments will provide needed checks on the

accuracy of the available experimental data and on the reliability

of nuclear model codes. Such checks will not only confirm cross

sections but also the mefhods‘and data used in the calculational
dosimetry.

Progress has already been made. Greenwood (1) has shown the
consistenéy of many of the passive dosimetry reactions. Qaim et
al., (14) have used the d+Be neutron sources to integrally test
activation cross sections while Kneff et al., (11) have used
similar sources for total helium production. Finally, using
time-of-flight measurements, Johnson et al., (22) and Sal tmarsh et
al., (23) have characterized d+Li and d+Be at deuteron energies of

35 and 40 MeV, respectively.

III. Summary

Much progress has been made in the three years since the last
symposium. However, much more progress needs to be made.
Increased interaction between the wuser community and the

generators of nuclear data will expedite this progress. Measured
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and calculated cross section sets must be put into usable form in

order to have impact on FMIT utilization.
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TABLE I
HIGHEST PRIORITY DOSIMETRY REACTIONS

590:  (n,p) (,20) (n,3n) (n,4n) (n,He)"

197Au: (n,2n) (n,3n) (n,é4n) (n,He)+

S4ke:  (n,p) (n,£)* (n,@) (n,He)”

56Fe: (n,t)* (n,He)

58Ni: (m,p) (,2n) (n,3n) (n,He)+

6ONi: (n,p) (n,t)* (n,He)+

* includes (n,t), (n,nd), (n,dn), (n,2np)

+ includes (n,a), (n,on), (n,na), (n,n2a), etc.
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NUCLEAR MODEL CODES AND DATA EVALUATION

P.G. Young, LASL - Chairperson

E.D. Arthur, LASL C. Kalbach, TUNL
P.J. Dimbylow, NRPB D. Larson, ORNL

M. Divadeenam, BNL F.M. Mann, HEDL
R.W. Finlay, OHIO U. G.Randers-Pehrson,
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H. Gruppelaar, ECN-Petten A. Prince, BNL
L.F. Hansen, LLL A. Smith, ANL

H. Vonach, IRK

I. Introduction

The above group met on May 13, 1980, in conjunction with the
Symposium on Neutron Cross Sections from 10-50 MeV, to discuss
problems.associated with nuclear data evaluation and model code
calculations for applied data needs in the 10-50 MeV range. This
report follows the form of the previous one from the 1977 meeting
and is essentially an update of those findings. The remaining
sections describe the present status »f evaluations and nuclear

models, outline problem areas in model calculations, and give

recommendations and conclusions regarding . future work.

II. Status of Nuclear Data Evaluation

As was the case three years ago at the last meeting, formal
nuclear data evaluations still primarily cover the neutron energy
range below 20 MeV, including the newly issued Version V of
ENDF/B. Several evaluations have been referred to at this meeting

that extend to the 40-50 MeV range. These efforts have been
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mainly in conjunction with FMIT facility project and include a
number of dosimetry evaluations, - a full ENDF-formatted natural
iron evaluation with energy-angle data, and several ad hoc
multigroup and con?inuous energy data sets, based on optical model
and intranuclear cascade calculations.

A number of new measurements of importance wére reported at
this symposium, however, that have not been incorpofated into
evaluations. A frequently expressed concern at the workshop
fegarded the incorporation of new experimental data into the
evalualion process. While such data 2re useful in themselves, it
is only through the evaluation process that the experiments can be
fully exploited. In paftiéular, since current experimental
techniques‘ are not able to provide all the neéded data, it is
necessary to use model calculations to fiil gaps and to supply
much of the energy-angle data that has been requestéd. The'most
reliable model calculations are those which simul taneously
repr&duce in a consistent manner all available experimental déta
for a nucleus. Such analyses serve to improve the reliability of
calculated cross sections in regi§n§ where experimental data do
not exist, and therefore éxtend the usefulness of measurements far
beyond their original scope. It was the feeling of the group that
insufficient emphasis is being givea to such analyses.

Ano ther area.of concern expressed at fhis‘ meeting was a
desire Vfor better commuﬁication between the experimenters,
evaluators, and users. Since model calculations will be relied on

to provide many of the necessary cross sections, it is important
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that the experimenters have input from the evaluators as to which
measurements will be most useful to guide model calculations.
Frequentlylone or two carefully chosen measurements will allow
determination of parameters sufficient to calculate a number of
other,required cross sections. As a means to this end, Table 1
gives the lead evaluator and laporatory for each of the materials

contained in ENDF/B-V.

ITI. Nuclear Model Improvements and Remaining Problems

The primary. nuclear models applicable to nuclear data
problems in  the 10-50  MeV région are the multistep
Hauser-Feshbach, precompound, direct reaction, and intranuclear
cascade/evaporation.models. Several computer codes that implement
one or mofe of these models are described in the symposium
prqcéédings and are summarized in Table II.

While a number of deficienéies remain in nuclear model
capabilities, several improvements have occured over the past
three years. The sections below summarize some of  the
developments and 1list certain of the outstanding problems that

remain.

A. Unification of Reaction Models

This topic has been one of substantial interest due largely
to the efforts of the Weidenmuller group although implementation
of a rigorous theoretical approach appears to be complex. As a
first step, pérameters used in different models employed to.

analyse neutron experimental data should be consistent if a
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meaningful predictive capability is desired. Efforts are underway
to unify preequilibrium and Hauser-Feshbach models to produce a
consistent approach through incorporation of angular momentum
effects in the preequilibrium model. Such efforts should be
encouraged with a desire towards testing these approaches over a
wide mass region under various conditions. Deficiencies remaining
in existing preequilibrium models such as pairing or shell effects
should be addressed as well as treatments used to describe

composite particle emission.

B. Angular Distributions for Continugg_Emission

Considerable progress appears to have been made based on
several papers presented at this Symposium ranging from
phenomenological analyses of angular distribution data to fits of
large amounts of experimential data using more basic
preequilibrium models. Problems remain regarding representation
of data at backward angles and the effect of approximations used
in these models.

C. Level Densities

Since the 1977 Symposium little advancement has been made in
the use of 1level densities other than the Gilbert-Cumeron or
back-shifted Fermi-gas models. However such models are applied
with more effort towards determination of constant temperature
parameters based on recent experimental discrete level data and
the .use of more realistic systematics for the spin cut-off
parameter. The prospects for better level density models as

regards energy dependence and parity ratios have perhaps improved
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through the recent basic work by Grimes et al.

D. Gamma-Ray Strength Function

Considerable progress towards determination and prediction of
gamma-ray strength functions has been achieved through the work of
D.G. Gardner and M.A. Gardner. Efforts should be made towards-
the implementation of sﬁch results into multi-step Hauser-Feshbach
calculations.

E. Optical Model Parameters

Progress has been made in the determination of neutron
‘optical parmeters valid over a wide energy ranée from several
hundred keV to several tens of MeV. Such parameter sets should be
identified for use in applicable mass and energy regions. Little
improvement exists, though, in the determination and verification
of energy-dependent alpha-particle optical parameters. The
subcoulomb barrier behavior of proton optical parameters as
discussed recently in the literature may be important for certain

proton-production calculations.

IV. Additional Recommendations

A. VWhile progress in acquiring higher energy data has been
made through the FMIT project, there is still no systematic effort
to develop, validate, document, and disseminate wmicroscopic data
libraries in the 10-50 MeV region. We recommend that
fusion-related data activities be coordinated with CSEWG and - that
development of data files for selected materials to 50 HeV be a

goal for the next version of ENDF/B. Such development includes
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the identification of appropriate formats for representation of
energy-angle data at higher energies where many reaction channels
are open and for specifying the charged particle and recoil
nucleus spectra and angular distributions needed for radiation
dumage studies. Additionally we recommend that the problem of
energy balance, which was noted at this meeting, be brought to the
attention of CSKEWG and appropriate remedies devised.

B. The time, effort, and requisite skills required to
produce reliable data evaluations have expanded significantly with
the increased demands and requirements for data evaluations. It
should be recognized.that carrying out reliable data evaluations
spanning the energy region from thermal to 50 MeV require large
scale efforts. It is the feeling of the group that evaluation
efforts would benefit from closer collaboration among evaluators
at different laboratories, both nationally and internationally.

C. The LLL-LASL code comparisons cited in the review talk,
which led to agreement of < 5% among the independent model codes,
are valuable activities that should be expanded. The group
recommends that CSEWG continue its code comparison effort and
identify problems that test calculations in the 10-50 MeV range.
Additionally, consideration should be given to comparisons of
equivalent célculations with different models such as the
intranuclear cascade and multistep Hauser-Feshbach models.

A D. Evaluation methods that combine differential and integral
measurements, theoretical calculations, and covariance data files

have been developed for other applications. Such 'techniques
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should also be considered for higher energy data evaluations,
e.g., in dosimetry data evaluations for the FMIT facility.-

E. Considerable effort has been directed at sbecification of
covariance data for ENDF/B evaluations. It is recommended that
the question of uncertainties in model calculations at higher
energies be addressed by evaluators.

F. In the review paper for this session, Gardner recommended
that consideration be given to setting up computer fiies of data
needed in model calculations, e.g., level energies, spins,
parities, gamma branching ratios, etc. We recommend that the
establishment of such files be investigated by the model codes
group in CSEWG. Additionally we recommend that the model codes
group look more closely into the question of @ what experimental
data are most importantlfor defining nuclear model parameters in
higher energy calculationo.

G. Examples were given at this symposium of cases vwhere
global optical parameter sets resulted in very poor calculated
total cross sections at higher energies. Care should be taken in
all model 'célculations to ensure that the parameters being used
are appropriate for the specific nuclei and energy ranges being
studied.

H. Nuclear model calculations for 1light elements are
relatively more difficult than for medium mass nuclei. In
particular, global parameterizations are not as reliable, and
special care should be taken to ensure the appropriateness of

models and parameters for nuclei lighter than Al1-27. This
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conclusion implies, of course, a more extensive measurement
program for important light nuclei.

I. The models and techniques discussed here can be validated
and parameters obtained from proton-induced measurements as well
as from incident-neutron experiments. Therefore, the group
recommends that available proton data be carefully utilized in
model studies when possible. In addition, we encourage
charged-particle experimenters to consider measurements of such
quantities as alpha and proton production cross sections, spectra,
and angular distributions induced by protons up to 50 MeV, as well.
as proton elastic scattering and emission spectra.

J. Authors of nuclear model codes are urged to provide
documentation of their codes, including updates to reflect later
improvements. Documentation  should .inélude a theoretical
description and, if the code is to be generally. available, user
instructions.

K. The neutron-induced measurements that are most essential
for providing the required data evaluations up to 50 MeV are
neutron total ¢roess sections, elastic scattering angular
distributions, elastic or nonelastic cross sections, hydrogen éﬁd'
helium production cross sections, and important dosimetry ;nd
activation cross sections. While we can provide estimates of
these quantities with model codes now, experimental data at a few
energies for important materials would greatly improve the overall
accuracy of the calculations. Additionally, measurements of-

secondary neutron and charged-particle emission spectra at a few
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angles for a few nuclei are needed at &an incident energy where
preequilibium effects dominate (E>20MeV). These data are needed
to verify relative neutron and proton cross sections predicted by

preequilibrium theory.
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PRI.CONM.JUNE, 1967

EPRI

BP-250

1979

DATE

DEC78
DEC78
DECT78
DEC78
APRTB
JUNTS
APR76
APRT6
APRT6
APR76
APRT6
APRT6
KAYT4
PEB79
nov78
nov78
ROY78
nOv78
NOV74
nOv78
JANT8
AUGT2
NARTE
nART8
NARTE
AARTO
RARTS
KART8
NARTS
KAR78
NAYTS
nARTE
ROV78
AUCTB
nov7e
DECT7
JUNTS
PEB78
JUNTS
JANT?
JANTT
JANIT,
JARTT
IANTT
IANTT
JARTT
JUN6T
JUN6T
JUNET
AFLT6

.. -AUTHOR
A.PRIRCE

A.PRINCE

A.PRINCE .

A.PRINCE

A.PRINCE

A.PRINCE

M. DRAKE D.SARGIS  T.MAUNG
N.DRAKE D.SARGIS  T: RAUNG
M.DRAKE D.5ARGIS  T.MAUNG
N.DRAKE D.SARGIS  T.MAUNG
N.DRAKE D.SARCIS  T.MAUNC
N.DRAKE D.SARGIS  T.MAUNG

R.HOWERTOR(LLL) ARD A.SMITH
HOVERTON, SCHAITTROTH, SCHERTER
SCHEHTBR, LIVOLSI, SCHAITTROTH,ETAL
SCHENTER,LIVOLST, SCHMITTROTH,ETAL
SCHENTER, BHAT, PRIRCE, JOHNSOR, ETAL
SCHERTER, BEAT, PRINCE, JOHNSON, ETAL
S.PEARLSTEIR(TRANS FROM U.K.)
PEARLSTEIN,WANH, SCHENTRR
7.SCHRITTROTH/D.L.SNITH

R.SHEB,

M.B.BHAT AND S.P.MUGHABCHAB
M.R.BHAT ABD S.F.MUGHABGHAB
N.R.BHAT ABD S.P.MUGHABGHAB
N.R.BHAT AND 3.F.MUGHABCHAB
M.R.BHAT AND S.P.NUGHABGHAB
M.R.BHAT AND S.P.NUGHABGHAB
W.R.BHAT AND S.P.NUGHABGHAB
N.R.BHAT ARD S.P.MUGHABCHAB
B.R.LEORARD,JR. AND K.B.STEVART
W.R.BHAT AMD S.FP.MUCHABGHAB
SCHENTER, BHAT, PRINCE, JOHRSOR , BTAL
HOVERTON

SCHENTER, LEONARD, STEVART, BT AL.
S.7. NUGHABGHAB -

H.TAKABASHI

S.RUGHABGHAB

H.PAKAHASHI

B.A.NAGURNO

B.A.MAGURNO

B.A.MACURNO

B.A.NAGURNO

B.A.MAGURNO

B.A.MAGURRO

B.A.NAGURNO

B.R.LEORARD,JR. ARD X.B.STEVART
B.R.LEONARD,JR. ARD K.B.STEVAR?
B.R.LEONARD, JR. AND K.B.STEWAR?T
M.DRAKE D.SARGES  T.MAUNC
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72-HL-174
72-H1-176
72-Ke-177
72-Ur-1178
72-841-179
72-K-180
73-Ta-181
73-Ta-182
74-¥ -182
74-¥ -183
74-¥ -184
74-¥ -186
75-Re-1865
75-Re-187
79-Au-197
79-Au-197
81-71-208
82-Pb- 0
82-Pb-212
83-B1-212
84-Po-216
86-Rn-220
88-Ra-224
90-Th-228
90-Th-230
90-Th-231t
90-Th-232
90-Th-232
90-Th-233
91-Pa-231
91-Pa-232
91-Pa-233
92-u -232
92-u -233
92-y -234
92-y -23%
92-y -235
92-U -236
92-u -237
92-u -238
92-U -238
92-U -239
93-Hp-236
93-Np-236m
93-Mp-237
93-Np-237
93-Wp-238
93-Np-239
94-Pu-236
94-Pu-237

FNDF/B-V LIBRARY

MAT
NO.

1374
1376
13717
1378
1383
1384
1285
1127
1128
1129
1130
135
1083
1084
1379
6379
8108
1382,
8212
8312
8416
8620
8824
8028
8030.
8031
1390
6390
8033
8131
at32
1391
8232
1393
1394
1395
6395
1396
a2317
1398
6398
8239
8336
8346
1337
6337
a33e
8339
8436
B437

SPEBCIFICATION

Reutran cross sectlions only (RP)
Fevtron cross sectlions only (RP)
Neutrdn crosa sectlons only (RP)
Reutron cross ssctione only (RP)
Reutron cross sectlions only (RP)
Reutron cross sectlions only (RP)
Neutrsn(RP)+ganna production
Reutron crose sections only (RP)
Neutran(RP)*ganma production
Neutron{RP)vgansa production
Feutran(RP)+geams production
Reutran(RP)+gamaa production
Neutran croes sections only (RP)
Neut.{RP)*decay data
Reut.{RP)+terr.filen
feut.(RP)terr.files

Decay data only

Neut. + gemama prod. +error

Decay data only

Decay data only

Decay data only

Decay dats only

Decay dats only

Decay data only

Reut . (RP)+decay date

Decay dats only
Reut(RP)sdecay+PPY+gam. serr.
Neut.{RP)serr.files

Decay deta only

Reut.{RP)+decey datea

Decsy data only

Heut .(RP)+decey data
Neut.(RP)sdecay data
NHeut(RP)+decay+fias.prod.yld
Neut.(RP)+decay data
Neut(RP)sdecay+*PPY+gan.verr.
Heut.(RP)+err.flles
Meut(RP)+decny*fiss.prod.yld
Neut.(RP)+decay+ganas prod. data
Neut{RP)sdecay+PPY+gam.%orr.
Reut.(RP)+err.files

Decay data only

Decay data only

Decay dots only
Neut(RP)+decay+PPYserr. «
Neut.(RP)+err.files

Reut .(AP)+decny data

Decay data only

Reut.(RP)+decay data
Reutrontdecay data

TARLE. T (cont,) Oct.

LABORATORY

SAT
SAl
SAI
SAl
SAl

SAL

LLL .
Al '
AT, LASL
AT,LASL
AI,UASL
AT,LASL
GE(NNPO)
CB(KNPO)
BAL

BHL

IREL

ORNL

INEL

INEL

INEL

IREL

1NBL

INBL

HEDL

INEL

BNL

BNL

INEL

HEDL

INEL

HEDL, INRL
HEDL
LASL-ORNL
BRL,HEDL, »
BAL

BAL

BHL, HEDL, ¢
BAL,SRL,LLL
ARL+

ABL+

INEL

INEL

INEL

HEDL, SRL,+
HEDL, SBL, +
SRL

18EL

HEDL, SRL
HEDL

REPERENCE

EPBI RP-250
EPRI RP-250
EPBI WP-250
BPEI HP-250
BPRI RP-250
BPR1 NP-250

AI-ABC-12990 (1¢74)

GENP-587
CERP-587

ADNDT, 16(1975)4C9.

TARSAO 28, T21. 1978

ARL/WDN-32
ANL/WDN-32

HEDL TRE 77-54
HEDL TME T7-54

HEDL THE 77-54
HEDL TNE 77-54

1979

DATB

APRT6
APRT6
APRT6
APRT6
APR76
APR76
nov74
APRTY
JURTS
ocT74
APRTA
JUNT3
JANGB
JARGB
¥EBT7
PBB77
AUGT8
AUGTE
AUG78
novy8
AUGT8
AUGTB
AUGTB
AUGT8
ROVT7
AUGT8
DBCT7
DECT7
AUGT8
HOVT7
AUGT8
RAYTO
ROVT?
DEC78
JUL78
ROVTT
APR77
JuL7e
JUL76
KART9
HART9
AUGTB
AUGTB
AUGTB
APR78
APR78
AUGTS
AUGTB
APR7B
APRT8

AUTHOR
N.DRAKE D.SARGES T.RAUNC
N.DRAKB D.SARGES T.MAURG
N.DRAKR D.SARGES T.KAURG
K.DRAKE D.SARGES T.MAURC
N.DRAKE D.SARGES T.MAUKG
N.DRAKE D.SARGES T RAURGC

HOVERTON, PBRKIRS, NACGRECOR
J.OTTBR,C.DUNPORD, AKD E.OTTEVITTE
OTTER,OTTEWITTE,ROSE, YOUNG
OTTER,OTTEVITTE,ROSB, YOUNC
OTTER,OTTEVITTE, ROSE, YOUNG
OTTER,OTTEVITTE,ROSE, TOUNG
¥.B.HERTERSON AND J.¥W.Z¥ICK
¥.B.HENGERSON ARD J.V¥.ZWICK
S.P.NUCHABGHAB

S.P.MUCHABGHAB

REICH

C.Y.FU AND ¥.G.PEREY

REICH

REICH

RBICH

RBICH

REICH

REICH

HANN

REICH

‘BHAT, SRITH, LEONARD, DESAUSSUREETAL
BHAT,SN1TH, LEONARD, DESAUSSUREBTAL
RBICH

WANN

RBICH

WANN, SCHENTER, REICH

WARR

STEVART BT AL, WESTOR, NANR,HEDL
DIVADEEFPAN,NARN, DRAKE,REICH, ET. AL
M.R.BHAT

N.R.BEAT
DIVADREFAN,NANN,NCCROSSON,REICH, +
XINSBY-ASSEMNBLER(SEE COMNENTS)
E.PENBINGTON,A.SNITH,¥.POENITZ
B.PENBINGTON,A.SKITH,V¥.POENITZ
REICH

RBICH

REICH
MANK,BEVJANIN,SNITH,STEIS, REICH,+
MARR, BEFJARIN,SNITH, STBIN,REICH, +
BENJANIN AND NCCROSSON

REICH ’

MAHN, SCHERTER, BENJANIN ,ACCROSSON
NAKR AND SCHENTER- (FAST)
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94-Pu-238
94-Pu-239
94-Pu-239
94-Pu-240
94-Pu-241
94-Pu-242
94-Pu-243
94-Pu-244
95-An-240
95-An-241
95-An-242m
95-A0-242
95-Am-243
95-Am-244
95-Am-244n
96-Ca-241
96-Cm-242
96-Cu-243
96-Cn-244
96-Cm-245
96-Cm-246
96-Cn-247
96-Cm-248
96-Cm-249
97-Bk-249
97-Bk-250
98-Cf-249
98-Lf-250
98-Cr-251
98-Cf-252
98-Cf-253
99-B2-253

ENDF/B-V LIBRARY TABLE 1

MAT
RO.

1338
1399
6399
1380
1381
1342
8443
8444

8540,

1361
1369
8542
1363
8544
AS54
8641
8642
1343
1344
1345
1346
8647
8648
8649
8749
8750
8849
8850
8851
8852
8853
8953

SPECIPICATION NO. LABORATORY
CARDS

Reut.(RP)sdeceay data $121 HEDL,AL,+
Neut(RP)+decay+FPY+gan.serr. 9313 CE-FBRD
Reut.(RP)eerr.files 916 GE-PBRD
Neut(RP)tdecay+sFPYegam.serr. 4025 ORNL
Neut(RP)+decay+FPY+gom.corr. w546 ORNL
Neut{RP)sdecey+PPY+gan.serr. 4248 HEDL,SRL,+
Reut.(RP)+decasysgeans prod. dats 2070 BAL,SRL,LLL
Reut.(RP)+decny data 672 HEDL,SRL
Decay data only 175 IRBL
Neut.(RP)+decay+gaama prod.+err. 2111 HEDL,ORNL
Heut.(RP)+deceysgemna prod. deta "231 HEDLSRLLLL
Neut.(RP)+*decay data 472 SRL
Neut.(RP)*decaysgomna prod. dsta ‘986 HEDLSRLLLL
Decay data only 107 IABL
Decay data only 78 INEBL
Beutronsdecay data 683 HEDL
Neut.(RP)+decay+ganma prod. data :185 HEDLSRLLLL

Reut.(RP)sdecaysgomna prod. data 1554 HEDLSRLLLL
Reut.(RP)edecaysganns prod. data 1515 HEDLSRLLLL
Neut.{BP)edecoaysganma prod. data 1796 SRL

Kout.(RP)+decaysgamna prod. data :041 BNL,SRL,LLL
Neut.(RP)+decayegamnma prod. data ‘2267 BNL,SRL,LLL
Neut.(RP)+decay+ganma prod. datea 1232 HBDLSRLLLL

Decay data only 129 “INEL
Reut.(RP)¢decay+gamna.prod. dste 3053 BBL,SRL,LLL
Decay deta only 233 1RBL

Neut.(RP)+decaysgasma prod. data 35014 BKL,SRL,LLL
Neut.(RP)+decay+gamma prod. dete 1953 BFRL,SRL,LLL
Neut.(RP)+decay+gamna prod. data 2021 BRL,SRL,LLL
Neut(RP)+decay+PPY+gan. 1283 BFL,SRL,LLL
Neut.(RP)+decay data 830 SRL
Rout.(RP)sdecay data 998 BRL,SRL

(cont.)

REFERENCE

HEBDL THE 77-54

HBDL THB 77-54

HEDL THE 77-54
HEDL THE 77-54
HEDL TME 77-54
HEDL THE 77-54

HEDL THNE 77-54
HEDL TMB 77-54

HEDL TME 77-54

Oct.

1979

DATE

APR78
0cT76
0CT76
APRT7
0CT7?
ocrr8
JULT6
APRT8
AUC78
APRT8
APRT8
AUGTS
APRT8
AUGTS
AUGTS
APRT8
APRTS
APRTE
APRT8
SEPTS
JUL76
JULT6
APR78
AUGT8
JLT6
AUGT8
WLT6
JUL76
JULT6
JULTE
DEC75
JuL76

AUTHOR

WARN,SCHENTER, ALTER, DURPORD, +
E.KUJAVSKI, L. STEVAR? (LASL)
B.KUJAWSXT,L.STEVART(LASL)

L.¥. WESTO¥

L.¥. ¥BSTOR,R.Q. VRIGHT,HOWERTON -
MARN, BENJARIR,NADLAND, HOVERTON, ¢
KINSEY-ASSENBLER(SEE COXKMENTS)
MARN, SCHENTER, BERJAKIR,KCCROSSON
REICH

MANN,SCHERTBR, AND WESTON
MARN,BERJANIN, HOVERTON ,ET AL.
BENJAMIN ARD KCCROSSOR
MARN,BERJANIN, HOVERTON,BT AL.
REICH

REICH

MANN AND SCHENTBR

MARN, BENJANIN, HOVERTON ,ET AL.
MANN,BERJARIN, HOVERTON BT AL.
WARN, BENJARIH, HOVERTON, ET AL.
BENJANIN AHD KCCROSSON
KINSEY-ASSEWBLER(SEE COMNERTS)
KINSEY-ASSEMBLBR(SEBE COMMENTS)
MWARN, BENJANIN,HOVERTON,ET AL.
RBICH

KIRSEY-ASSENBLER(SEE CONMENTS)
REICH

KINSBY-ASSENBLER{SEE CONNENTS)
KINSEY-ASSEMBLER{SEE CONNBNTS)
KIRSEY-ASSEMBLER(SEE COMMERTS)
KINSEY-ASSEXBLER(SEE CONNENTS)
BERJAMIN AND MCCROSSOR
KINSEY,BERJARIN, AHD MCCROSSON



_gg—

Program -
ALICE

AMALTHEE

GNASI

NAUSER#®S

IAUSER*6

JULTAR

NMTC

ORTON

STATUS OF NUGLEAR MODEL CODES FOR IVE 10-50 MeV

Avthors Affliation

M. Blanc. LLL, Livermore
USsA

0. ders:llen CFEBC
L. Taugere France
E.D. Arthur LASL, Los Alamos
P. Toung UsA
F. Mamm MECL, Manford

USA

HECL, Hanford
iSA

F. dann -

‘

BNL, Upton, USA

“Wedamann Inst.
Isracl

M. HillRan
Y. Eyal -

R.G. Alzmiller, Jr. ORFL
T.A. Casriel

T. Tanura
T. Udgava

Univ. of Texas, Austin

TABLE IL

Formal 1am*

Evaporation + Exciton
Precompound, Fission

Master Equation
Exciton Model
(time integration to=)

Multi-step H.F. +
Excitun Precompound,
(n,y) and Figsion.

Multi-step H.F. +
Exciten Precompound,
{n,y) and Fission.

Multi-step H.F. +
Exciton Precompound
(n,Y) and.Fission.

Honte-Carlo + H.F.

Intranuclear Cascade +
Evaporation

Multi-stép Direct
Reaction and the
possibillty of linking
to H.F. codes

Ang. Distrihution
/Sgectrn

Na;

No; ==

. do
dE

do

do
by and I

do, d% , dc

dn dedn dE
d29 and do
ardn [
g%  do
dEdn ' dE

no 42

o n zo

disc. Zevels

do, d'9_, do
N dEA dF

.o
Computer .

1BM
POP

coc

cne

1BM
UNIVAC

B4
(A

<oc
184

1BH

cnc

1BM
cnec

Document

UR-NSRL~181

Yes

LA-6947(1977)

HEDL-TNE-78-90

Yes

Yes

Avallahility

Authot
Authors
Authors or NESC

at AN or RSIC
at ORNL

Authors or NESC
or RSIC

Under
duvelopment

Authors

RSIC at ORNL

In progress
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STATUS OF NUCLEAR MODEL CODES FOR THE 10-50 MeV REGION (cont.)

TABLE II
+ Ang. Distribution
Program Authors Afflistion Formalism /Spectra Computer Document Avoilability
PREANG J.H. Akkermans ECN, Petten Master Equation d?g , do . =nC ECN-60(1979)  Authora
H. Gruppelaar The Netherlands Exciton Precompound dEdnd dE {Gruppelaar)
F.J. Luider (tice integration to =) No T; to disc. .
(Revised version
of PREEQ by levels
E. Betak)
PRECO-D C. Kalbach - TUNL, Dacham Griffin Exciton model, " _d% s do [B¥
uUsa *semi~empirical direct dEdft  dE Honeywell In preparation Author
reactions and Phenomenal- do
logical Ang. Distribution Ho 3q to diesc.
levels.
STAPRE M. URL IRK, Vienua Multi-step H.F, + T g de . _
B. Strohmaier Austria N Exciton Precompound dE M Yes Ngﬁc]:;l'
(.72 N or Authors
™G C.Y. Fu ORNL, Oak Ridge Multl-step H.F. + do , _d%, do coc o Author
usa Exciron Precompound- 42 dEdR dE
Ang. Mom. Conserved
for ?recompound process
. slso, and (n,Y)
UHL Code M. Uhl IRK, Vianna Multl-step H.F. + do ,_d%g , do IBM - Under
B. Strohmaier Austria Excizon Precompound dq  dEdf dE development

(n,y? and Fission.

*The Codes are listed alphabetically.

tThe term Multi-step H.F. implies higher order corrections, 2.g., in DWBA approximation, and {s probably not proper: instead the term Multi-Stage
H.F. would be more appropriate.
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)
10-50 MeV NEUTRON CROSS SECTIONS, AN OVERVIEW OF ACCOMPLISHMENTS
“= IN THE CONTEXT OF THE 1977 SYMPOSIUM *+

=

Alan Bowen Smith

Argonne National Laboratory,
Argonne, Illinois 60439, U.S.A.-

ABSTRACT

Some reflections on the status of 10-50 MeV neu-
tron cross sections are given as viewed from an out-
side perspective. The foundation is the Symposium of
1977 with its conclusions and recommendations. Respon—
siveness to those recommendations and accomplishments
during the intervening three years are assessed.

INTRODUCTORY REMARK

Over the years I have made very minor contributions to neu—
tron cross sections in the present energy range and that continues
so today. During these decades age has come upon me. There is
some advantage to this generally depressing geriatric fact. From
my perspective one develops a longer-range view supported by
experience in analogous data contexts. It is from that viewpoint
that I look back over the intervening three years upon the 1977
Symposium. How responsive have we been to our recommendations
‘and plans? What goals have been reasonably achieved, where have
we fallen short, and where are we in relation to contemporary
issues? Such assessments are usually opinionated. I will follow
convention remembering that, on good authority, Port Jefferson
still maintains a "dunking chair” for those who stray too far
from the truth.

*Symposium on neutron cross sections from 10 to 40 MeV, Brookhaven
National Laboratory, (1977), Proceedings given in BNL-NSC-50681.
*This work supported by the U.S. Department of Energy.
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SOURCES, FIELDS, DETECTORS AND STANDARDS

As three years ago, the primary sources of interest are; d-T,
d-7Li (E ,=30-50 MeV) and, to a lesser extent, d-%Be and p incident
on ’Li and 9Be at energies of tends of MeV. A number of measure-
ments have given new definition to these reactions at incident ener-
gies of {50 MeV (e.g. ORNL (1], U-C-Davis [2] and Chalk River [3]).
There remain detailed questions, particularly at lower energies
(e.g. below 1 MeV). However, it seems likely that the basic ’
parameterization of the d-T and d-7Li source reactions is suffi-
ciently known for the large majority of the engineering applica-
tions. In practice, engineering environments may well introduce
much larger uncertainties than are inherent to the knowledge of
the underlying source reaction.

The trend in thick-target white sources is toward higher
energies (200 MeV and above) and the spallation process [4]. The
yield per energy input is very good (25 MeV/neutron) and advantage
is taken of recent advances in medium and high—-energy accelerator
technology. There is a potential for very high intensities with
particular advantage in the studies of condensed matter and radia-
tion damage [5]. Certainly, such facilities should be employed in
high-energy cross section measurements where it is productive to do
so [6]. However, as three years ago, most of the high-energy cross
section needs are consistent with the capabilities of conventional
and operational facilities and there remain extensive data areas
that are not compatible with the white-source concept.

It should be pointed out that our knowledge of thick-target-
yield data is becoming available from established compilation cen-
ters [7]. Similar compilations of thin-target yields are being
considered.

It was recommended that standard-reference fields be made
available at; 14 MeV (d-T), moderated 14 MeV and based upon the
d+7Li (E =40 MeV) reaction. The d-T 14 MeV source is very well
understood at the relevant energies and standard fluxes are
obtained to accuracies of 1% [8]. There appears to be no inher-
ent problem to the provision of moderated 14 MeV fields other than
engineering development and validation. The d+’Li field was recom
mended to a relative accuracy of 3-5% from 0.5-30 MeV. Not sur-
prisingly, that objective has not been approached. It is doubtful
that, after 40 years of study, the fission-neutron spectrum is
known to such accuracy over a much narrower energy range.

) There has been some improvement in the knowledge of standard
reference cross sections, notably in the fission cross sections [9].
However, possibly excepting the H(n,p) reaction, standard refer-
ence cross -sections at high energies are not available to the
ultimate desired accuracy. This shortcoming is not now restric-
tive but it is a long term concern.

Calibrated neutron detectors were sought to phenomenal ac-
curacies; e.g. 2-4% from 0.5-30 MeV. This goal has not been
approached and when it is there will be an enormous impact on the
entire neutron data field.
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TOTAL, SCATTERING AND EMISSION CROSS SECTIONS

For many years energy-averaged neutron—total cross sections
have been a problem, primarily at lower energies. Thus it is good
to note significant improvements up to energies of 80 MeV largely
as the result of the comprehensive measurement program at ORNL,
augmented by selected reference measurements elsewhere [10,11].
Much of this accomplishment is the result of the application of
an already well developed capability. The total cross section
plays a central role in both evaluation and physical analysis and
it is in this broader scope that the results are most valued.

They are also responsive to project needs. However, we have had
a fair knowledge of total cross sections up to at least 30 MeV
for more than a decade [12] and one would have thought that if
anything could be reasonably extrapolated with calculation it is
the energy-averaged total cross section. One wonders if this was
systematically attempted in order to meet project needs and how
reliable the results proved in the light of the new experimental
evidence. i

Recently there have been some truly elegant experimental
studies of elastic and quasi-elastic neutron scattering at selected
energies in the range 10-30 MeV [13,14]. Physical interpretation
has been in the context of the optical model with attention to the
the details of; energy dependence, direct-reaction mechanisms,
charge dependence and the character of the spin—orbit interaction.
What has been achieved is a refinement giving confidence to quan-
titative calculation and a better understanding of the interrela-
tion of charged-particle and neutron processes [15]. However,
there have been no real surprises. The potentials may be only
"regional” but they are applicable to wide cross section domains.
The problem is to put them to use.

Direct applied use of the measured elastic—scattering results
is more difficult. One tends to forget that at these energies
those distributions are very peaked forward and that all those
large—~angle details at several orders—of-magnitude reduced inten—
sity are of essentially no applied importance. Indeed, they are
not even consistent with the accepted evaluation formats, not to
mention the macroscopic calculational systems.

Some recent measurements of the non-elastic cross section are
very useful [16]. In a sense, the high-energy field is now where
the fission data was 15-20 years ago and at that stage the non-
elastic cross section is a particularly valued quantity [17].

Results of measurements of emitted neutron spectra including
discrete-inelastic, pre-compound and fusion components are becon-
ing available [13,14]. In the light nuclei there are some notable
improvements in our knowledge of discrete excitations, e.g. in the
lithium isotopes [13]. The measurement of continuum angle-energy
spectra is far more difficult and progress correspondingly slower.
Again, the information that is becoming available appears to con-—
tain no surprises. It is noteworthy that a large share of our
knowledge of emitted spectra comes from abroad—--and the east-block
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at that [18]. The situation may be a bit deceptive as charged-
particle emission involves the same physical processes and there
we are in better shape.

'

PROPAGATION OF THE SPECIES

The essential matter of breeding is of more than a little
embarrassment. The matter has long been identified as being of
the highest priority and increasingly so as ETF concepts turn
to lithium—oxide compounds wth consequent sharp reductions in
breeding gains [19]. Integral measurements have suggested
alarming reductions in the cross sections of the relevant lithium
reactions [20]. This was noted abroad and recent Harwell measure-
ments indicate a more than 25% reduction in the ’Li(n;n',alpha)t
cross section [21]. This reduction has a large and detrimental
impact on breeding in many. blanket concepts. The situation reminds
one of the 239pu-ALPHA "flap" of a few years ago resulting in an
analogous detrimental impact on fast-breeder performance. As in
that case, the potential for such a problem should not have heen
a surprise as the underlying data base was both old and uncertain
[22]. The 7Li issue will soon be further delineated by the results
of comprehensive measurements now nearing completion at ANL and
CBNM-Julich [23,24]. However, we should not be complacent. Most
breeding concepts depend strongly on tritium production in 611
and the corresponding cross sections are not all that certain.
Despite extensive study of the nt®Li system [25], the basic struc-
ture underlying tritium production at even low energies is uncer-
tain and even the qualitative features of the reaction mechanism
remain a matter of debate [26]. Confidence is not enhanced by
similar questions as to the structure of the mirror 7Be system.
There are similar uncertainties in "advanced” fusion concepts
where studies of underlying light-charged-particle reactions
have been too largely moribund for several decades.

(N, CHARGED-PARTICLE) DATA

The primary focus is on the production of protons, deuterons
and alpha-particles (and secondarily, other light particles) at
incident energies up to 16 MeV {27]. 1In the 14-16 MeV region the
understanding is remarkably comprehensive largely due to the ef-
forts of the LLL-Group [28]. Cross section and particle-spectra
results have been obtained for a wide range of structural materials
in the mass range A=40-60 and work is in progress in the A=100
region [29]. The cross sections vary widely but the spectra and
the spectrum—averaged energies (and thus relative energy deposi-
tion) are very similar and well described by multi-step Hauser-
Feshbach and pre-compound calculations [30]. This suggests that
a number of future needs can be met by simple activation measure-
ments (where a residual activity is available) as, for example,
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pursued at Julich [31]. Below 14 MeV and toward threshold the
situation is less satisfactory but work underway at Ohio Univer—
sity promises improvement. Both LLL and Ohio groups use similar
Q-pole devices. A simpler solid-state detection system has been
productively employed at CBNM where direct—-particle measurements
have yielded impressive results well into the threshold region [32].
It is unfortunate that such an alternative approach to direct~
particle detection has apparently not been implemented in this
country. Measurements can be extended above 16 MeV but they will
be increasing tedious and difficult and thus should be carefully
chosen as calculational benchmarks. .

DOSIMETRY CROSS SECTIONS

Despite the importance of high-energy (10-50 MeV) dosimetry
at the FMIT and in similar applications, the general data com~
munity has shown remarkably little interest in the problem area.
The situation is analogous to that existing in fission-reactor
dosimetry for many years. The latter has recently improved with
the advent of some truly suitable basic results. It is fortunate
that some of our friends abroad have not been so casual [33].
Responsiveness is not encouraged by the profusion of “"primary”
dosimetry reactions. The engineering community has given far
more attention to dosimetry matters but their efforts are project
oriented and handicapped by the lack of facilities and techniques
requisite to establishing .a comprehensive microscopic data base.
However, they have been very effective in the integral testing
of dosimetry data in reference spectra such as that provided by
the YBe(d,n) (E,=40 MeV) reaction [34,35]. .Such tests have
involved many og the dosimetry reactions recommended at the past
meeting. A fragmentary data base was used, partly derived from
ENDF/B-IV extrapolated to higher energies either empirically
or with the assistance of simple calculations [36]. Beyond the
basic data uncertainties, are those inherent in the reference
spectra themselves. Given these collective uncertainties, the
consistencies between measured and calculated response rates
(frequently within 10%) are remarkably good. Indeed, such
quality results have only recently been generally achieved in
the area of fission reactor dosimetry. Success may be in part
due to the fact that the differential response of a number of
the reactions in the reference spectra peaks well below 20 MeV.

MODELS AND CALCULATIONS

At the previous meeting the potential of calculations, vali=-
dated with selected experimental results, was repeatedly stressed.
It was implied that primary reliance should be placed upon such
an approach. Following this course there have been a few suc~
cesses [37] usually on the part of a single group fortunate enough
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to combine measurement and calculational capability. However,
the approach has not been implemented on a comprehensive scale.
It seems that the obstacle has been the lack of cooperation
between measurement and calculation communities.

To the outside observer, the calculational efforts seem to
be of somewhat variable quality. One could have hoped that simple
processes, such as (n;p) reactions at relatively low energies,
could be predicted with reasonable consistency and assurance.
This appears to be so when the data base is reasonably defined
by experiment. Without the experiment things are far more uncer-
tain. Calculated results can differ by a factor of two or more
and, at least in one case, subsequent measurements suggest that
the "wrong" calculational result found its way into the evaluated
files [38]. In another case a careful calculation explained the
prominent structure in a common (n;p) cross section in terms of
quasi-particle states-—unfortunately the structure was probably
an experimental artifact. Recently there have been extensive
comparisons of calculated, measured and evaluated neutron con-
tinuum spectra at incident energies of 14 MeV [39]. It was an
impressive effort which highlighted areas of both very good and
very poor agreement. In some cases the evaluations were very
clearly at fault as they gave no attention to pre—compound pro-
cesses. In other instances the situation is less clear as the
calculated results do not seem to be entirely consistent with
those obtained in integral tests [40].

Reflecting on the above, it seems that a successful calcula-
tional program requires a substantive experimental input. Even
with that there appears to be more than a little "artistry” in
the use of those models.

I have been called many names but never “theorist”. I did,
however, get curious about some of those basic questions raised
at the previous meeting and sought the views of our resident
specialist. One issue is the uncertain knowledge of level den-
sities. Basically it seems we still have to rely on the old
formula of Gilbert and Cameron [41] which is anchored only at
the neutron binding energy with no other experimental verification
reasonably free of other theoretical assumptions. Recent measure-
ments have led to much better definition of the optical potential;
the problem appears to be getting this new information into use.
On this point, the lethargy tends to suggest that the details of
the potential do not have a sharp impact on many calculational
results. In any event, I am told that Perey and Perey will con-
tinue to maintain an up to date compilation of optical parameters
[42]. Gamma-ray strength functions appear to remain a continuing
problem and, indeed, strength functions generally are a matter of
debate to be discussed at a forthcoming work shop on the methods
of evaluation.
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EVALUATED DOSIMETRY CROSS SECTIONS

A list of "primary"” dosimetry reactions was recommended, all
extending well above 20 MeV--some to 40 MeV. It was an extensive
list of which less than 25% are available in either ENDF/B-1IV or V
dosimetry files in any energy range. The quality of the Version-V
file is much improved. Indeed, nearly a third of the file has
achieved the desired accuracy goals specified in the context of
integral fission-related benchmarks [43]. However, the most re-
cent version of the file remains confined to energies. of less than
20 MeV and it is little more responsive to those "primary" high-
energy dosimetry needs than its predecessor. Thus, after three
years, we apparently do not have a nationally recognized dosimetry
file responsive to the higher—energy requirements we set forth.

A new initiative with wide potential for the improvement of
dosimetry (and other) data applications is the quantitative speci-
fication of evaluated data uncertainties [44]. Concurrently, sound
statistical methods for the application of these uncertainties in
a dosimetry context have been proposed [45). Taken together there
is promise for a very significant improvement in dosimetry applica-—
tions-—a promise that has apparently not yet been realized on a
substantive scale.

COMPREHENSIVE EVALUATION

A promise of the previous meeting was the calculational capa-
bility to provide comprehensive evaluated files in the complex
high-energy region where the measurements are so difficult. In-
deed, it was prophecied that two years after a decision to build
FMIT comprehensive evaluated files would be available primarily
via calculation. It is my understanding that FMIT is under con— .
struction. ENDF/B-V has become available and provides an improved
calculational base to 20 MeV. Model calculations played a part
in its construction; very nicely so in some instances. However,
large portions of ENDF/B-V continue to rely on phenomenological
perscriptions known to be consistent with microscopic and integral
observation [46]. Calculational models have had less impact than
one might have hoped. Above 20 MeV the situation is not good.
FMIT construction needs were apparently met with multi-group cross-
section sets derived under other auspices [47,48]; augmented by
selected engineering measurements. Indeed, there seem to be very
few comprehensive, high—energy microscopic evaluations in existence.
One effort is to be described at this meeting and it appears to be
the only above-20 MeV evaluation cited in the last CCDN evaluation
newsletter (NNDEN/27) [50]. Recent discussions have given atten-
tion to high—energy evaluation formats. It is not a new issue
and one that one would have hoped to have in hand by now. Evalua-
tions are complicated by fluid formats not to mention all those
problems of incorporating the evaluations into the practical cal-
culational systems.

- 67 -



It is good to note that some of the above issues will be
resolved with ENDF/B-VI {49]. It is proposed to extend the energy
range to 50 MeV and to incorporate major improvements in the for—
mats. These are very substantive and much needed initiatives.

There is a school of thought that extoles the merit of fusion-
fission hybrids and another that envisions the use of lithium-
oxide compounds in breeding blankets. In both contexts n—2n
multipliers are an important consideration. Be, Pb or Bi are fre—
quently considered and the latter has a particularly large n-2n
cross section (a fact that did not escape the Canadian ING project),
yet there is no comprehensive bismuth file in the ENDF system.

MATTERS OF TIMING AND COMPETENCE

In the developmental business of fusion energy, long-range
projections are speculative. Near-term estimates may be more
realistic. FMIT is under construction. The design data needs
were met from underlying capability augmented by project motivated
efforts. Three years hence data for the use of this facility must
be available. With current plans, data impacting on the choice of
ETF design must be in hand within the coming four years. These
are short time scales that largley preclude major and comprehensive
goal-oriented data efforts. Reliance is, and will continue to be,
largely placed upon underlying and long term competence. That
faith may be misplaced as that general capability, particularly
in experimental areas, is being seirously eroded. With present
trends, it is doubtful that future needs, yet unspecified, can be
met. These concerns have been expressed before [51] but never in -
such trying circumstances.
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MATERIALS IRRADIATIONS .
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ABSTRACT

Fusion materials irradiations require accurate know-
ledge of neutron fluence, spectrum, and derived damage
parameters, such as nuclear displacements, transmutations,
and gas production. Irradiations are being conducted in
diverse facilities including mixed-spectrum and fast reac-
tors, T(d,n) and Be(d,n) accelerator sources, and high-
energy spallation neutron sources. The characterization
of each type of source is discussed, with emphasis on the
principal sources of error and needed improvements in
dosimetry techniques and nuclear data needs.

INTRODUCTION

Neutron irradiations designed to study radiation damage in
fusion reactor materials are currently being conducted at a wide
variety of facilities, including reactors and accelerators. Pre-
sent generation fusion reactor devices (including TFTR) do not
generate enough neutrons to produce significant damage in engineer-
ing materials. Thus, the strategy [1] of the U.S. magnetic fusion
community is to use existing neutron facilities to study bulk
damage effects, even though the neutron spectra are quite different
from those expected in commercial fusion reactors. At present,
only reactors have both the high neutron flux and large experimen-
tal volume required for extensive materials irradiations. Hence,
most fusion studies will, by necessity, be conducted in mixed-
spectrum and fast reactors. However, since reactor spectra do not
include the high 14-MeV neutron peak expected in fusion reactors,
accelerators must be used to produce high-energy neutrons. At pre-
sent, the Rotating Target Neutron Source (RTNS II) [2] at Lawrence
Livermore Laboratory produces the highest flux (about 1013 n/cm2-s)
of 14~MeV neutrons via the T(d,n) nuclear reaction. However, this
flux is not high enough to produce fluences comparable to a fusion
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reactor (about 1022 n/cmz-year), and the experimental volume is
only about 1 em3. Hence, a Fusion Materials Irradiation Test
Facility (FMIT) [3] is under construction at Hanford Engineering
Development Laboratory and is expected to produce a neutron flux
of about 1015 n/cm2-s with an experimental volume of about 10 cm3.
FMIT uses the Li(d,n) reaction to produce a broad neutron spectrum
(0-55 MeV), roughly centered near 14 MeV. High-energy spallation
neutron sources, such as the Los Alamos Meson Physics Facility
(LAMPF) and the Intense Pulsed Neutron Source (IPNS) at ANL, have
also been used for materials studies.

Clearly, the challenge in this strategy is to develop tech-
niques to characterize all neutron sources in such a way that
materials effects can be readily correlated between facilities and
extrapolated to fusion reactors [4]. Present data at low fluence
tend to support the strategy [5].

The purpose of this paper is to describe existing techniques
to measure the neutron flux and spectra during fusion materials
irradiations and to calculate pertinent damage parameters such as
nuclear displacements and gas production. Emphasis will be placed
on deficiencies in the existing techniques, especially concerning
the need for improvements in the nuclear data base. Each type of
facility will then be considered separately, followed by a discus-
sion of damage calculations.

NEUTRON DOSIMETRY

The passive, multiple-foil dosimetry technique is being used
to measure the neutron flux and energy spectrum during all fusion
materials irradiations. In this method, a number of materials are
simultaneously irradiated. Activation products, as well as helium
gas, are then analyzed. After decay, geometry, and absorption
corrections are applied, one has a number of simultaneous integral
equations to solve for the most probable flux and spectrum. Each
activation integral 1is solely a product of the flux-spectrum times
the appropriate differential cross section. Obviously, the results
obtained from this unfolding technique are no better than the
nuclear cross sections which concern this conference.

Probably the most well-known computer code used for spectral
analysis is SAND II [6]. However, two new codes, STAYSL [7] and
FERRET [8], appear to be superior mathematically and include all
known covariance errors; cross section covariances are now being
published in ENDF/B-V [9]. The following discussion will use
STAYSL as an example since it is well-developed for routine appli-
cations and is currently used in most fusion dosimetry.

Three types of data are required as input in the spectral
ad justment codes, namely, activation integrals, nuclear cross
sections, and the best estimate of the flux and spectrum. Errors
and covariances are assigned to each type of data. At present,
only integral activation data can usually be treated in a straight-
forward, scientific manner, where all errors and covariances are
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rigorously analyzed. In a practical sense, the integral errors are
typically very small (<£2%) and covariances are negligible due

to comparison with certified standards and inter-laboratory compari-
sons. :

Our knowledge of nuclear cross section errors and covariances
has improved considerably over the last few years, especially since
this data is now included in ENDF/B-V {9]. Thirty-three reactions
are included in the dosimetry file with typical errors of 5-30%Z.
However, the file stops at 20 MeV and covariance files are only
available for a very limited set of reactions. For high-energy
neutron measurements a cross section file to 44 MeV [10] has been
created using available measurements and calculations, as will be
discussed later.

Unfortunately, the largest source of uncertainty in spectral
analysis is often the input flux and spectrum. Only rarely can a
spectrum of practical interest be reasonably well-specified prior
to analysis. For reactors, neutronics calculations are generally
relied on and errors are estimated from previous experience. At
high-energy accelerators, spectra are estimated from time-of-flight
measurements made at large distances from the source, averaged for
finite geometry effects close to the source where materials irradi-
ations are conducted [11,12]. 1In practice, errors are assigned to
the input spectra either by sensitivity studies or integral testing
in a known spectrum, as described later.

Input cross section and flux self-covariances are presently
approximated by a Gaussian function on the assumption that closely
spaced energy groups must be highly correlated. Widely spaced
groups are assumed to be more or less independent, with.-an arhi-
trary constant covariance. Cross section self- and cross-
covariances are now included in ENDF/B-V [9]; however, the files
are not complete and estimates must be made for most reactions.
Nevertheless, the recognition and acceptance of covariance effects
is an important development in spectral analysis and it is antici-
pated that more complete files will be available in the near
future.

The validity and accuracy of the multiple-foil technique for
neutron dosimetry has been integrally tested in known neutron
fields, such as 2350, 252Cf, various reactor spectra [13], and
accelerator spectra measured by time-of-flight spectrometry {11,12].
Naturally, such tests are principally used to assess the accuracy
of nuclear cross sections. However, such sensitivity studies can
also be made to better define input and output flux errors and
covariances.

FISSION REACTORS

Fusion materials irradiations are currently being conducted
primarily in mixed-spectrum (part thermal and part fast) reactors,
namely, the Oak Ridge Research Reactor (ORR), the High Flux Isotopes
Reactor (HFIR) at Oak Ridge National Laboratory, and the Omega West
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Reactor (OWR) at Los Alamos Scientific Laboratory. Fast reactor
irradiations are also being done at the Experimental Breeder Reactor
(EBR II) at Argonne National Laboratory West.

Whereas fission reactor dosimetry has been conducted for many
years, surprisingly little work has been done in mixed-spectrum
reactors. This is partly due to the fact that materials irradia-
tions have been concentrated in fast reactors for the breeder devel-
opment programs. However, it should also be pointed out that the
multiple—foil technique is very insensitive in the 1-500 keV energy
region which usually has a significant part of the total flux.
Figure 1 shows the results of a spectral measurement in ORR using
the STAYSL code. The spectrum can be divided into four energy
regions, namely, thermal (<0.5 eV), resonance (0.5 eV~1 keV), inter-
mediate (1-500 keV), and fast (>500 keV). Errors in the tlux in
the thermal and resonance regions can be reduced to less than 10%
using a variety of thermal and resonant reactions, with and without
cadmium or gadolinium covers. Accurate self-shielding corrections
[14] must be included with the cross sections prior to spectral
ad justment, especially for the strong resonances in dilute maceri=-
als. Such corrections can easily be as large as a factor of 2 and
constitute another possible source of error in spectral unfolding.
Computer codes are not yet available to process the resonance para-
meter error files in ENDF/B-V, but should be available soon from
the Radiation Shielding Information Center at Oak Ridge National
Laboratory [15].

Flux errors in the fast neutron energy region can also be
reduced to 10-15% due to the large number of threshold reactions
available. In fact, the multiple-foil unfolding technique works
the best in the fast energy region (including accelerator spectra)
since the results are usually limited primarily by the quality of
available nuclear cross sections.

The intermediate energy region remains the most difficult to
measure due to the lack of threshold reactions. Work is now in
progress on reactions such as 93Nb(n,n')93mNb (13.6 y) [16]
which may reduce the large errors (about 20-50%) in the intermediate
energy region. However, it is evident that we must rely on neu—
tronics calculations to define this part of the energy spectrum and
work is needed to further compare calculations and measurements.

The importance of measuring various regions of a mixed-reactor
spectrum is summarized in Table I, which lists unfolding results
for the ORR spectrum in Figure 1. The last column lists the frac-
tion of displacement damage in nickel caused by each energy region
(thermal effects are neglected). It is very important to note that
about 27% of the displacements are caused by neutrons below 1 MeV.
Inadequate knowledge of the intermediate energy region can thus
lead to a significant error in the calculated damage rate. For
example, analysis shows that reliance on a single fast reaction
such as 54Fe(n,p) for damage estimation ¢ould underpredict total
displacement damage and flux by as much as a factor of two during
materials experiments. Hence, accurate dosimetry is a necessity
if we are serious about modeling or correlating materials effects.
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Improvements in fission reactor .dosimetry require more accurate
nuclear cross sections as well as refinements in defining input
spectra, errors, and covariances used in the adjustment codes.
Integral testing [13] has helped to define nuclear data needs. In
particular, the 9 Nb(n,n') and other reactions with long half-
lives (>30 days) would be of the most benefit since only limited
spectral analysis can be done at present for long irradiationms.
Typical errors observed in some common dosimetry reactions are
shown in Table II for a STAYSL analysis of an irradiation in ORR.
Note that overall results are improved with recently tested ENDF/B-V
cross sections, but significant differences remain.

T(d,n) NEUTRON SOURCES

Dosimetry at 14-MeV neutron sources, such as RTNS II, is sim-
plified by the nearly monoenergetic and isotropic neutron field.
A single reaction, 93Nb(n,Zn)9 mNb (10 day), is used to routinely
measure fluences to *77 [17], and longer irradiations will use the
longer-lived 54Fe(n,p)54Mn (312 day) reaction product. However,
care must be taken to adequately measure flux gradients in the
small experimental volume near the source. Extensive flux maps
have been made on a very small scale at RTNS I [18] (see Figure 2)
and similar experiments will be conducted shortly at RTNS II.

Experiments are now being planned to measure more complicated
spectra farther away from the source, using large masses of mate-
rial to return low energy neutrons, similar to a fusion reactor
spectrum. Concern has been raised about the unfolding of weak,
low-energy neutrons in the presence of a dominant 14-MeV peak.
However, recent experiments by Kuijpers [19] seem to be quite suc-
cessful. Actual fusion reactor experiments are also planned when
the Tokamak Fusion Test Reactor becomes operational at Princeton.

Be AND Li(d,n) NEUTRON SOURCES

The stripping neutron sources at cyclotrons have been the most
difficult to characterize due to steep flux and spectral gradients
as well as poorly defined neutron cross sections, especially above
28 MeV. Figure 3 shows the measured dependence of the neutron flux
and spectrum at large distances (>1 m) from a Be(d,n) source at
ORNL [20]. However, materials irradiations must be conducted very
close to the source (about 4-10 mm) to produce any measureable radi-
ation damage in engineering materials. Precision dosimetry with
multiple-foils must thus be conducted to adequately measure the
damage produced in a sample. Figure 4 shows fluence and calculated
damage and helium contours measured at the U.C. Davis cyclotron
[Be(d,n), Eq = 30 MeV]. Note that the gradients are very steep
off-axis, especially for the damage and helium contours which are
more dependent on high-energy neutrons.
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Slowly moving the d beam across the target helps to moderate
the steep gradients {21] and may in fact increase the total expo-
sure seen by a sample since the beam spot is quite small (about 3-5
mm). The larger size of the FMIT source (about 1 x 3 cm) will also
naturally moderate the steep gradients; however, precision dosi-
metry will still be needed, especially if the beam profile is
irregular. In practice, small irregularities are not important to
long-term exposure and calculational models of the source can be
constructed which fit measured activity or damage rates with high
precision, as shown in Figure 4.

Neutron cross sections for dosimetry have been a problem due
to a general lack of measurements above 15 MeV. However, some
excellent data is available from Bayhurst et al. [22] up to 28 MeV.
Extrapolations based on the THRESH computer code [23] and a few
available theoretical calculations were then made up to 44 MeV [10].
Integral tests [11,12] have been made in which activations are com-
pared to calculations in a well-defined geometry where the spectrum
has been measured by time-of-flight spectrometry. The results have
been surprisingly good, as shown in Table III. In fact, the neu-
tron spectrum at a Be or Li(d,n) source can presently be measured
with 10-30% flux errors in the 2-30 MeV energy range where 90% of
materials damage is produced, as shown in Table IV and Figure 5.
Damage rates can be calculated to *10%Z for these spectra.

Nevertheless, neutron cross sections are needed to define the
flux spectrum above 28 MeV (up to 50 MeV at FMIT) and to reduce the
errors in the low threshold reactions above 14 MeV. Table V lists
a number of reactions which are most urgently requested for dosi-
metry. In particular, the material cobalt appears to be an excel-
lent choice since five independent reactions with long half-lives
can be easily measured, spanning the entire energy spectrum at
FMIT.

SPALLATION NEUTRON SOURCES

High-energy (500-800 MeV) proton beams have been used to create
neutrons by spallation at LAMPF [24] and IPNS [25]. Figure 6 shows
a spectrum recently measured at a mock-up of IPNS. As can be seen,
the spectrum is similar to a fast reactor; however, a weak tail
extends up to 500 MeV (not shown). At present, no nuclear data is
available for measuring neutrons above 30 MeV. Neutron-induced
spallation reactions (e.g., Al) could in principle be used in this
region. However, calculations show that less than 1% of materials
damage is caused by this part of the neutron spectrum.

A weak flux of high-energy protons and other particles is also
produced by the spallation process. However, recent tests [25]
show that proton fluxes are too weak (<17 of neutrons) to interfere
with either materials damage or neutron dosimetry [e.g., (n,2n) is
indistinguishable from (p,d)]. Proton activation measurements are
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needed both to monitor the incoming beam and to better define
secondary fluxes. Measurements of neutron flux spectra and gradi-
ents are in reasonable agreement with neutronics calculations, as
will be presented at this conference [26].

HELIUM MEASUREMENTS

The amount of helium produced in a material has proven to be

an important parameter needed to understand irradiation effects.
‘Fortunately, a mass-spectrometric technique has been developed for
measuring helium quite accurately. "Joint experiments [18,27] have
been conducted in many types of facilities to simultaneously mea-
sure helium production and the flux-spectrum, thereby integrally
testing helium production cross sections. Recent results from ORR
are listed in Table VI. It is hoped that some of the larger dis-
crepancies will be resolved with the anticipated release of gas
production files in ENDF/B-V.

Nickel is a very important element in reactor irradiations
since high helium levels can be produced by the thermal neutrons
via the 8Ni(n,y)59Ni(n,u) reaction, thereby simulating helium-
to-damage ratios close to fusion reactor values. The tests report-
ed in Table VI demonstrated that good agreement between helium
measurements and calculations can only be obtained with precise
knowledge of the neutron spectrum. The appropriate spectral-
averaged cross sections for nickel must be obtained by comparison
to radiometric measurements, since formulas based on measurements
in other reactors [28] were found to be in error by 20-30%.

There are two goals of the work with helium detectors. First,
integral testing can be used to refine helium production cross
sections, thereby improving calculations used in damage analysis.
Secondly, with accurate cross sections, helium detectors can be
used to improve flux and spectral measurements. This 1is especially
useful for very long irradiations since helium is a stable product.
Total helium cross sections are needed up to 40 MeV primarily for
Al, Fe, Cr, Cu, Ti, Ni, W, and Au.

OTHER TECHNIQUES

The gamma field produced by a neutron source is of interest
in materials irradiations due to ionization—-induced damage in
insulators and gamma heating of samples. However, present calcula-
tions and a few measurements indicate that neither problem is very
significant at accelerator-based neutron sources since the total
gamma flux is only about 1% of the total neutron flux [11,12].
There are very few techniques for measuring the gamma flux-spectrum
in the presence of a much stronger neutron flux, although a new
method using Compton scattering is being developed by R. Gold [29].
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Solid state track recorders may also prove useful in source
characterizations, especially with new materials like CR-39 which
1s sensitive to protons up to 18 MeV [30]. Fission cross sections
need development in the 14-40 MeV energy range and data are needed
for charged particle reactions on emulsion materials including Ag,
Br, C, O, and N.

DISPLACEMENT DAMAGE CALCULATIONS

The overall strategy of correlating damage between irradiation
facilities crucially depends on the development of suitable theore-
tical models with clearly definable damage parameters [4]. The
best such parameters are thought to be displacements-per-atom (dpa)
and gas production (H,He) [31]. Exposure should thus be recorded
in dpa and He, as well as neutron flux and spectrum. On the one
hand, this is advantageous to dosimetry since such damage para-
meters are integrals of the neutron spectrum and can be measured
more accurately than the flux in various energy regions due to very
strong covariances in the output flux spectrum from unfolding codes.
In other words, the neutron spectrum can be viewed as representing
a mathematical transfer function between two integral quantities,
namely, activity integrals and damage parameters.. . For exémple,
using the full covariance matrix for the output flux from STAYSL,
dpa and helium levels can generally be computed to +10%, in spite
of the fact that errors in some flux groups are as large as +30-50%.

On the other hand, displacement damage cross sections are in
themselves difficult to calculate, especially above 14 MeV, since
they require an enormous amount of detailed nuclear reaction data,
including cross sections and angular distributions for most
elements up to 50 MeV. Hence, at present, we are in the strange
position of being able to measure spectral uncertainties (about
10%) in dpa calculations at high neutron energies far more accu-
rately than we can calculate displacement cross sections (20-50%).

Obviously, theoretical calculations and selected nuclear
measurements are needed to improve damage calculations. Some
work has already been done [32,33,34] and evaluated files are now
starting to become available [35]. The most important nuclear data
(experiment and calculation) needs are differential, angular cross-
sections for elastic and inelastic scattering and secondary parti-
cle emission data for Al, Fe, Ni, Cr, Cu, W, Sn, Ti, and V,
especially from 15-35 MeV. Obviously, the most probable reactions
have the highest priority since they produce most of the damage in
materials. Transmutation cross sections are an interesting sub-
topic since they eventually lead to composition changes in alloys.
Other papers at this conference will present a more detailed analy-
sis of high-energy fusion materials studies.
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CONCLUSIONS

In conclusion the characterization of neutron sources for
materials studies at high neutron energies appears to have improved
enormously since the last conference in 1977. In particular, inte-
gral data testing [11,12] has demonstrated that flux-spectra can
now be routinely measured to ¥10-30% and integral damage parameters
to +10-15% for most materials irradiations. New computer codes
[7,8] have also emerged to include covariances, allowing a more
precise statement of measurement errors.

Nevertheless, nuclear data is still needed to .improve dosi-
metry measurements and damage calculations. At present, no activa-
tion cross sections are well-known above 28 MeV and displacement
calculations have large errors above 14 MeV. Whereas present
analyses indicate that high energy neuttrons (>30 MeV) may not be
crucial to understanding fusion materials damage, it should also
be remembered that this basic strategy has not yet been tested at
high neutron fluence (1022 n/cm?) and that, as materials pro-
grams mature, more demands will be placed on source characteriza-
tion. Failure to adequately develop the required nuclear data base
and techniques will ultimately undermine the entire strategy of
predicting the performance of materials in fusion reactors based
on experiments in diverse neutron sources.
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TABLE I.

Typical Flux Errors for Spectral Analysis in ORR (E7, 1 MW).
Displacement damage in nickel? 1s also listed as a function
of neutron encrgy. 7The spectrum is shown in Fig. 1.

Integral Flux Energy Range Damage
Energy Range (x1012 n/cm2-s) (MeV) (%)
%
Total 20.1 15 <.01 0.6
Thermal, <.55 eV 5.4 4 <0.1 3.7
0.55-9.2 eV 1.8 6 0.1-0.4 9.2
9.2 ev-1.3 keV 2.8 7 0.4-1 - 13.8
1.3-190 keV 2.8 50 1-2 24.8
190-920 keV 2.9 31 2-4 32.2
0.92-5 MeV 4.1 8 4-6 11.2
5-20 MeV 0.3 7 >6 5.2

%op = 28.8 * 3.0 keV-barns.
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TABLE II.

Typical Deviations between Measured and Calculated -(ENDF/B)
Activation Integrals in ORR (E7, 1 MW) after Spectral
Ad justment (STAYSL). +Cd means cadmium covered (20 mil).

Deviation, %
(Measured—-Calculated)

Reaction v A
197 Au(n,v)198au ‘ -3 -1
+Cd -4 +1
458c(n,y)46Sc . -1 -9
+d -2 +2
59¢o(n,v)6%o0 -5 -7
+Cd +2 +4
58Fe(n,y)>%Fe +3 +3
+Cd -1 +4
238y(n,v)23%p ‘ _ -4 -2
+cd 0 +
237Np(n,v)230np (4Cd) +15 +11
235y(n,f) +4 +1
+cd A -8 -2
237Np(n,f) (+Cd) -1 +1
238y(n,£) (+Cd) 48 +2
58Ni(n,p)>38co +6 +3
60N1(n,p)60co -14 -13
54Fe(n,p)34Mn +5 +3
S4pe(n,a)Slcr +11 +17
46Ti(n,p)46Sc V -3 +1
471i(n,p)47sc - -18 -25
4874 (n,p)48sc -8 +2
197 pu(n, 2n)196Au +1 +1
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TABLE III.

Integral Cross Section Errors (ENDF/B) Deduced from
Activation and Time-of-Flight Measurements in Be(d,n)

Fields. Absolute errors are *10%.

Ep = 14-16 MeV Ep = 40 MeV

Reaction v \' Iv \
235y(n, £) +7 +8 +1 +1
238y(n,£) A +4 -1 . -1
1151n(n,n)115m10 -1 -2 -3 -2
Ti(n,p)46sc -7 -1 -89(+14)2 (+24)a
Ti(n,p)47Sc +2 +6 ~798(+15)a (-56)a
48Ti(n,p)[‘ssc -7 -1 +2 +4
Fe(n,p)3%Mn A +6 -3 -88(+1)2 (+4)a
56Fe(n,p) 6Mn -2 -2 -4 -4
59¢o(n,p)39Fe -8 -4 +8 +5
58Ni(n,p)58co 0 -3 +9 +3
60N1 (n,p)60co +14 -2 +3 +3
27p1(n,a)24Na +3 +6 0 -1
S54Fc(n,a)5lcr R’ +1 -36 -20
59¢Co(n,a)Mn -4 -2 -4 -5
4SSc(n,Zn)“‘mSc -14 -15 -1 A +3
5881 (n,2n)37Ni -11 +1 -30(+14)b (+14)Db
59Cou(n,2n)38co 41 +6 -9 -3
Zr(n,2n)8%r +13 +9 -4 -1
93Nb(n,2n)92mND +7 +6 +6 +7
169Tm(n,2n)1681y - - +7 +10
169Tm(n,3u)167Tm -- - -9 -8
197pu(n, 2n)196Au -9 - -8 -1 +1
197Au(n,3n)195Au - - +8 +12
197pu(n, 4n)1%Au - - +1 +1
238y(n,2n)237y ' +4 +1 -11 -11

8Values in parenthesis include contributions from higher mass

isotopes.

bValue in parenthesis modified according to Ref. 22.

- _ 88 -



~ TABLE IV.

Typical Flux Errors for Be(d,n) Spectral Analysis

at ORNL Cyclotron, Eq = 40 MeV. Displacement

damage@ in nickel is also listed as a function of
* neutron energy. The spectrum 1s similar to FMIT.

Energy Range " Integral Flux Damage
(MeV) (x109 n/cm2-uC) %)
+%
Total 4.66 5
<0.1 0.08 17
<1 0.46 19
1-5 - 0.56 15 4
5-10 0.63 13 1
10-15 .9/ 13 23
15-20 ~0.98 16 28
20-25 0.64 17 19
25-30 0.27 . 21 : 8
>30 4 0.15 19 5

aoD = 273 keV-barns.
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TABLE V.

Threshold Activation Reactions Desired-for Fusion
Dosimetry Listed by Material in Order of Priority.

Elements with multiple, long-lived products are

favored. Many other reactions could also be used.
Energy Raﬁge Energy Range

Reaction (MeV) Reaction (MeV)
59Co(n,p)59Fe 4-28 90Zr(n,p)9°Y 5-26
(n,2n)38¢co 10-30 - 2r(n,x)8%zr 12-36
(n,3n)37co 20~40 (n,x)88zr 18~45
(n,4n)36co 30-50 89Y(n,p)89sr 4=25

197 Au(n,2n)196Au 8-25 (n,2n)88y 12-34
(n,3n)1954au 15-35 (n,3n)87y 22-50
(n,4n)19%au 23-45 (n,a)86Rb 8-28
Fe(n,x)2%Mn 1-40 169Tm(n, 2n)168Tm - 9-28
54Fe(n,a)dlcr 7-25 (n,30)167Tn 16-36
S4Fe(n,t)2Mn 14-35 (n,5n)165mm 25-50
58Ni(n,p)38co 2-25 23Na(n,2n)22Na 12-30
(n,2n)57Ni 12-36 107Ag(n,2n)106mAg 10-28
(n,3n)96Ni 22-40 (n,3n)1054g 16-40
6051 (n,p)60co 3-30 238y(n, 20)237y 6-18
93Nb(n,n')93mNb 0.1-10 (n,£)f.p. 1-50
(n,2n)92mNb 9-28 55Mn(n,2n)54Mn 11-28
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TABLE VI.

Comparison of Measured? and Calculated
(ENDF/B-1IV) Helium Production in the
Oak Ridge Kesearch Reacrtor

Ratio
Material (Measured/CalculaFed)
Al : '0.95 + .02
Fe 1.27 £ .07
Cu ' 1.24 £ .05
Ni : 1.00 £ .03
Ti 1.85 + .07

8D. Kneff and H. Farrar IV, Rockwell
International, DOE/ET-0065-8 (1980).

b58Ni(n,y)sgNi(n,u) process included
using spectral-averaged cross sections
from dosimetry.
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ABSTRACT

Accurate knowledge of the neutron source character-
istics from 35 MeV deuterons on a target of thick lithium
were needed to support design and operation of the Fusion
Materials Irradiation Test (FMIT) facility.

To meet this need, measurements were performed using
a 35 MeV deuteron beam from the isochronous cyclotron at
the University of California at Davis. Data were obtain-
ed using the time-of-flight technique with an NE213 liquid
scintillator. One set of measurements was used to observe
the neutron spectrum from~n 1 MeV to~n 50 MeV, the maxi-
mum kinematically allowed energy. Observation angles were
from 0° to 150° with emphasis on forward angles. Spectral
data below v 1.5 MeV had poor accuracy. It was felt that
a significant fraction of the neutron yield might lie at
still lower energies, therefore a second set of measure-—
ments was performed to investigate the spectra to as low
an energy as possible. Additional measurements were per-
formed with a target enriched in the isotope °Li replac-
ing the natural lithjum target used in previous measure-
ments. The main advantage of a 6Li target is that the
maximum kinematically allowed neutron energy is only about
38 MeV, hence reducing shielding requirements. The experi-
ments, preliminary results, and future needs will be des-
cribed.
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INTRODUCTION

The needs for data concerning the neutron source character-
istics for 35 MeV deuterons on thick lithium for the FMIT facility
arose primarily because there had been few prior measurements with
similar goals in mind. Most previous measurements were done with
different deuteron energies, and the neutron spectra weré observed
primarily at or near 0° with respect to the direction of the inci-
dent beam. Furthermore, many measurements did not observe the
neutron spectrum below v 3 - 10 MeV.

The experiments described here were undertaken with the objec-
tives to:

(1) Provide as complete a data set as possible for calculations
that make direct use of spectra and yields obtained at a dis-
tance from the target. Examples of these calculations are
shielding, activation, and radiation heating in walls some-
what distant from the source.

(2) To obtain thick target data of sufficient quantity and qual-
ity that it would aid in an evaluation of the thin target
differential neutron production cross section as a function
of deuteron energy. -This was needed for calculations of the
neutron flux-spectra at positions very close to the target
in the FMIT test cell. The evaluation is described in refer-
ence [1]. ’

Measurements Emphasizing Neutron Energies Greater than 1.5 MeV

Measurements of the neutron spectra and yields were made
using a beam of 35 MeV deuterons from the isochronous cyclotron
at the University of California at Davis. Neutrons were observed
with the time-of-flight technique using an NE213 liquid scintill-
ator that was 2" x 2". The experiment has been described else-
where [2] so only the results will be shown here. Figure 1 shows
the spectral results of measurements for neutron emission angles
0°, 4°, 12°, 20°, 30°, 45°, 70°, 105°, and 150° in the 1lab.

The results of spectral measurements have been binned in 1
MeV steps for energies greater than 1 MeV, as shown in Figure 1.
Displaying the data both linearly and logarithmically illustrates
different features of the data.

In the linear plot, one sees a strong peak at 0° with a maxi-
mum between 13 and 14 MeV and a full width at half maximum of about
14 MeV. The magnitude of the neutrons observed decreases rapidly
with increasing angle and the spectral shape. changes into one that
falls monotonically with increasing neutron energy. Some evidence
for a peak or ‘inflection in the vicinity of 14 MeV may be seen in
spectra for angles perhaps as large as 45°.

There are very few neutrons emitted at any angle with energies
greater than about 30 MeV, although the maximum kinematically
allowed neutron energy is as large as about 50 MeV for forward
angles. From the observed spectra, one would expect the bulk of
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damage in experimental materials in FMIT to be due to neutrons
less than about 30 MeV with most of it from neutrons within about
+ 10 MeV of the 14 MeV peak.

For the portion of the spectra less than about 30 MeV, the
data shown in Figure 1 are quite similar to the 35 MeV data at
0° of Amols, et al,[3] and to the 40 MeV data for 0° to 90° of
Saltmarsh, et al, [4]. On the other hand, the 34 MeV data of
Goland, et al, [5] for 0° to 20° are only about half the magni-
tude of these data and their spectra drop sharply below 5 MeV.

The interpretation of the data below about 30 MeV is that it
is composed of a component due to the deuteron breakup reaction
plus a component resulting from formation of a compound nucleus
followed by statistical evaporation.

The breakup contribution results from the breakup of the
weakly bound deuteron in the field of a lithium nucleus with the
neutron continuing on with essentially the same velocity and dir-
ection as the incident deuteron. Neutrons from breakup are very
forward peaked and have energies in the forward direction that
are about half that of the deuteron which broke up. The breakup
reaction can be described by the classical Serber model [6].

There is also evidence, as shown in Figure 1, for another
component that can be viewed as the result of statistical evap-
oration. For this component, one would expect a more isotropic
angular distribution and spectra that decrease monotonically
with increasing neutron energy, similar to observation at large
angles.

In the logarithmic plot in Figure 1, the features of the
spectra of neutrons above 30 MeV become apparent. Here one sees
a shoulder in forward angle spectra which extends as high as 50
MeV near 0°. This shoulder has not been previously observed for
deuterons of similar incident energy. Although there are very
few of these high energy neutrons compared to those below about
30 MeV, they are very important for shielding considerations
because of their deep penetration in thick walls. The highest
energy neutrons in the spectra dominate the dose received through
a thick wall of ordinary or high density concrete and the bulk
of the neutrons below 20-30 MeV have much less effect. This is
described in more detail by Carter and Morford [7].

The shoulder is caused specifically by 7Li(d,n)8Be stripping
reactions which populate primarily the ground and first excited
states of 8Be. The 50 MeV neutrons come only from the 7Li(d,no)
8Be reaction to the ground state (Q-value about + 15 MeV) with
35 MeV deuterons.

There are several features of the data above 30 MeV that
indicate that it can probably be accounted for with well known
deuteron stripping theories such as DWBA.

First, in such a view one would expect that transitions to
the broad 2+ first excited state at an excitation energy of 2.94
MeV would be about 3 times as strong as transitions to the 0+
ground state. Spectroscopic factors for transitions to each state
are known from shell model calculations to be comparable in magni-
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tude, but angular momentum considerations would lead to a pre-
dominance of transitions to the 2+ state. This predominance
probably leads to the roll off in the shoulder that is seen for
neutron energies above about 45 MeV.

Another feature is the relatively constant value of the yield
at a particular forward angle over a wide range of neutron ener-
gies. One would expect such a result for high energy deuteroms
where direct reactions are dominant and the stripping cross section
is proportional to the (constant) spectroscopic [actor that is
involved. The flat spectrum occurs because one gets contributions
from all deuteron energies as they slow down in the lithium.

Finally, the magnitude of the yield of shoulder neutrons peaks
somewhere between about 12° and 20". This 1s consistent wilh the
angular distribution expected for the stripping of p-wave nucleons.
For such a reaction, one expects a small yield at 0°, a large peak
in yield at a forward angle, and a small oscillating cross section
for larger angles.

The total neutron yield as a function of angle was obtained
by integrating each of the spectra in Figure 1 over neutron ener-
gy from 1 to 50 MeV. Then, to obtain the total neutron yield for
neutrons of all energies, it was assumed at each angle that the
unobserved yield from 0 to 1 MeV was equal to the yield measured
from 1 to 2 MeV., The total yield is shown as a function of emis-
sion angle in Figure 2 and numerical values are shown in Table 1
for yields above 1 MeV and 0 MeV respectively. Also shown in
Figure 2 is the product of the yield times 2 7 Sin O which is pro-
portional to the element of solid angle for neutrons emitted with-
in an increment dO© about the emission angle ©. The second curve
shows the contribution of neutrons emitted in the direction O to
the total neutron yield.

By integrating the second curve in Figure 2 over angle, the
total neutron yield was found to be 3.0 (101l) neutrons/pc. This
is an enormous conversion of deuterons to neutrons, which corres-
ponds to 4.8 neutrons emitted for every 100 incident deuteroms.

In the FMIT target design, only the yield forward of 90° is use-
ful for irradiation experiments. Fortunately, about three-fourths
of the neutrons are emitted in the forward hemisphere. The yield
of these neutrons corresponds to 2.2 (1011) neutrons/uc or 3.5
neutrons per 100 incident deuterons.

In FMIT, the most important experimental samples will he
placed as close as possible to the target in order to experience
the maximum neutron flux. Therefore, due to the spread in the
beam, they will also be exposed to neutrons emitted at all angles
up to about 90° relative to the beam direction. One notes that,
although the measured yield in Figure 2 is very strongly forward
peaked, the distribution as a function of © is very broad with
about half the neutrons emitted between about 10° and 70°.

The significance of this broad emission is that samples close
to the target in FMIT will be exposed to much softer neutron
spectra than might be anticipated. This is because the neutron
emission spectra soften quite a bit as a function of angle as seen
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in Figure 1. Figure 3 shows the average energy of neutrons emit-
ted above 0 MeV as a function of angle. Numerical values are
given in Table 1 for neutrons emitted above 1-MeV and 0 MeV res~
pectively. Using these data, it was found that the average energy
of all neutrons emitted above 0 MeV was only about 7.3 MeV. Neu-
trons emitted in the forward hemisphere have a slightly higher
average energy of about 8.1 MeV. Hence one should expect a soft
spectrum for positions very close to the target. This effective
softening at close positions has been observed experimentally for
neutrons from 30 MeV deuterons on thick beryllium by Nethaway, et
al,[8].

Another significant point is that the yield of neutrons be-
tween 0 and 1 MeV is more important than one would think at first
glance in evaluating the total yield of neutrons. It can be seen
in Figure 1 and Table 1 that the fractional contribution to the
yield at each angle due to neutrons from O to 1 MeV increases with
angle. TFor the data here, the contribution varies from " 3% at 0°
to v 27% at 150°. Hence there is a need to better understand the
yield and spectra of neutrons emitted at such low energies in
order to determine the total number of neutrons emitted with bet-
ter accuracy. The first set of measurement had a neutron thresh-
old of v 0.9 MeV, however, data were of poor quality below v 1.5
MeV. A second set of measurements was undertaken to extend the
observation to lower energies.

Measurements Emphasizing Neutron Energies Less Than 1.5 MeV

Measurements were repeated with a neutron threshold set at
" 0.4 MeV and good quality data was obtained down to about 0.7
MeV. All angles between 4° and 70° (where most of the neutrons
are emitted) were remeasured. Figure 4 compares preliminary
results from the new data at 45° to the previous data. Note the
scatter in the older data below about 1.5 MeV, which indicates
increasing uncertainties (not shown in Figure 4). The newer data
does not start to-scatter in a similar fashion until below about
0.7 MeV. Similar gradual trends were noted in the spectra for
the other angles.

The significance of these preliminary results is that one can
say that the previous estimates of the yield from 0 to 1 MeV were
not grossly in error. There are no sharp rises or falls in the
spectra as far as we have been able to observe. When analyses of
these data are complete, they will be incorporated with the pre-
vious data to provide improved values of the yield and spectra as
a function of angle. We have not observed a turnover in the spec-
tra at very low energies which we believe should be observable.
This must await future experimenters.

. 6.
Measurements with a Li Target

Another aspect of the data shown in Figure 1 was the presence
of neutrons up to 50 MeV in the spectra. Although only about 1%
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of the neutrons emitted have energies greater than 30 MeV, these
are the most penetrating in thick concrete shields and the higher
the energy, the greater the penetration. 6

There was an incentive to use a target of Li, since the maxi-
mum kinematically allowed neutron energy would be only 38 MeV.

The significant question was whether or not there would be a simi-
lar number of neutrons emitted from 35 MeV deuterons on °Li com-
pared to natural lithium ( v 92.5% 7Li).

Measurements were conducted during the experiment to measure
the very low energy neutrons by simply switching targets and keep-
ing everything else the same. Spectral data were obtained for
angles of 30° and 45° where one expects large contributions. to
the total neutron yield as shown in Figure 2. These data have
not- been completely analyzed; however, preliminary results indi-
cate that at these angles, the neutron yield is v 30% less than
that from natural lithium. It therefore appears that 6Li will
not be a practical target for the FMIT facility.

FTuture I'lans and Needs

There are plans to complete analysis and document these
results in the near future.

One area that we are looking into is the calculation of the
angular distributions of the 7Li(d,no and ny)YBe reactions so
that interpolation between angles of the high energy shoulder
(as in Figure 1) due to these reactions can be improved.

Another area that is of interest is the measurement of thin
target neutron yields and spectra for deuterons up to 35 MeV on
lithium. 'This will improve our ability to predict the neutron
flux-spectra at positions very close to the target in the FMIT
test cell,

t+ Present address: Physics Department, Kent State University,
Kent, Ohio 44242,
* Present address: Physics Department, Humboldt State University,
" Arcata, California 95521.
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Table 1

NEUTRON YIELDS AND ENERGY PARAMETERS OBTAINEL' FROM MEASUREMENTS
JOF 35 MeV DEUTERONS ON THICK LITHIUM

E_> 1 MeV _E > 0Ny

Angle Yield Tot. Enérgy ‘Avg. -Energy Yield Tot. Energy Avg. Energy
{Degrees) (n/uc-Sr) (MeV/uc-Sr) (MeV/n) (n/uc-3r) (MeV/c-Sr) (MeV/n)
0 2.43010M) 3.05(101% 12.56 2.50(1011) 3.05(10'%) 12.21
4 2.08010'Y 2.730101% 13.09 2.140191 2.73010'% 12.75
12 1.20010ty 1.48(10*%) 12.28 C1.2sa0t) 1.48(101% 11.74
20 7.1301619 8.04(10'} 11.27 7.65(101%) 8.06(10'1) 10.52
30 5.07(10%% 4.93020'Y 9.71 5.51¢10'9) 4.95020') 8.98
a5 3.11020%%) 2.38010My 7.97 3.52010'%) 2.50(10'h 7.10
70 1.85(201) 1.19020t 6.42 2.12¢10*9 1.20020*Y 5.66
105 1.3102019 7.79(101% 5.95 1.5:(10'% 7.89(10%% 5.21
150 6.45(10%) 2.85(1010) 4.42 © 8.19(10%) 2.94010'9) 3.59
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MEASUREMENTS ON THE ZING-P'
PULSED SPALLATION NEUTRON SOURCE

Members of the IPNS Group

Paper Presented by
John M. Carpenter

Argonne Natianal Lahoratnry
Argonne, I1linois 60439, U.S.A.

ABSTRACT

ZING-P' is a prototype of the Intense Pulsed Neutron
Source, a pulsed spallation source under construction at
Argonne National Laboratory. We have performed measure-
ments in support of the design of Neutron Scattering and
fast neutron Radiation Effects Facilities, using 300 and
500 MeV protons. The total power and (indirectly) neu-
tron yields from targets of W and U have been measured.
Fast neutron energy spectra, and spatial distributions
have been determined for Ta and U targets with Pb re-
flector. The power density distribution has been
determined for the U target. Energy deposited in mod-
erator and reflector materials near the source have been
measured. The particuiate, dissolved and radioactive

materials in the U target cooling stream have been
examined.

Since the text of this paper was not available by the final
deadline of June 16, 1980, the Editors regret having to omit it
from the Proceedings of the Sympsoium.

- 111 -



THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



CHARACTERIZATION OF THE Be(d,n) NEUTRON FIELD
BY PASSIVE DOSIMETRY TECHNIQUES

D. W. Kneff and Harry Farrar IV

Rockwell International, Energy Systems Group
Canoga Park, California 91304, U.S.A.

L. R. Greenwood

Argonne National Laboratory
Argonne, I11inois 60439

and
M. W. Guinan

Lawrence Livermore Laboratory
Livermore, California 94550

ABSTRACT

Neutrons from the Be(d,n) reaction are presently
being used for fusion reactor materials testing, because
of their relatively high availabie flux, and because of
the close similarity of the neutron spectrum to that of
the Fusion Materials Irradiation Test Facility (FMIT),
now being constructed. However, both irradiation envi-
ronments have (or will have) steep fluence and energy
spectrum gradients in the high-flux regions of their
irradiation volumes. Characterization of these neutron
environments is thus necessary for the full understand-
ing of any irradiation experiments. This paper de-
scribes a characterization of the Be(d,n) neutron field
_ for 30-MeV deuterons, using foil activation and helium
accumulation neutron dosimetry. The results show the
steep fluence and spectrum gradients, and demonstrate
the importance of including comprehensive passive do-
simetry in all Be(d,n) and Li(d,n) irradiations where a
knowledge of fluence information is required. Relative
helium generation cross sections are presented for the
helium accumulation dosimetry materials, and some com-
parisons are made with ENDF/B-IV helium production cross
sections.
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INTRODUCTION

The Be(d,n) reaction is an important source of neutrons for
the fusion reactor materials program, because of its relatively
high available flux of high-energy neutrons for materials testing,
and because of the close similarity of its neutron spectrum to
that of the Fusion Materials Irradiation lest Facility (FMIT).
However, the neutron yield in the high flux region contains steep
flux and spectral gradients. Characterization of the Be{d,n)
neutron field is thus important at this time, both because of the
neutron fluence and energy information it provides for ongoing
experiments, and because of the opportunity it provides to develop
and test dosimetry and eneryy-dependent cross sections that will
be needed for FMIT.

A joint Rockwell International-Argonne National Laboratory
(ANL)-Lawrence Livermore Laboratory (LLL) irradiation experiment
was undertaken to characterize the Be(d,n) neutron field for
30-MeV deuterons. This experiment included an extensive set of
foil activation and helium accumulation neutron dosimetry mate-
rials, plus a large number of pure elements and stable isotopes.
The objectives of the experiment were to characterize this neutron
field in detail, further develop both radiometric and helium
accumulation dosimetry in a fast-neutron environment, and measure
helium generation cross sections for several pure elements and
isotopes. This paper describes the Be(d,n) characterization
results, and presents relative integral cross section information
for the helium accumulation dosimetry materials.

EXPERIMENT DESCRIPTION

The irradiation assembly used for this experiment is shown
schematically in Fig. 1. The basic components of the assembly
included three thin stainless steel arcs, concentric about the
midpoint of the beryllium target at radial distances of 5, 15, and
30 cm, and a small stainless steel capsule assembly, mounted 1 cm
from the front face of the beryllium target assembly and approxi-
mately aligned with the deuteron beam axis. Additionally, six
thin-walled stainless steel tubes containing multiple helium
generation materials were mounted at various distances behind ths
cagsule. SEacks of activation foils were mounted at 0°, 15°, 307,
45, and 60° on the three stainless steel arcs, and on the face of
the beryllium target assembly. A foil stack typically consisted
of thin foils of In, Ti, Fe (ing}gding some separated 54re and
56Fe), Au, Ni, Nb, Zr, Co, Al, U, 238y, Scp03, Tm203, and Y203.

The geometry of the small capsule assembly is shown in Fig. 2.
This assembly consisted basically of a 2-cm-diameter by 9-mm-
thick capsule, containing three layers of helium generation mate-
rials sandwiched between four layers of dosimetry foils. The foil
materials were those used for the arc foil sets. The helium
generation materials included eleven Al, Fe, Ni, Cu, and Au
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pure-element helium accumulation neutron dosimetry wire rings,
oriented concentrically with the irradiation capsule axis. The
rings for each element were located at different neutron source
angles with respect to the source axis. Also included were sev-
eral smaller helium generation specimens of 22 pure elements, 21
separated isotopes, and 19 alloys and compounds.

The entire irradiation assembly was mounted on the front face
of the beryllium target assembly [1]. The beryllium target was
bombarded with 30-MeV deuterons from the 76-Inch Isochronous
Cyclotron at the University of California at Davis, producing a
~0-32 MeV neutron energy spectrum. The deuteron beam was rastered
~+0.5 mm in a two-dimensional pattern to average out any hot spots
in the deuteron beam profile. The total irradiation time was
93 hours, for a total integrated charge of 8.46 C. A few of the
dosimetry foils with short-lived activation products were removed
for analysis after the first four hours of the irradiation.

Following the irradiation, the capsule foils were cut into
(typically) nine segments, following a pre-scribed pattern, and
the capsule and arc activation foils were analyzed at ANL and LLL
using Ge(Li) detectors. Several foils were counted at both labo-
ratories to insure a common calibration. The analysis techniques
and nuclear decay data are given in Refs. 2 and 3. Most of the
resulting activity rates are accurate to *1.5%, based on counting
statistics and previous interlaboratory comparisons. The results
provided sets of multiple activation reaction yields for several
positions within and behind the irradiation capsule.

The helium accumulation dosimetry rings from the irradiated
capsule were etched, segmented, weighed, and analyzed for gener-
ated helium using a high-sensitivity gas mass spectrometer (41,
The etching removed the effects of helium recoiling into or out of
each sample. The helium results provided detailed helium concen-
tration gradients for a number of materials as a function of
position within the capsule.

The radiometric and helium accumulation results were subse-
quently analyzed to produce a detailed description of the Be(d,n)
neutron environment for this irradiation. The most detailed
calculations were made for the high flux region occupied by the
small irradiation capsule. This high-flux region is more diffi-
cult to characterize than further source distances, because it is
in the region of the steepest fluence and energy spectrum gradi-
ents. This is further complicated by the close source geometry,
for which the neutron spectrum at any given location is produced
by neutrons from a wide range of source angles. This region is of
particular interest, because it is reasonably representative
of the high fluence region of the FMIT Li(d,n) neutron environ-
ment, and because this characterization will later be used to
deduce cross sections for the numerous other materials irradiated
within the capsule assembly.
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IRRADIATION ASSEMBLY OFFSET

The offset of the irradiation assembly from the deuteron beam
axis was the first information determined from the dosimetry
materials. The presence of this assembly offset was determined by
plotting the helium concentrations measured in the segmented rings
as a function of polar angle about the irradiation capsule axis,
as shown in Fig. 3. The large but smooth sinusoidal variation in
helium concentration with angle reflects the different fluence
received by each ring segment because of the offset.

The magnitude of the capsule offset was determined by con-
structing an initial fluence profile map for the capsule irradia-
tion volume, normalizing the measured helium concentrations to
this map, and adjusting the map offset to minimize the helium
concentration variations. The validity of this procedure was
based on the data in Fig. 3, where it can be seen that all of the
curves have similar shapes. This indicates that the Al, Fe, Ni,
and Cu(n,total helium) cross sections, when integrated over the
forward-direction Be(d,n) neutron spectra, have similar energy
responses. These integrated responses also appear to be roughly
constant as a function of energy, as supported by the limited
cross section information available [5]. For this preliminary
data analysis, therefore, these four dosimetry materials were
assumed to provide an approximately energy-insensitive measure of
the total neutron fluence 25 MeV.

The initial fluence profile map was based on a least-squares
cubic fit to the time-of-flight data of Meulders, et al. [6],
multiplied by a linear function approximating the fluence varia-
tion with distance from the beryllium target. The linear function
was based on the present radiometric counting results. An irra-
diation assembly offset of 1.27 mm was obtained by combining the
helium accumulation dosimetry data with this fluence map. The
results also indicate that the neutron fluence profile was gen-
erally symmetrical about the deuteron beam axis, as would be
expected from the deuteron beam rastering. Later comparisons of
- this approximate map showed that the fluence profiles were con-
sistent with those produced by the radiometric data (next section)
over the region subtended by the helium accumulation rings. This
agreement, and later helium data comparisons, confirmed this
determination of the capsule offset.

The fact that the assembly was offset by only 1.27 mm, and
that this resulted in almost factor-of-two differences in flux for
symmetrical locations around the assembly clearly demonstrate the
steep fluence gradients present in this neutron environment.

FOIL ACTIVATION SPECTRAL UNFOLDING
The Be(d,n) neutron fluence and energy spectra were unfolded

from the radiometric data using the least-squares spectral analy-
sis code STAY'SL [7]. The measured foil activities were first
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reduced to saturated activation integrals, using the procedures
outlined in Ref. 2, and corrected for gamma absorption and decay
during and following irradiation. Al1l integral rates were then
corrected to a common geometry for each foil set, assuming a 1/R
distance correction and integrating each activity rate over the
finite solid angles of the neutron source and the foil. The
source was assumed to be symmetrical and to have a 4.4-mm diam-
eter, as deduced from autoradiographs.

The input spectra used for the STAY'SL analyses were deduced
from previous time-of-flight data (6,8] and from previous Be(d,n)
irradiations at the University of California at Davis [9]. The
spectral unfolding used typically 23 to 26 reactions at each
position. These reactions are listed in Table I, along with the
energy range containing 90% of the integral activity for each
reaction at approximately a 0° neutron source angle. Also given
are the percentage deviations between the individual measured and
STAY'SL-calculated activation integrals. These deviations should
not be viewed as an exact integral test of the dosimetry cross
sections, but rather as typical deviations found after spectral
adjustment by the code STAY'SL. These results are consistent with
the integral testing results from other experiments [3].

The STAY'SL output fluence spectrum was generated in 100
energy groups. Typical results are shown in Fig. 4. Here the
ca]cusatedoBe(d,n) geutron flux is shown as a function of energy
for 07, 307, and 60°, at a distance of 30 cm from the beryllium
target. The solid lines are 3he calculated spectra, and the
dotted lines bracketing the 0° spectrum represent typical one
standard deviation uncertainties. It is obvious from Fig. 4 that
the change in spectral shape with source angle is very pronounced.

Thesc analyses were then extended to calculate the neutron
fluence and energy spectrum profiles in the region occupied by the
small irradiation capsule. Here the finite source and foil
geometries, plus the capsule offset, were folded in by integrating
the calculated angular yields over the foil and source areas. The
results are shown in Figs. 5 and 6. Figure 5 shows the calculated
two-dimensional fluence contours relative to the beryllium target,
for neutron energies above 1 MeV. Contours at source distances
less than 6 mm are approximate only, since the effective source
thickness was not folded in. Figure 6 shows fluence profiles for
several different energy spectrum intervals as a function of
radial distance from the source axis, 13.5 mm from the center of
the beryllium target. This source distance represents the loca-
tion of the front face of the irradiation capsule. Both figures
demonstrate the rapid change in fluence with position near the
source. At these close distances the finite source size also
affects the shape of the spectrum. Neutrons from a wide distribu-
tion of source angles will intercept any given position, and the
neutron energy spectrum at close positions will thus be influenced
by the softer (lower energy) neutrons from larger source angles.
Because of this a close-up sample can see a softer neutron spec-
trum near the source than one at the same angle but further away.

2
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The unfolded neutron spectra were also used to calculate
displacement damage (in displacements per atom, dpa)} and helium
generation concentration contours; as shown in Figs. 7 and 8,
respectively. These parameters were calculated using the code
SPECTER {10]. Comparison of Figs. 7 and 8 with Fig. 5 shows that
the dpa and helium gradients are even steeper than the fluence
gradients. This follows from the fact that the energy spectrum
softens rapidly with angle, as shown in Fig. 4. This is an impor-
tant consideration when designing an experiment to produce maximum
displacement damage or helium generation.

HELIUM GENERATION RESULTS

The helium concentrations measured for the helium accumula-
tion dosimetry ring segments were then used to calculate relative
helium generation cross sections. To calculate them, the heliunm
measurements were normalized using the spectrum-integrated fluence
profiles, estimated to have x10% uncertainties. The profiles were
integrated over the finite source geometry, for neutron energies
above 5 MeV. The results are shown in Fig. 9, where the normal-
ized helium concentrations are plotted as a function of polar
angle about the irradiation capsule axis. The ordinate scale is
in mb for a spectrum-integrated fluence above 5 MeV. The 5-MeV
cutoff was chosen as an approximate energy lower limit for helium
generation in these materials. A comparison between the spectrum-
integrated fluences for various energy cutoffs is shown in Fig. 6.

Examination of Fig. 9 shows that the normalized helium data
for each ring are generally constant with angle, verifying that
the capsule offset was determined correctly. The small variations
that do exist are attributed to nonuniformities in the assumed
circular profile, for example due to the rectangular deuteron beam
rastering pattern. Figure 9 also shows that the relative cross
sections calculated for each material do vary slightly for the
different rings. This is attributed to a softening of the Be(d,n)
neutron spectrum with increasing source angle.

The relative cross sections calculated for the different
helium dosimetry rings are given in Table II, along with the
average source angles subtended by the rings. The range of angles
subtended by each ring was due to the small irradiation capsule
offset from the source axis. The average values in the last
column were calculated ignoring the slight source angle depen-
dence, in order to make a general comparison with relative helium
production values determined for other neutron environments. The
results, calculated as cross section ratios relative to copper,
are shown in Table III.

The Cu, Ni, and Fe helium generation data were also used to
compare with cross section information available from the litera-
ture. The copper total helium production cross section was taken
from ENDF/B-IV [13] and from the calculations of Fu and Perey
[14]. The nickel and iron cross sections were estimated from the
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calculations of Alsmiller and Barish (15]. These cross sections
were used to predict helium production as a function of angle,
using the codes STAY'SL and SPECTER, and then integrated over the
finite source geometry. The predicted helium generation profiles
for Cu, Ni, and Fe are shown in Figs. 10, 11, and 12, respec-
tively, as a function of radial source distance for various cap-
sule sample layers. Also shown in these figures are the measured
helium data for the corresponding ring segments. The distribution
of points as a function of distance from the source axis for each
ring was again produced by the small (1.3 mm) capsule offset.
Comparison of the data with the calculated curves shows generally
good agreement, considering the incomplete nature of the estimated
input cross sections. Figures 10 through 12 demonstrate the
potential to integrally test helium generation cross sections for
this neutron environment. This will be studied further with
updated cross sections.

DISCUSSION

The results described above demonstrate the importance of
including comprehensive passive dosimetry in Be(d,n) and Li(d,n)
irradiation experiments for which neutron fluence and spectral
information is needed. This is very clearly shown by the fact
that a capsule offset of only 1.3 mm resulted in a factor of 1.7
variation in fluence (En > 5 MeV) around the periphery of the
irradiation capsule.

It is also recognized that the available irradiation space in
Be(d,n) and Li(d,n) test neutron environments will be very limited.
Means of reducing the space required by dosimetry materials are
thus also being addressed. This is being done by developing a set
of dosimetry materials each of which has multiple reactions that
are useful for spectral unfolding. In this respect, radiometric
dosimetry wires such as Au, Fe, and Ni, with several useful activa-
tion cross sections, are also being used for helium accumulation
dosimetry measurements following the radiometric counting. The
helium accumulation facet is particularly valuable for long irra-
diations planned for FMIT, because many of the activation reac-
tions have insufficiently long half-Tives.

The development and application of passive dosimeters to
neutron dosimetry in FMIT will therefore require a knowledge of
the energy-dependent cross sections for both the activation and
total helium generation reactions for neutrons with energies up to
40-50 MeV.
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TABLE I

Acti?ation Reactions Used for -
Be(d,n) Neutron Spectrum Unfolding

ergy e erae
59%0(n, %% . -1079 - v 4 4%
455¢(n,7)4Msc 1079 - 1.25 -6.0%
197Au(n 7) 198, 108225 © " +1.6%
235 (n,f) ‘ 1078 - 210 42,38
238 (1,7)23% - 239 1077 -3 o 40.3%
1570 (n,n) My 1.25 - 16.0 -12.5%

238u(n f) 2.0 - 24.0 +4.3%
N1(n,p) 3.0 - 18.5 +3.2%
59¢o(n.p)°%Fe 7.0 - 21.0 -4.4%
60N (n,p)®%o “7.5 - 19.5 ¥2.9%
- 238y(n,2m) %3y 7.5 - 15.0 +17.0%
27p1(n,a)%*Na 8.5 - 18.5 -2.4%
4815 (n,p)*8sc 9.5 - 22.0 +2.9%
69m(n,2n)158mm 10.0 - 19.5 -4.3%
197 p4(n,2n)1%ay 10.0 - 20.0 +4.1%
93Nb(n,2n)92mNb 10.5 - 20.0 -6.6%
59¢o(n,2n)°8 12.0 - 23.0 +5.6%
455¢(n 2n)44m 13.0 - 24.0 +0.1%
89 (n,2n)88y 13.0 - 24.0 +1.3%
3071 (n,2n)8%2¢ 13.0 - 24.0 -1.3%
58y (n,2n)° N 14.0 - 25.0 -8.6%
19774 (n,3n) 1%y 17.0 - 26.0 -8.2%
1697, 1,3n) 1671 17.0 - 26.0 +3.2%
9¢o(n,3n)°"co 21.0 - 29.0 +0.3%
89 (n,3n)%y. 23.0 - 31.0 +3.8%
19704 (0, 4n) 1%y 25.0 - 32.0 ~13.6%
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TABLE II
Relative Helium Generation Cross Sections for Be(d,n) Neutrons

(E4 = 30 MeV)
: : Relative
Dosimetry D?gg;gge - Source Angle Cross Section

Ring ‘ —

(mm) . .Range Average Ringb Average
Al-1 16.5 3.93-12.93 8.68 123 + 2
Al-2 '17.9 [ 10.1°-17.1° 14.2° | 116 + 3 120
Fe-1 16.5 '15.53-23.38 19.53 39.8 + 1.1
Fe-2 17.9 3.2°-11.1 7.8° | 43.5 + 1.2 42
Ni-1 15.1 22.38-30.13 26.63 97 + 3
Ni-2 17.9 |-6.5°-14.2° 10.6 101 + 2 99
Cu-1 16.4 |19.89-27.10 23.8] | 39.2 + 0.8
Cu-2 . 17.8 |12.52-20. 16.6. | 41.4 + 1.1
Cu-3 - 17.8- | "1.4%7.9 5,27 | 45.3 + 0.9 42
Au-1 15.1 | 5.2°-15.3%° 10.7° | 1.26 £ 0.08
Au-2 21.0 |17.6°-23.6° 21.2° | 1.16 £ 0.08 1.2

3Cross section in mb for a spectrum-integrated fluence above
5 MeV.

bQuoted uncertainties are relative uncertainties based on source
angle variation and data scatter due to helium measurements and
map -nonuniformities.
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TABLE III

Relative Spectrum-Integrated Helium Generation
Cross Sections for Pure-Element Helium
Accumulation Dosimetry Materials

Cross Section Relative to Copper
Element. Be(d,n) T(d,n), EBR-TT
Ed = 30 MeV RTNS-I Coreb
Cu 1 : 1 !
Al 2.9 2.84 1.87
Fe 1.0 0.94 : 0.99
Ni 2.4 1.9 13.2
. Au 0.03 0.01 0.04

3D. W. KNEFF, B. M. OLIVER, M. M. NAKATA, and
. H. FARRAR IV, Ref. 11.

bE. P. LIPPINCOTT, W. N. McELROY, and H. FARRAR IV,

Ref. 12.
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FISSION REACTION IN HIGH ENERGY PROTON CASCADE

H. Takahashi

Brookhaven Natfona] Laboratory
Upton, New York 11973, U.S.A.

ABSTRACT

Fission reactions are incorporated in the intranu-
clear cascade code NMTC to calculate the neutron yield
from the high energy nucleon-nucleus collision. It is
assumed that the fission reaction occurs in competition
with the evaporation reaction after the spallation reac-
tion. The branching ratio of fission reaction to neu-
tron evaporation reaction is calculated by using the
Vandenbosch and Huizenga formula and the distribution
of fission product nuclei is calculated using Fong's
statistical model. Although the most general distribu-
tion for fission product nuclei is a function of their
excitation energies, mass numbers, charge numbers, ki-
netic energies, deformation energies and spin states, a
simplification of the model using the most probable
kinetic energies and deformation energy has been imple-
mented for determination of the mass and charge distribu-
tions,

The mass distributions of the post-evaporation nu-
clei calculated by Fong's mass formula has peaks which
are closer to experimental results than the distribution
used in Janecke, Garvey and Kelson's (JGK) mass formula.
The mass distribution calculated by the mass formula in
the NMTC code is very close to the one calculated with
the JGK mass formula. In contrast to the flat plateau
of mass distribution shown in the experimental results
of Stevenson for 300 MeV protons on U238 nuclei, the
three calculations show the dip between two peaks. The
total number of the neutrons emitted by fission products
which are calculated by Fong, JGK and NMTC mass formulae
are, respectively, 12.25, 12.83 and 12.80 reaction.
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INTRODUCTION

For the study of the feasibility of nuclear fuel breeding (1,
21 and in designing a high intensity spallation neutron source [3]
using neutrons produced by high energy protons, it is required to
calculate the intra-nuclear cascade process for fissionable nuclei.
This calculation has been carried out by using the codes NMTC [4]
and HETC (5). However, these codes do not include the fission pro-
cess in high energy reactions and the neutron yield estimate is
smaller than the experimental value.

Incorporation of the fission reaction into the intra-nuclear
cascade code was studied by H. Hahn and H. Bertini [6], but they
did not calculate particle evaporation following the fission. Thus,
their resulting neutron yield is too small. On the other hand, in-
tensive studies on neutron yield from uranium had been performed by
V. Barashenkov, D. Toneyev et al. [7,8]. This study resulted in a
substantial increase in the calculated neutron yield.

Recently, for design studies of high intensity.spallation neu-
tron sources, the incorporation of fission reactions in the intra-
nuclear cascade code has been revived by Alsmiller et al. (9],
Atchinson 1101 and the present author {11}. The methods used are
statistical models. Alsmiller et al. put much more reliance on em-
pirically derived constants. The present author's formula is very
close to Fong's formula for the statistical fission model [12] and
does not rely on the experimental data.

Compétition Process of Fission to Evaporation

In the intra-nuclear cascade model, nonelastic collisions of

the nucleon and pion with a nucleus are assumed to be composed of a
two-step process of spallation followed by an evaporation reaction.
In the first step, the cascade nucleon and pion are emitted and
leave an excited residual nucleus. In the second step, this ex-
cited nucleus loses its energy by evaporating particles. When the
excited nucleus has a sufficiently large mass number, the fission
process will compete with the evaporation process. This competition
process had been studied by I. Dostrovski et al. 131, R. Hahn and
H. Bertini [6] and R. Vandenbosch and J. Huizenga [14].

~ The probability of fission in competition with neutron evapor-
ation is expressed by :

r \-1 |
Pe = (1 + fg-) (1)

where T'¢ and 'y are, respectively, widths for fission and neutron
emission reactions. The probability that the fission event occurs
after emitting i neutrons is expressed by

(P! Pe=(1-p) P, (2)
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In-our calculation, the formula obtained by R. Vandenbosch and J.
Huizenga for the branching ratio I'y/T¢ is used. This is expressed
as. follows for the actinide region z > 90: - ‘

T
Tog =% = ¢(z) A + ¥(z)
°9 T : (3)

where A is the mass number of the fissioning ‘nucleus, and the tabu-
lated values of ¢(z) and y(z) (101 as functions of charge number
are used in our calculation. For the subactinide region, z < 90,
F. Atchinson [10] had made a statistical model fit to experimental
data and estimated the fission probability given z, A, E* (excita-
tion energy), and the mass difference table. His expression for
subactinide fission for nucleus z, A and excitation energy E* is

) 1/3, ..2/3,4 - ' '
r, = 0.3518099(1.681 +1.93A /"1 +A°/(0.761,-0.051 )) (a)
S
1, = 20 [(sn -1.0) -e M+ 1.0]
n , . (5)
1 =29 [(6.0-6.05 +2.052 ¢"+52- 6.0
i an2 . " n *7n A n - i (6)
= . - '
S, = 2.0 va TE* - BE') (7)
a, = (A-1.0)/8.0 (8)
BE' = Separation energy - pairing energy
S¢
Ff = (Sf-l.O) e + 1.0}/af (9)
S¢ = 2.0 va lE* - B¢ (10)
72 2 \2
Ee' = BE' + 321.175 - 16.70314 7— + 0.2185024 | 72— (11)
g 22 2
7 = 1.089257 + 0.01097897 - | 7— - 31.08551 : (12)
n . N

Statistical Model for Fission Product Muclei Distribution

- As-a calculational model for the distribution function of fis-
sion product nuclei, Fong's statistical model [12] is used. In the
statistical .model, it is assumed that the fission process is so

.
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slow that an instantaneous equilibrium state will be established
at every moment of the process. Thus, the relative probability of
occurrence of a fission mode is determined from the instantaneous
equilibrium at the moment just before the two fragments separate
from each other. The probability is calculated from the density
of quantum states of the different nuclei configuration at the mo-
ment just before scission.

In a fission mode in which fission product fragments (Al,zl)
and (A,,z,) are formed, the probability of this mode to occur with
a given set of C (the mutual coulomb energy of a fission pair at
the moment just before scission), k (the total translational energy
of the same), D (the total deformation of two fission fragments),
and E (the total energy available to the -compound system G minus k),
with a given partition of excitation energy E,,E,, and with given
angular momenta j, and j, for the two fragments %assuming j=0 and
no orbital angular momentum) is expressed as

N(Ay,A2,Z1,72,0,0,k,E,Ey,71,52)

12 . 142
(Gp)? (Gary)
= €1€2(231+41)(2j,+1 )exp 29:7T: 29212

. %%1 Y21k exp[?/alEl + 2/52(E-E15]dE1~ dk (13)

where ¢ is a parameter which depends on A as
-0.005A ' (14)

¢ =0.38e

g, T and u are given as

2
g-%%&—mAs” (15)

(M and R are mass and radius of nucleus, respectively)

T =/E/a (16)

o, A1 A,

“mem, "R A . (17)
12

and ¥V is the volume of space in which the translational energy of
pair (k) is normalized.

Incorporation of this most general distribution function of
fission products into the intra-nuclear cascade code causes the cal-
culation to be very time consuming; thus, a distribution function
of a few variables is used to obtain a partition of important vari-
ables T1ike mass and charge numbers A and z. The summation of j and
the integration of k in Eq. (13) are carried out. The distribution
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function of partition masses A, and A, is obtained by using the
most probable value for the other variables as

_— (a, a2)1/2 Al5/3 A25/3 3/2 A, A, 3/2
1,A2) v C.C - ——
1 2(a1+a2)13/4 Al5/3+A25/3 A +A,
(2 2, )V/? i ,
, P2 . E11/4 1 -2 ——— |, 2/(a, +a JE
172 2 Ja s/ Y ° (18)
(By, *Bp,"C12) (2, * 2

‘where E is to be calculated for the mode of most probable charge di-
vision zp, : zp, and most probab]e kinetic energy release and de-
formation energy for the given mass division A ,A,.

In Eq. (18)

1
BAle1 - BAzzA2 + z(BA2 - E’clz) 19
z = 19

B + B -C
P A, A, 12

= - 20
zp2 z zpl (20)
B, = 0.041505/z, | (21)

_ : 2/3
zA = A/(1.980670 + 0.0149624A ) (22)

c,, in Egs. (18) and (19) is a constant with respect to charge divi-.
sion as follows:
K=c,, z, 2, : (23)

The excitation energy E is expressed by

= M(A,2) - MO(A ,2,) - MC(A,,2,) - K = D (24)
and in Fong's formulation, ME(A,z) is expressed by
C '= 2 3/4
ME(R,z) = My + aMy + Bp(2-2,-0z,)% + 0.036/A (25)

where

My = 1.0146A + 0.014A%/3 _ 0.0419052 (26)

A

and the correction curves Azp and AMp, which are defined, respect-
ively, by z (exp) - zA(theo) and AMA?exp) - M (1iquid drop model),
are shown 1n Fong's paper.
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The total fission. fragment kinetic energy K in Eq. (24) is ex-
pressed by . :

K=c¢+k (27)

where ¢ is coulomb repulsion energy of fission fragment at the mo-
ment of scission point, and the value of k turns out to be very

small (about 0.5 MeV) compared with c, so that it can be neglected
in the calculation. The coulomb repulsion energy for fission frag-

ments which have deformation parameters, respectlve1y, of a,, and

a,, is expressed by
clasi,asz) = z,zzez[rOI(l +ag,(1 - 3n,%))
Car, (14 ay,(1 - 30,2 (28
where » ‘ _y
rg = 1.5 x 10713 3173 | (29
n, =n, = 0.4 : - - , (30)

The total deformation energy of the fission fragments is

D =D, (a,,) + D,(a,,) (31)
where
D;(a,;) = 0.7143 o 2 E g - 0. 2041 af E.§ | (32)
i=1,2
E° = 0. o1a A23 (amy) | | L (33)
E_° = 0.000627 22/AL/3 (amu) (34)

In this calculation, the most probable combination of deformation
parameters, a,, and a,,, is determined by m1n1m1zing Dy(a,,) +
D,(0,,). Their values are calculated by minimizing the value of
C%aal,a ) + D (a;,) + D,(a,,). After determining the partition
of mass numbers A, ‘and Az accord1ng to Eq. (18), the partition of
charge numbers of z, and z, is calculated by using the distribution

function of
2Vt31+asz

N(Zy,2;) ~ (21:22)1/2(1 - % /f::%:ZS%)ES/Z ) (35)
aytaz

The distribution functions for the total fission fragment kinetic
energy K and deformation energy D are not taken into account; in-
stead these values are represented by their most probable ones. -
The total excitation energy is partitioned between the two -fission
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fragments with the assumption of equal nuclear temperature
E, : Ez = (asz) : (asz) =a; : a2 = A, : A, (36)

Thus, the éxcitation energy of fragments (A;,z;) in the state far
from scission point is expressed by

i -

T veryal | (37)
The nucleus loses its excitation energy by evaporating particles.

By using the formula described above, the mass distribution of
the pre- and post-evaporation fission products and the number of
neutrons emitted will be calculated after obtaining the distribu-
tiun uf compound excited nuclei which go into the fission reaction.
This distribution is calculated by the Monte Carlo intra-nuciear
cascade code NMTC (4], and the branching ratio of fission to evap-
oration reactions. In the calculation of distribution of pre-evap-
oration fission products, the following three mass formulae are
used. The first one is Fong's mass formula [12] based on the 1lig~
uid drop model and expressed in Eq. (25). The second one is the
mass formula used in the MMTC (4] and HETC (5] codes. This is
based on A. Wapstra [15], J. Buizenga [(16] and J. Mattauch et al.'s
formula[l71. The third is the formula obtained by J. Janecke,
G. Garvey and I. Kelson (JGK) (181.

Results and Discussion

In Figure 1, the distributions of pre-evaporation nuclei mass
from the various excited Pu?®® compound states calculated are shown.
In this calculation, Fong's mass formula is used. The excitation
energies of compound states are proton energy (E,) plus the binding
energy (B.E.) of proton in Pu?®. As the excitation energy in-
creases, the valley of distribution becomes shallow and the two
peaks are lowered. The peak of distribution on the heavy mass side
is located at A=141. When the mass formulae of NMTC and JGK are
used, the peaks appear at around A=132 instead of 141.

Figure 2 shows the distributions of pre- and post-evaporation
fission product nuclei in the Pu?3®® compound states with their ex-
citation energies of proton energy Ep + (B.E.). Cases for Ep=10 MeV
and 70 MeV are shown. Since more particles are evaporated from the
higher excited state than the lower excited state, the distribution
of post-evaporation nuclei in the case of Ep=70 MeV is shifted more
than the one of E,=10 MeV toward the direction of light mass. The
fission product nBc]ei with heavy mass are shifted more than those
with Tight mass.

In Figure 3, the distribution of post-evaporation fission prod-
ucts from 300 MeV protons on U238 calculated by three mass formulae
(Fong [12], NMTC (4] and JGK [181)are shown with the results of
P. Stevenson's experiment [19]1. In contrast to the rather flat
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plateau of experimental results, all three calculations show the
dip between two peaks. The reason for this discrepancy should be
clarified in future study. One of the reasons may be due to the
fluctuation in excitation energy partition between the two frag-
ments and to not taking into account the distribution functions

for the kinetic and deformation energies. The distributions calcu-
lated with the mass formula of NMTC and JGK show a shorter distance
between the two peaks than the one calculated with Fong's mass for-
mula and the experiment. Recently, M. Prakash et al. [20] stated
that this discrepancy can be removed by taking into account the nu-
cleon exchange process which occurs during the fission process,
similar to what is observed in heavy ion reaction.

Figure 4 shows the distribution of the number of neutrons
emitted by fission product nuclei as a function of mass number.
These results are calculated by the mass formulae of Fong and of
JGK. Since the mass formula for nuclei of light mass is not ob-
tained from Fong's mass formula, the JGK mass formula is used for
the mass, which is required to calculate the energy difference be-
tween pre- and post-evaporation nuclei in the case of Fong's mass
formula. Thus, only the effect of different distributinns of pre-
evaporation fission product nuclei on the neutron yield is studied.
The difference between the two distributions is smaller in the
1ight mass region than in the heavy mass region, and the number of
neutrons calculated with Fong's mass formula is slightly smaller
than that calculated with the JGK mass formula.

As seen in the figure, the heavy mass fission product nuclei
emit more neutrons than those of light mass, causing a larger
shift in the distribution of heavy mass nuclei than those of light
mass. This is due to the Targer excitation energy of the heavy
mass nuclei than of the light mass nuclei, as shown in Eq. {37).
The experimental data of E. Chiefetz et al. [21] for 155 MeV pro-
tons on U%3® show the same tendency. The central peak appearing
in the calculation is due to the fact that some even mass number
nuclei are split into equal mass fission products, and they con-
tribute to the increase of this peak. )

The total number of neutrons emitted by fission products with
distributions calculated by Fong, JGK and NMTC mass formulae are
12.25, 12.83 and 12.80, respectively. The differences between the
total number calculated by the JGK and the NMTC mass formulae and
that calculated by Fong's mass formula are not very large in spite
of the large difference in distributions of fission product nuclei
mass. Thus, the total neutron yield seems to be insensitive to the
mass distribution,

The difference between all the results obtained by NMTC and
JGK mass formulae is very small, since the mass values calculated
by two formulae are very close to each other.

In Figure 5, the distributions of the number of neutrons
emitted multiplied by the yield of pre-evaporation fission product
nuclei are shown for the two mass formulae of Fong and JGK. The
heavy mass peak is higher than the 1ight mass peak because more
neutrons are emitted from the heavy mass fission product nuclei
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than from the light mass nuclei.

Although the total neutron yield from the fission reaction is
- insensitive to the distribution of pre-evaporation fission product
nuclei mass, the discrepancy between the calculated and experimental
mass distributions for the post-evaporation fission product nuclei
should be clarified in future study. More experimental data are
needed to improve the model. :
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LOW ENERGY NEUTRON EMISSION FROM Be(d,n) AND Be(p,n) REACTIONS

M.A. Lone
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AND

B.C. Rober tson
Queen's University, Kingston, Ontario, Canada

ABSTRACT

Neutron sources based on Be+d reactions at.
Eq 2- 16 MeV and Be+p reactions at E; > 30 MeV are .
commonly used for cancer therapy. ghe neutron spectral
distributions from these reactions show significant yield
at neutron energies below 2 MeV. The relative proportion
of these low energy neutrons at E =10, 15, 20 and.25 MeV
is 33, 28, 21 and 15% for deuterons and 70, 62, 52 and
40% for protons respectively. Several nuclear reaction
mechanisms, e.g. compound nucleus decay and multi-body _
breakup have been discussed as possible sources of the
low-ener gy neutron component. The systematic studies
carried out by us indicate that the neutron decay of
states in Be excited by direct inelastic reactions also
plays a significant role in producing low energy neu-
trons particularly from the Be+p reaction.

INTRODUCTION

Nuclear reactions Be(p,x)n and Be(d,x)n are used for produc-
tion of intense beams of neutrons for cancer therapy and for irra-
diations in material damage studies. These applications often
require knowledge of thick target neutron yields under various
geonetrical conditions. An understanding of the neutron-producing
mechanism in these reactions is useful for calculation{l] of the
relevant neutron fluences.
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OBSERVATIONS

At proton energies above 20 MeV the neutron production from
the Be(p,n) reaction is dominated by direct charge exchange, and at
9,-0° the ground state transition is the strongest[2]. In thick
targets, energy loss of the protons results in a broad distribution
of neutron energies[3]. In the Be(d,n) reaction the majority of
the neutrons are. produced by the deuteron stripping reaction(4]
which gives rise to gaussian-like neutron spectral distribu-—
tions[3,5]. In addition reaction channels such as compound nucleus
formation, multi-body breakup and coulomb excitations of states in
Be lead to the emission of.lower energy neutrons, E g 2 MeV,

A theoretical estimate of the magnitude and angular distribu-
tion of the low energy component of the neutron spectrum is diffi-
cult at present because of uncertainty in the relative cross sec-
tions of the various reaction channels mentioned earlier.

Table 1 gives the fraction of the neutron yield at E< 2 MeV
for §,=0° from proton- and deuteron-induced reactions in Be at
various energies. ‘he magnitude of thils [raclLiun' increases at
higher neutron emission angles, as manifested by the decrease in the
average neutron energy of the observed spectra[3]. Figure 1l shows
the dependence of the proportion of the low energy neutrons un the
projectile energy. For comparison, data for a ‘Li target are also
shown. It is interesting to note that the IBe target produces
more lower energy neutrons than the Tpi target. A similar trend
is observed with thin targets and the differences between the yields
for 9Be and ’Li tar gets cannot be explained on the basis of
secondary reactions such as 9Be(n,2n).

DISCUSSION

Figure 2 provides a possible clue to the mechanism giving rise
to the enhancement of low energy neutron emission from “Be targets.
As shown in Figure 2, there are several neutron-unbound states above
1.6 MeV in 9Be whereas in /Li the neutron-unbound states lie above
7.3 MeV. This suggests that the differences in the low energy neu-—
tron yields is due to the excitation and decay of these ueutron-
unbound states. With this assumption we find from Figure 2 that at
15 MeV projectile energy the inelastic excitations contribute “3UZ
to the low energy neutron yield from Be+p reactions and v47% from the
Be+d reactions.

Figure 3 shows neutron spectral distributions from Be(d,n) at
E4=12 MeV, 6,=0°. 1In this and other spectra at E4> 5 MeV,
there is a well resolved neutron peak at E, “700 keV. This
resolved peak is not observed in any of the neutron spectra from
9Be+p, 9Be+a, 7Li+p, 7Li+d or 7Li+a reactions which were studied
under identical conditions[3].
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The observation of this unexpected well-resolved peak in
neutron spectra measured at 6,=0° following deuteron bombardment
of thin and thick Be targets for beam energies above 5 MeV has led
to an extended effort to identify the reaction mechanism responsible
for its production.

Detailed sequential decay kinematics of the type
9Be(proj, proj') 9Be*(2.43 MeV) -+ BBe+n were carried .out to
ascer tain whether the production is consistent with neutron emission
from IBe(2.43 MeV) in its decay to the 8Be ground state. Such a
process would account for the independence of the observed neutron
ener gy V700 keV from the incident deuteron energy. The calculations
confirm that the kinematic restrictions concentrate “30%Z of the
total neutron decay to a single spike at approximately the observed
neutron energy for the (d,d') reaction.

However a comparison of corresponding kinematic factors for
protons, deuterons and a-beams shows little difference between them
so that the known relative cross sections to the 2.43 MeV state{6]
would require comparable production for all three projectiles,
wher eas exper imentally only the deuteron beams produce the well-
resolved neutron peak at E; ~700 keV.

The known (d,d') inelastic excitation cross—section as a func-
tion of bombarding energy(6] can be satisfactorily approximated with
a constant value of v40 mb for 3 MeVg E4 <30 MeV. This value of
the cross section predicts for thick Be targets an energy dependence
of the excitation function for the 700 keV neutron peak that is in
good agreement with the experimentally observed excitation functiom,
see Figure 4, but the predicted absolute yield is a factor of 65
smaller than the exper imental value.

CONCLUSIONS

The above discrepancy makes it impossible to identify the neu-
tron spike with a simple (d,d') excitation of the 2.43 MeV state in
IBe. A novel inelastic process has been suggested by
Goldhaber [7]. If inelastic deuteron excitation of the 2.43 MeV
state (Ml transition from the ground state) is accompanied by a high
probability of concurrent deuteron breakup (Ml excitation) then the
ensuing excitation of the 2.43 MeV state by coherent proton and neu-
tron inelastic scattering could account for the excess in the yield
while retaining many of the usual features of neutron decay from an
excited “Be state, e.g. independence of the neutron energy from
incident deuteron energy. The angular distributions of the low
ener gy neutrons from such a reaction would be different than those
from other rcaction channels.
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TABLE 1

Yield of Low Energy (0.4-2 MeV)
Neutrons from Thick “Be Targets

Projectile
E (MeV) Deuteron Proton
10 | 33% " 70%
15 28 62
20 21 52
25 15 49
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ABSTRACT

Neutron capture rates in a water bath surrounding
thick, heavy-element targets bombarded by 480 MeV protons
have been measured by foil activation. The proton beams
implnged on the central element of hexagonal arrays of
cylindrical target elements of metallic Pb, Th and
depleted U and of natural UO,. The experimental data are
presented as a function of effective radius. The effects
of indenting the central element and of substituting
central elements of Pb in place of Th or depleted U have
been studied. The data are compared with the results of
intranuclear cascade and neutron transport calculations
and with the results of analyses of earlier measurement.

INTRODUCTION

Charged particle accelerators were proposed many years ago as a
means of producing fissile material for use in power reactors [1,2].
The idea of converting fertile material to fissile grew out of the
observatiou [3,4] of copious neutron production in the bombardment
of heavy elements by medium energy protoﬁs, deuterons or alpha
particles. In recent years there has been a resurgence of interest
in the accelerator breeder as a system capable of extending nuclear
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resources in a large and expanding nuclear power industry. This
paper describes the first results from an experimental program
intended to provide some of the basic target information needed for
the design of an accelerator breeder.

THE BNL-COSMOTRON EXPERIMEN'TS

In part, the FERFICON (Fertile-to-Fissile Conversion) series of
experiments was patterned after measurements made here at the
Cosmotron in 1965 by a joint Chalk River-ORNL team [5,6,7]. The set-
up is shown schematically in Fig. 1. The system consistcd of a large
tank filled with H,;0 in which targets, of variable forms and sizes,
were placed in the centre. Uranium, lead, tin and beryllium,
basically in the form of cylinders of 5 cm radius and 60 cm length,
were used. The lead targets were also of 10 cm radius. Next to
this target an array of 55-Cu or Au-foils was placed in the H,O0.
From the measurement of the activity on these foils one could deduce
the total capture rare In Ll Hy0 and rclate thic to the yield of
neutrons from the targets. The proton beam was 1 c¢m radius and was
measured by the production of 11¢ in a polyethylene foil placed in
front of the target. In Table I the parameters of the uranium and
lead targets are summarized. The proton energies used were 0.54,
gégz, 0.96 and 1.47 GeV. The depleted uranium contained 0.22 w/o

u.

Before describing the experimental results and comparing them
with calculated ones, I would like to review the method of calcula-
tion. The methods we used are probably typical of those used by
other laboratories although the codes may be somewhat different.

The Chalk River system is shown in Fig. 2. We first started off
with MC 74 which was written by Milton and Fraser at CRNL [8]. It
was a parametric program, treating spallation by a Monte Carlo
method. The intranuclear part was parametrized data from Bertini[9].
About two years ago we replaced this by a Los Alamos version of the
NMTC-code [10] adapted to the CDC 6600 computer. The ouLput of this
code feeds either the one-dimensional Sy-transpurlL code ANISN [11]
or the three-dimensional Monte Carlo coude MORSE [12]. These Lwo
codes basically treat the transport of the evaporation neutron com-
ponent, using various interfacing programs to pass data from one
code to another. The data libraries for these codes (which Lreat
neutron transport below 15 MeV) were originally derived from
ENDF/B-III. Subsequently we have produced our own data libraries
using SUPERTOG [13] which has (n,3n)-effects built into it. It
produces a 99-group library which can be collapsed in various ways
through ANISN or through a derived spectrum into a 23-group cross
section library for either ANISN or MORSE. Most of the calculations
I will describe are based upon the MORSE-code.

The results of these experiments are summarized in Fig. 3. Hy0
captures have been plotted rather than the total neutron yield
usually quotes as it is quite difficult to derive the total neutron
yield from a uranium target due to the large neutron absorption in
the uranium. Therefore, it seems preferable for a comparison
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between theory and experiment to compare the total number of neutron
captures in the water. From Fig. 3 one can see that, for the
uranium case, the experimental values are somewhat higher than the
calculated values. For the Pb the reverse is true, the experimental
results being below the calculated data. This effect varies with
energy, the discrepancy being of the order of 20 to 30%. The yield
which is normally reported in the literature is basically the H,0-
captures plus a deduced thermal neutron capture rate in the uranium
target. The difficulty that arises is that in the actual measure-
ment the flux has a very strong gradient into the target. This may
have resulted in an over-estimation of the total neutron yield.

THE FERFICON EXPERIMENTS

The basic method used in the Cosmotron experiments was repeated
in the FERFICON series. The arrangement is shown in Fig. 4. The
target is placed in a can of fixed dimensions so that there is a gap
between the target and the can for the small target diameters.
Because of the low proton energy, the target length is only 31.75 am.
The array of Au-foils is somewhat larger than in the Cosmotron
experiments and is in the horizontal plane. The proton beam in this
case is measured by the 2%Na activity produced in the Al-foils. The
size of the tank is sufficient to absorb basically all the neutrons
that are slowed down by the H0.

The target itself is made up of a close-packed array of rods of
various sizes as indicated in Fig. 5. The target may consist of a
single rod or of seven rods, etc., up to 27. A composite target can
also be built with, say, a Pb rod in the centre and surrounded by U
rods. A description of the set of targets used is given in Table II.
A brief summary of the experimental methods of analysis used in the
BNL Cosmotron and in the FERFICON experiments is given in Table III.
Whereas in the Cosmotron experiments polynomials were fitted to the
measured flux distribution for the integration, spline functions are
now used for that purpose. :

The measured thermal flux distribution around a 37-rod target
is shown in Fig. 6. One can see that there is a strong variation
with radius. As the radius of 9.6 cm is smaller than the radius of
the target can, there is no continuous flux curve. The radius of
the proton beam was again about 1 cm.

A comparison between experimental and calculated results for
the pure uranium and the thorium targets of various effective radii
is given in Fig. 7. The data are still somewhat preliminary because
some uncertainties still exist in the calibration of the absolute
counting efficiencies,

Even allowing for the possibility that the experimental results
are somewhat high, the calculations still yield significantly lower
values, with the difference depending on the target diameter. So
far, no conclusive explanation for this effect has been found.

Results for the full range of targets, also somewhat
preliminary for the reasons mentioned above, are compiled in
Table IV. The agreement is quite good for lead and relatively poor

- 157 -



for uranium. No calculations have so far been performed for U0, and
the composite targets Pb-Th.

DISCUSSION OF RESULTS

A comparison of the NMTC evaporation spectrum and the fission
spectrum of 235U in Fig. 8, shows the harder spectrum arising from
evaporation. Also included are the fission cross section for 238y
and the (n,2n) cross section. Obviously the secondary processes
depend very critically on the hardness of the spectrum. Therefore,
one of the possible causes for the discrepancy between experimental
and calculated results might be that the evaporation spectrum as
calculated by NMTC is too soft. This type of conclusion could help
to improve the agreement not only for the uranium target but also
for the lead target, because a harder spectrum would give a lower
total yield as there is no further multiplication in the lead. (The
(n,2n) cross section is quite small.)

A summatry of pussible contributions f.n the observed discrepan-
cies is given in Table V. Of course, such questions as accuracy of
the proton beam monitoring in the BNL experiments cannot bé checked
now. We tried to obtain a harder evaporation spectrum by varying
the level density constant. However, this did not give a real
improvement for if the level density constant is changed in order to
harden the spectrum, a smaller number of neutrons is produced at the
evaporation stage, which almost completely matches the extra neutrans
from subsequent fission. Fission is neglected in our version of
NMTC.

So far, we have not been using ENDF/B-V data, but we found very
little change in going from ENDF/B-III to ENDF/B-IV. There is some
possible change due to reduced inelastic cross sections for 238y in
ENDF/B-V.
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TABLE 1

Description of Pb énd U-targets for the
BNL Cosmotron Experiments

Target Density Length Radius
v? 18.94 609.6 50.8
Pb-1 11.34 609.6 50.8
Pb-2 11.34 609.6 101.6

®pepleted uraninm - 0.22 wt¥% 235y,

TABLE II

Description of Target Assemblies for the FERFICON Experiments

Radius (mm)

aEffective radius R = rvn.

bDepleted uranium - 0.26 wt% 235y.

CNatural UO, clad in aluminum.
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Target Length 2 Density
(mm) Rod Array (g-cm"3)

U-1b 304.8 16.26 . 16.26 18.94
u-7b 43.02
U-19b 70.88

U-37b 98.91
Th-1 20.96 20.9% 11.30
Th-7 55.45
Th-19 91.36.
Pb-1 50.80 . 50.80 11.34
Pb=7 19.18 50.75
v0,-37¢ 247.7 11.94 72.63 10.20
Pb-1/U-6 304.8 16.26 16.26 . 11.34/18.94
Pb-L/0-36 43.02
Pb-7/U-30 70.88
Pb-1/Th-6 20.96 20.96 11.34/11.30
Pb-1/Th-18 55.45
Pb-7/Th-12 91.36



TABLE III

Summary of Experimental Methods of Analysis

1. BNL Cosmotron Experiments

Proton Intensity: 12C(p,pn)“C reaction

H,0 Capture Rate: Irradiation of Cu(bare) and Au(bare
and sub Cd) to .derive Westcott flux
(¢5)» polynominals fitted to ln b6 (r,2)
- . and integrated to determine total,
’ capture rate in H,0 tank.

2. FERFICON Experiments

Proton Intensity: 27A1(p,3pn)2“Na reaction

Hy0 Capture Rate: Irradiation of Au(bare and sub Cd) to
. . derive Westcott flux (¢,).
Integration via fitted Spline Functionms
to obtain total capture rate in H,0
tank. ’ !
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TABLE 1IV.

Compilation of FERFICON Results -
H,0 Captures per Proton of 480 MeV

Target
U-1
U-7
11-19
U-37
U-37a2

Th-1

Th-7

Th-19

Pb-1

Pb-7
U0,-37
Pb-1/U-6.
Pb-1/U-36
Pb-7/U-30
Pb-1/Th-6
Pb-1/Th-18
Pb-7/Th-12

Experiment Calculation
9.6 £ 0.7 10.1 +'0.4
14.1 + 0.9 10.9 + 0.4
15.2 + 1.0 * 12.4 + 0.4
17.1 + 1.0 12.3 *+ 0.4
17.2 + 1.0 -

8.1 £+ 0.6 9.1 £ 0.5
9.2 + 0.6 8.7 + 0.5
9.6 + 0.7 8.3 £ 0.5
8.3 + 0.5 L

8.0 + 0.4 8.22£0.3
10.0 + 0.6 -
12.7 + 0.7 9.5 + 0.5
11.0 + 0.7 9.0 £+ 0.5
7.4 £ 0.9 -

6.6 + 0.8 -

8.0 + 0.6

#central rod indented by 150 mm.
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TABLE V

Summary of Discussion

BNL Cosmotron experiments give approx. 25% lower n/p ratio than
Ferficon Experiments (BNL experiments extrapolated to 480 MeV).

BNL FERFICON Ratio
Pb (50.8 mm) 6.6 9.0 0.73
U (50.8 mm) 12.7 17.0 0.75

POSSIBLE REASONS
I) Proton Beam Monitoring:
12¢(p,pn) 110G vs 2741(p,3p) " Na .
II) Different Geometry

Target length 610. mm (BNL); 305 mm (FERFICON)
H,0 in contact with BNL target; separated from FERFICON
target by fixed target can.

Calculation absorption ratio (U/H,0)

BNL 0.40 (0.13)
FERFICON (interpolated) 0.35 (0.12)

Other reaction rates similar.

Spectrum of Evaporation Source

Calculation gives too many neutrons with too soft a
spectrum - to be confirmed by thin target spectrum
measurements.

Effect of ‘level density constant
Pre-equilibrium evaporation model
Figssion channel effect

Lead targets - n/p ratio over-predicted

Uranium targets - n/p ratio under-predicted
Harder spectrum would lead to an increase in fast
fission and (n,2n) reactionms.

Nuclear Data .
Reduced inelastic cross-section for 238U in ENDF/B-V
would lead to further fast fission, etc.

Resonance Absorption
Indefinitely dilute cross sections

Small effect (approx. 5%)

H,0 Thermal Constants - Small effect.
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Fig. 5:

Array of rods in target canister for the
FERFICON experiments. Canister inside

diameter is 235 mm.
is shown.
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ABSTRACT

Basic neutronics data, initiated by 800-MeV proton
spallation reactions, are important to spallation
neutron source development and electronuclear fuel
production. We are measuring angular-dependent and
energy-dependent neutron production cross sections,
energy-dependent and total neutron yields, thermal and
epithermal neutron surface and beam fluxes, and
fertile-to-fissile conversion ratios. The measurements
are being done at the Weapons Neutron Research facility
on a variety of targets and target-moderator-reflector
configurations. The experiments are relevant to the
above applications and provide data to validate computer
codes. Preliminary results are presented and compared
to calculated predictions.

INTROCUCTION

Several laboratories throughout the world are building and
designing intense thermal and epithermal spallation neutron
sources, both pulsed and steady state [1-55. There is a coopera-
tive effort among some nine lahoratories to share pertinent infor-
mation; this cooperative endcuvor is called the International
Collaboration on Advanced Neutron Sources (ICANS). There is also
some interest in utilizing high-energy particle accelerators for
converting fertile material to fissile material [6]. At the
Los Alamos Scientific Laboratory (LASL), we have a self-consistent
experimental program (using 800-MeV protons) relevant to the above
applications.
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The 800-MeV proton source is the Clinton P. Anderson Meson
Physics Facility (LAMPF). We conduct the experiments at the
Weapons Neutron Research facility (WNR)--see Fig. 1. The present
experimental program consists of the following measurements:

e angular-dependent neutron production cross sections from
0.5-800 MeV for targets of A%, Cu, In, Pb, and depleted U,

e neutron yields (at 90°) from 0.5-400 MeV for Ta and W
targets,

= total neutron yields from targets of W, Pb, Th, and
depleted U,

efertile-to-fissile conversion yields inside Th and
depleted U targets,

ethermal and epithermal neutron surface and beam fluxes
trom moderators, and

ethermal neutron leakage spectra from moderators.

The differential measurements provide data to test the funda-
mental processes and assumptions used in the Monte Carlo computer
codes. The integral measurements inherently provide more compli-
cated data because they include the effects of transport and
secondary processes. We describe here our experimental program
and show some preliminary results. Ultimately, we will compare
all experimental data with calculated predictions. The Monte
Carlo computer codes used in the calculations are the Oak Ridge
National Laboratory code HETC [7] for particle transport 220 MeV,
and the LASL code MCNP [8] for neutron transport < 20 MeV.

TOTAL NEUTRON YIELDS AND CONVERSION MEASUREMENTS

The LASL Fertile-to-Fissile Conversion (FERFICON) program is a
cooperative effort with the Canadians at the Chalk River Nuclear
Laboratory. The LASL experiments provide an extension to 800 MeV
of similar measurements (but more exhaustive in numbers) being
conducted using the TRIUMF-cyclotron in Vancouver, B.C. The
Canadian measurements are being done at proton energies of 350 and
480 MeV. The LASL FERFICON program consists of two parts:.a)
determination of total neutron yields from stopping-length
targets, and b) measurement of fertile-to-fissile conversion
efficiencies inside stopping-length targets.
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Total Neutron Yields

To determine a target neutron yield, we place the target in-
side a 2-m-diam by 2-m-high water-bath, and measure, using an
array of bare and cadmium-covered gold foils, the axial and radial
neutron flux distributions in the water. We beta count the
0.0025-cm-thick foils (without chemical separation) to determine
the 197Au(n,7)]98Au reactions, and use the cadmium ratio to
correct the gold activation for resonance neutron capture. We
integrate the measured flux distribution over the water-bath
volume and calculate the total neutron captures in the water.

The number of protons striking the target are found by passing
them through a three-foil alumimum packet located just upstream of
the target. We count the central 0.025-cm-thick foil with a Ge-Li
detector system and determine the number of 27A1(p,3pn)24Na,
27A1(p,x)22Na, and 27a1(p,x)7Be reactions. Measured
spatial distributions of protons striking the targets are shown in
Fig. 2. In general, the proton distributions are strongly peaked
at the center and have 'wings' which do not fall off as rapidly as
a circular bivariate (Gaussian-type) distribution.

The characteristics of the targets used in the measurements
are shown in Table I, and the targets are depicted in Fig. 3. All
targets were stopping-length targets (long enough to range-out
800-MeV protons). The thorium and (larger) uranium targets were
stopping targets since essentially no protons leaked from them.

In an applied sense, the most useful quantity is the neutron
yield from the target per proton, and not the total neutron
captures in the water-bath per proton. Therefore, we need to
remove the effects of the waler-bath on the neutron yield. The
water-bath affects the neutron yield in several ways:

e There is an energy above which neutrons from the target
are lost from the water-bath.

e Spallation reactions with oxygen nuclei by high-energy
neutrons and protons escaping from the target produce a
distributed neutron source throughout the water-bath.

* The water-bath reflects neutrons back into the target to
be captured, that is, the target can act as a neutron
sink.

¢ The water-bath reflects neutrons back into the target
which can cause "secondary" (n,f) and (n,xn) source-type
reactions, that is, the target can act as a "secondary"
neutron source. These latter neutrons supplement the
“primary" spallation neutrons and attendant "primary"
(n,f) and (n,xn) source-type reactions which occur in the
absence of the water-bath.
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The first two items in the above 1ist tend to compensate each
other and are not too dependent on target material and size; the
last two items can compensate each other, however, the net effect
is somewhat more complicated and depends on target material and
size. We also need to correct the experimental data for the
effects of structural material surrounding the target.

Preliminary Monte Carlo calculations of bare-target neutronics
for the LASL FERFICON targets are shown in Table II. The low-
energy (<20 MeV) neutron-enhancement (ratio of Tow-energy leakage
neutrons to low-energy spallation neutrons) is about 3% for tung-
sten, lead, and thorijum, and about 21% for uranium. Note the
Tow-energy neutron captures and fissions in the thorium and
uranium targets.

Table III shows a comparison of the initial LASL data with BNL
Cosmotron data (interpolated at 800 MeV)--Refs. [9,10]. For
comparable targets, there is excellent agreement between our
experimental data and the BNL Cosmotron results. For the lead
target, where water-bath effects are minimal, the two calculations
agree, but are high relative to the measured values. The LASL
calculations do not have waler-bath effects included.

Zeroth-order comparisons of our calculated low-energy (<20 MeV)
neutron leakage with our measured neutron captures in the water
show the calculations to be ~30% high for the tungsten, lead, and
thorium targets, and~3% high (on-the-average) for the uranium
targets. Such comparisons may indicate that the measured uranium
data are artificially high because of water-bath effects, and {(or)
the uranium predictions are too low because fission competition
with evaporation is presently not included in the HETC portion of
the computation. Further data reduction and analysis are in pro-
gress. We will compare measured and calculated neutron captures
per proton in the Hy0, and then attempt to convert the
experimental data to neutron yield and compare with calculated
predictions.

Conversion Measurements

We will measure the radial and axial distributions of fertile-
to-fissile conversion yields (2321h to 233y and 238y to
239Pu) inside the 19-rod thorium and 37-rod depleted uranium
targets. We plan to determine the fissile ngc1e1 production with
a Ge-Li detection system by observing the 233p, activity for the
thorium target and the 9Np activity for the depleted uranium
target. Both the spatial and integrated measured conversion
yields will be compared with calculated predictions.

ENERGY-DEPENDENT NEUTRON YIELDS AND PRODUCTION CROSS SECTIONS

We have measured, at 90° to the proton beam, the energy-
dependent (0.5-400 MeV) neutron yields (spectra) from the tantalum
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and tungsten production targets used in the WNR high-current
target area. We have also measured angular- and energy-dependent
(0.5-800 MeV) neutron production cross sections for aluminum,
copper, indium, lead, and depleted uranium targets. These latter
measurements were made at 0°, 30°, 45°, and 112° to the proton
beam. The production cross section measurements are part of the
Ph.D. thesis research of S. D. Howe; he is preparing the data for
publication. We report here preliminary results of the tantalum
and tungsten neutron spectra measurements.

The tantalum (2.54-cm diam by 15.24-cm long) production target
is water cooled and inside an aluminum canister. The tungsten
(4.45-cm diam by 24.13-cm long) production target is water cooled
and inside a stainless steel canister. The first 5 cm of the
tungiten has a tapered reentrant hole (2.54-cm diam to 1.42-cm
diam).

The experimental setup used in the spectra measurements is
shown in Fig. 4. The proton-beam consisted of micropulses
(~0.2-ns wide) separated by 11 us and occuring over 640 us. This
beam pattern was repeated at 12 Hz.

We used a 5.1-cm-diam by 2.5-cm-thick NE-213 liquid scin-
tillator located 29.37 m from the target. The detector bias was
set using the 60 keV gamma-ray from a 241am source. This
established the neutron energy bias at ~425 keV. The efficiency
of the detector at this bias was measured up to 31 MeV at the LASL
Tandem Van de Graaff accelerator. Above 31 MeV, the detector was
cross calibrated to previous work using our 0° neutron production
cross section data. The electronics and data reduction techniques
are described in Ref. [17].

Our preliminary experimental results are shown in Figs. 5 and
6; the experimental data have been arbitrarily normalized to the
calculations at 10 MeV. This initial normalization criteria is
not too unreasonable since previous comparisons [11,12] between
measurements and calculations show fair agreement at 10 MeV.

The underprediction of the calculations above ~20 MeV is
consistent with other results obtained using 740-MeV protons [13],
but disagrees with 450-MeV proton data [14,15]. Since calcu-
lations are generally used to predict the neutron source incident
on a shield, the underprediction of the neutron yield above ~50
MeV is relevant to shield design problems for spallation neutron
sources.

MODERATED NEUTRON YIELDS

Research programs utilizing the WNR high-current target area
require thermal (E £ 0.5 eV), epithermal (0.5 eV < E <€ 100 keV),
and fast (100 keV £ E <400 MeV) neutrons. We use the water-
cooled tantalum target by itself for fast neutron production, and
polyethylene moderators around the tantalum target, in a hybrid
slab geometry, for epithermal neutron production. We are now
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producing thermal neutrons using the tungsten target and a hybrid
slab geometry (see Fig. 7). The water moderator is hetero-
geneously poisoned with cadmium and backed with polyethylene to
shorten the thermal neutron pulses.

For a pulsed spallation neutron source, a beryllium reflected
moderator can increase thermal neutron production by a factor of
2-4 over a bare moderator. We are going to install a reflected
target-moderator geometry in the WNR high-current target.area for
thermal neutron production. The changeover is being done to: a)
jncrease thermal neutron production, b) increase the number of
simultaneous thermal neutron experiments, and c) reduce neutron
background problems associated with center-looking (where the
field-of-view looks at the target) flight paths by going to offset
geometry (where the target is not viewed directly).

Total neutron production from a target is not necessarily a
definitive indicator of thermal neutron beam fluxes. The par-
ticular target-moderator-reflector configuration needs to be
assessed as an integral unit relative to thermal neutron gene-
ration. We have a measurement program (using the WNR low-current
target area) underway at LASL to ascertain thermal neutron
production from a variety of target—moderator-reflector
configurations.

In addition to the unreflected hybrid slab-moderator, we are
studying several reflected target-moderator configurations; these
reflected geometries are shown in Figs. 8-10. We measure, using
bare and cadmium-covered gold foils, the spatial distribution of
the neutron surface flux, and the thermal and epithermal neutron
beam fluxes. Preliminary neutron beam fluxes were measured using
the experimental Tlayout shown in Fig. 11. Data from these
measurements are being analyzed; we present here some preliminary
results for the reflected wing-moderator shown in Fig. 9.

The target was a cylinder of depleted uranium (10.0-cm diam by
40.7-cm long) placed in a stainless steel canister. There was an
air gap (~1 cm) between the uranium and the outside of the
stainless steel canister. The polyethylene premoderator was
5.0-cm thick, poisoned with 0.076-cm of cadmium, and backed with a
1.27-cm-thick polyethylene moderator. The beryllium reflector was
essentially a cube with sides 66-cm long, and was decoupled from
the polyethylene by 0.076-cm of cadmium. The wing-moderator was
located 2 c¢m from the front surface of the target.

We define the 2200 m/s neutron flux, ¢4, to be the acti-
vations in a gold foil by neutrons with energies <0.5 eV divided
by the 2200 m/s gold cross section. The Maxwellian thermal
neutron flux, ¢n. is related to ¢, by Eq. (1) -- Ref. [17].
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where g{T) is the non-1/v factor, T is the absolute temperature of
the neutrons, and T, = 293.6 °K. Some preliminary spat1a1
distributions of ®o at the moderator surface are shown in Figs.

12 and 13. Note the rapid falloff of the neutron flux with
distance from the target; the neutron flux in the direction of the
targets axis is fairly symmetric. An average @, (over ~78 cm?

of moderator surface) is ¥5~1.8x10" 3 n/cm?.p. Preliminary

values of the Maxwellian, ¢p, and ep1therma1 ¢(1eV), neutron
beam fluxes are ¢p~2.4x10~2 n/srep and ¢(1eV) ~1.2x10-2
n/sr-eV-p, respectively. The value for ¢, assumes a Maxwellian
temperature of 400 °K wh1ch is about what we measured for an
unreflected moderator [1]. The nsutron beam fluxes are for a
moderator field-of-view of ~65 cm¢ centered on the moderator.

The moderating ratio, ¢p/¢(1eV), is~2.0; this ratio is in
reasonable agreement with other work [3].

FUTURE PLANS

We plan to continue our measurements of total neutron yields
and neutron production cross sections using other materials and
angles. The fertile-to-fissile conversion measurement will be
made this year. We will measure thermal neutron spectra, pulse
widths, and beam fluxes in a continuing study of target-
moderator-reflector configurations; these studies will include the
effects of decoupler materials used between the moderator and
reflector. We will measure thin-target total neutron yields using
bath techniques, and neutron spectra from bare, stopping-length
targets. We plan to measure cold moderator neutron yiclds,
spectra, and pulse widths. We also would Tike to measure total
neutron yields and fertile-to-fissile conversion yields for
massive (~2000 kg) thorium and uranium targets. Energy
deposition in spallation targets is another area where.we could
make relevant measurements.
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\ TABLE | o
PHYSICAL CHARACTERISTICS OF FERFICON TARGETS

TARGET DENSITY  DIAMETER LENGTH ENRICllJlMENT
MATERIAL (g/cma) {cm) {em) : {wt%) -
w? i8.26 4.45 24.13 _—
Pb 11.31 9.85 40.65 —_
u 18.4 10.01 40.66 0.19802
Th 11.38 18.28" 40.65 —
U ' 19.04 20.09° 40.65 0.25051

"3The first 5 cm of the target had a tapered reentrant hole (2.54-cm diam to
1.42-cm diam).

®Effective diameter (D = d+/n) for a 19 rod array with an individual rod
diameter of 4.1928 cm.

CEffective diameter (D = da/n) for a 37 rod array with an individual rod
diameter of 3.3035 cm.
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TABLE Il

BARE-TARGET CALCULATED NEUTRONICS FOR FERFICON TARGETS?

w Pb U Th U
4.45-cm diam 9.85-cm diam 10.01-cm diam 18.28-cm diam® 20.09-cm diam®
(n/p) {n/p) {n/p) {n/p) (n/p)
LOW-ENERGY (< 20 MeV) SPALLATION 13.15+0.16 16.12+0.20 21.37+0.27 21.39+0.27 25.06+0.33
NEUTRON PRODUCTION®

NEUTRON LEAKAGE (< 20 MeV)? 13.47+0.17 16.55+0.20 25.84+0.32 22.0510.26 30.42+0.38
NEUTRON LEAKAGE (> 20 MeV) . 1.1810.02 1.1710.02 1.05+0.02 - 0.9710.02 0.7110.02
TOTAL NEUTRON LEAKAGE 14.65+0.17 17.72+0.20 26.89+0.32 23.02+0.26 31.13+0.38
NEUTRON CAPTURE (< 20 MeV)® 0.155+0.002 0.009+0.0002 1.050.02 1.51:0.02 4.44+0.06
- TOTAL NEUTRON PRODUCTION 14.81+0.17 17.73+0.20 ° 27.9410.32 24 .531+0.26 35.57+0.39
NEUTRON INDUCED FISSIONS 2.-3410.04 0.60+0.01 4.43+0.07

[< 20 MeV] {fiss/p).

2Proton energy is 800 MeV; the W target was 24.13-cm long, and the first 5 cm had a tapered reentrant hole (2.54-cm diam to 1.42-cm diam);
all other targets were 40.65-cm long.

bEtfective diameter D = da/n; d is the individual rod diameter and n is the number of rods.
©Evaporation neutrons produced inside the target; fission compstition with evaporation is not included in HETC.
91ncludes net effects of {n,f)- and (n,xn)-type reactions occuring during transport of low-energy spallation neutrons.

®Neutron capture occuring in target during transport of the low-energy spallation neutrons.



TABLE IHl

PRELIMINARY LASL FERFICON RESULTS
COMPARED TO BNL COSMOTRON DATA
(INTERPOLATED AT B0O MeY/)

LASL FERFICON

BNL COSMOTRON

BNL
LASL COSMOTRON
TARGET . MEASURED CALCULATED MEASURED TARGET
SIZE . CALCULATED H,0 NEUTRON H,0 NEUTRON H,0 NEUTRON  SIZE
TARGET diam x length NEUTRON LEAKAGE CAPTURES : CAPTURES CAPTURES diam x length
MATERIAL {cm x em) FER PROTON® PER PROTON PER PROTONS PER PROTON® {cm x cm)
w 4.45x 24.13° 135 -14.7 10.2 _— _ ———
Pb 9.85 x 40.65 16.6 — 17.7 13.0 16.4 134 10.2 x 61.0
u - 10.01 x 40.65 25.8 — 26.9 25.3 23.3 26.3 10.2 x 61.0
Th 18.28%% 40,65 221 -23.0 171 _— — —
u 20.06% 40.65 30.4 — 31.1 2838 _— _ _—

3The first 5 cm of the target had a tapered reentrant hole (2.54-cm diam to 1.42-cm diam}).

bneutron leakage from a bare target; the smaller number is for neutrons with enerpies < 20 MeV, and the larger
number is‘for neutrons with energies < 800 Me'v. :

Ref. [10].

9 Effective diameter D = da/M;d is the individual target diameter and n is the number of rods.
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DETECTOR
ATION

- Fig. 4 Experimental setup to measure the neutron yield from WNR
high-current production targets. :
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Fig. 7 Unreflected hybrid slab-moderator which is presently used
at the WNR for thermal neutron production. An unpoisoned
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target for epithermal neutron generation.
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Fig. 9  This figure depicts a reflected wing-moderator. A
variation of this configuration is being adopted at
several pulsed spallation neutron sources.:
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Fig. 10 This figure depicts a reflected T-shaped-moderator. The
WNR target-moderator geometry is being reconfigured in
this manner for thermal neutron production.
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ABSTRACT

Production of fast neutrons from capture of thermal
neutrons in ®LiD and LiD is measured and calculated. The
thick target fast neutron yield measured from a 61iD con-
verter is 156 x 10'6.per thermal neutron of which “v67% is
from neutrons with E, > 12 MeV. The corresponding numbers
for LiD are 318 x 10-6 and "35%. :

INTRODUCTION

There is increasing interest in intense source of fast neu-
trons particularly 14 MeV for materials radiation damage studies
for fusion related programs. The bombardment of light nuclei with
tritons yields very energetic neutrons owing to the large positive
Q value of (t,n) reactions [1l,2]. The principal disadvantage of
these reactions is the need for using radiocactive tritium either as
a target or projectile. The reaction T(d,n)"He has been commonly
used for production of 14 MeV neutrons and even at.low deuteron
bombarding energies this reaction has a prolific yield [3,4]. The
maximum neutron flux attainable at present, with solid TiT targets,
is <1012 nes~lesr™! [3]. This limitation is partly due to the tar-
get heating which results in thermal dissociation and release of
tritium. '

Another means of producing 14 MeV neutrons is to irradiate a
6LiD converter with thermal neutrons [5]. Tritons of energy 2.73
MeV are produced in the primary reaction 6Li(n,t)%He for which the
thermal neutron cross section is 940 b (1 b==10’28m2). Subsequent
interactions of these tritons with deuterium and isotopes of Li
produce high energy neutrons by the following reactions:

D+t~ 4He + n + 17.586 (MeV)
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ILi + t > 8Be + n + 16.02 (MeV)
+ 2 'He + n + 16.115
+ %he + %He + 15.15

Li | t = 9De I' n 1 10.435 (MeV)
> 8Be + 2n + 8.768
-+ 2 He + 2n + 8.85

¥

5He + 4He + n + 7.905

Although these reactions produce neutrons with a broad energy
distribution, there is a dominant high energy component with E, > 12
MeV due to the D(t,n) reaction and the ‘ground state transition in
the ®Li(t,n) reaction. Here we call these components the 14 MeV
neutrons. )

In this paper we report on our measured and calculated thick
target fast neutron yields from 6LiD and LiD following bombardment
with thermal neutrons.

EXPERIMENTAL PROCEDURE

Thick target fast neutron yields from thermal neutron capture
in several Li and B compounds were measured at the N4 external
thermal neutron facility at the CRNL NRU reactor. The experlmental
set up is shown in Fig. 1. It provides an extremely clean thermal
neutron beam with a Cd ratio of ~10° at the target location.

Fast neutron yields were measured at 90° to the beam with a
long counter of high efficiency and relatively flat response. The
targets studied were powders contained in thin polyethylene bags.
The overall uncertainty in the measured yields is less than 30%.
Further experlmental details are given in ref 2.

CALCULATION OF FAST NEUTRON YIELDS

The neutron yields expected from 6LiD and LiD compounds were
calculated [2]) using known (t,n) cross sections and the stopping
powers of tritons in lithium and deuterium.

For a thick compound target the neutron yield per incident
triton can be calculated from the expression

i, X -1 i
Y, = fo D™ ny sihm) op (E) 6E,1aE
1

the transmission of the triton % 1,

-0Xx
where e

the number of atoms of the isotope i per cm3,

=4
I
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S. = the stopping power of the isotope i for tritons,
B

. 1
i . .
ot n = the neutron production cross section,
and !
Ei = the fraction of the dE energy loss of tritons due to

the isotope i.

In a thick target the number of tritons interacting with the
target will be less than the number of incident thermal neutrons
since there is a competition between Li(n,t) and' other reaction
channels, i.e. (n,Y) and (n,n) reactions. In addition, due to the
isotropic angular distributions of the tritons, some tritons will
escape from the surface of the target. An accurate evaluation of
the fraction of tritons available for interaction within the target
per incident thermal neutron would require detailed Monte Carlo
calculations. This fraction will be between 0.5 and 1 depending on
the target composition, packing density and the geometrical shape.

RESULTS

The calculated thick target yields from 6LiD and LiD compounds
are given in Table 1. 1In 6LiD target the D(t,n) reaction contri-
butes 60% to the neutron yield, all of which is at neutron energies
above n12 MeV. The neutron spectral distribution from 6Li (t,n)
reaction at E  =1.1 MeV is shown in Fig. 2. From this we estimate
that for E¢ =2.73 MeV ~20% of the neutrons from thick targets have
energies above 12 MeV. Thus the relative magnitude of the yield
with E, > 12 MeV from 61in is vA7%.

In a LiD target with natural abundance of lithium isotopes the
7Li (t,n) reaction accounts for 66% of the neutron production, most
of which is at E, <12 MeV. Thus the percentage of high energy neu-
trons from this target is only ~35%.

Our measured yield from ®LiD is 156 x 107€ per thermal neutron,
of which 104 x 1078 would be high energy neutrons. The ratio between
the observed yield per incident thermal neutron and the calculated
yield per triton is 0.6. This is quite reasonable in light of the
isotropic angular distributions of tritons from the ®Li(n,t) reac-
tion as discussed earlier. Assuming the same reduction factor for
LiD, the corresponding numbers would be 318 x 107® and 112 x 1076
respectively. The 15 MeV neutron yield values for ®LiD and LiD
reported by Frigerio [6] are 170 x 1076 and 110 x 1076, respectively.

DISCUSSION

The above results indicate that a ®LiD converter can be effec-
tively used to produce an almost homogeneous flux of neutrons with
energies 12 to 18 MeV at an efficiency of 10™% per thermal neutron.
Assuming a factor of 2 for flux depression, a thermal neutron flux
of 2x 1015 cm™2.5"1 will give a fast neutron flux of ~10llem™2.57!
and neutron fluence of 3 x 1018cm™2 over a period of one year.
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The practical usefulness of a ®LiD converter can be assessed
by comparing its conversion efficiency (v10™*) with the fast neu-
tron fraction available from a neutron irradiation position in a
reactor core [7]. For applications where only neutrons with E_> 12
MeV are effective (e.g. for reactions involving (n,2n) thresholds)
the ®LiD converter would provide little improvement because, as one
can estimate from the Watt expression-:[8], in such locations the
fraction of neutrons with E, > 12 MeV is about 3 x 1074, However,
for applications of neutrons with E, > 12 MeV and for which the
background of neutrons of lower energy is important, the use of a
6LiD converter in an irradiation location with good cadmium ratio
could provide a source with almost 67% of the neutrons with
E, > 12 MeV.

TABLE 1

Calculated thick tafget fast neutron yields pef 10% tritons

611 Relative Contribution % VYield per 108 triteon
Target abundance

% bri "Li D All E,  E,>12 MeV

6rip 95.5 34 6 60 283 190

LiD 7.5 2 © 66 32 531 187
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NEUTRON YIELDS AND SPECTRA FROM 590 ggV (p,n) REACTIONS
ON LEAD TARGETS

S. Cierjacks, M.T. Rainbow,x M.T. Swinhoe+ and L. Buth

Kernforschungszentrum Karlsruhe
Institut flir Kernphysik II
Postfach 3640
7500 Karlsruhe
TFederal Republic of Germany

ABS1I'RACT

Time-of -flight measurements of neutrons and protons
produced by bombardment of thick lead targets with 590 MeV
protons have been carried out at the SIN cyclotron. o
Measurements were made at angles of 307, 90  and 150  for
different penetrationdepths of protons in a 10 cm diam
x 60 cm long target. The detector was an NE 213 liquid
scintillator. Differential neutron data are presented and
compared with intranuclear-cascade-evaporation model
calculations. First results of the secondary proton yield
and spectra are also presented.

1. INTRODUCTION

In the last few years the interest in medium energy proton
reactions has considerably increased, mainly because of the
growing interest in spallation neutron sources and the continuing
interest in accelerator breeding. In order to predict the important
quantities such as neutron or secondary proton -yields and spectra,
several theoretical models have been developed during the last two
decades. Nevertheless, the accuracy of such predictions, particular-
ly for detailed differential data, is often not well enough known.
This is mainly due to the lack of experimental information in this
area. Apart from various total yield determinations, only a few
differential measurements of absolute particle emission spectra
from bare metal targets have been made in the past. Comparisons
of existing measurements with model predictions have shown good
X On leave from A.A. E C. Research Establishment, Sydney,

Australia

On leave from University.of Firmingham, England.
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agreement as well as significant differences. The latter is mainly
true for the high energy tails of angular dependent neutron spectra,
which are often underestimated by theoretical models. Therefore
we have carried out new absolute measurements of angular dependent
particle emission spectra as a function of proton penetration into
a thick lead target. These data, at 600 MeV, provide additional
experimental information to test theoretical predictions in the
previously not well covered intermediate energy range. The
measuremenls give neutron and proton .émission spectra at 30, 90o
and 150o at seven distances into the target between O and 35 cm.
In section 2 of this paper the experimental set-up and
electroniv circuitry are described. Section 3 gives a brief
summary of the method used in the data analysis. Typical results
of neutron and secondary proton spectra are presented in section
4 and compared to theoretical calculations. Prospects of the
future KfK experimental programme at SIN and SATURN are outlined
in section 5. -

2. EXPERIMENTAL DETAILS

The measurements were performed at the Swiss Institute for
Nuclear Research (SIN) using the 590 MeV proton beam from the ring
cyclotron. A schematic diagram of the experimental arrangement
is presented in Figure 1. The proton beam, which was pulsed at
16.9 MHz with a 0.2 ns pulse width, was focussed to 2 cm
diameter onto a cylindrical lead target. The target was composed
of twelve cylindrical blocks, each 5 cm long and 10 cm in
diameter, to give an overall length of 60 cm.

Measurements of secondarg particle emission from the target
were made at 307, 90  and 150 via an iron collimator which was
A1m thick. Measurements of particle emission corresponding to
different distances into the target were made by moving the
target along the beam axis so that individual blocks were
opposite the collimator entrance.

. The principal detector used was a 2.9 ¢m thick, 5 em Adiameter
NE 213 liquid scintillator; used for its pulse shape (particle)
discrimiriation properties. A 0.5 cm thick plastic scintillator
was lotaled immediately in front of the ligquid scintillator n
provide further assistance with particle identification. The
passage of charged particles causes both detectors to generate
signals, whereas neutral particles, in general, give a pulse in
only one. Charged particle spectra (for protons) were accumulated
by operating the two detectors in coincidence. Neutral particle
spectra (for neutrons) were accumulated by operating the plastic
scintillator as a veto detector. Background measurements were
performed with the target block opposite the collimator entrance
removed.

A block diagram of the electronics is presented in Figure 2.
‘'he pulse height signals from the liquid scintillator were fed
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through two amplifier channels, one with ten times the gain of
the other, to cover the required dynamic range. The timing signal
from the liquid scintillator was involved in three functions:

(1) In conjunction with the timing signal from the plastic
scintillator, it was used to operate a coincidence unit, -in
coincidence or veto mode, to generate a master trigger signal
which notified the computer that an event of interest had
occurred and the gates to the ADCs should be opened.

(ii) It was analysed by a pulse shape discrimination unit.
The result of this analysis appeared as a 'pulse shape discriminat-
ion time' signal from the TAC, the output of which went to ADC3.

(i1i) It started the TAC which provided time-of-flight
information via ADCL. This TAC was stopped by a timing signal
derived from the cyclotron high frequency.

The contents of the four ADCs were stored event by event on
magnetic tape to allow subsequent 2-parameter particle discrimin-
ation and time-of-flight analysis.

The charge deposited in the target was monitored by
recording the output of the proton beam monitor (see Figure 1).
This system consists of a carbon scatterer located in the beam
and a pair of plastic scintillators which operated in coincidence
to detect scattered protons. It was calibrated by determining
the ratio of the count rate of the monitor to that of another
plastic scintillator placed in the direct proton beam at reduced
current.

The number of master triggers applied to the computer was
recorded and used, in conjunction with the number of accepted
events, to evaluate the dead time correction. .

3. DATA ANALYSIS

The analysis of the neutron data (neutral particle spectra)
began with the separation of events into neutron and non-neutron
(gamma) by a consideration of pulse height versus 'pulse shape
discrimination time'. The neutron events from the corresponding
background run were then subtracted. The data were subsequently
sortéd into suitable time-of-flight bins. The corresponding neutron
energies were calculated relativistically according to the time
of occurence of the y-flash and the flight path length.

The beam pulse frequency (16.9 MHz) and flight path lengths
(e.g. 1.17 m at 90°) resulted in the production of a single
overlap in part of each time-of-flight spectrum. For example,
1.74 MeV neutrons appear to have the same flight time as 500 MeV
neutrons for measurements at the 90° position. Separation of
the response due to high energy neutrons from that due to low
energy neutrons, was achieved by linear extrapolation of the
high energy pulse height response down to the bias level. The
error assoclated with this procedure is small due to the shape
of the distributions.
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The  contents of each time-of-flight bin were integrated
and the results divided by the detection efficiency of the NE 213
liquid scintillator. The Monte Carlo code of Cecil et al. [1] was
used to calculate the required efficiency. The shape of the
pulse height spectra produced by the code are in good agreement
with thée measured spectra in individual time bins. This is the
case even when the ranges of the charged particles produced in
the detector are greater than the detector dimensions. This
gives some confidence in the operation of the code. The bias
level used in the calculations was determined by locating the
upper edges of the pulse height spectra in various time-of-flight
bins and extrapolating to find the proton energy correspondlng
to the pulse height threshold.

The data were finally scaled by the solid angle subtended
by the detector, the dead-time correction factor and the number
of incident protons to produce the absolute neutron yield as
neutrons per steradian per MeV per proton incident on the
target per 5 cm of target length. Finally the results for various
distances into the target were added to produce the absolute
neutron yield from the whole target.

The analysis of the proton data (charged particle spectra)
is much simpler. The response of the ligquid scintillator to
protons of a particular energy appears as a Gaussian peak in
the pulse height spectrum. The data were sorted into time bins
as for the neutron case. The peaks in the pulse height spectra
in the various time-of-flight bins were located and the area
under the peaks above the background was evaluated. The measured
spectrum only extends down to 27 MeV due to absorption in the
plastic scintillator, which stops protons of lower energy. The
absolute secondary proton yield was evaluated in the same manner
as the neutron yield.

A correction was made to both the neutron and proton spectra
for the measured time resolution of the system. This was done by
the second derivative method [2].

4. RESULTS

Figure 3 shows the spectrum of neutrons emltted from the
first lead block in the target (O to 5 ecm) at 90° to the incident
proton beam. This is compared to the results of measurements
made at Los Alamos [3] at an angle of 112° for 800 MeV protons
incident on a thin (0.45 cm) lead target. The Los Alamos spectrum
has been normalized to give an integral number of neutrons per
incident proton (n/p) which is consistent with the data of
Fraser et al. [h]. Despite the fact that the two spectra are not
directly comparable there is an obvious similarity in shape.

The neutron yield above 1.5 MeV is shown in Figure L as a
function of distance into the target. These results show that
the yield from distances greater than 30 cm is less than 1 per cent
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of the total yield. The experimental results suggest that the
neutron yield decreases monotonically through the target. However,
there is calculational evidence which indicates that the yield
actually peaks ab small distance from the front surface. This
feature is indicated by the solid line drawn through the
experimental results.

The sum of the 900 differential spectra for the whole target
is presented in Figure 5. It is a reasonable approximation to
take this spectrum as representing the average spectrum for all
angles of emission with respect to the incident proton beam. On
this %basis 12.2neutrons with a mean energy of 22.2 MeV are
emitted from the whole target into all angles per incident proton.

The target integrated 90 spectrum from Figure 5 is compared
to a recent calculation performed at KFA, Jilich /5/ in Figure 6.
The calculational method is based on the 3-dimensional 'High
Energy Nuclear-Meson Transport Code, HETC '[6] The results
presented are from a preliminary calculation of the energy o
spectrum of neutrons emitted from the whole target (15 cm diam.,
80 cm long) at all angles. Also included for comparison are the
Los Alamos experimental results [3] already presented in Figure 3
and some calculational results from the same laboratory reported
by Fullwood et al. [7]. This latter calculation gives the neutron
emission from a lead target (15cm diam., 30 cm long) for an
incident proton energy of 800 MeV. The spectra are presented
on a relative lethargy scale so that the fraction of neutrons
below or above a certain energy is represented by areas under
the curves. They have been normalized to the respective n/p
values [4). It is clear, despite the fact that the spectra are
not direcectly comparablc, Lhal al the present time calculations
are producing spectra which are much softer than those measured.

The differential spectrum of secondary protons emitted from
the first block (0 to 5 cm) in the target at 90° is shown in
Figure 7. This result shows that the contribution from elastic
scattering in lead is small. The bulk of the spectrum is the
result of inelastic and nuclear reactions. From our experimental
data we have made an estimate of the secondary proton yield. Our
preliminary value is 0.11 secondary protons per incident proton.

5. PROSPECTS

Analysis 1s proceeding on data already collected. In the near
future similar measurements will be performed with a uranium
target using the 590 MeV proton beam at SIN. Later this year the
proton beam from SATURN (Saclay, France) will be used to measure
neutron and proton yields from lead and uranium targets for an
incident proton energy of 1.1 GeV.
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STATUS OF HIGH ENERGY NEUTRON CROSS SECTIONS

J. C. Browne and P, W, Lisowski

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545, U.S.A.

" ABSTRACT

This paper is a review of the current status of
neutron-induced reactions of interest to the fusion
community in the 10- to 50-MeV neutron energy
range. Although there has been significant activity
in this area since the 1977 BNL Symposium on Neutron
Cross Sections from 10 to 40 MeV, this review conc-
ludes that there are many areas which require more
experimentation to obtain the requested accuracy.
Examples_of various neutron data obtained since 1977
are presented and compared to determine the extent
of agreement. An attempt is made to determine what
the prospects are for satisfying the fusion data
needs defined by the USDOE based upon progress to
date.

INTRODUCTION

The nuclear data needs of the fusion-energy program have be-
come more defined as a result of the technical progress in the
various fusion concepts (i.e., Tokomaks, magnetic mirrors, ICF, ~
etc.). In particular, system studies of reactor designs have
provided direction for material selection and hence cross sec-
tions of importance. In addition, the construction of the
RTNS-IT and the advent of the FMIT facility have provided great
stimulus for providing nuclear data needs for radiation-damage
studies. ‘ .

The purpose of this paper is to review the field of high
energy neutron differential cross sections in the 10- to 50-MeVy
energy range since the 1977 BNL symposium on this topic. The re-
view will not be comprehensive but will concentrate on progress
to date on the specific requests of the U, S. Department of En-
ergy Fusion Program. The reader is referred to a recent article
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by Haight [1] which not only discusses many of the neutron cross
sections covered in this paper but also lists previous reviews on-
neutron data for fusion.

NEUTRON DATA REQUESTS:

The neutron data will be discussed according to the requests
of the U. S. fusion energy program as delineated by C. R. Head at
the IAEA Conference on Nuclear Data for Fusion Reactar Technology
[2] held in Vienna in 1978 along with subsequent revisions [3] to
that request list. The data will be separated into the needs of
the following areas: :

1. Data for the Fusion Materials Development Program;

2. Data for the Next Generation of D-T Reactor Designs;

3. Data for D-T Fusion Engineering Prototype and
Demonstration Power Plant Designs.

It is difficult to cover every rcaction for each elemenl that
is of interest. We will concentrate, instead, on providing an
overview which should allow the reader to determine the state of
the field at this time.

1. DATA FOR THE FUSION MATERIALS DEVELOPMENT PROGRAM
a. Data for FMIT

The main needs pertain to the shielding design for this.
materials test facility. In particular, total cross section,
angular-dependent elastic scattering, and total nonelastic cross
section data for Fe, 0, Si, Ca, and C are presently required to
an accuracy of 10-15% with a longer term (1983) requirement of 5%.

There are several laboratories which have addressed these
needs. Both the University of Catifornia at Davis [4] and ORELA
[5] have recently obtained total cross section (oy) data in |
the 10- to 50-MeV range of the required accuracy for all these
elements. In addition, oy measurements have been made re-
cently [6] at the WNR facility for carbon and oxygen. Although
the quoted accuracy for all these measurements is better than 5%,
the agreement is not always so good. Figure 1 shows the case for
Fe where a significant discrepancy exists between the Davis and
ORELA data. As Fig. 2 -shows, including all the oy data for
Fe clouds the picture even more. The only reasonable assessment
at this time is that the short term requirement for 10-15% accur-
acy has been met, but additional work is necessary to satisfy the
longer term need for 5%.

For elastic scattering (0gg) in the 20- to 50-MeV
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range, only Ohio University has published any results [7]. Their
data are in the 20- to 26-MeV range for Fe, 0, Si, and Ca. The
quality of the data meets the 10-15% short term need. Recently,
U. C. Davis has done some preliminary ggg measurements [4]
for carbon at 40 MeV to develop a technique that can be used for
satisfying some of these data requirements.

For the total non-elastic cross section, Opgn, U. C.
Davis developed a technique [4] for obtaining these data which is
schematically represented in Fig. 3. Basically, the technigue
works if or is well known, and if a significant fraction of
the elastic cross section is contained within the forward solid
angle of the detector. Then g4, is determined from

_ oM
%on ™ 1 7 e

using an optical-model (OM) calculation. The result for Opgn

is not extremely sensitive to the choice of OM parameters. Data
have been obtained at 40 and 50 MeV for C, 0, Fe, and Ca which
meet the 10-15% accuracy requirement in some cases; the most not-
able exception being C at 40 MeV. This technique is capable of
being extended to energies below 40 MeV, particularly if
reasonable optical-model parameters exist.

b. Dosimetry Data

Dosimetry cross sections are needed in the 1- to 50-MeV range
for a variety of materials to improve the accuracy of flux-
spectral measurements and for material-damage-rate calculations.
It is unreasonable to discuss the current situation for all thir-
teen isotopes listed by the USDOE for dosimetry use. Instead, we
shall concentrate on cobalt since it appears to be a most prom-
ising material.

Cobalt has four reactions of interest to dosimetry, i.e.,
(n,p), (n,2n), (n,3n), and (n,4n). For the *3Co(n,p) reaction,
D. L. Smith of ANL has obtained [8,9] data that cover the 2.6- to
10-MeV energy range and whose accuracy (3-6%) is sufficient for
present needs. Near 14 MeV, there is a plethora of data, all of
which is not consistent. Table I lists a variety of measurements
from 1960 to 1978 which var. over an order of magnitude. If one
ignores the result of Jeronymo et al. [14], then the picture is
not quite so bad although still unacceptable. The most recent
measurement of Fukuda et al. [10] agrees well with Vonach and
Munro, [13] Allan, [16] ATvar et al., [11] and Hassler et al.
[15] Above the 14- to 15-MeV region, only the suspect data of
Jeronymo et al. [14] exist. Clearly there is a need for more ac-
curate data.

For the (n,2n) cross section, Frehaut et al. [18] have data
from threshold to 15 MeV, which meet the accuracy requirements of
10-20%. From 16 to 24 MeV, Veeser et al. [19] also have reported
data that meet this accuracy. For The {n,3n) reaction, only
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Veeser et al. [19] report any data. Their measurements extend
from the threshold to 24 MeV with an accuracy of 40% near the
threshold and 25% near 25 MeV,. neither of which meet the request-
ed accuracy of 10-20%. There are no data reported for the (n,4n)
reaction.

It is clear that there is not sufficient data for cobalt to
meet these dosimetry needs. Techniques exist for obtaining the
(n,xn) data particularly near threshold where the breakup neu-
trons from the various source reactions do not cause a problem.
Such (n,xn) data near threshold are a great aid to model calcula-
tions in extending the reg1on of interest above which data cannot
be obtained easily. The °3Co(n,p) reaction requires a mono-
energetic source, hence its extension to higher energies will re-
guire source characterization and unfolding.

The situation for the entire list of requested dosimetry
cross sections is not satisfactory. A very comprehensive review
of dosimetry data was reported in 1978 by A. B. Smith et al.

[20] The conclusions of that review were that only 15% of the
primary dosimetry reactions were adequately known with another
35% known with marginal certainty. This has not changed in the
intervening two years. There are virtually no data ahove 28 MeV,
and it will be difficult to provide experimental data for all
reactions in this energy region. Nuclear-model calculations will
have to supply some of the needs. If accurate data are provided
at a few energies, calculations should be able to extrapolate
with sufficient accuracy. This will be considered more in the
Discussion section. -

Total helium-production cross sections are also required to
complement the radiometric measurements in obtaining flux spec-
tral information. Requirements are for Al, Fe, Cu, Ti, Ni, W,
and Au in the 0- to 40-MeV range. Since there is an overlap of
this request with that for material damage calculations, this
discussion will be covered in Section 1(c).

In addition, fission-fragment track recorders are being
developed for dosimetry at FMIT. Fission cross sections, of,
in the 14- to 40-MeV range are requested. There are very few
data points for of above 20 MeV, and the accuracy and energy
resolution are not very good. This is an area where data could
be obtained easily for several elements. such as 2%, 232Th,
and **’Np, relative to ?*°y at a variety of white sources
(e.g., ORELA, LLL, WNR) or at a quasi- monoenerget1c source such
as U. C. Dav1s Unfortunate]y, the 235y fission cross section
itself is not known so that a measurement relative to the (n,p)
cross section probably would be necessary to provide absolute
cross section values.

c. Material-Damage Calculations

Differential-angular cross sections for elastic scattering
and all nonelastic reactions for Fe, Ni, Cr, A1, Cu, W, Sn, Ti,

- 218 -~



and V are needed at a few neutron energies between 15 and 35 MeV
for material-damage experiments and calculations.

Elastic-scattering data exist for several of the requested
elements in the energy range from 15 to 26 MeV. However, no data
exist above 26 MeV. Ohio University has performed measurements
on A1 [7], Fe [7], Ni [21], and Si [22] between 20 and 26 MeV.
Winkler et al. [23] (IRK, Vienna) have measured elastic scat-
tering for Tr at 15 MeV. Galloway et al. [24] (Edinburgh) have
made differential-elastic measurements for Cu and W. The
requested accuracy is 10% for neutron energies below 25 MeV de-
creasing to 40% at 35 MeV. The Ohio University measurements are
accurate to 5-10%; the results of Winkler have a 15% uncertainty;
the Galloway results appear to be within the 10% request.

The request for angular and energy distributions for all
emitted particles in nonelastic reactions is, of course, quite
comprehensive. Since it is not possible to discuss all pertinent
reactions, we shall concentrate on discussing neutron-inelastic
scattering and charged particle spectra from neutron reactions.

For differential inelastic scattering, Corcalciuc et al.
(Studsvik) have reported results [24a] for *®Fe(n,n') From 16
to 22 MeV. Ohio University has obtained inelastic-scattering
data for 3%,8°i [21] at 24 MeV, for Si [22] at 20 and 26
MeV, and for '8Sn [25] at 24 MeV. Winkler et al. [23] (IRK,
Vienna) report new inelastic-scattering measurements for Cr at 15
MeV.

For (n, charged particie) measurements involving a determina-
tion of the energy spectra and angular distributions of emitted
particles, there have been several active groups, most notably
that of Haight and Grimes at LLL. Their data cover energy and
angular distributions for A1 [26], Fe [27], Ni [27], Cr [27], V
[28], Ti [26], Cu [27], and Nb [28] for an incident-neutron
energy near 15 MeV using a quadrupole spectrometer. A spectrum
of emitted protons from Ni for an angle of 90 degrees is shown in
Fig. 4. The data were taken at seven angles between 220 and
1359, Examples of angle-integrated a-particle emission
spectra for Cr, Fe, Ni, and Cu isotopes are shown in Fig. 5.

Measurements of the *°Cr(n,a) and ?3Nb(n,a) energy
and angular distributions have been performed by Vonach et al.
[29] at 14 MeV using a multitelescope proportional-counter-—
scintillator system. A multi-angle reaction chamber has been
developed at Geel [30] to measure (n,a) energy and angular dis-
tributions at 5 angles. Initial measurements [31] on Cr, Fe, and
Ni have been in the 5- to 10-MeV range but are capable of being
extended to higher energies. Cookson and Wise [32] have develop-
ed a proportional-counter-scintillator at Harwell. Initial meas-
urements are planned for Fe, Ni, and Cr near 15 Mev.

A11 of the above facilities have been developed for use at
neutron energies near 15 MeV. .Several laboratories have been
active above 15 MeV. A facility has been developed at U. C,
Davis [4] for neutron-induced charged particle measurements in
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the 20- to 60-MeV region. The initial measurements have been for
the '2C(n,xa) reaction at E, = 40 MeV. Plans are to extend
such measurements to other materials of interest.

Ohio University has constructed a quadrupole spectrometer for
differential charged particle spectral measurements. Experiments
on 3®Ni(n,p) at 20 MeV and '2C{n,3a) to 25 MeV are plan-
ned. [ 33]

Total differential helium and hydrogen production cross sec-
tions are needed at a few points in the 15- to 35-MeV range to
allow unfolding of integral helium and hydrogen production data.
Virtually all the data on these cross sections exist near 15 MeV
although there are plans to measure helium production cross sec-
tions at IRK (Vienna) for ®3Cu in the 12- to 20-MeV range
£34]. Paulsen et al. [351 {Geel) also report data for

“Fe(n,p), *‘Fe(n,a) and *SFe(n,a) in the 12- to 17-MeV
region using activation methods. The measurements at 15 MeV have
been performed by several laboratories using a variety of tech-
niques. Table II compares the results obtained by LLL [26-28] at
15 MeV for a series of elements using a quadrupole spectrometer,
by Rockwell International [36] using the helium-accumulation
technique and by Qaim [37] (Julich) using activation methods.
The agreement in all cases is quite good. Table III compares re-
sults for isotopes of Cu and Ti in which both the activation
technique and the quadrupole spectrometer were employed. The
results of Qaim et al. [38] for ®3Cu agree well with the
results of Grimes et al. [26,27] (LLL) while the results of
Winkler [39] for ®Cu do not agree well with the LLL results.
The Winkler data have a small (2.5%) uncertainty compared to the
LLL results (17%). However, a comparison made by Winkler in Ref.
39 of all the data to date indicates that the activation results
tend to yield smaller ®3Cu(n,a) cross sections than the
direct alpha-particle measurements. The source of this
discrepancy is not known. Preliminary results [10] from Kyushu
University for ®3Cu(n,a) using activation techniques,
however, agree well with the LLL results.

The data needs for material-damage calculations are being
addressed in a fairly comprehensive manner. There is a need for
data at a few energies above 15 MeV to check calculations, how-
ever. Adequate techniques exist for providing the required data.

2. DATA FOR THE NEXT GENERATION OF D-T REACTOR DESIGNS
a. Neutron Emission Spectra
The spectra of neutrons as a function of secondary angle and
energy are required for selected neutron energies in the 9- to
15-MeV range for the elements listed in Table IV, The required

accuracy is 10%.
This area has been addressed with significant experimental
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activity. Table IV indicates the incident neutron energies for
which data have been obtained, and the laboratories at which the
exper1ments have been performed. Fig. 6 shows the LASL results
for i and 7Li at an incident energy near 10 MeV. Fig. 7
shows the preliminary TUNL results for emission spectra from a
variety of elements including angular spectra for Fe at an inci-
dent neutron energy of 10 MeV. Iwasaki et al. [40] {Tohoku
University) have obtained neutron emission spectra for Al at 12
scattering angles for an incident neutron energy near 15 MeV.
Morgan and Perey [41] have measured neutron-emission spectra at
ORELA for Al and Cu at incident energies between 1 and 20 MeVv.
Their technique yields data at one secondary angle near 130°
(1ab). Chalupka et al. [45] (IRK, Vienna) have completed meas-
urements of angle-integrated secondary neutron spectra for ele-
ments listed in Table IV. Some of these results will be pre-
sented at this conference.

The accuracies obtained in the measurements discussed above
all meet the 10% accuracy reguirement except for those of Iwasaki
et al. who quote a 7-17% uncertainty in their data.

b. Helium and Hydrogen Production

Helium and hydrogen production cross sections are requested
in the 9- to 15-MeV range for the same elements listed in Table
IV. As mentioned in Section T(c), most of data exist near 15 MeV
where a considerable variety of techniques have been used. Meas-
urements at 15 MeV on Al, Ni, Cu, Fe, and Cr were discussed in
Section 1{(c). Data for the remaining elements in Table IV will

“be discussed below.

For carbon, Farrar and Kneff [46] (Rockwell International)
report data at 15 MeV using the helium accumu]at1on method. They
plan similar measurements on ®,7Li, '°!!g, Pb, and
Si. Ohio University has obtained pre11m1nary data [47] for
12C(n o) at 9 MeV. LLL plans both helium and hydrogen
production cross section measurements at 15 MeV on 7Li, '!B,
and Si using théir quadrupole spectrometer [48].

The measurements made or planned at 15 MeV appear to address
the needs adequately. However there is clearly a need for more
data at a few energies below 15 MeV.

c. Breeding Reactions in ’Li

Data on the 7Li(n,n't) reaction are required for incident-
neutron energies between 11 and 14 MeV. The requested accuracy
is 5% although 10% would be valuable. Data have been obtained
by measurement of tritium accumulation by Brown et al. [49],
Osborn and Wilson [50], and Wyman and Thorpe [5T]. A direct
measurement was performed by Rosen and Stewart [52] in which the
triton tracks were observed in photographic emulsions. In addi-
tion, this cross section was extracted from ner*ron emission
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spectral measurements. A1l of these data are compared in Fig.

8. It was stated in Haight's review article [1] on fusion data
that the ’Li(n,n't) cross section is uncertain to 25% which is
consistent with Fig. 8. A measurement of this cross section by

B counting the tritium produced is being conducted at Harwell

by Uttley and Swinhoe [53]. A collaborative measurement .

is also being planned by Julich and Geel in this energy region[54].

3. DATA FOR D-T ENGINEERING PROTOTYPES AND DEMONSTRATION
POWER PLANT DESIGNS

a. Neutron Emission Spectra

Similar to the request of 2(a) above, neutron spectra as a
function of secondary angle and energy are required for selected
eneraies between 9 and 15 MeV. The elements requested are listed
in Table V. along with the laboratories which have made recent
measurements. The -data from Morgan et al. [55] at ORELA for Nb
and Ti span the entire incident neutron eneray range of interest
but are for a single secondary angle. The data from IRK [45]
(Vienna) are angle-integrated spectra at 14 MeV incident neutron
energy. The most complete data are those from LASL for °Be and
118 for incident-neutron energies of 10 and 14 MeV. The data
of Tohoku University for Nb at 15.4 MeV incident-neutron energy
cover-12 angles from 250 to 155°. The accuracy of all these
measurements is better than the requested 10% except for the
Tohoku measurements which vary from 7% to 17%.

b. Secondary Gamma Production Cross Sections

This request is for gn,xyz data from the inelastic
threshold to 15 MeV for '°B, ‘!B, and Ti with a 10%
accuracy. The most complete results are the data of Morgan et
al. [55] for Ti (Fig. 9) which cover the entire range of interest
with an accuracy of a few percent or better. For !7B, Nellis
et al. [57] have obtained (n,xy) data for incident-neutron
energies between 0.5 and 5 MeV and at 14 MeV. Haouat et al. [58]
measured (n,xy) cross sections from 7 to 10 MeV for '*R. ™
Bezotosnyi et al. [59] have measured secondary gamma production
at 14 MeV for both '°8 and ''B.

DISCUSSION

It is clear from the preceding sections and from the number
of contributed papers to this session that there has been consi-
derable activity in certain areas of data needs for the 10- to
50-MeV region. It is interesting to compare what has actually
been measured in the interim since the 1977 BNL Symposium on this
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topic with the recommendations of the Working Group or Differen-
tial Data at that meeting. Their report was divided into two
parts: (i) transmutation and specific damage cross sections;
(ii) dosimetry cross sections.

For charged particle production, one of the main recommenda-
tions was for measurements at selected energies between 15 and 50
MeV for selected isotopes to check nuclear model calculations.
Above 15 MeV, the only differential data published are those of
Paulsen et al. [35] for the *>*Fe(n,a) reaction using activa-
tion technique. However, there are measurements planned [33] at
Ohio University for ®®Ni(n,p) near 20 MeV and '2C(n,3a) up
to 25 MeV. Also, a collaborative measurement is planned [54] for
the ¢3Cu(n,a)®°o reaction in the 12- to 20-MeV region by
Geel and IRK (Vienna) using the activation technique.

Although there are not many new data above 15 MeV at this
point, there have been significant developments in experimental
techniques. These include an (n, charged particle) facility at
U. C. Davis [4], a new multitelescope proportional counter - Csi
scintillator system at IRK (Vienna) [29], a multi-angle reaction
chamber (charged-particle telescopes) at CBNM Geel [30], a pro-
portional counter - Csl scintillator system at Harwell [32], and
new quadrupole spectrometers at Ohio University [33] and LLL
(48]. Such developments will stimulate new measurements above 15
MeV. Indeed, U. C. Davis has already reported some preliminary
'2C(n,xa) data for Ep = 39 MeV. Such developments will
stimulate new measurements above 15 MeV. The report also recom-
mended feasibility studies into the use of white sources for (n,
charged particle) measurements since there is a possibility of
obtaining data over the entire energy range. There has been
some development at ORELA in this direction with no data to
gati. Feasibility studies are planned for WNR by N. King of LASL

60].

For total cross sections, the Working Group recommended that
measurements be performed over the entire 15- to 50-MeV range.

As has been seen, this is one area that has received considerable
attention. The total cross section measurements at U. C. Davis,
ORELA, WNR, and NBS all provide valuable data with which calcula-
tions can be compared for all elements of interest to the fusion
program. However, the ability to provide 1% statistical data
does not guarantee equal systematic errors as can be seen in the
comparison of or data for Fe in Fig. 2. It is important to

have several laboratories provide data that agree to within stat-
istical errors so that the model calculations are useful. These
discrepancies should disappear as the experimentalists learn more
about how to do such measurements in this energy range.

Most of the data for elastic scattering come from the Ghio
University group for the energy range between 20 and 26 MeV. U.
C. Davis is considering elastic-scattering measurements in the
30- to 50-MeV range but have only preliminary data for carbon at
40 MeV. It may be difficult to obtain a significant set of data
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above 30 MeV since the number of facilities capable of doing the
measurements are small. The use of calculations will have to be
extensive and charged-particie scattering data should be very
useful in this regard.

For the elements of interest, data for (n,xn) reactions above
20 MeV are limited. Direct measurements are possible but require
care in understanding of the breakup neutron spectrum above 30
MeV. There are no new measurements planned at the present time.
Data from (p, xn) reactions could be valuable for comparison with
model calculations.

Data in the 9- to 15-MeV range is becoming more plentiful as
various laboratories have begun to publish neutron-emission spec-
tra, (n, charged particle) data, tritium-breeding data, elastic
and inelastic-scattering cross sections. There should not be any
difficulty in meeting the needs of the fusion program as was
pointed out by the Working Group in 1977. 1In 1980, the picture
looks even better.

In the area of dosimetry cross sections, the Working Group on
Nifferential Cross Sectiuns defined an appropriate program neces-
sary to provide these needs in a short time scale. The recommen-
dations included formation of a study group of measurers - users -
evaluators/theorists to define 10 to 15 critical reaction types.
The request 1list now includes 30 reaction types for 13 elements.
The review of Smith et al. [20] stated that such a list is too
long and probably redundant in certain areas. We would agree
with this assessment. It will be difficult to obtain adequate
experimental data for all the reactions over the 1- to 50-MeV
range. Initially it would be better to specify fewer cases which
have the possibility of achieving satisfactory accuracies by both
experimentation and calculation. Another recommendation of the
Working Group regarding dosimetry cross sections was that
secondary reference standards were to be determined to 3%
accuracy relative to H(n,n) for use in these dosimetry meas-
urements. It is not clear that this point has received adequate
attention. Measurements above 30 MeV are difficult because the
characterization of the source is vital in understanding the
activation results. The region above 30 MeV has received very
little effort in the past 3 years, and no measurements are
planned. Below 30 MeV, there is activity because the meas-
urements are easier to perform and the neutron sources easier to
use. Although more data are required, this lower energy region
should be addressed adequately in the future. In particular,
measurements at Geel in collaboration with IRK (Vienna) should be
valuable. Measurements by Qaim et al. in Julich should also
provide important data. -

CONCLUSIONS

Haight concluded his review of this subject in 1977 with.the
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observation that the picture for the future was bright even
though there were very few data because of the arsenal of new
experimental techniques. Three years later, it is easy to remark
that the picture is even brighter. There are even more tech-
niques, and there are more laboratories contributing to the
field. The data in the 9- to 15-MeV range appear to be of very
high quality. Although the data above 15 MeV are still limited,
there are new programs planned or in progress to address many of
the areas.

The main recommendation of the 1977 Working Group on
differential data was that the bulk of the data required for
applications should come from model calculations verified by some
experimental data. Good theoretical tools for such calculations
are certainly available to provide evaluated data sets for many
of the fusion data needs. This is evidenced by the eleven
contributed talks on this subject later in the conference. It
would be very appropriate for the theorist/evaluator community to
provide more guidance to the experimentalist now that more
experimental programs are underway. Rather than obtaining data
for every request, it would be better to first make the best
calculations possible to determine which cross sections are
sensitive and require the most emphasis in a particular problem.
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TABLE 1

$9%g(n,p) Cross Sections Near 14 MeV

Measurement Reference En(MeV) Cross Section(mb)

Fukuda et al. 10 . 15 53.j + 4.5
Alvar et al. 1 o 14 73+ 22
Levkovski et al. 12 ‘ 15 3 + 6
Vonach and Munro 13 1.8 53 +12
Jeronymo et al. 14 4.9 428 +70
Hassler et al. 15 o 1 48 + 5
Allan 16 14 - 61 . + 10
+ 8

Preiss and Fink 17 ' 14.8 83 .
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TABLE I1

He ium Production Cross Sections Near 15 MeV for
Material-Damage Calculations

Laboratory Technique Al Fe Ni v Nb Ti
{(mb) - (mb) {mb) (mb) (mb} {mb)
LLLd Spactrometer 121 +25 43+7 97+16 17+3  14+3  {d)
Rockwell Int.b  Helium 143+ 7 48+ 3 98+6 18 + 2 17 + 5 B+3
' Accumulation -

JulichC Activation 16 + 1

aRef. 26, 27, 28
bref. 36
CRef. 37

disotopic Data for *®:*®Ti in Ref. 26
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TABLE 111

Helium -Production Cross Sections Near 15 MeV for
Cu and Ti Isotopes

Laboratory Technique €3cy 85Cu Yo7y 4874
(mb) (mb) {mb) (mb)

LLea Spectrometer 56 + 10 13.5 + 2.6 94 + 18 28 + 6

Julichb Activation 17.7 + 4.3

IRK, ViennaC Activation 40.7 + 1

I11. Inst. Tech.d = Activation 9 +6

Kyushu Univ.© . Activation + 5.7

50.4

aRef.
bref.
CRef.
dRef.

€Ref.

26, 27
38
39
61
10



TABLE TV

List of Elements for which Neutron Emission Spectra are request-
ed in the 9- to 15-MeV region for the next generation of D-T re-
actor designs along with laboratories performing recent measure-
ments.

Element Laboratory . Incident Neutron
Energy(MeV)

Al Tohoku Univ.a : 15.6
ORELAD 1-20

4R LASLC 10, 14

c LAsLd . } 14

Ni TUNLE : 10; 12
IRK, Viennaf ‘ ‘ 1w

Cu TUNLE 10, 12
IRK, Viennaf 4

10g LASLC 10, 14

Fe TUNLE ‘ T 0, 12
IRK, Viennaf : 14

cr IRK, Viennaf 14

Pb TUNL® _ g : 10, 12

S '

W IRK, Viennaf 14

0

N

aRef. 40

bref. 41

CRef. 42

dref. 43

eRef. 44

fRref. 45
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TABLE V

List of Elements for which Neutron Emission Spectra are request-
ed in the 9- to 15MeV range for D-T fusion engineering prototype
and demonstration power plant designs. Included are the labora-
tories performing recent measurements.

Element Laboratory Incident Neutron
Energy (MeV)
Be -LASLA 10, 14
Ti IRK, Viennab 14
ORELAC 1-20
Nb Tohoku Univ.? 15.6
ORELAC 1-20
IRK, Viennab 14
Sn IRK, Vienna? 14
Mo IRK, Viennab 14
v
11g LASL® 10, 14
F
aRef. 56
bref. 45
CRef. 55
dRef. 40
€Ref. 42
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STATUS OF (N, CHARGED PARTICLE) MEASUREMENTS AT LLL*

Robert C. Haight and Steven M. Grimest

Lawrence Livermore Laboratory
Livermore, California 94550 U.S.A.

ABSTRACT

Using a charged-particle magnetic-quadrupole
spectrometer, we have studied (n, charged particle)
reactions on materials bombarded will: 14- to 15 McV
neutrons. Charged-particle production cross sections,
angular distributions and spectra are measured. The
materials investigated to date include most of those
proposed for fusion reactor structures, Al, Ti, Cr, V,
Fe, Ni, Cu, Nb and stain]e stee]s 203 and 316,
Isoto§1c data on 46,4871, 6Fe, 58,60N4
and 63,65Cy and on the mono1sotop1c e1ements 27p1, Sly
and 93Nb have provided stringent tests of react1on
model calculations. Equilibrium and pre-equilibrium
reaction mechanisms have been jdentified and quantified.
Pre]iminar¥ data on 92,94,95,96M0 and on 1ight nuclides
including 2C and 7Li have been obtained recently.

INTRODUCTION

Charged-particle producing reactions of neutrons with materi-
als are of great importance in the development of fusion power.
These reactions lead to the production of hydrogen and helium
which can alter significantly the properties of materials. These
reactions are responsible for a large part of the energy deposited
locally in many materials by the neutrons. Nuclear transmutation
results from these reactions since the product nucleus is always
that of a different element than the target. Finally, cross
sections of interest in neutron transport and in displacement
damage can be obtained from the study of these reactions.

For the past four years a study of (n, charged particle)
reactions has been underway at Livermore with a magnetic quadrupole

+Work performed with J. D. Anderson (LLL) and K. R. Alvar, H. H.
Barschall and R. R. Borchers (Univ. of Wisconsin).
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spectrometer. An earlier report on the development of thijs spec-
trometer was given in the preceeding symposium [1]. The spectro-
meter has undergone further development since then and a wide

range of measurements has been completed while others are currently
in progress. This report is of the present status of the program.

EXPERIMENTAL DEVELOPMENTS

The magnetic quadrupole spectrometer has previously been
described [1,2]. Briefly, the spectrometer consists of a reaction
chamber containing the samples which are irradiated with an in-
tense 14-MeV neutron flux, -a magnetic quadrupole triplet lens to
transport the charged particles, and a AE-E detector system. The
magnetic lens, which focusses the particles from the target foil
onto the detectors, allows the detectors to be moved several meters
(typically 2.5 m in our experiments) from the neutron source. The
source at the same time can be quite close (5 to 10 cm) to the
target foil. The result is a high neutron flux at the fuil and a
low background at the detectors because of the 1/rZ factor and the
additional shielding that can be used. The solid angles for
detecting charged particles does vary with charged-particle energy
at a given magnet setting and several magnet settings must be used
to cover the entire spectral range (Fig. 1).

Developments since the last symposium include larger detec-
tors to increase the solid angle, thin-window proportional counters
for use as a AE detectors for lower energy particles, a helium gas
cell for normalization of the low energy alpha spectra, and a
specially shaped neutron-production target to allow study of the
reactions at 14 MeV. These developments were spurred by the de-
sires to increase the sensitivity of the spectrometer, to be able
to investigate more thoroughly low energy charged particles from
1ight nuclei, and to eliminate the variation of neutron energy
with reaction angle.

The typical E detector used now is a 300 mm2 1500 pm silicon
surface barrier detector. This thickness is chosen to stop the
most energetic protons, 15 MeV, that we expect to produce with 14-
15 MeV neutrons. It should-be noted that intrinsic Ge detectors
of larger area have recently been used at Ohio University [3].

The AE detector now in use is a two-element proportional
counter filled with 96% Ar-4% COp. Its entrance window is several
layers (% 5) of formvar supporteg by .025 mm tungsten wires spaced
.13 mm apart. This combination can sustain a pressure of at least
8 kPa {60 mm of Hg) over a 1" active diameter. The design of the
window is similar to that of ref. 4. Alpha particles to 700 keV
have been detected with the AE1-AE2-E coincidence at 9 mm gas
pressure.

The high pressure helium gas cell [5] was required to normal-
ize the Tow energy alpha-particle production cross sections where
the detector efficiency is not easily determined from the measured
efficiencies for protons or deuterons. A "known" spectrum of
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alpha particles is produced by n-a elastic scattering in the helium
which is thick enough to stop the alpha particles that would
traverse the length of the cell. We calculate the known spectrum
from the stopping powers and then deduce the system efficiency by
comparing the calculation with the measured spectrum at each

magnet setting.

To produce 14-MeV neutrons with our facility, a neutron
production angle of 90° is required. Previously this angle was
not accessible with the rotating target since the 90° direction
was tangential to the locally spherical surface and the neutrons
needed to pass through several centimeters of copper before reach-
ing the target. A truncated, conically-shaped rotating target now
allows the samples to be placed in the 90° neutron production
plane so that measurements can be done at the fusion neutron
energy of 14 MeV.

UPDATED RESULTS

A spectrum of protons emitted at 90° from 15-MeV bombardment
of 58Ni [6] is shown in Figure 2 to illustrate the range and
quality of the data. By integrating such spectra over energy and
angle, we arrive at the total proton, deuteron and alpha-particle
production cross sections of Table I [6-9]. Average charged-
particle energies are also given in the table.

The total hydrogen and helium production cross sections,
depicted. in Figure 3, show large variations from element to element.
It must be remembered however that the responses of materials to
the hydrogen and helium produced will certainly be different.
With these data and those from other sources, the assessment of
materials for fusion application can now be based on a cross
section set that is reliable at the 14-MeV fusion neutron energy.

MODEL INTERPRETATION

Model calculations are essential to provide much of the
neutron cross section data base, in particular where experimental
data are not sufficient. The extrapolation of the cross sections
to energies not yet investigated is an example of where a calcu-
lational model is necessary.

The spectral and angular distribution data, as well as the
cross sections, obtained with the magnetic quadrupole spectrometer
provide especially stringent tests of the models. From our results
we are able to test the validity of equilibrium and pre-equilibrium
particle emission models.

Equilibrium Particle Emission
At 14-MeV incident neutron energy, the open reaction channels

usually include (n,p), (n,n'p}, (n,pn), {n,d), (n,a), (n,n'a) and
other one or two light-particle-emission modes. For nearly all of
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the nuclei listed in Table I, the preponderance of proton and
alpha-particle emission is well described by emission from an ex-
cited nucleus at thermodynamic equilibrium in the first as well as
successive stages. Both the spectral shapes (Fig. 4) and angular
distributions (Fig. 5) give evidence for this reaction mechanism.

The importance of second-chance proton emission from g,n'p)
2gn vary widely with isotope as illustrated in Fig. 6 for “°Ti and

Because of the relationship between neutron and proton

separation energies, there is a region of excitation of 46Ti that
can decay by proton emission with no competition to neutron emis-
sion. This region accounts for the large, wide peak in the proton
emission spectrum just above 2 MeV. A comparable region in OTi
does not exist and the second chance proton emission peak is nearly
absent. This effect is explained also quantitatively [7].

Pre-Equilibrium Particle Emission

Evidence for pre-equilibrium proton and alpha-particle emis-
sion is also clear from the spectra (Fiy. 7) and angular distri-
butions (Fig. 5). The model used is thc hybrid wmodel of Blann [10]
and reasonable agreements with the angle-integrated data are found.
An interpretation of the angular distributions is qualitative so
far in that the pre-equilibrium particles are expected to go mostly
in forward directions. A more quantitative analysis remains a
challenge.

From the present data, we can conclude generally that the
fractional contribution of pre-equilibrium processes increases
with a decreasing equilibrium component. Within an element,
thé pre-equilibrium component is usually more significant for the
heavier isotopes.

PRESENT AND FUTURE WORK

Recent preliminary data have been obtained for 92,94,95,%pMo,
C and 7Li. A spectrum of protons emitted at 90° from 94Mo bom-
barded with 15=MeV neutrons is shown in Figure 8 for example.

Measuring the complete spectrum of charged particles from
1ight isotopes poses experimental difficu]};es herausa particles
nf very low energy must be detected. For 14C for example the
(n,n'3a) reaction yields most of the alpha particles but with an
average energy of only about 2.MeV. We have preliminary data
showing that at many angles, the alpha part1c1e spectrum is signi-

icant even below_1 MeV. This situation is expected also in the
Li (n,n'at) and 100(n,n'4a) reactions, both of which are of im-
portance for fusion applications,

In the future we p]an %o c??plete the measurements on the
Tight nuclides, 7Li, 4N, 160 and 19F at E, = 14
MeV; to extend the measurements on structura] materials to Zr and
others; and, using the LLL cyclograaff facility as a neutron
source, to investigate the energy dependence of the cross sections.
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TABLE 1

.Proton, deuteron and alpha-particle emission cross sections
. . and .average charged-particle energy

o Spectrum-Averaged
Particle Charged-Particlie Energy

Target -Emitted Cross Section (mb) .. . - (MeV)
S0¢y 6 830 +100° . 4.54+0.2
Vo 4 2% 4 5.6+ 0.6
50¢, a BN LR 84+ 0.3
52¢y D 180 + 25 T 47+ 0.2
e d 8+ 3T 4.9+ 0.7
¢ o . 3%+ 6 8.4 + 0.4
cr p 180 + 25 a7 +0.2
cr d 10+ 3 5.7 0.7
cr o 38+ 6 S 8.6 + 0.4
M o p 900 + 110 | ©4.8+0.2
54k, d 10+ 4 . 5.6+0.6
e a 79 + 13 8.7 + 0.4
56rq p 190 + 22 5.1 +0.2
56c, d g+ 3 5.5 + 0.7
56, o Mm+o7 8.8 + 0.6
Fe p 230 + 30 5.0 + 0.2
Fe d 8+ 3 5.4+ 0.8

Fe o 43 + 7 8.8 + 0.4
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TABLE I (Cont'd)
’ Spectrum-Averaged

Particle . Charged-Particle Energy
Target Emitted Cross Section (mb) {MeV)
58y 5 p 1000 + 120 5.1 + 0.2
S8y d .. 14+ 6 6.5 + 0.7
58y o 106 + 17 9.5 + 0.3
60y P 325+ 40 5.0 + 0.2
005 d M=+ 4 6.0 + 0.8
60y; - o . T+ 12 9.0 + 0.3
Ni p ~ 790 * 100 4.9 +0.2
Ni d 13+ 5 . 6.3+0.6
Ni o 97 + 16 9.2 + 0.4
83cu p 320 + 45 4.4 +0.2
63cy d 9+ 4 6.4 + 0.7
63cu a 56 + 10 8.9 + 0.3
S p 44 + 5 6.2 + 0.3
85¢cu d 10+ 4 6.6 + 0.8 .
S T a 13+ 3 9.5 + 0.7
Cu p 237 + 28° 5.0 + 0.3
Cu d 10+ 42 6.5 + 0.8°
Cu a 42+ 72 9.1 + 0.4°

qnferred from isotopic data.
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ABSTRACT

A review of the neutron physics research related to
cross-section determinations or parametrizations is given.
Six topics are described: i) Neutron scattering from
light nuclei; 11) Elastic and discrete inelastic scatter-
ing from medium~weight and heavy nuclei; 1ii) Highly in-
elastic neutron scattering; 1v) Lane optical-model analyses
of complete data sets; v) Neutron polarization and the
spin-orbit term; vi) Radiative capture reactions.

INTRODUCTION

The neutron physics aspect of the program at Triangle Univer-
sities Nuclear Laboratory is multi-faceted. The research 1is cen-
tered primarily around a tandem Van de Graaff capable of deliver-
ing 16 MeV pulsed proton or deuteron beams, both polarized and un-
polarized. These beams are utilized in (p,n) and (d,n) reaction
studies as well as providing monoenergetic sources of polarized
and unpolarized neutrons via the 2H(d,n) and 3H(p,n) reactions,
Most of our neutron measurements and their interpretation relate
to cross-section parametrizations, the topic of this conference,
so we will take this opportunity to briefly outline most of the
TUNL program which involves neutron research.

For technical reasons, neutron experiments at TUNL will be
subdivided into six categories in the present paper: 1) Elastic
and discrete inelastic scattering cross-sections for light
nuclei; ii) Elastic and discrete inelastic scattering cross
sections for medium-weight and heavy nuclei; 1ii) Cross sections
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for highly inelastlc scattering from continuum states; iv) Lane-
model studies of (p,p), (p,n), and (n,n) reactions for the same
target nuclei; v) Polarization measurements for neut58g elastic
scattering from selected targets ranging from 1§ to Pb, vi)
Radiative capture reactions induced with polarized and unpolarized
neutron beams. We will describe below some of the aspecrts in each
project, tocussing particularly on the relation to cross-section
determinations or parametrizations.

ELASTIC AND DISCRETE INELASTIC SCATTERING FROM LIGHT NUCLEI

The original emphasis of the neutron time-of-flight program
at TUNL was to obtain cross sections in the 7-15 MeV energy range
{zrlésotopes of light nuclei. Except for the nuclei 13¢ and

**“N, measurements have been completed in approximately 1 MeV
steps for every stable 1-p shell nucleus. The latest data were
reported along with optical model calculations at the American
Physical Society Meeting at Knoxville [l]. Attempts to describe
the smoothly varying 8- to 14-MeV data for OB(u n) and 10 B(p P)
with a single spherical optical model were reported there. The
results are shown in Fig. 1 where the only difference in the op-
tical model for the two reactions is a Coulomb correction term
with magnitude of 1.5 MeV. As can be seen from the fits in Fig.
1, the optical model description is quite good at most energiles.
The 10B(p,p) data is fr?T Watson et al, [2]

The TUNL data for B(n,no) and 11B(n nz) were studied be-
tween 9 and 13 MeV with the coupled-channel code JUPITOR of T.
Tamura. The magnitudes of the calculated cross sections agreed
with the data but the shapes of the distributions for the two re-
actions were not well reproduced. The 11B(n,n) data were also
used in a second '"'global" spherical optical model search which in-
cluded the 10 data as well. The results of this search, which
contained an energy dependence in the Vo and Wy terms, are shown in
Fig. 2. Since this calculation the code GENOA of F. Perey has
been transferred to the new DEC VAX 11/780 computer in our labo-
ratory, and the search will be repeated in a more methodical
fashion. In addition, new data obtained at 13 and 14 MeV for

1B(n,n) will be incorporated and this should aid in limiting the
range of acceptable values for these fits.

NEUTRON ELASTIC SCATTERING FROM MEDIUM WEIGHT NUCLEL

Until recently the energy range from 8 to 17 MeV has not been
investigated for many medium weight nuclei as far as differential
cross sectilons are concerned. This energy region is rgadily avall-
able to us through the neutron source reaction H(d n)-H We have
completed measurements on the elastic scattering cross sections for

»96Fe and 63,65Cy between 8 and 14 MeV, for 58,6081 at 8 and
10 MeV and for 208Pb at 10 Mev. The Ni isotopes will be studied
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at 12 and 14 MeV as well. Inelastic scattering cross sections for
the first excited-state group were also obtained in some cases.
The elastic data ate. just now being incorporated into energy de-
pendent optical model searches using the code GENOA. Upon com~
pletion of the searches, the parameters for the different elements
will be compared to one another and to available optical model
sets, the goal being to obtain the best set for describing the re-
spective regions of the periodic table for the 8 to 14 MeV energy
range.

An example of the quality of the data [i] is shown in Fig. 3.
The relative uncertainties in the data vary from 27 at forward
angles to about 20% in the minimum near 55° where uncertainties in
the multiple scattering correction dominate. The optical model
predictions using the global paramggers of Rapaport et al. [4] are
compared to the data for Fe and Cu at 8, 10, and 12 MeV. The
features in the data are quite well predicted except for S6Fe at
8 MeV. 1In order to get a better characterization of the A and E
dependence of the parameters single-energy searches were made for
each distribution. The starting parameters were those of Rapaport
and a specific strategy was followed. Eventually all the 0.M.
parameters were permitted to vary. Results of the single-energy
searches at 10 MeV are given in Fig. 4. The data are well re-
produced by the calculation. Although all the data can be quite
well described in single-energy searches, at the present time we
will not report the parameters obtained because the whole search
project is in its infancy. However, as expressed above, we will
pursue a global approach to these data.

Until now the searches in this phase of our program do not
include any neutron polarization data as we intend to investi-
gate how well cross-section data can be represented when one
allows the strength and geometry of a spin-orbit term of the
Thomas type to be relatively free of polarization constraints.
This term is discussed in more detail below.

INELASTIC NEUTRON SCATTERING-~CONTINUUM SPECTRA

A major effort of the neutron cross-—section group has been to
obtain data for several nuclei in order to test cross-section cal-
culations for highly inelastic scattering. The experiments are
performed with incident neutrons of 7.5, 10 and 12 MeV. The de-
tector cut-off bias is about 300 keV permitting us to know our de-
tector efficiency to within about 67 for neutron energies as low
as 1 MeV,

The data at 7.5 MeV is obtained with 2H(d,n) neutrons. For
this energy the neutron source reaction is monoenergetic and the
measurement is straightforward. Four spectra are obtained (gas in,
sample in; gas in, sample out; gas out, sample in; gas out, sample
out) and subtraction gives the proper spectrum for inelastic
scattering of monoenergetic neutrons. The data at 10 and 12 MeV
are obtained using 3H(p,n) neutrons. Although this reaction is
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the "cleanest" neutron source available, it 1s known [5] that
there are low ener§y contaminants neutrons from three-body breakup
reactions such as H(p,n)pd. These cross sections are known to
about 20% accuracy and are not negligible in compariscn to the
cross section for the main source reaction 3H(p,n)3He. The con-
taminant neutrons make the analysis of inelastic scattering data
difficult, as a measure of the four-spectra set above does not
eliminate the effect of elastic and inelastic scattering of these
contaminant neutrons. Therefore, to obtain correct cross-section
data, the contribution from gas-breakup neutrons must be carefully
calculated and properly subtracted from the final spectrum which
is obtained from the set of four spectra.

The evaluation of this cross section, of course, requires a
massive calculation because one must account for multiple
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scattering, attenuation, source anisotropy, finite geometries of
the source, scatterer, and detector, and detector efficiency. In
addition, the calculation must involve the ENDF library for elastic
and inelastic scattering for all neutron energies present in the
source spectrum. A code EFFIGY-C has been written at our labora-
tory to handle this problem [6] . The code has been debugged just
recently, and the only calculations that have beeh made to date are
for the Fe scatterer.

In Fig. 5, taken from reference [7] we illustrate the relative
strengths of the contributions from the four neutron source con-
ditions. These are time-of-flight spectra and the narrow peak near
"channel 700 is.from elastic scatteging. The neutron energy 1s
10 MeV and the source reaction is “H+p._ The spectra are: 1) 3y
gas in cell, Fe scatterer in place; 2) “H gas removed, Fe in place;
3) 3y gas in cell, Fe sample removed; 4) 3u gas removed, Fe removed.
At 12 MeV the relative strength of»sgectrum 2) is much greater,
even though S1 collimators and a “SNi beam stop are employed.
Because the 12 MeV measurements require a long time for a set of
samples, the 3u gas-out run can follow the gas-in run by as much
as 24 hours. Therefore, the 12-MeV data are subject to greater
experimental errors than the 10-MeV data. Furthermore, data
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.obtained at ozher laboratories at 14 MeV using the truly monoener-
getic H(d n)*He reaction induced with very low energy deuterons .
is not plagued by neutrons produced by deuterons breaking up in

the target. gas. or the target backing. Thus, the intrinsic quality
of the 14-MeV data is likely to be superior to 12-MeV measurements
that use the H(p,n) source.

After the data of Fig. 5 are properly combined one gets .a
time-of-flight sgectrum for the scattering of neutrons that were
produced in the °H gas only. Such a compressed spectrum is shown
as curve 1 in Fig. 6. The result for. the contribution of scattered
breakup neutrons as calculated with the Monte Carlo code EFFIGY-C
is shown as curve 4. Curve 3 represents the calculated yield for
scattering monoenergetic 10 MeV neutrons and curve 2 is.the spec-
trum obtained by combining 3 and 4. The code iterates to a final
yield or cross section for the range from about 300 keV to the
incident neutron energy. The results shown ‘here correspond to the
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solution after the third iterationm.

Continuum emission data were obtained for the naturally occur-
ring elements of Fe, Ni, Cu and Pb, all materials of significance
in the design of fusion energy reactors. We will measure similar
spectra for Si, W, Cr, Nb and Sn in the immediate future using the
same technique. Preliminary cross-section data for 10 MeV are
shown in Fig. 7 for Fe at five scattering angles. For Fe at
10 MeV some structure from discrete inelastic scattering is clearly
noticeable down to 5 MeV. To compare to evaporation models, the
data for 100° is replotted in Fig. 8. This illustration ghows
N(E)/E vs. E where E is the energy of the emitted neutron and
N(E)/E is the number of neutrons detected ‘in an energy bin divided
by the width of the bin. The curve is a straight line which
corresponds to a nuclear temperature (kT) of about 1.15 MeV, a
slightly higher value than is typically obtained.

Comparing the data to the -evaporation theory in this way,
i.e., a straight line fit, provides a way to look for systematic
trends above the continuum theory. The good agreement suggests
that the experimental system is properly calibrated and that the
pre-equilibrium contribution is quite small. Lastly, the measure-
ments did show anisotropy aboutv90°, with the forward angles as.
well as the back angles showing deviations of about 15% in the
low-energy region of the spectra and 25% in the high-energy region.
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LANE OPTICAL MODEL STUDIES TO COMPLETE DATA SETS

During the past few years, one group at TUNL has been pursuing
the analysis of (p,n) reactions on light nuclei and a variety of
related polarization measurements. In order to obtain an insight
into the significance of the data, an optical model analysis using
Lane's isospin approach [8] to nucleon-nucleus scattering was
initiated. The main emphasis has been on Interpreting the 9Be(p,p),

Be{(n,n) and 9Be(p,n) dafg [9] .. _Recently the approach has been
extended to the targets C and 15N, but with less success than
for “Be because one must work around the considerable resonance
structure present in these cases. The novel aspect in the Lane
model analyses at TUNL is the inclusion of polarization data in
the search and the insertion of the isospin spin-orbit term into
an optical model search code. This term has never been satisfac-
torily investigated, and its strength is an unknown quantity.

In the Lane approach, one considers the neutron and proton
merely to be different isospin projections of a nucleon. Then, by
introducing isospin dependent terms one can calculate bouth (p,p)
and (n,n) scattering, as well as the quasi-elastic (p,n) reaction,
from a single potential.

The latest analyses incorporated cross-section and analyzing
8ower data for 9Be(p,p), 9Be(p,n) and cross-section data for

Be(n,n) between 11 and 15 MeV. The quality of the fits are
illustrated in Fig. 9 where A(6) is the analyzing power for the
reactions induced with polarized protons. The trends of all the
data are reproduced with the model. The optical model parameters
were permitted to vary with energy, but the variation was re-
stricted to be nearly linear.

At the time of this analysis, no 9Be(n,n) polarization data
existed. At TUNL we have recently obtained this data set for this
energy range [;O]and it will be incorporated into an extension of
the Lane analysis. At the present time the parameters do not pre-
dict the 9Be(n,n) polarization function exactly. It is hoped that
the model will eventually describe this data also, and that in the
process of doing so, the strength or even the need for the isospin
(2*s) interaction will be established. It is also intended to ob-
tain data on heavier nuclei to permit comparable studies of other
complete sets of data for nucleon-nucleus scattering.

ANALYZING POWER MEASUREMENTS FOR NEUTRON SCATTERING

Over the last few years the neutron polarization group has

been involved in accurately measuring the analyzing -power Ay(e)
for the hydrogen and helium isotopes in order to provide an exact
understanding of these scattering processes. A careful measure-

ment for the n-p system gave analyzing powers with an accuracy to
" +0.002, the best ever achileved with neutron beams in any analyzing
power measurement [11] . This data complements high accuracy
cross-section data, and the combination suggests that the n-p phase
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shifts need some readjusting in the region around 15 MeV. A re-
analysis should help limit the n-p cross-section uncertainties,

and this in turn should provide better calibrated neutron detectors
and monitors.

The arrangement for the n-p and n-He polarization measurements
involved scatterers that were also scintillators. This permitted
the use of coincidence requirements to reduce neutron backgrounds
which are a problem in double-scattering an triple-scattering
experiments. The technique also used the “H+d reaction induced
by a polarized deuteron beam to give a highly polarized neutron
beam at 0° reaction angle where the cross section is strongly
peaked. The deuteron beam was not pulsed however and so normal
time-of-flight scattering techniques could not be employed to
study other targets.

However, during the past year we have had a major breakthrough
with the polarized deuteron beam. By a clever method [12] of
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ramping and double-bunching the polarized deuteron beam before
injection into the tandem, about 75% of the DC beam can be com-
pressed into 2 ns wide bursts at the target. These deuterons,
which are about 70% polarized, then produce 2 ns bursts of 637%
polarized neutrons at the G° éH(d,n) reaction angle. This system
permits us to measure analyzing powers using standard neutron time-
of-flight cross-section techniques. (Recall that the analyzing
power is the ratio of the difference o+—b¥ to the sum o,+0, where
o, is the scattering cross section for spin-up neutrons and g, is
the cross section for spin-down neutrons.)

The significance of this development becomes apparent when
one recognizes that very little accurate polarization data exist
for neutron energies above a few MeV. Because the compound
nucleus contributions are quite large at low energies, 1t has not
been possible in the past to make a good determination of the spin-
orbit interaction for neutrons, a term that 1s present in all
optical models today. At the present time, one usually just
carries over the (&-s) term from (p,p) scattering into the neutron
optical model.

Our technique has been used for the targets 9Be, 120, 4OCa,
54Fe, 58Ni, 65Cu, and 208pp. More experiments are planned in
order to complete the data set. Three to ten analyzing power
distributions in the range 7 to 17 MeV have been obtained for the
first three nuclei listed. The nuclei 94Fe and ©5Cu have been
studied at 10 and 14 MeV, and 58N1 and 208pb at 10 MeV. Much of
the data have been corrected for multiple scattering already. This
contribution can account for 807% of the detected neutrons in the
cross-section minima. Large statistical uncertainties on the
data cannot be avoided at these angles. Examples of the data for
the medium-weight nuclei are shown in Figs. 10 and 11 [13] . The
analyzing powers are seen to exhibit considerable structure and
large magnitudes at some angles.

We intend to combine the neutron polarization data with
cross-section data to provide a better determination of optical-
model parameters. In the more distant future we will dncorporate
proton polarization and cross-section data into the search also.
Presently, we are just beginning to look at some optical-model
sensitivities. Some interesting aspecte are beginning to surface
already. :

In Figs. 10 and 11 we compare the data to calculations
using the global parameters of Rapaport et al. [4] . The model
includes a Bechetti-Greenlees spin-orbit term [14] . The main
structures in the analyzing power function A(8) are reproduced
with the calculation. Cursory single-energy searches on the
cross-section and A(6) simultaneously gave the results shown in
Figs. 10 and 11, The optical model parameters did not change a
great deal to obtain these fits, but the chi-square for the fits
are still very large and lmprovements must be possible. Pre-
liminary conclusions are that the spin-orbit potential depth for
neutrons 1s near to that of protons, that 1s, 6 MeV, and adding
an imaginary spin-orbit term makes a sizeable improvement in the
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quality of the fit. Lastly, none of the searches this far have
given us a good fit to our forward angle data. These data have
been measured to an 8ccuracy of about *0.003 and there is little
chance of experimental error in the method we employ in these
measurements. We are aware of the large A(6) produced in Mott-
Schwinger scattering at forward angles, but it is not of suffi-
cient importance to affect our calculations in the 20° to 40°
region {15]. To reproduce the effect that we observed with a cal-
culation may require a departure from the standard Thomas-type
interaction for the spin-orbit real term.

RADIATIVE CAPTURE REACTIONS

A major effort of the research program at TUNL involves
(n,Y) and (p,Y) capture reaction studies. The program utilizes a
high resolution 25 cm long x 25 cm diameter Nal detector with an
anti-coincidence annular detector for suppression of Compton
scattered gamma rays. A unique aspect of the research involves
the study of the analyzing power function A(6) for ths capture of
polarized neutrons. As in the previous section, the “H(d,n)
reaction induced with polarized deuterons provides the polarized
neutron beam.

The neutron studies focus on giant dipole and quadrupole
resonances, and the structures therein. In comparison to protons,
neutrons are a particularly beautiful probe for separating the
GQR effects from the GDR. In proton capture direct E2 radfative
capture is normally quite large. However, the (uncharged) neutron
has a small E2 effective charge and the direct E2 cross sections
are diminished.

In the (n,Yy) studies excitation functions at 90° are usually
taken in about 200 keV steps for neutron energies between 6 and
14 MeV. . This corresponds to resonances between 15 to 30 MeV in
ghe regsidual nuzlei. Studégs until now have involved the nuclei

He, 13C, 14N, oCa, and 298py. For several of the nuclel angular
distributions of the y-rays have been obtained at five to eight
energies.

To illustrate the quality of the data and the structure in
the cross section, we show the recent results [16] for the re-
action 13C(n,Y)14C in Tig. 12, The curve is a guide to the eye.
The cross-section data and analyzing power data around 10 MeV
have been compared to a direct-semidirect calculation and the
agreement is quite good. Preliminary analyses also use a T-matrix
approach which permits one to determine the relative amplitudes
that contribute to the resonance structures. In this reaction the
d3/2 amplitude was found to account for almost all of the El cross
section at 10 MeV.

One can obtailn cross sections for (n,Yy) reactions by using
(Y,n) measurements and the detailed balance principle. However,
the nature of (y,n) experiments make accurate measurements very
difficult. One of the recent TUNL (n,Y) measurements,
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3He(n,Y)4He, indicate another significant aspect of the use of the
system. Shown in Fig. 13 are the results of five separate experi-
ments for the total cross section for the photodisintegration of
4He i.e., 4He(Y no) He. The TUNL data have been included through
detailed balance methods [17] Clearly, the (calibrated) TUNL
data help resolve the confusion existing in this puzzling set of
data. The significance of the new data, which confirms a lower
cross-section value, lies in the fact that the (y,p) cross section
appears to be twice as large at the (Yy,n) cross section. This
suggests that there is significant isospin mixing present in 4He.
Analyzing power measurements should provide additional clues on
the nature of this effect,

SUMMARY AND ACKNOWLEDGEMENTS

In summary, there is a diverse neutron program actively
being pursued at TUNL. Many of the measurements only affect small
details related to cross-section magnitudes. But most of the work
will permit a better understanding of nuclear parameters, and
thereby will permit more accurate predictions of cross sections,
some which have not been measured yet and some which are im-
possible to measure in the laboratory.
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M
ORELA MEASUREMENTS TO MEET FUSION ENERGY
NEUTRON CROSS SECTION NEEDS

D. C. Larson

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830, U.S.A.

ABSTRACT

Major neutron cross section measurements made at the
Oak Ridge Electron Linear Accelerator (ORELA) that are
useful to the fusion energy program are reviewed. Cross
sections for production of gamma rays with energies
0.3 < E < 10.5 MeV have been measured as a function of
neutron energy over the range 0.1 < E, < 20.0 MeV for Li,
C, 0, F, Na, Mg, A1, Si, Ca, Ti, V Cr, Mn, Fe, Ni,
Cu, Zn, Wb, Mo,.Ag, Sn, Ta, W, Au, Pb and Th. HNeutron
emission cross sections have been measured for 7Li, Al,
Ti, Cu and Nb for 1 < E, < 20 MeV. Some results of
recent neutron total cross section measurements from 2-80
MeV for eleven materials (C, O, A1, Si, Ca, Cr, Fe, Ni,
Cu, Au and Pb) of interest to the FMIT project will be
presented. Finally, future directions of the ORELA pro-
gram will be outlined.

INTRODUCTION

During the past four years a number of programs at the Oak
Ridge Electron Linear Accelerator (ORELA) have provided data which
are of use in the design of fusion energy devices. The purpose of
this paper is to review these measurements, and to collect in one
place a list of references which document these measurements. In
addition, results are presented for some neutron total cross sec-
tion measurements recently completed from 2-80 MeV. Finally the
future directions of the ORELA fusion energy program are outlined.
Besides the larger measurement programs discussed below, other
measurements of 1meortance made at ORELA include cross sections
for the reactions l+N(n charged particle) [1], 6Li(n,a) [2] and
“Li(n,n'y) [3].
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(n,xy) MEASUREMENTS

One major area in which ORELA has provided the bulk of the
available cross section data is the production of gamma rays
resulting from neutron-induced interactions. Cross sections for
the productidon of gamma rays with energies of 0.3 < < 10.5 MeV .
were measured as a function of neutron energy over the range
0.1 < Ep < 20.0 MeV. Details of the experimental method are given
in refs. 4 and 5. The measurements were made using a heavily
shielded Nal detector in conjunction with the white neutron spec-
trum from ORELA. Incident neutron energies were determined by the
time-of-flight technique over a 47-m flight path, while the gamma-
ray energy distributions were obtained from pulse-height unfolding
techniques using the code FERD [6]. The data have ponor energy
resolution compared to results using Ge(Li) detectors; however,
they have the advantage of including the numerous weak transitions
which appear as a continuum, a feature especially important for
the heavier nuclei. Since the data span the neutron energy region
of interest to ENDF/B, Ll data have frequently been used directly
in evaluations. In addition, since they often provide cross sec-
tion information for energy regions where few data exist, they are
used to guide nuclear model calculations. Table 1 lists the ele-
ments on which data have been taken, the angle(s) at which data
were acquired, whether or not the data have been utilized in the
ENDF/B-V evaluation for the material, and the ORNL report number
in which the measurement is described and numerical values of the
data are given. Much of the earlier data was obtained under
research sponsored by the Defense Nuclear Agency, with the more
recent measurements made for the Basic Energy Sciences program to
provide data useful for fusion energy problems. This series of
measurements was carried out by G. L. Morgan, J. K. Dickens, G. T.
Chapman, T. A. Love, E. Newman, D. C. Larson and F. G. Perey.

(n,xn) AND (n,xy) MEASUREMENTS

~ The second major measurement program which is underway 1is
the simultaneous measurement of (n,xn) and (n,xy) cross sections
produced by neutron interactions with materials of interest to
the fusion community.Details of the experimental technique are
documented in refs. 7 and 8. Using ORELA as the neutron source,
annular scattering samples located 47 m from the neutron source
are viewed by a NE-213 scintillation detector. The average
scattering angle is determined by the position of the detector
along the axis perpendicular to the plane of the sample. Neutron-
gamma discrimination is used to classify a given event, which is
then stored in one of two pulse-height versus time-of-flight two
parameter arrays (one for neutrons, one for gamma rays). Secon-
dary neutron and gamma-ray spectra are determined by unfolding the
pulse-height distributions with the code FERD [6]. These measure-
ments provide data that have the giobal testing power of integral
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experiments while retaining enough differential character to local-
ize the source of discrepancies with evaluated data. They are
useful in providing a means of checking evaluated cross sections
over wide ranges of incident and secondary energies, in addition
to aiding in the development of advanced nuclear model codes. The
gamma-ray-production cross sections obtained from these measure-
ments are in good agreement with the sodium jodide results dis-
cussed previously. Results of these measurements are available
for five elements to date and are listed in Table Il along with
the ORNL report number. G. L. Morgan and F. G. Perey initiated
and carried out the measurements listed in Table II.

HIGH ENERGY TOTAL CROSS SECTION MEASUREMENTS

The final set of experiments to be discussed are the recent
high energy transmission measurements done at ORELA to help meet
shielding design data needs for the FMIT project. Table IIl Tists
the elements which have been measured, the sample thicknesses, and
the sample transmission in percent at 40 MeV. Two sets of measure-
ments were done; the first set included data for H, C, 0 and Fe
from 0.5 to 60 MeV and is documented in ref. 9. The second set of
measurements cover the energy range from 2 to 80 MeV and will be
discussed briefily here. The flight path was 80 m, with a NE-110
scintillator used to detect the neutrons. Corrections were made
for deadtime and background effects. Samples of CH,, C and. Fe
were rerun as checks for the H, C and Fe cross sections, and were
found to be in good agreement with results from the first measure-
ment [9]. The repetition rate was dropped from 1000/sec to
800/sec for this run, since more peak power could then be applied
to the klystrons, which resulted in higher energy electrons, thus
increasing the number of high energy neutrons above 50 MeV.

Since ample data are available up to 2 MeV for the materials meas-
ured in this run, the bias cutoff was raised to < 2 MeV neutron
energy to further reduce any low energy gamma-ray backgrounds
which may be present. The average run time for each material was
27 hours. Integrating the area under our data from 2-20 MeV and
comparing with the integral obtained from the ENDF/B-V evaluations
for these materials yielded agreement to better than 1% for all
elements except Al (1.2%) and Au (1.8%). A similar comparison for
hydrogen from 2-80 MeV compared with the latest results of Arndt
[10] from his nucleon-nucleon phase shift analysis shows agreement
to better than 1%.

Figure 1 shows a comparison of our hydrogen total cross sec-
tion data from both runs, compared with the results of Arndt [10]
from 2-80 MeV. Figure 2 compares our data for chromium from 15-80
MeV with all data currently available from the CSISRS data reposi-
tory at BNL. The data have been suitably averaged to reduce the
number of points for comparison purposes. The four data points of
Peterson et al. [11] from 18 to 29 MeV are in good agreement with
the present results. The data of Perey et al. [12] were also
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taken at ORELA using the same sample, but a different flight path,
detector, data acquisition method and neutron target. These data
extend to 29 MeV and are generally in good agreement with our
results. The data of Cierjacks et aZ. [13] extend to 32 MeV, and
are systematically lower than our data near 21 MeV by ~4%.

In the absence of experimental data, total cross sections
have often been obtained from the optical model. Two of the more
common optical model parameter sets used are those of Wilmore and
Hodgson [14], and Becchetti and Greenlees [15]. We have compared
the predictions of these parameter sets with our data [16], and a
typical result is shown in Fig. 2 for chromium. In general, we
found that cross sections predicted by the Wilmore-Hodgson set are
better at lower energies, while the Becchetti-Greenlees parameters
are somewhat better for higher energies.

Figure 3 compares our data for iron with data available from
CSISRS from 15 to 80 MeV, along with the recent data of Zanelli et
al. [17] from the University of California at Davis. Again the
various data sets have been averaged. The data of Perey et al.
[18], Peterson et aZ. [11] and Hildebrand and Leith [19] are
generally in good agreement with our present results. The data
of Cierjacks et al. [13] are systematically Tow near 21 MeV and
high above 24 MeV. The data point of Deconninck et aZ. [20] lies
above our averaged data while the data of Ragent [21] are generally
Tow with the exception of the two points near 36 MeV.

Figure 4 shows a comparison of our data for nickel with other
results available from CSISRS. The data of Perey.et aZ. [12] and
Peterson et aZ. [11] are in good agreement with our results. The
data of Cierjacks et al. [13] appear to be slightly larger than
the general trend of our data above 20 MeV, and the data point of
Hildebrand and Leith [19] is slightly smaller than the trend of
our data.

The data for the elements listed in Table III provide a con-
sistent extension of the data base to higher energies where very
few data are presently available. A complete report describing the
measurement and resuits for all the elements will be published
elsewhere. The total cross section work was done by D. C. Larson,
J. A. Harvey, D. M. Hetrick and N. W. Hill.

FUTURE DIRECTIOUNS

Current plans for future experimental work at ORELA include
more simultaneous measurements of (n,xn) and (n,xy) on materials of
interest to the fusion energy program, a continuation of the high
energy total cross section measurements and an exploratory program
to determine the feasibility of measuring (n,charged particle)
reactions over a wide range of incident neutron energies and
secondary charged particle energies to complement the work going
on at Livermore and Ohio University.
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TABLE I
ORNL (n,xy) Measurements

Used in ORNL-

Element ‘ 90° 125° ENDF/B-V - Report
Li X N TM-4538
c X Y TM-3702
N X Y ORNL -4864
0 X N ORNL-5575
F X Y TM-4538
Na X Y TM-6281
Mg X Y TM-4544
Al X Y TM-4232
Si X Y TM-4389
Ca X Y TM-4252
T4 X N TM-6323
v X Y TM-5299
Cr X y TM-5098
Mn X Y TM-5531
Fe X Y TM-5416
N X Y TM-4379
Cu X Y ORNL-4846
Zn X N - TM-4464
Nb 7 X N TM-4972
Mo X N _ TM-5097
Ag X N TM-5081
Sn” X N TM-4406
Ta X X TM-3702
W X Y _ ORNL-4847
Au X N TM-4973
Pb X TM-4822
Th X TM-6758
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© TABLE II

ORNL (n,xn) Measurements

4 ORNL
Flement Angle Report
7Ly 50°,126° TM-6247
‘Al 127° TM-5241
Ti 130° ORNL-5563
Cu 130° ORNL-5499
Nb 129° TM-5829

TABLE TI1

ORNL Total Cross Section Measurements

o 'O O T T

Energy Sample Transmission
“Element Range (MeV) Thickness at 40 MeV (%)
(at/b)

0.5-60 0.8224 83

2.0-80 0.8224 83

0.5-60 0.4115 64

2.0-00 0.4115 6

0.5-60 0.5485 46

Al 2.0-80 0.4134 48
Si 2.0-80 0.3472 54 -
Ca 2.0-80 0.3512 15
Cr 2.0-80 0.2106 59
Fe 0.5-60 0.4296 34
Fe 2.0-80 0.4296 34
i 2.0-80 0.2304 56
Cu 2.0-80 0.2149 57
Au 2.0-80 0.1139 63
Pb 2.0-80 0.1653 48
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HELIUM GENERATION CROSS SECTIONS FOR FAST NEUTRONS

D. W. Kneff, B. M. Oliver, M. M. Nakata, and Harry Farrar IV

Rockwell International, Energy Systems Group
Canoga Park, California 91304, U.S.A.

ABSTRACT

Fast-neutron-induced total helium production cross
sections are an important source of information for the
development of materials for fusion reactors. These
cross sections are presently being measured at Rockwell
International, with the measurements based on high-
sensitivity gas mass spectrometry. Cross sections are
given for helium production in Al, Ti, Cr, Fe, Ni, Cu,
Au, and the separated isotopes of Ni and Cu, for ~14.8-
MeV neutrons from the T(d,n) reaction. A detailed
fluence mapping of the irradiation volume was required
to relate helium generation measurements to cross sec-
tions, emphasizing the importance of comprehensive
passive dosimetry in all fast-neutron irradiation
experiments.

INTRODUCTION

Helium produced by fast neutrons is a major consideration in
the development of materials for fusion reactors. This helium,
combined with neutron damage and transmutation, will affect the
mechanical and physical properties of the reactor components. It
is thus important to measure the neutron-induced total helium
generation cross sections of a broad range of pure elements and
their isotopes. These measurements have direct application to the
design and assessment of candidate fusion reactor materials, and
provide important comparisons with theoretical helium generation
cross section predictions.

The fast-neutron-induced helium generation cross sections of
several pure elements and isotopes are presently being measured at
Rockwell International for neutron environments produced by the
T(d,n) and Be(d,n) reactions. These measurements are made by
irradiating a capsule containing a large number of samples in the
neutron environment of interest, and subsequently analyzing, by
high-sensitivity gas mass spectrometry, the total amount of helium.
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generated in each sample [1]. A comprehensive set of foil activa-
tion and heljum accumulation neutron dosimeters is also included,
to characterize the neutron irradiation environment over the
capsule volume. The helium generation measurements are then
combined with the neutron fluence data to deduce cross sections.
These cross sections are total integral helium generation cross
sections for the incident neutron energy spectrum, including
helium produced from all neutron-induced reactions.

This paper presents the results of the recent helium produc-
tion cross section measurements made for the pure elements Al, Ti,
Cr, Fe, Ni, Cu, and Au, and the separated isotopes of nickel and
copper, for ~14.8-MeV neutrons from the T(d,n) reaction. The
detailed fluence mapping of the irradiation volume is also des-
cribed, because it played an important role in the accurate cross
section determinations. The status of cross sectibn measurements
in the Be(d,n) neutron environment is reviewed in another paper in
this symposium [2].

EXPERIMENT DESCRIPTION

The T{d,n) helium production cross section measurements were
made using the Rotating Target Neutron Source-I (RTNS-I) facility
at Lawrence Livermore Laboratory (LLL). The irradiation assembly
is shown in Fig. 1. This assembly was similar to, but more exten-
sive than, that used in a previous RTNS-I irradiation (3]. The
assembly consisted of a small stainless steel capsule containing
two layers of pure elements, separated isotopes, and pure element
helium accumulation dosimetry rings, sandwiched between layers of
thin radiometric dosimetry foils. The radiometric foils, provided
by Argonne National Laboratory (ANL), included thin discs of Nb,
Au, Co, Fe, Ni, and Zr.

The assembly was mounted on the fixed outside cover of the
RTNS-I rotating tritium target assembly, and irradiated for 76.7 h.
The measured total neutron fluence received by the assembly ranged
from 0.3 to 2.6 x 1017 neutrons/cm2. The assembly was approxi-
mately centered on the deuteron beam ax1s by using autuvradivyraphs
taken immediately before the irradiation. The average energy of
the neutrons incident upon the helium generation materials was
calculated to be 14.8 + 0.1 MeV, based on reaction kinematics for
400-keV deuterons slowing down in the tritiated titanium target
[4], and based on approximate numerical integrations performed
over the large target solid angle. The spectrum full-width-at-
half-maximum was determined to be ~0.6 MeV.

Three days after the end of the irradiation, the experimental
capsule was disassembled, and the radiometric foils were cut into
segments for counting at ANL and LLL. The helium generation
samples and rings were subsequently etched, segmented, weighed,
and analyzed for helium using the high-sensitivity gas mass spec-
trometer system [1]. Etching removed the effects of helium
recoiling into or out of each sample.
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NEUTRON FLUENCE DETERMINATION

A detailed three-dimensional neutron fluence map was required
for the capsule irradiation volume, because of the steep fluence
gradients present. This mapping was particularly important,
because the fluence determination is the largest source of uncer-
tainty in the cross section measurements, and irregularities in
the fluence profile can cause significant cross section errors.
The fluence mapping for this irradiation is presented here in some
detail, to emphasize the importance of comprehensive passive
dosimetry in fast-neutron irradiation experiments.

The mapping procedures used were similar to those used for a
previous RTNS-I irradiation experiment [3,5]. An average map was
first constructed using the foil activation counting results.
Detailed adjustments were then made to the map using the results
from the helium accumulation neutron dosimetry rings. The abso-
lute fluence normalization for this map was based gon the niobium
radiometric foil results, for which the 93Nb(n,2n)92M™Nb cross
section was assumed to be 463 * 19 mb [6].

The mapping was initiated by estimating the irradiation
assembly offset from the neutron source axis, using the radio-
metric foil data and autoradiographs of an unsegmented foil. A
series of least-squares fits was made to the measured foil segment
average fluences, for several diagonals across each of several
foils, to determine the coordinates of the fluence maximum. These
calculations yielded an assembly offset of 1.6 mm from the neutron
source axis. The autoradiographs gave a similar result, but dis-
played limited fluence sensitivity.

The average radial neutron fluence profile for each radio-
metric foil (i) was then assumed to be of the form:

- 2 3

¢§(R) = Cio + CiZR + C13R s (1)
where R is the radial distance from the neutron source axis. The
constants were evaluated for each foil by numerically integrating
®(R) over the area of each foil segment, with offset corrections,
and performing a multiple regression analysis.

A single three-dimensional expression was then constructed
that reproduced the fluence profiles of the individual Nb and Au
dosimetry foils: .

(R, A7) = afe, + ¢,(8R)% + ¢ (a0)%]. (2)

Here AZ is the axial distance from the front face of the capsule,
a is the normalization of the radial profile as a function of AZ,
and B is a correction factor for the changing radial shape of the
fluence curvs as a function of AZ. The normalization factor a =
[A/(A +AZ)]%, where A = constant, was determined by a least-
squares fit _to the axial fluences calculated for the niobium and
gold foils [from Eq. (1)]. Figure 2 shows a contour map of the
fluence profile calculated for the midplane of the upper (upstream)
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specimen layer of the irradiation capsule, as generated from the
average fluence map defined by Eq. (2).

This initial fluence map was then combined with 91 individual
helium measurements for the nine finely-segmented Al, Ti, Fe, Ni,
and Cu helium accumulation dosimetry rings. Variations in the
normalized helium concentration results with position in the
capsule for each element provided a very sensitive measure of the
irregularities in the neutron fluence profile. The sensitivity of
these latter measurements follows from the fact that the helium
generated in each segment was measured with an absolute uncer-
tainty of #1-2%. Additionally, because the rings were approxi-
mately concentric about the neutron source axis, and the average
neutron energy was nearly constant over the sample irradiation
volume, the helium generation cross sections were also effectively
constant over this volume. Combining the helium data with the
initial map revealed large variations, reflecting a nonsymmetric
fluence profile about the neutron source axis, and an irradiation
assembly offset (3.27 mm) significantly larger than that deter-
mined from the radiometric data alone.

The revised assembly offset was used to re-evaluate the
constants in Eqs. (1) and (2). Further adjusting the map with
the helium data produced a neutron profile with an elongated shape
and a steep gradient on one side. This shape, not readily dis-
cernable from the Tess detailed radiometric data, appears to have
produced the initial underestimate of the assembly offset. It
appears that this irregular shape resulted from attenuation of one
edge of the time-averaged deuteron beam by a beam-line collimator.
Equation (2) was modified to incorporate this irregular shape,
producing the following three-dimensional fluence profile:

i 2 3l (Rc'4'5) .
CID(R,GC,AZ)—GCO+C2(BR) +C3(BR) 1K\~ s1n(ac-60) . (3)

Here 8¢ is the polar angle about the irradiation assembly axis, R¢
zs the ra?ia] distance from this axis, and K =1 (Rc > 4.5) or 0
Rcf:4.b .

Figure 3 is the final contour plot of the fluence profile map,
represented by Eq. (3), for the midplane of the irradiation cap-
sule's upper specimen layer. Comparison of Fig. 3 with Fig. 2
shows that the deuteron beam profile irregularities produced
fluences significantly different from those calculated by ini-
tially assuming a symmetric fluence profile. For example, the
radiometrically determined average profile (Eq. (2) and Fig. 2)
gave a fluence maximum 9% lower than that obtained with the final
map (Eq. (3) and Fig. 3). Although the final map had nonsymmetric
details that were obtained from the helium accumulation dosimetry
data, this map was also found to be more consistent with the
radiometric dosimetry results. This all demonstrates the impor-
tance of including this sort of comprehensive passive dosimetry in
neutron irradiation experiments. A further demonstration is
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provided by the factor-of-four variation in fluence over the
2-cm? area represented by Fig. 3.

Information on the relative cross sections of the radiometric
dosimetry reactions can also be obtained from the fluence mapping.
Figure 4 shows the calculated neutron source axis fluences [Cio,
Eq. (1)] for most of the segmented radiometric foils, plotted as a
function of the foil distances from the front face of the irradia-
tion capsule. The solid curve is a, as defined in Eq. (2).
Examination of the data shows that a number of inconsistencies
exist between these reaction cross sections. The assumed cross
section for the 197Au(n,2n)196Au reaction (2110 mb) is in excel-
lent agreement with the 93Nb(n,2n)92MNb cross section used for
normalization (as grevious]y demonstrated in Ref. 3), but the
assumed 59Co§n,2n) 8Co cross section 3692 mb) is about 12% Tow
relative to 93Nb(n,2n), and that for OZr(n,an89Zr (760 mb) is
about 5% low. The assumed cross sections for 94Fe(n,a)51Cr
(95 mb) and 54Fe(n,p)54Mn (306 mb) both appear to be high relative
to niobium, but each of the two iron foils analyzed was cut into
only five segments, giving insufficient information for accurate
fluence profile calculations. The data for iron in Fig. 4 are
thus estimates only.

The absolute fluence uncertainty for the final profile map of
the irradiation capsule volume, given by Eq. (3), is estimated to
be +7%. This includes an estimated 5% relative uncertainty from
the map itself, due in part to small irregularities not incorpo-
rated in the map, and #2% and +4% absolute uncertainties from the
radiometric counting results and from the 93Nb(n,2n) cross sec-
tion, respectively.

HELIUM PRODUCTION CROSS SECTIONS

The 4He generated in the irradiated samples measured to date
from this experiment ranged from 3 x 1011 atoms (from ~0.5-mg
samples) to 1.2 x 109 atoms (from ~5-mg samples). This corre-
'sponds to 4He concentrations ranging from 25.7 appb (atomic parts
per billion, 10-9 atom fraction) in aluminum, to 0.072 appb in
gold. Absolute lo uncertainties for most of the 4He measurements
were <$+2%. The particularly Tow helium concentrations in the_gold
samples were measured to average uncertainties of ~+3%-10%. 3He
measurements were also made for several samples, including all of
the separated isotopes, but none was detected in each case. The
3He concentration upper limit for the nickel and copper isotopes
was 0.05 appb.

The total helium production cross sections determined for
these materials are presented in Table I. They were obtained by
combining the measured helium concentrations with the neutron
fluences obtained from the map. The cross sections for the indi-
vidual isotopes were determined by first evaluating the cross
sections for the available isotope enrichments, and then solving a
matrix of equations for each isotopic material to correct for the
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small concentrations of each of the other isotopes in the mate-
rial. The cross section values obtained for each material from
samples at different locations within the irradiation capsule were
generally in very close agreement (<*4%). This reflects the
reproducibility of the helium measurements(<*2%), and also demon-
strates the validity of the final fluence map.

Table I also compares the present cross section determina-
tions with those made for the same materials in a previous RTNS-I
irradiation [7,8]. The values for the pure elements Al, Ti, Fe,
Ni, and Cu are in excellent agreement with those determined pre-
viously. The exception is gold, for which the high helium concen-
trations measured previously are attributed almost entirely ta
a recoils into the thin foils from nearby materials. Also shown
in Table I are the corresponding charged-particle measurements of
Grimes, et al. [9,10]). Comparison of these measurements with the
helium generation results shows that the cross section measure-
ments of Grimes et al. are generally lower, but agree within the
quoted uncertainties. )

A cumpdrison between the helium production cross sections for
the individual isotopes and their associated pure elements pro-
vides a good consistency check of the measurements. The sums of
the 1sotopic cross sections for nickel and copper, respectively,
weighted by the natural isotopic abundances, are 102 + 7 mb and
52 + 4 mb. These values are in excellent agreement with the 100 *
7 mb and 51 + 3 mb pure element cross sections, respectively.

It is also of interest to compare the previously-measured
helium production cross section of Type 316 stainless steel, a
primary candidate structural material for first-generation fusion
reactors, with the weighted sum of the cross sections of the
component elements. The measured stainless steel cross section is
57 + 4 mb [7]. The weighted sum of the constituent elements Fe,
Cr N1, Mo, and C (Mo and C from a previous experiment [7]) is

*+ 3 mb. The small difference is greater than expected from
the various uncertainties, and may be due in part to a minor
stainless steel component with a relatively high helium produc-
tion cross section.

FUTURE WORK

Several materials other than those listed in Table I were
also irradiated in this experiment, and will be analyzed shortly
to determine their helium generation cross sections. These
include C, V, Zr, Nb, Mo, and the separated isotopes of B, Fe, and
Mo. A third T(d,n) experiment, now being prepared for irradiation
at the Rotating Target Neutron Source-II (RTNS-II) facility at
LLL, will expand this measurement set further to include Be, O, F,
Si, Mn, Co, Sn, W, Pb, and most of the separated isotopes of Ti,
Cr, Sn, W, and Pb.

The present T(d,n) experiment also provides cross section
information relevant to activation reactions and foil activation
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dosimetry. An example is the comparison between the radiometric
dosimetry cross sections illustrated in Fig. 4. .In addition, a
number of the Fe, Cu, Ti, Ni, and Mo pure element and separated
isotope helium generation specimens were radiometrically counted
at ANL before helium analysis. The cross section data obtainable
by combining this information with the irradiation fluence profile
map will be evaluated jointly with ANL and LLL personnel.
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TABLE I

Total Helium Generation Cross Sections for
~14.8-MeV Neutrons

Cross Section (mb)
Material Present Previous Charged-Particle
Work Experiment@ Measurements

Al 145 + 10 143 + 7 121 + 25

Ti 37 +3 38 + 3+ 7

cr 34 + 4 - 38+ 6

Fe 48 + 3 48 + 3 43 + 7

Ni 100 + 7 98 + 6 97 + 16
58y 116 + 8 A 106 + 17
60y 79:£'6 5 76 + 12
6ly; 53 + 4 e .

625 18 £ 6 . 2
64y 61 + 4 2 -

Cu 51 + 3 51 + 3 42 + 7
63¢, 67 + 5 - 56 + 10
65¢y 17 %2 1 {1%.3

Au 0.72 + 0.09 24 + 12 :

aFarrar and Kneff, Ref. 7.
Parimes, et al., Ref. 9, 10.

CHigh value attributed to helium recoil into the thin Au
samples available for analysis.
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ABSTRACT

The Weapons Neutron Research Facility has been used
to obtain moderate-resgolution total neutron cross section
data for H, C, 208pp, 2321h, 238y, and 242Pu over
the energy range 5 to 200 MeV. Neutrons were produced by -
bombarding a 2.5-cm diam by 15-cm long Ta target with an
800 MeV pulsed proton beam from LAMPF, A 10.2-cm diam by
15.2-cm thick NE110 proton recoil detector was used at a

" flight path of 32 meters, giving a time-of-flight resolu-
tion of 60 ps/m. The total cross section results are
compared to ENDF/BV evaluations and to previous data
where possible.

INTRODUCTION

The Weapons Neutron Research Facility (WNR) has recently be-
come operational as a pulsed white-neutron source {1]. At WNR, a
portion of the 800-MeV proton beam from the Los Alamos Meson
Physics Facility (LAMPF) is used to produce neutrons by spalla-
tion reactions on various heavy-metal targets. Proton pulses of
variable width may be provided along with suitable targets and
moderators to give a time-of-flight capability covering the
energy range from a few meV to several hundred MeV.

Of interest to this conference is the fact that the neutron
flux at WNR is particularly suited for measurements in the 10- to
50-MeV energy range. This is because there is significantly more
neutron intensity at WNR in that energy range than at any other
white-source facility and because the y-ray burst is many or-
ders of magnitude smaller than at an electron machine, permitting
data to be obtained nearly up to time t = 0.
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We give here a description of the technique used 1n tota1
cross section measurements and the results for H, C, 2°%Pb,
2321y 238, and 2*2py for energies from 5 to 200 Mev.

FXPERIMENTAL PROCEDURE

Neutrons were produced by spallation reactions using an
800-MeV proton beam incident on a water-cooled aluminum-clad tan-
talum target (2.5-cm diam. by 15-cm high). The proton beam was
pulsed at an average rate of about 1500 sec~" and had a time
spread less than 0.5 ns. For the fast-neutron measurements
reported here, no-moderator was used.

A f1duc1a1 signal (t,) was obtained from a capacitive pick-
off located upstream of the target in the proton beam line. This
signal provided both a start pulse for the time-of-flight elec-
tronics, and a measure of the relative proton intensity and in-
tensity variation using an integrating analog-to-digital con-
verter. '

the total cross section measurements were performed on a
31.78-m flight path. About 30-m of the flight path was evacuated
to minijmize any structure in the neutron flux caused by reson-
ances in air,

- A main collimator located approximately 16-m from the WNR
target was used to define the neutron beam at the sampled).
This collimator was composed of sections of brass, iron and lead
with a length of 80 cm. A brass scraper collimator 29-cm long
with a 3-cm-diam opening was placed after the samples to remove
neutrons which penetrated the aluminum aligning sleeve around the
main collimator.

A neutron flux monitor was p]aced in the neutron beam after
the main collimator. Because there are a significant number of
charged particles in the neutron beam, a two-detector veto-
monitor system was used. This technique eliminated the
charged-particle contribution which was actually greater than the
neutron contribution due to the much higher efficiency for de-
tecting charged particles.

The transmission samples were placed in a motorized changer
located about 0.5-m downstream of the main collimator. This sam-
ple changer was controlled by the data collection computer using
a CAMAC interface and stepping motors. Optical encoding was used
to provide positioning accuracy to about 0.03 mm.

The continuous distribution of charged particles was removed
from the neutron beam using a sweep maanet after the sample
changer. Tests using a thin fast-plastic detector placed at the

a) The 2“?Pu measurement used a setup which varied somewhat
from that described here due to the small (6-mm diam) sample
size. Reference 2 provides more detail.
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main detector location demonstrated that the charged particles
were completely removed by the magnet.

Two different neutron detectors were used. For the 2*?Pu
data, a 10.2-cm diam by 3.1-cm thick cylinder of NE110, viewed by
an RCA 8854 photomultiplier was used. For the other measure-
ments, the detection efficiency for high energy neutrons was in-
creased by replacing the scintillator by one 15.2-cm thick.

The neutron beam was stopped beyond the main detector in a
beam dump located at the end of an evacuated pipe approximately
30-m long.

The electronics consisted of a complete TOF system for the
main detector and a fast-scaler system for the neutron-flux
monitor. Time-of-flight spectra from the main detector were col-
Tected using an EG&G TDC-100 digital clock operated in single-
stop-per-start mode. The proton t, signal was used to start
the clock. An Ortec 934 constant-fraction discriminator provided
the stop signal. Data were stored at four bias settings ranging
from ~ 2 MeV to ~ 10 MeV at a time-channel width of 0.5
ns. Main detector dead-time corrections were less than about 30%
for all the data.

The output of the neutron-flux monitor system was time-gated
to only count neutron events occuring after the y-burst. The
resulting pulses were counted by a fast scaler. Dead-time losses
for this system were negligible as the rate from the gated
monitor detector was only about 0.1 counts/burst,

Backgrounds were measured by replacing the sample with a
1.9-cm diam by 46-cm long tungsten rod. These spectra were meas-
ured several times and had a shape approximately that expected
for the transmission of high-energy neutrons throuah the colli-
mating system. The backarounds were less than 0.6% below 60 MeV,
0.8% below 100 MeV, and 2% at 200 MeV. A

A Modcomp/IV computer and .CAMAC interface were used to accum-
ulate the data. Time-of-flight spectra of 4096 channels were
recorded for each bias along with various scaler readings for
diagnostic purposes. The computer also controlled .the sample
changer, moving various samples in and out of the beam at inter-
vals of about 15.minutes, based on a preset monitor-detector
count. A typical counting time for each sample was 20 hours.

The data were reduced using the central computing facility at
Los Alamos Scientific Laboratory. After correcting all spectra
for dead-time losses, a normalized background spectrum was sub-
tracted from both sample-in and sample-out data. A small
residual time-uncorrelated background, typically less than 1%,
was also subtracted.

For data below 60 MeV, the lowest bias data were used. Above
60 MeV only the highest bias data were used both to avoid any
contribution from time slewing of the prompt y-ray peak pro-
duced when the beam struck the target and to lower the time-
uncorrelated background.
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Data for individual time channels were combined into bins of
constant energy resolution and then converted to total cross sec-
tion as a function of neutron energy. )

SAMPLES

A1l of the samples were right circular cylinders approx-
imately 2.1-cm in diameter. Measurements of the mass and diam-
eter of each sample were used to obtain thicknesses. Poly-
ethylene and carbon samples matched to better than 0.1% were used
to obtain the hydrogen cross section data. Where possible, the
samples were analyzed for impurities. Only the thorium sample
was found to contain an appreciable contaminant material (0.36
wt.% oxygen). The 2°%pb, 238, and 2*2Pu samples were
isotopically enriched to 99.8% or greater. Table 1 gives a sum-
mary of the sample thicknesses.

RESULTS AND DISCUSSION

With the exception of 2*2Pu, total cross section data in
the MeV region for each of the materials investigated here have
been presented before. Below about 15 MeV there are considerable
data as well as the ENDF evaluation, which extends to 20 MeV.
Between 15 and 200 MeV data are sparse, but there are several
results from different laboratories for comparison.

The hydrogen total cross section is used as a standard for
measurements up to about 20 MeV. Above that energy, measurements
by several groups show differences of nearly 3%. Our data gener-
ally agree to within 1% with the ENDF/B-V evaluation and with
data of Brady et al. [3] (25 to 60 MeV), Groce and Sowerby [4],
(20 to 80 MeV),, and Measday and Palmieri [5] (90 to 150 MeV).

The data of Bowen et al. [6] are 2-3% below our values from 30 to
about 100 MeV. F1ig. T shows our data compared to the semi-
empirical fit of Gammel [7], chosen because it extends to 40 MeV
and agrees with our results nearly as well as ENDF/B-V.

The carbon total cross section shown in Fig. 2 agrees with
the ENDF/B-V evaluation to better than 0.6% below 8.5 MeV in the
relatively smooth regions between resonances where energy resolu-
tion is unimportant. Above 8.5 MeV, our data agree better with
the data of Heaton et al. [8] and Auchampaugh et al. [9] than
with the ENDF/B-V evaluation. At higher energies, our results
tend to agree with the data of Auman et al. [10] (24 to 60 MeV)
to better than 1%, and with Meadsday et al. [11] (80 to 150 MeV)
to about 2%. Data of Bubb et al. [12] (20 to 45 MeV) are sys-
tematically higher than our results; the data of Bowen et al. (15
to 120 MeV) are consistently lower than our data below about 90
MeV. Above 150 MeV, there exist no recent data; however,
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Dejuren and Moyer [13], and Mott et al. [14] have results which
compare well with our data between 156 and 220 MeV.

Of the remaining sets of cross section data, only 238U and
232Th can conveniently be compared with other data since all
other Pb data were obtained with a natural sample and no other
fast-neutron data at all exists for 2“2pu.

The present results for 2°%Pb, 232Th, and %%y are com-
pared to the ENDF/B-V results in Fig. 3. Although the ENDF/B-V
evaluation was for natural lead, the agreement with the present
298ph data is remarkably good, except at the ENDF/B-V dip near
16 Mev, :

The 23%Th data were corrected for an oxygen contaminant
using data measured at WNR in a separate experiment. Agreement
with ENDF/B-V and with the data 'of Foster and Glasgow [15] is
reasonable below ~ 14 MeV, the upper end of the available
data. Above 10 MeV, however, the evaluated data is systemati-
cally too low, disagreeing by as much as 4% at 20 MeV.

The 2%% data agree with the ENDF/B-V evaluation to within
about 1%. with the greatest differences being near 4 MeV and 19
MeV. The most recent 238y data of Schwartz et al. [16] (0.5 to
15 MeV) and Hayes et al. [17] (0.8 to 30 MeV) agree with our data
within the quoted errors, except for the data of Hayes near 30
MeV where the errors are quite large. The data of Schneider and
McCormack [187 (100 to 150 MeV) provide:the only high energy
238 data for comparison, and again, agreement is generally
better than 1.5%.

The #*2Pu total cross section values are shown in Fig. 4,
compared to a recent evaluation by Madland and Young-[19]. As
was pointed out earlier, the 242py data were obtained using the
same flight path but with a different geometry due to the very
limited amount of sample material available. These data were, in
fact, obtained using a neutron beam collimated to 5 mm at the
sample. : .

CONCLUSIONS

The technique used to obtain neutron total cross section data
from 5 to 200 MeV at the WNR has been described and demonstrated
to yield accurate results with hydrogen and carbon as test
cases. In addition, high energy data for 2°%pb, 232Th,

238, and 2*?Pu have been provided. :
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.TABLE T .
Sample Thickness

Sample ‘ ' | Atoms (Barn)

H . - : L S+ .72.10280 (a) .-
C 1.05191 (a) - -
C 1.3682 T
R . 0.3218 -
L 2821 : : T 0.2135 -
238, R 0.3254 .
242p 0.0760

(a) matched polyethylene and carhon
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ABSTRACT

Neutron total cross sections for Ca and Fe at
35.3, 40.3, and 50.4, and for C at 50.4 MeV have been
measured using nearly mono-energetic neutron beams.

The overall total cross section uncertainties are <3%.
Total non-elastic cross sections for C, O, Ca, and Fe
were measured for incident neutrons of 40.3 and

50.4 MeV using a transmission technique with a nearly
mono-energetic beam. The overall uncertainties average
about 8% for the non-elastic cross sections.

INTRODUCTION

Neutron cross section data are not abundant at energies above
14 MeV and this is particularly true above 25 MeV. This is in
marked contrast to the situation for proton data. As a conse-
quence, most theoretical and applied needs for neutron cross
sections at energies higher than 25 MeV must be met with estimates
based on proton data or extrapolations of lower energy neutron
cross sections at energies above 25 MeV for both theoretical and
applied purposes.

Neutron total and total non-elast1c cross sections are
important as basic measurements which can be related to other -

*Permanent address: California State University,
Sacramento, CA 95819
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nuclear measurements and to nuclear models. In particular, the
optical model (OM) predicts both total shape elastic and total
reaction cross sections, whose sum is the total cross section. At
these higher energies the compound-elastic cross section is small
so these OM predictions are very closely the total elastic and
non-elastic cross sections.

One of the original motivations for these measurements was to
fill the need for accurate neutron cross sections for elements
which form major constituents of shielding. In particular accu-
rate cross sections allow shielding thickness to be optimized for
facilities which produce copious energetic neutrons. The Fusion
Materials Irradiation Test facility under construction at Hanford,
will use the d + ®Li reaction to produce neutrons having energies
up to 50 MeV, even though the peak intensity will be near 14 MeV.
Neutron cross sections are also important in calculating neutron
dosimetry, as in neutron cancer therapy, and form the basis of
neutron detector efficiency codes.

In our method of measuring total non-elastic cross sections
it 1s importaut to have good values for the total cross sections.
For light elements such measurements are available [1] in the
30-60 MeV range. However, for Ca and Fe there existed large un
certainties in available data in this energy range. Only at lower
encrgies are good data available.[2-5] Hence the total cross
sections for Ca and Fe measured here were necessary for the usc in
the non-elastic analyses.

We present here measurements of the neutron total cross
sections for Ca and Fe at 35.3, 40.3, and 50.4 MeV, and measure-
ments of the total non-elastic cross sections for C, 0, Ca, and Fe
at 40.3 and 50.4 MeV.

EXPERIMENTAL METHODS

Total Cross Sections

Neutron beams of energy width ~1 MeV were produced via the
"Li(p,n) reaction utilizing the U.C. Davis cyclotron. Protons
were swept into a faraday cup by a clearing magnet and the
neutrons were then collimatcd into a 15 mm x 15 mm beam spot by a
1.5 meter long iron channel.[6]

The experimental configuration for total cross section measu-
rements is shown in Fig. 1. The shadow bar was used for back-
ground determinations and was normally out of the beam. -The col-
limated neutron beam passes in sequence through a front (incident-
flux) detector telescope, the sample, and back (transmitted-flux)
detector telescope. Each telescope contained a =1 mm thick veto
NE102 scintillator, a CH; converter, and two more thin (21 mm)
NE102 scintillators separated by a copper absorber. The CHy
converter was 1.5 mm thick for the front detector telescope and
3.0 mm for the back one. The discriminator thresholds of the last
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two scintillators in each detector telescope were set in the
middle of the coincidence count-rate plateaus produced by the
recoil protons from the CHy. This rendered the telescopes insen-
sitive to gain or threshold shifts in the individual detectors.
The thresholds were such that the telescopes were insensitive to
y-rays and electrons. Their neutron detection efficiency is about

1%.

Rou;hly, 60% of the neutrons produced in the reaction
7Li(p,n)‘Be fall within a well-defined high energy peak, determin-
ed by the 7Li target thickness to be 21 MeV wide [10], correspond-
ing to transitions principally to the ground state of ‘Be. The
remaining neutrons are spread over a broad, lower-energy tail.
Only neutrons in the narrow, high-energy peak - selected by time-
of-flight - were used in the transmission measurements. The
0.15 mm copper absorber in the back detector telescope eliminated
recoil protons due to lower-energy neutrons from earlier bursts.

Total Non-Elastic Cross Sections

The total non-elastic measurements were carried out with

neutron beams similar to those used for otot‘ The back detector

telescope is replaced by a large, 8" diameter by 3" thick, NE213
plastic scintillator. See Fig. 2. As shown, the detector is
placed close to the target subtending a large angle, 22°-38°, and
intercepting the paths of =85% of the elastic flux. Time-of-
flight (TOF), neutron pulse height (NPH), and pulse shape (PSD)
signals are recorded for each event in the scintillator. For most
of the analysis a fairly high threshold (8 MeV electron energy) is
set on the NPH so that eventos from the luw-euergy tail wrapping
around from earlier proton beam bursts (period of =50 ns) are
eliminated.

For both total and non-elastic measurements natural targets
were used with Hy0 serving as the O target. The effects of H were
removed using the known H cross sections.[7] The target thick-
nesses were such that transmissions averaged about 75%. In some
non-elastic measurements different target thicknesses and differ-
ent distances from the NE213 were used.

ANALYSES AND RESULTS

Total Cross Sections

Time-of-flight spectra for both the front (incident-flux) and
back (transmitted-flux) detector telescopes were recorded over
periods of about 10 minutes for both target-in and target-out
arrangements. (This was also done with the shadow bar in the
beam, and the backgrounds were essentially negligible.) About a
dozen cycles of target in and target out were recorded for each
target-energy combination. For each one the integrated TOF peak
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yield for the incident (I) and transmitted (T) intensity is
calculated. The transmission ratio R is defined as T/I for the
target-out case divided by T/I for the target-in. Then

Ot = 2n R/N (1)

where N is the number of target nuclei per cm2.

Corrections due to impurities, air displacement, and harden-
ing were essentially negligible. The correction due to the finite
solid angle of the transmitted flux detector is

Ao = AQ do(0°)/dQ (2)

and for the worst case, 50.4 MeV, amounted to 10, 7, and 2 mb for
Fe, Ca, and C.
Figure 3a and b shows the resulting values of Oiot plotted

vs energy, along with previous measurements of O in this energy

tot
range, and shows the significant improvement in the knowledge of
Orot in this energy range. The present measurements give for

carbon otot(C) = 922 * 24 mb. Extrapolation of previous measure-
ments[1] gives otot(c) =938 £ 4 mb at 50.4 MeV, in agreement with

the present measurement.

Total Non-elastic Cross Sections

The first stages of analysis are similar to the case of Oiot”

The yield of neutron counts in the TOF peak of the neutron detect-
or is normalized to the incident flux and denoted Yin and Yout for

the cases of target-in and -out. A measured cross section is
defined:

omeas = fn (Yout/Yin)/Ni )
o depends on o and on the elastic ditferential crouss

meas tot
section, oel(S), as well as on target thickness (via attenuation

and multiple-scattering effects). It also depends on the varial-
ion of detector efficiency with detector radius and angle of
incidence of the neutrons relative to the detector axis.

The approach used in our analysis is to obtain an expression

relating O eas to 0ot and oel(e). The optical model is used to

provide the relative elastic differential cross section. The
experimental measurements, yielding Oneas’ determine the average

absolute normalization, n, of the optical model predictions,

02?(9), for the elastic cross section. The total elastic cross

- 316 -



section for a given nucleus is determined from

o, =nJ 02?(6) d0. (%)

Then the total non-elastic cross section can be calculated from

0tot = 0el * Unon : )

The results for oel and Gnon are not very sensitive to the optical

model used. The variation in o, is typically a few percent,

1
while the variation in the values of n as determined here ranges
up to -40% for the different potentials of a given nucleus.

The experimental technique and method of analysis are. detail-
ed elsewhere.[8] The most difficult part of the analysis is
dealing with multiple-scattering effects, and incorporating them

into the target-in yield, Yin' The contributions to Yin form a
series of terms Yy, Y;, Y, etc., where Yn is the term containing

n scatterings in the target. Using a forward scattering approxim-
ation we have shown [8] that the magnitude of Yn falls off

rapidly, approximately as Yn+1/Yn =N oel/(n+1) for n > 0 and
that the contribution to omeas of the term Y, is £ 10% and of

terms beyond Y, is ~1%. Here No = 0.2. Instead of doing the
lengthy and tedious five-fold integration which the calculation
of Y, entails, we include the effects of Yp and higher~order

terms through the choice of Oreas 25 the attenuation cross

section in Y;. The physical reason for this choice is discussed
in ref. 8 and there it is also shown that the results of the

forward scattering approximation support the choice of O eas

in Y;. The calculation and parameterization of the detector
efficiency is also discussed and illustrated in ref. 8.

The resulting values of O on 2T€ given in Fig. 4, which
also illustrates the accuracy of the method. Values of onon
together with their estimated uncertainties are plotted for thick
and thin targets, '"close'" and "far'" geometries, and for various
OM parameter sets. In no case are the variations in O on larger

than the statistical uncertainties. The lack of dependence on
target thickness indicates that our estimate of the target atten-
uation is good. The lack of dependence on "close" or "far"
geometry and on OM parameters indicates that this method is OM
independent as long as most of the elastic scattering cross
section lies within the angle subtended by the neutron detector.
Our largest source of uncertainty was in fact the statistical
uncertainty in the number of monitor counts in the incident-flux
detector telescope.
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Insufficient time resolution plus the kinematic shift of
elastic neutrons prevent us from eliminating all inelastic scal-

tering contributions to nogM But based on (p,p')[13] and

1
(n,n')[14] data we estimate the inelastic cross section contri-
butions to be less than 2% of the elastic cross section integrated
out to the largest angles subtended. This correction is consider-
ably less than our statistical uncertainties and was not included.
The experimental values for O on and their uncertainties are

given in Table I. They are weighted averages of the data in
Fig. 4. Uncertainties shown are primarily statistical. In add-
ition to these there are estimated uncertainties of 2-4% in the

method due largely to the approximations used in relating Oeas to

an
0tot d 0e

1

At these particular energies there are no neutron data to
compare Lu. A mcasurcment[15] of Ton 00 C at 55 MeV, yielded
Oon = 278 + 26 mb, and alL luwer cncrgice values of 450 £ 40 for
C and 1210 * 70 mb for Fe at 29.2 MeV have been published.[16]

All these appear to be consislent with our values.

Comparison with OM Calculations

The literature on OM potentials for single nucleon scattering
is extensive[l17]. Many single nucleon OM potentials have been
obtained from global fits to large numbers of proton elastic
scattering angular distributions, polarizations, total cross
sections, (p,n) data, and a more limited body of neutron elastic
scattering data[11,12,18]. The resulting parameter sets are
semi-empirical in that energy and isospin dependencics of the
parameters are incorporated. The present data allow us to judge
how well various single-nucleon OM parametrizations apply to 40
and 50 MeV neutron data. Comparison can he made in two ways: via
the normalization, n, of the forward angle elastic scattering[19],

and through the total non-elastic cross sections, Oon”

Table 2 gives values of the normalization, n, for various OM
sets[20]. 1If an OM set correctly predicts oel(ﬁ), fn should be

close to 1. It can be seen that n can vary considerably from one
OM potential set to another. However the renormalized total

. . 0
elastic cross sections, nO M are not very dependent on the OM set.

el’
Figure 5 shows the present O on data (closed circles)

compared with OM calculations (solid lines) based on various OM
sets. Also shown are proton non-elastic cross sections and proton
OM calculations. Within errors Onon is the same tor protons and

neutrons on the same nucleus and at or near the same energy.
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(a) Parameters of WSS [9]

Watson, Singh, and Segel[9] obtained their parameters from
fitting proton elastic scattering and polarization data on light
elements at energies up to 50 MeV and neutron elastic scattering

at 14 MeV. Calculations of onon based on WSS are shown for C and

0 are seen not to describe either neutron or proton data as well
as calculations based on other parameter sets, WSS being system-
atically high. Our data indicates that n > 1 for their fits to
C and 0. This has been verified by examining their plots of OM
predictions vs elastic proton data.

(b) Parameters of BH[10]

Bassel and Herling [10] obtained their parameters by fitting
proton and neutron elastic and, when available, inelastic data
on 12¢C and 10 specifically. The available neutron data were
at energies less than 20 MeV. It is not surprising that the BH
parameters predict both neutron and proton cross sections more
accurately than the other sets since the BH parameters are not
global, nor do they use the same parametrization for C and O.

(c) Parameters of BG [12] .
Becchetti and Greenlees [12] proton "best fit" and neutron
parameters sets are used here to produce the values of Gnon which

are compared to measured values for Ca and Fe in Fig. 3. BG [12]
obtained their parameters by fitting proton and neutron elastic
scattering and . on data for A 2 40. With the exception of our

40 MeV neutron data for Fe, the BG parameters precdict the values
of onon rather well and better on the average than the others.

An isospin dependence was observed by BG in both the real and
imaginary well depths and in the imaginary diffuseness.

(d) Parameters of M [11]

Menet et al. [11] obtained their parameters by fitting a
large body of data for 12 £ A £ 208 and proton energies of 30 to
61 MeV. Included in their fits were proton and neutron elastic
scattering angular distributions and a large number of non-elastic
cross sections. Menet et al. [11] were looking specifically to
improve upon the BG parameter sets and to firm up the "true"
isospin dependence of the OM parameter. By '"true" isospin depend-
ence one generally means that the sign of any &£ = (N-Z)/A term in
the potentials will be positive when treating protons and negative
when neutrons. Menet et al.[11] observed a "true" isospin depend-
ence in the real and imaginary well depths, as did Becchetti and
Greenlees [12]. They also examined the g-dependence of the imagin-
ary diffuseness previously observed by Becchetti and Greenlees [6]
and found the sign of the £ term in the imaginary diffuseness to
work best when it is the same for proton and neutron scattering.

Our results using the parameter set M tend to confirm the
observations of Menet et all! and can be seen in Fig. 5 for Fe.
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The solid and dashed lines labeled M+ and M~ respectively are for
a positive & term and a negative & term in the imaginary diffuse-
ness. As was also observed by Menet et al. [11] use of the minus
sign produces smaller and less satisfactory results than a
positve sign.

(e) Parameters of P [18]

Patterson et al. [18] obtained their parameters by fitting
proton and neutron elastic scattering data and (p,u) reaction
data. The resulting parameters do an equally good, though not
superior job of predicting O on for Ca and Fe as do those of

BG [6]). Patterson et al. [18] started their searches using the
parameter sets of BG.

(f) General Observations
In all cases, except for parameter set M for Fe, the OM

predicts lower values of oggn for protons than neutrons. It

should he pointed out that, in general, proton and neutron data
should be compared at slightly different energies since the
Coulomb force slows the proton and it therefore has less energy
when interacting with the nucleus than does the neutron. However,
this cannot be the source of difference in OM valculations since
using a higher energy for the protons by the amount of the
Coulomb barrier would further decrease the calculated values of
Oggn for protons. Because of the size of the error bars of the
present neutron data we cannot judge whether the lower values of
oM
o

no
parametrizations.

Although somc OM parameters sels predict Cpon MOTE accurately

n for protons are correct or an artifact of the available OM

than nthers. no obvious correlation of the depth, shape or volume
integral of the imaginary potential to onon prediclivns ia
apparent. '

CONCLUSIONS

Improved values of total neutron cross sections for Ca and
Fe have been obtained at 35.3, 40.3, and 50.4 MeV. A method for
measuring total non-elastic cross sections, Oon’ has been

developed {8] and used to obtain values of o, for neutrons on C,

on
O, Ca, and Fe at 40.3 and 50.4 MeV. The experimental values of
cnon for neutrons are the same, within experimental uncertainties,

as those for protons.
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The OM set BH [10] best predicts © for C and O while the
sets of BG [12], M [11]}, and P [18] work®Tbout equally well for
Ca and Fe.
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TABLE I

Experimental Values for o and 0 in Millibarns
o non o

tot

40.3 MeV .
c’t:ot-. - T crnqn
c 1118 + 1.3 356 + 28
o 1398 + 6.6% - 416 + 35
* Ca 2284 + 59° . . 930 £ 53
Fe 2461 * 24P 909 + 39
50.4 MeV
c - 938 + 3.02 344 + 28
0o - ) 1208 + 5.6 .o 387 ¢ 45
Ca 2250 + 70° 849 + 112
Fe 2431 + 57° . 899 t 42
a. Ref. 1.

b. This work.
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TABLE II

OM Normalization Factors n and Normalized Total Elastic
Cross Sections in Millibarns. Parameters set are
wss®, BH!C, M1!, and BG!Z.

40.3 MeV
n 02? 0el
OM set n — (average)
c WSS . 1.17 + .04 764
: HB : .96 £ .04 768
M .87 £ .03 n 754
o ) ) ' 762 + 28
0 WSS 1.36 £ .05 994
BH '1.06 * .04 972
M .97 = .03 982
o 982 £ 35
Ca BG 1.08 + .04 1322
M .97 + .03 1387
1354 * 53
Fe Bt 1.13 * .03 1523
M .98 + .02 1583
1552 + 39
50.4 MeV
c Wss 1.05 + .05 - 7582
BH .86 * .04 ’ 585
M .78 £ .04 619
‘ : A “ 594 + 28
0 * WSS 1.25 = .07 ' 819
BH 1.20 £ .06 832
M .91 = .05 812 o
A 821 * 45
Ca BG 1.08 £ .09 1400 .
M .99 £ .08 1401
1401 * 112
Fe BG 1.05 = .03 1525 '
M 94 = .02 1540
1532 + 42
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NEUTRON-INDUCED CHARGED PARTICLE MEASUREMENTS
FROM CARBON, NITROGEN, AND OXYGEN AT U.C., DAVIS
%, T - >

T.S. Subramanian , J.L. Romero, and F.P. Brady

Crocker Nuclear Laboratory and Department of Physics
University of California, Davis, California

ABSTRACT

Continuum differential cross sections for neutron-
induced reactions on light elements have been measured
at the Crocker Nuclear Laboratory of the University of
California at Davis. The neutrons are produced via the
7Li(p,n) reaction and the beam is collimated at 0° to
deliver a flux of ~105/cm?/sec at the experimental area.
Charged particles ranging from protons through alphas
are detected with three-element charged-particle-detect-
ion telescopes. The measurements were made at incident
neutron energies of 27.4 MeV, 39.7 Mev, and 60.7 MeV and
for wide angular range covering 15° through 150°. Some
of these continuum.cross sections obtained for Carbon,
Oxygen, and Nitrogen are presented. Where possible,
comparisons are made for.both differential and angle
integrated cross sections, with corresponding charge-
symmetric reaction cross sections from data published
from ORNL with protons as projectiles. Model predict-
ions are also presented for comparison with angle-
integrated spectra.

INTRODUCTION

Differential cross-section measurements for charged particles
arising from neutron-induced reactions at neutron energies above
the d-t generator energies are virtually nonexistent. These
higher energy ranges (up to about 50 MeV) have recently drawn a
closer attention because neutrons of these energies are realized
in configurations such as the d-Li irradiation facilities and the
d-Be medical therapy facilities. These cross sections, where
available, help to evaluate the performance of a given element as

*Present address: Lawrence Berkeley Laboratory, Berkeley,
California
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a constituent of a reactor structure or human tissue. In addition
the charged-particle cross sections for carbon for instance, are
relevant to the evaluation of neutron detection efficiencies of
plastic scintillators, or for use in neutron spectrum tailoring.
Similarly, the cross sections for oxygen are relevant to reactor-
shielding calculations. Combining the cross sections for hydrogen
(elastic proton), oxygen, carbon and nitrogen, one can obtain
quantities relevant to neutron dosimetry, such as KERMA in tissue.
Some of these cross sections, particularly limited to the light
elements, carbon, nitrogen, and oxygen, have been measured at the
Crocker Nuclear Laboratory in Davis.

EXPERIMENTAL FACILITY

The wunpolarized neutron beam line at the Crocker Nuclear
Laboratory is designed to provide nearly monoenergetic neutron
beams in the 20-60 MeV range via the 7Li(p,n)?Be reaction [1-3]
(Fig. 1). The neutron spectrum consists of a monochromalic peak
containing 60% of the neulruus; the remaining 40% sprcad out in
the flat low energy tail region. For a typical 40 MeV, 10 pA
proton beam incident on a Li target, the neutron flux at 3 m is
5 x 105 (cm 2 sec) in a 1 MeV FWHM peak. A scattering chamber
housing the target and the triple-element, charged-particle
detector telescopes under vacuum has been incorporated in the beam
line. This facility has been used to measure the differential
cross sections for neutron-induced charged particles from light
elements, such as carbon, nitrogen, and oxygen [4-6].

Target Selection and Normalization

Polysteyrene (CH) was chosen as a target for carbon instead
“of pure carbon sheets. The overwhelming reason for such a choice
is the ease of direct normalization to the concurrently measured
n-p elastic scattering, whose cross section is well known. Since
solid targets help minimize low energy cut-offs in the measured
charged-particle spectra, particularly those of alphas, foils
containing N and O were used for their respective targets:
Melamine (C3HgNg) for nitrogen and Kodacel plastic (CagH402) for
oxygen. The N and O cross sections were obtained by subtracting
out the contributions from carbon in the respective targets.
Again, the absolute normalization was obtained by referring to the
concurrently measured n-p elastic peaks. The targets so used were
typically 5 mg/cm2 thick. The cross sections presented here have
been corrected for (alpha) particle and energy loss in targets

(71.

Differential Cross Sections

Typical spectra of deuterons, tritons, 3He and alphas meas-
ured from oxygen for an incident neutron beam of 60.7 MeV are
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shown in Fig. 2. Charge symmetric proton-induced neutron cross
sections of Bertrand and Peelle [8] have been compared as histo-
grams in the same figure. The error bars in our data do not
include normalization errors; they are only indicative of the
statistics. Figure 3 presents such a comparison for carbon at
39.7 MeV, and the data for nitrogen obtained at 27.4 MeV is
presented in Fig. 4.

Angle Integrated Spectra

The differential cross sections have been obtained at nine
different angles in the range between 15° and 150°. For those
sets of data with all nin€ angles covered, the integration is
obtained via Gaussian quadrature by assuming that the cross-
section levels off on either end of the measured angular range.
For sets of data deficient in larger angles, an extrapolation is
done first to obtain cross sections for the next missing angle,
and then the integration is performed. The errors shown in the
plot are purely statistical. The additional uncertainties assoc-
iated with the angle integrals are estimated to be 5% for the
cases where 9 angles were measured and 20% when only 6 angles were
measured. Such angle-integrated spectra are presented in the
bottom row of each of the figures 2-4. Again, charge symmetric
(p, xz) cross sections of Bertrand, et al. are compared as histo-
grams where available.

Model Predictions

Predictions from calculations, using the code TNG with pre-
equilibrium effects included, have been compared for protons and
alphas [9]. Predictions for Oxygen at 60.7 MeV, for Carbon at
39.7 MeV and for Nitrogen at 27.4 MeV have been presented as solid
curves in Figures 5, 6, and 7 respectively.

SUMMARY

Differential cross sections for charged particle continua
arising from neutron induced reactions on C, N, and O have been
measured at CNL at neutron energies of 27.4, 39.7, and 60.7 MeV.
The selection of neutron beam energies for this study was guided
by the proton-induced reaction measurements of Bertrand and Peelle
at Oak Ridge. Since the elements chosen are all self conjugate,
it is immensely reassuring to see the similarity in charge
symmetric cross sections as expected. The model predictions
presented here for comparison are the outcome of an effort express-
ly undertaken to interpret our data. These calculations are
absolute; they have not been normalized to experiment. The
predictions for protons have a3 scope for improvement at the high
energy end by the inclusion of transitions to analogs of giant
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resonances. As for the alphas, the major hurdle seems to be the
handling of kinematics for the multi-particle exit channels.
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MEASUREMENT OF THE ANGLE-INTEGRATED SECONDARY
NEUTRON SPECTRA FROM INTERACTION OF 14 MEV
NEUTRONS WITH MEDIUM AND HEAVY NUCLEI ' ™

H. Vonach, A. Chalupka, F. Wénninger, G. Staffel

Institut fiir Radiumforschung und Kernphysik der
Usterr. Akademie der Wissenschaften, Wien, Austria.

ABSTRACT

. The angle-integrated secondary neutron
spectra from interactions of 14.1 MeV neutrons
with 17 elements in the range Ti to Bi were.
measured over the secondary neutron energy
range 0.25 - 6 MeV with special emphasis on ob-
taining reliable and accurate neutron pro-

- duction cross-sections in the low energy
region .(0.25 - 1 MeV). An overall accuracy of

.5 - 7% was obtained over most of the investiga-
ted energy ranges. The results are in good
agreement with the predictions of statistical
model calculations and in the neutron energy
range above 1.5 MeV also with most other
recent measurements; in the low energy range
there are still large discrepancies between
the results of different measurements. .

INTRODUCTION

Secondary neutron spectra from the interactions of
14 MeV neutrons.with nuclei have been investigated in-
a considerable number of experiments (1 - 7) and
reasonable agreement on both the form of the spectra
and the absolute neutron emission cross-sections have
been obtained in the neutron energy range above about
1.5 MeV. The low energy parts of the secondary spectra,
however, are rather poorly known in most cases due to
experimental difficulties especially with n-y-dis-
crimination,background and multiple scattering at low
secondary neutron energies. An excess of low energy
neutrons compared with the theoretical predictions has
been cobserved by a number of authors [1 - 4] whereas
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Salnikov and co-workers [6] found much smaller neutron
production cross-sections and also a measurement on
iron at our institute [7] did not show any indication
for abnormally high low-energy neutron-production
cross-sections. Therefore new measurements have been
performed at our institute to determine those spectra
for a large number of elements.

EXPERIMENTAL PROCEDURE

Fig. 1 shows the experimental set-up. Pulsed
neutrons are produced by means of the 250 keV Cockroft
Walton accelerator of the institute [7] in an extreme-
ly small low-mass TiT target construction. The scatter-
ing samples (hollow cylinders of about 6 cm®) sur-
rounded the target and the neutron time-of-flight
spectrum is measured at a distance of 1 m by means of
a NE213 (1.5"x 0.5") scintillator coupled to a low
dark current 56 DVP multiplier. The scintillator ie
operated at a very low threshold (equivalent to about
135 keV proton recoil energy) and a pulse-shape (PSD)
method is used to discriminate between neutrons and
photons. As reported earlier {8] the application of
the PSD method is possible down to this very low
threshold. Time of flight, recoil proton energy and
pulse-shape detector output for each event is recorded
on disc in order to enable optimal off-line analysis
with respect to n-y-discrimination and background re-
duction.

In order to save disc space the count-rate in the
region of the 14.7 MeV peak from direct source
neutrons was reduced by a factor of ten by means of a
gate system. Accordingly the time spectra show a
corresponding discontinuity at about channel 680. The
stability of the whole electronic system was checked
continuously by means of pulser peaks both in the time
of flight spectra and especially in the low-energy
part of the proton recoil spectrum and continuous
monitoring of all important single count-rates.

The time resolution was about 1.5 nsec (FWHM) for
the 14.7 MeV neutron peak in spite of the very large
dynamic range (1:200) of pulses admitted for the
proton recoil energy (s. Fig. 4 - 5). Apertures needed
to collimate the deuteron beam onto the 3 mm @ TiT-
targets were positioned in such a way that DD neutrons
produced there arrived at the detector at times out-
side the time range actually used for the measurements
{s. Fig. 4 and 5).

3 to 4 separate measurements were performed for
each element and background measurements after each
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sequence of 3 sample-in measurements.

The efficiency of the neutron detector for the se-
condary neutrons (0.25 - 6 MeV) and for the primary
14.7 MeV neutrons was determined in two additional ex-
periments.

The detector calibration for 0.25 - 6 MeV neutrons
was done by replacing the target assembly by a fast
low-mass ionisation chamber containing a 232Cf source
[9]. Using the fission product pulses of the ionisation
chamber (which detects the fragments with an efficiency
of about 98% and time resolution of better than 1 nsec)
as start signals the 252Cf neutron time-of-flight
spectrum is measured in exactly the same way as des-
cribed above. In this way the problem of absolute
measurement of the secondary neutron spectra induced by
14 MeV neutrons is essentially reduced to a measurement
relative to the known 2352Cf spectrum, which in addi-
tion has a form quite similar to evaporation spectra
produced by the scattering samples and thus systematic
errors e.g. because of room scattering and others will
tend to cancel to a large extent in this calibration
method.

The efficiency for the primary 14.7 MeV neutrons
was determined by an experiment in which the target
assembly was surrounded by an aluminum sample identical
in shape to the scattering samples and observing both
the intensity of the 14.7 MeV peak in the time of
flight spectrum and the amount of 2%Na formed in the
aluminum sample by means of the 27Al (n,a) reaction,
the cross-section of which is known very accurately.

DATA ANALYSIS

The raw 3 parameter data were analyzed and trans-
formed to energy differential neutron production
spectra in the following way:

A) Derivation of the net (background subtracted) time-
of-flight spectra.

1) The effect of small electronic drifts (1-2 channels)
was eliminated by address-shifting of every data
set deviating by at least one channel in the
positions of either the pulser peak in the proton
recoil spectrum, the y-peak in the pulse shape (PSD)
spectrum or the 14.7 MeV neutron peak in the time-
of-flight (TOF) spectrum from the average values.
In this way it is assured that the time scales of
all measurements agree within * 0.15 nsec, the
recoil energy thresholds within + 4 keV, and the
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positions of the y- and neutron peaks in the PSD
spectra within a few % of the peak separation.
2) TOF-spectra were generated from the data using the
following criteria for acceptance of events:
a) y-induced events were eliminated with minimum
loss of neutron events by admitting only pulses

from an appropriate region of the Erecoil—PSD

plane. All spectra including the 252Cf cali-
bration spectra were treated in exactly the same
way. Thus the efficiency determined with the
252Cf measurement takes care of any neutron loss
resulting from the y-rejection procedure. As on
the other hand inclusion of y-induced events
constitutes a source of systematic error which is
difficult to correct for, considerable loss of
neutrons was admitted in the low-energy region
in order to get sufficient y-rejection down to
the lowest regoil puleo heighto included.

The quality of n-y discrimination obtained in
this way is shown in fig. 2 and 3 which show the
PSD spectra for a pure y-spectrum (80Co source)
and an almost pure neutron spectrum (neutron
part of 252Cf time spectrum see fig. 7) for
different pulse-height bins in the region bet-
ween 50 and 100% of the 59 keV Americium y-peak;
also shown are PSD thresholds used for the
various pulse-heightbins. As apparent from the
figures it was possible to measure the neutron
spectra with very little y-contamination even at
the lowest proton recoil energies. In addition
it has to be kept in mind that the net (back-
ground subtracted) spectra contain only a very
small y-contamination in the interesting time
range. Thus the residual y-contribution to the
net spectra can be completely neglected.

b) Only pulses from that region of the Erecoil-TOF

plane were admitted which is physically allowed
for neutrons originating from target and
scattering sample. Especially in the low neutron
energy region a background reduction of about a
factor of 2 could be obtained in this way.
Time-of-flight spectra were generated for all events
admissible according to criteria a) and b) with proton
recoil pulse heights larger than the chosen threshold
of 0.5 of the pulse height of the 59 keV Am y-peak
(corresponding to approx. Erecoil ~ 135 keV). The

threshold was chosen as the lowest possible value com-
patible with the conditions of n-y discrimination
and negligible loss of pulses in the constant fraction
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3)

trigger.
Background subtraction: :
After execution of step 1 and 2 on all measured
(sample-in and sample-out) spectra background sub-
traction is performed by subtracting from each
sample-in spectrum an average of the background
spectra measured before and after the respective
measurement. In this way the effect of build-up of
DD neutrons in the target is essentially eliminated.
Background spectra are normalized relative to the
sample-in spectra by means of the intensity in the
14 MeV time of flight peak taking into account the
small (1 - 3%) contribution of elastically
scattered neutrons to the 14 MeV peaks in the
sample-in spectra. The above procedure assumes that
the background can be obtained from sample-out
measurementsy this is certainly not exactly true as
neutron interactions with the sample will to some
extent modify the neutron spectrum hitting the
walls of the target-room and thus also the general
room background. However, it could be checked ex-
perimentally that the possible change of the back-
ground by the .sample amounts to only a few percent.
In the time range beyond the time of flight of the
slowest detectable neutron (channel 100 - 200 in
Fig. 4 and 5) one expects only background in both
sample-in and sample-out spectra. Thus these parts
of the spectra were used to check the possible de-~
pendence of the background on the presence of the
scattering samples and in all cases this change was
found to be less than 3%. Therefore actually an
average of the two possible background normali-
zations (by means of the 14.7 MeV neutron peaks and
by means of the intensity in the pure background
region) was used and an error of 1.5% was assigned
to the normalization factors obtained in this way.
As an example of the effects of the procedures
described above Figures 4a and 5a show the raw TOF-
spectra for both a sample-in (Fe) and a background
measurement, Fig. 4b and 5b show the same spectra
after elimination of the y-induced and kinematical-
ly forbidden events and Fig. 6 shows the net Fe-TOF
spectrum derived from the spectra of Fig. 4b and 5b.
The s-shaped structure in Fig. 6 at the positions
of the 14.7 MeV primary neutron peak is due to a
small shift of a few tenth of a channel in the peak
positions in the sample-in and sample-out spectra.
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B) Efficiency determination of the neutron detector

1) Low energy range (0.25 - 6 MeV)
As already mentioned,in the low energy range (0.25-
6 MeV) the detector efficiency was calibrated by
means of a 252Cf source. For this purpose the TOF-
sgectrum measured with the neutron detector and the
252¢f jonisation chamber was treated in exactly the
same way as described in.A) in order to ensure
identical efficiency in the calibration experiment
and the rest of the measurements. The 252Cf TOF-
spectrum obtained in this way is shown in Fig. 7.
Then the known 252Cf neutron spectrum (segment-ad-
justed Maxwellian according to [10]) was trans-
formed into a TOF-spectrum and the efficiency of
the detector was calculated directly as the ratio
of the measured to the calculated spectrum. The
absolute neutron emission rate of the source was
obtained from the fission product count-rate, the
known efficiency of ‘the ionisation chamber (98.2%)
and the average neutron multiplicity v = 3.736+0.01
[11] of 2352cf,

2) Efficiency for the 14.7 MeV source neutrons.
This efficiency was determined by simultaneous
measurement of the TOF-spectrum with the NE213 de-
tector and activation of an aluminum sample at the
position of the scatterer and subsequent measure-
ment of the 2%Na activity produced in the sample.
From the measured 2"%Na activity, the source sample-
geometry, the known angular distribution of the
DT source neutrons and the accurately known
2771 (n,a) 2¥Na cross-sections [12] we could derive
the total neutron source strength with an accuracy
of about 3% and therefrom and from the number of
counts in the 14 MeV TOF peak accumulated during
the Al-irradiation the efficiency of the detector
for 14 MeV neutrons was determined as 4.41%:0.15% .

C) Calculation of the absolute neutron emission cross-
sections onM(En') from the net time of flight
spectra.

" The net time of flight spectra n(t) were first
transformed into energy spectra N(En') and therefrom
the ch(En‘) values were obtained for our geometry
(s. Fig. 1) by means of the relation
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E ) N(E_") c(14.7)

°awm'®n !’ T ¥OIT.TY e(E_ )

(1

(§2) (0°) (1+4£ )

elast

expl-o . (14)4 ]
(E ) mult (E ) 4,"1.2 dv

total number of counts between E
and E '+AE !

total number of counts in 14.7 MeV
peak
e(14.7),e(En') = detector efficiencies for
neutrons of 14.7 MeV and E_' resp.
n = atomic density of sample
The integration has to extend over the whole volume
of the scattering sample.

(gm }(0°) = ratio of zero degree to average
neutron emission rate for DT source
neutrons

s(En') = average attenation factor for secon-

: dary neutrons in the scattering

sample

correction factor for contribution

of double scattered neutrons in

measured spectrum

= relative contribution of neutrons

elastically scattered in sample to

14.7 MeV peak.

volume element in scattering sample

distance from source to 4V

distance from source to dV traversed

in sample

: L} L]
with N(En )AEn

N(14.7)

mult(E '?

felast

av

nnon

r
dabs

The absorption correction factor £ (En') was calcu-

abs
lated assuming absorption by nonelastic events only
and an average path length of one half of the sample
height (1 cm) for the scattered neutrons as

'y = _ 1 '
s(En ) = exp I > onon(En ).hl (2)
values range from 0.9 - 1.0.
The elastic scattering.fraction to the 14 MeV

peak was calculated by integration over all value
elements of the sample using elastic scattering cross-
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sections derived by optical model calculations using
the Perey-Buck [13] potential;values range from 0.9 to
4%,

The multiple scattering corrections were cal-
culated approximately by means of the following re-
lation considering only double scattering.

3

N
_ 4-, double
fmult(En') =1+ . (En') (3)
single
4 14
an " " [} 3 "
. Ef'onMHll +E ") o y(E ">E ').n.d.dE_
double _ n
N '
single onM(14 > En )
(4)
with d = average path length'of single-snattered
neutrons in the sample = 8.4-8.6 mm as de-
rived by numerical averaging over all
points of origin in sample and all
emission directions
and ¢

nM(En"-> En') = cross-sections of neutrons with
- energy En" for emission of neutrons with
1 5 " ] s
'En . Values of onM(En - En ) as functimn
of both En"and En' were calculated by

means of the statistical model of nuclear
reactions as described in the Appendix
Z:1$$: of Ndouble/Nsihgle range from 0.5

"RESULTS AND DISCUSSION

The results, that is the angle-integrated neutrqn
emission spectra onM(En') for all elements investi-

gated, are listed in Table 1. The neutron emission
spectra are averages over the incident neutron energy
range 13.5 - 14.7 MeV because of the angle-dependence
of the DT source neutrons and the chosen scattering
geometry (see Fig. 1). However, due to the rather
weak dependence of the secondary spectra on the prima-
ry neutron energy the cross-sections correspond to ‘
good approximation to a neutron energy of 14.1 MeV.
The errors given were obtained by quadratic
addition of the statistical errors estimated 1o
errors for all identified sources gf systematic errors
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and thus correspond to effective 10 errors. The follo-
wing contributions are included in our error estimates.

1) The total statistical error 1nclud1ng the error of
the 252Cf calibration measurement

2) The uncertainty in the form of the 252Cf spectrum
according to [10]

3) The error in the absorption correction factor fabs

for the secondary neutrons. According to the general
status of non-elastic cross-sections an uncertainty
of 15% in o (E_') was assumed for the error esti-
mate. non " n

4) The error for the multiple scattering correction
was calculated assuming errors of 30% for the
neutron emission cross-sections onM(En'L*En') from

the statistical model calculations.

5) An uncertainty of 1.5% was assumed for the norma-
lization factors used in the background subtraction
as already discussed in section two.

6) The efficiency error for the 14.7 MeV source neutrons (3%).

Errors due to weight, dimensions and possible im-
purities of the samples, time calibration and residual
electronic shifts (see section 3) were estimated to be
small compared to the total errors due to 1 - 6 and

. were neglected.

Fig. 9 shows the size of the various error contri-
butions and the total errors for the case of iron which
is typical for most of the elements investigated.

In Fig. 10 -~ 13 the present results are compared
to existing measurements and statistical model cal-
culations for 4 of the elements studied, and in Fig.14
the ratio between our measured and calculated cross-
sections is given for all elements investigated.

All calculations were performed by means of the
code STAPRE [14] using global parameter sets. Thus  the
calculations did not involve adjustments of any para-
meter to the individual elements.

Numerical data for the results of Hermsdorf et al.
[5] and Salnikov et al. [6] were taken from the EXFOR
file *), the data of Schectman and Anderson [1] were
read from the figures in their publication.

Although the figures for the different elements
do show some differences with respect to the comparisai
of the various data the following general statements
can be made:

*) for Hermsdorf's data revised values are used, ob-
tained by private communication from the authors
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1) Above about 1.5 MeV there is reasonable agreement
between all measurements.

2) Below 1.5 MeV our data do not confirm the high
neutron production cross-sections found in ref. [1]
- [4], but show in all cases that the spectra do
have the theoretically expected form; in general
they are in fair agreement with the results of Sal-
nikov et al. [6] although for some elements (not
shown in fig. 10 - 13) the data of ref. [6] seem to
be somewhat too low at the lowest energies.

3) Our data for Fe are in excellent agreement with the
results measured previously at our institute [7]
using a quite different experimental set-up and all
of our spectra do show a very smooth behaviour as
function of A resp. 72, confirming the consistency
of our measurements.

4) As shown in fig. 14 there is a good overall agree-
ment between our measured neutron production cross-
sections and the results of the STAPRE calculations
using no free parameters for all elements investi-
gated indicating that such calculations may be used
to predict unmeasured neutron production cross-
sections with an accuracy of better than 20%.

In detail it can be noted that there is almost per-
fect agreement between calculated and measured
cross-sections in the range Ti - Ni, whereas for
heavier elements our measured production cross-
sections for low energy neutrons are consistently
by about 10 - 20% higher than the calculated values.
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APPENDIX

Statistical model calculations

The calculations were performed by means of the
computer code STAPRE [14]. This code is designed to
calculate cross-sections for reactions with multiple
particle and y-ray emission. Conservation of angular
momentum and parity is taken into account. At low ex-
citation energies all levels.of the relevant residual
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nuclei are considered; when, with increasing exci-
tation energy, the information abaut the levels is no
longer complete the density of levels is calculated by
means of the backshifted Fermi gas model. For emission
of the first particle of a given. evaporation sequence
a preequilibrium decay contribution - calculated in
the framework of the exciton model - is included.

Transmission coefficients for neutrons, protons
and a-particles were calculated by means of global
potentials by Perey and Buck [13], Becchetti et al. [15]
and Huizenga and Igo [16], respectively.

The y-ray transmission coefficients TXL(e) for

multipole-type XL and transition energy ¢ are related

to the y-ray strength function fXL(e) [17]1 by TXL =
2L+1

= 27e fXL(e). For the energy dependence of the

strength function fE1(e) for the dominant E1 radiation

the Brink-Axel model [18] was employed while
fM1(e), sz(e), cee fM3(e) were assumed to be constant

and normalized to fE1(e = Bn) by Weisskopf's estimate,
where Bn represents the neutron binding energy. The
normalization of fE1(e) is achieved by the demand that

the calculated total average radiation width
agrees with neutron resonance data [19].

The level density parameters a and p were taken
from the compilation of Dilg et al. [20], either
directly or if necessary by interpolation.

The preequilibrium emission rates for nucleons
were corrected for charge conservation as described in
refs. [21] and {22]. The exciton state densities were
calculated by means of the formula of Williams [23]
with single particle state densities g = (6/72)A/8
and no pairing corrections.

For the internal transition rates the expressions of
Williams [24] were employed with a matrix element M
which depends on excitation energy E of the composite
system, as proposed by Kalbach-Cline [25] : |M|2 =

= FMAT3E™! and the matrix elements FM chosen in such a
way that the A = 2 decay rates for the three exciton

configuration A+(3) at E = 19 MeV amounts 5.1021 aac-1

for all nuclides.

Calculations were performed for all isotopes of each
element with abundances of more than a few percent and
elemental cross-sections obtained therefrom.
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n-,p-,a- and- y-decay was considered for the elements
up to Ba, whereas p- and a-decay was neglected for
the heavier elements. For the nuclides °8Ni, 63Cu and

642n the contribution to o.M from the (n,pn) reaction

is also included, for the other nuélides only. the

(n,nx) and .(n,2n) contributions were taken into
account. ' ’

- 354 -



11
[2]

(3]
[4]
[5]
(el

[71
[8]

(9]
[10]

1111
[12]
[13]
[14]
[15]

[16]
[(17]

[18]
(191
[20]
[21]

REFERENCES
R. M. SCHECTMAN and J. D. ANDERSON, Nucl. Phys.,
77, 241 (1966)

C. S. MATHUR et al., Phys. Rev., 186, 1038 (1969)
NDL-TR 86 (1967) -

J. L. KAMMERDIENER, UCRL 51232 (1972)
G. CLAYEUX and J. VOIGNIER, CEA R 4279 (1972)

D. HERMSDORF et al., Kernenergie, 17, 76 (1974),
17, 259 (1974), 18, 83 (1975), 19, 241 11976) and
Bericht 2fK 27707 (1975)

.0. A. SALNIKOV et al., Sov. J. Nucl. Phys., 122,

620 (1971), YK 7, 102 (1972)
G. STENGL et al., Nucl. Phys., A290, 109 (1977)

A. CHALUPKA et al., Nucl. Instr. and Meth., 150,
209 (1978)

"A. CHALUPKA, Nucl. Instr. and Meth., 164, 105

(1979)

J. M. GRUNDL and C. EISENHOWER, IAEA-208 (1978),
Vol.I, 64

J. W. BOLDEMANN, Proc. Int. Spec. Symp. on

Neutron Standards and Appl., Gaithersburg 1977,

NBS Special Publ., 493, 182 (1977)
H. VONACH et al., 2. f£. Physik, 237, 155 (1970)
F. PEREY and B. BUCK, Nucl. Phys., 32, 350 (1962)

B. STROHMAIER and M. UHL, Proc. Winter Course on
Nuclear Physics and Reactors, Trieste, 16 Jan -
10 Feb. 1978

F. D. BECCHETTI and G. W. GREENLEES, Phys. Rev.,
182, 1190 (1968)

J. R. HUIZENGA and G. I. IGO, ANL-6373 (1961)

G. A. BARTHOLOMEW et al., Advances in Nucl. Phys,
Vol. 7 (Plenum Press, NY, 1973) ch. 4

P. AXEL, Phys. Rev., 83, 1073 (1951)
S. F. MUGHABGHAB and D. J. GARBER, BNL-325 (1973)
W. DILG et al., Nucl. Phys., A217, 269 (1973)

G. M. BRAGA-MARCAZZAN et al., Phys. Rev., C6,
1398 (1972)

- 355 -



[22] E. GADIOLI et al., Nucl. Phys., A217, 589 (1973)

f23] P. C. WILLIAMS, JR., Nucl. Phys., A166, 231
(1971)

[24] F. C. WILLIAMS, JR., Phys. Lett., 31B, 184 (1970)
[25] C. KALBACH-CLINE, Nucl. Phys., A210, 590 (1973)

- 356 -



Table 1. Angle integrated secondary neutron-production
cross-sections %%—T for 14.1 MeV neutrons.
n

En'(geV) onM(mb/MeV)

Ti Cr Fe Ni Cu

0.25-0.50 | 399+28 415+21 420:20 31916 604:26
0.50-0.75 | 465+22 491+22 523+25 378+16 730+34
0.75-1.00 | 499+23 473222 502+24 381+16 699+34
1.00-1.25 | 454+21 433420 466:+23 346+15 619+30
1.25-1.50 {410+£19 379218 394+19 297+13 53126
1.50-1.75 | 359+16 340+15 349+17 257x11 445121

1.75-2.00 | 321+14 303+14 305+15 224+ 9 378+19
2.00-2.25 | 292+13 285+13 281+14 202+ 9 335+17
2.25=-2.50 | 253+12 243+12 237+12 168+ 8 285+15
2.50-2.75 | 222+11 225+12 228+12 169+ 8 256+14
2,75-3.00 | 202+11 191+x10 190+10 140+ 7 221+14
3.00-3.25 {171+ 9 169+ 9 175+ 9 120+ 6 180x11
3.25-3.50 | 148+ 8 159+ 9 158+ 9 119+ 6 163+10
3.50-3.75 1149+ 8 149+ 8 150+ 8 110+ 6 151+10
3.75-4.00 | 129+ 8 134+ 8 130+ 7 100+ 5 140+ 9
4,00-4.50 |]117+ 7 109+ 6 113+ 6 89+ 4 110+ 7
4,.50-5.00 91+ 6 91+ 6 102+ 6 80+ 4 95+ 7
5.00-5.50 73+ 5 70+ 5 82+ S 63+ 4 73+ 6
5.50-6.00 60+ 5 55+ 5 66+ 5 52+ 3 53+ 6
Zn Zr Nb Mo Ag

0.25-0.50 | 422+10 1208+36 1256166 1185+39 1669+96
0.50-0.75 | 519+23 1256+53 1360+60 1418+64 1689+83
0.75-1.00 } 510+23 1136+49 1252457 1243+58 1450:+74
1.00-1.25 | 448+20 960+42 1043+49 1030+49 114660
1.25-1.50 | 376+17 815+36 B895+42 848+41 923+49
1.50-1.75 | 324+14 681+29 782+36 710233 786141
1.75-2.00 | 286+13 538+24 655+31 585428 617+33
2.00-2.25 | 254+12 462+21 568+27 506+24 545+30
2.25-2.50 | 224+11 362:+19 459224 415:22 406+24
2.50-2.75 | 199+10 291+17 380+21 361+£19 380+22

2.75-3.00 | 175+ 9 230+15 31718 293+16 289:20
3.00-3.25 [ 146+ 8 173+13 257+15 237+13 22415
3.25-3.50 131+ 7 150+12 212+14 202:x12 199+14
3.50-3.75 | 122+ 7 139+12 196+13 168+11 17713
3.75-4.00 | 105+ 7 114+11 16112 141+10 145x12
4.00-4.50 85+ 5 84+ 9 109+ 8 115+ 7 108+ 9
4.50-5.00 74+ 5 61+ 9 87+ 8 87+ 17 91+ 9
5.00-5.50 60+ 4 31+ 9 65+ 8 70+ 6 73+ 9
5.50-6.00 46+ 4 31+ 9 68+ 8 50z 6 66+ 9
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Table 1. cont.

5.50-6.00

Byt Wewd f Oy (MD/MeV)
Sn .. .. Ba..... Ta...... W. . Au ..
0.25-0.50 | 1495+44 1500+62 2151+118 2123+ 70 1958+ 72
0.50-0.75] 1675+69 1443+72 2458+123 2508+115 2364+118
0.75-1.00. |1 1566+67 1465+70 2186+113 2347+111 2243+116
1.00-1.25 | 1305+56 1292+62 1750+ 92 1844+ 89 1922+101
1.25-1.50 | 1062146 1051+52 1360+ 72 1469+ 72 1586+ 84
1.50-1.75 878+37 834+43 1069+ 56 1139+ 55 1346+ 70
1.75-2.00 700+30 688+38 833+ 45 887+ 44 1120+ 59
2.00-2.25 608+27 561435 671+ 37 704+ 36 870+ 47
2.25-2.50 463+22 420+32 505:% 30 527+ 30 685+ 39
2.50-2.75 362+19 365+33 403+ 23 425+ 26 619+ 33
2.75-3.00 300+17 287+33 278+ 18 289+ 25 484+ 28
3.00-3.25 233+14 262+28 230+ 15 243+ 19 369+ 22
3.25-3.50 180+13 215+28 193+ 13 207+ 17 289+ 18
3.50-3.75 177+13 174+28 154+ 12 161+ 17 249+ 17
3.75-4.00 145+12 202+28 142+ 11 126+ 15 213+ 15
4.00-4.50 109+ 9 165+21 93+ 8 102+ 12 147+ 11
4.50-5.00 88+ 9 97+22 82+ 2 53+ 12 114+ 11
5.00~-5.50 66+ 9 57+20 59+ 8 50+ 13 82+ 10
. 5.50-6.00 .. 30+ 8 .. 26412 .55+ 8 .. 541 12 . 40+ 10
.......... Pb .. Bi
0.25-0.50 | 1447+62 1701158
0.50-0.75 | 1809+79 1873+80
0.75-1.00 | 1885+83 1932+84.
1.00-1.25 | 1705+76 1845+80
1.25-1.50 | 1595+71 1691+73
1.50-1.75 } 1422+61 1520+63
1.75=2,00 | 1244+54 1346156
2.00-2.25 1 1121+49 1189451
2.25-2.50 BY9+d43 999346
2.50-2.75] 741+38 817+40
2.75-3.00 526+31 648+34
3.00-3.25 424+26 514+28
3.25-3.50 380+24 409:+24
3.50-3.75 304+22 324+21
3.75-4.00 232+20 277220
4.00-4.50 183+15 219415
4.50-5.00 136+15 161+14
5.00-5.50 83+14 97+13

. 65£15. . 7514 ... ..., .
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Experimental set-up for measurement of the angle
integrated low-energy part of the secondary
neutron spectra from interaction of 14 MeV
neutrons with nuclei (schematic, 1: scattering
sample, 2: Ti-Target on 0.1 mm Cu-backing,

3: target assembly (0.2 mm Al), 4: Né 213 scin-
tillator (1.5"¢¥ x 0.5"), 5: 56 DLVP photomulti-
plier , 6: 2 mm leadshield, 7: Apertures for

at beam
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Fulse-shape spectra of the NE 213 detector for 8%Co source.
Epectra 1 - 3 correspond to different pulse heigth bins as
indicated in the figure. Also indicated are the thresholds
a, b, ¢ used for those energy birs in the analysis of all

neutron spectra.
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the same pulse height bins as in Fig. 2
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thresholds a, b, ¢ used for those energy bins in the analysis of

all neutron spectra.
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Fig. 4. Time spectra observed with Fe scatterer around TiT target:

a) raw time spectrum: 1: DD-neutrons from target, 2: only every
tenth pulse was recorded in region above edge (s. sect.2),
3: DT-neutrons, 4: prompt y-peak, 5: rulser peak, 6: DD-neutrons
from aperture upstream of target (see Fig. 1)
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Fig. 4. Time spectra observed with Fe scatterer around TiTl target:

b) same spectrum after elimination of y- induced and
kinematically forbidden events.
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Fig. 5. Background time spectra:
a) raw time spectrum, peaks 1 - 6 as in Fig. 4a
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b) same spectrum after elimination of v-induced
and kinematically forbidden events.
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DIFFERENTIAL SCATTERING CROSS SECTION
MEASUREMENTS ABOVE 20 MeV*

R.W. Finlay and J. Rapaport

Ohio University
Athens, Ohio 45701 U.S.A.

ABSTRACT

The status of differential elastic and inelastic
neutron scattering data is reviewed in the energy
region above 20 MeV from the time of the May 1977
Brookhaven Conference to the present. Substantial
progress has been made in this area, and new infor-
mation about the optical-model description of the
nucleon-nucleus interaction has been obtained. Quan-
titative information about isovector effects in the
optical model and in nuclear transition amplitudes is
beginning to emerge. Technical limitations in the
areas of source intensity, resolution and sample
quality have restricted the domain of the measurements
to nuclei with widely separated excited states and
large natural abundances. Although several of these
easily-measured cases remain to be studied, many of
the nuclei that are most important to the fusion
energy program remain inaccessible to present-day
techniques. '

INTRODUCTION

In May 1977, R.C. Haight [1] reviewed the status of differ-
ential elastic and inelastic neutron scattering data and con-
cluded that, for En > 15 MeV and Z > 6, the field has only
recently been attacked and much remains to be done. While it
is still true that much remains to be done, it is encouraging to
report that considerable progress has already been made. The
total number of differential scattering cross section measurements
for En > 20 MeV has increased by about one order of magnitude
since that time.

*Supported by a grant from the National Science Foundation
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In Table 1 we present a survey of new information on differ-
ential scattering [2-12].. The survey is not intended to be
exhaustive. It was obtained by consulting the two supplements
to CINDA-A (up to October 1979), the proceedings of the Knoxville
conferences (November 1979), the Washington meeting of the
American Physical Society, and recent issues of Physical Review
and Nuclear Physics. We have also added two previously unre-
ported measurements from our own laboratory. The survey included
29 differential elastic scattering angular distributions and
22 inelastic scattering angular distributions to resolved or
nearly-resolved final states. 1In about one half of these cases
the measurements have appeared in the literature in final pub-
1ished form and the cross section values have been deposited at
the National Nuclear Data Center. Some very recent results are
reported in Table II in the form of angle-integrated cross
sections.

ELASTIC SCATTERING MEASUREMENTS

The measurement of elastic neutron scattering at energies
well above the region of compound nucleus formation provides
extremely valuable information toward the understanding of the
nucleon-nucleus interaction in terms of an optical model poten-
tial. At the 1977 Brookhaven symposium, Rapaport et al. [13]
outlined the goals of the program. Scattering from T = O nuclei
is used to evaluate the real part Coulomb correction term in the
optical potential [4]. Comparison of neutron and proton scat-
tering from nuclei with T # 0 leads to an evaluation of the
isovector potential strength [14]. Energy dependence of the
potential parameters--in particular the energy dependent form of
the imaginary potential--can be inferred from neutron elastic
scattering over a wide range of energy [8,11]. A global set of
optical model parameters has been developed for singly- and
doubly-closed shell nuclei [15], and the extension of such a
potential into regions of strong nuclear de ormat1on has been
investigated [4,8]. The usually-accepted A2 dependence of the
geometrical parameters in the model has been studied by measuring
elastic scattering over a long isotopic sequence {10].

Recent measurements from Michigan State University at
En = 30 and 40 MeV [2,16] have generally confirmed and extended
the energy dependence of the potential parameters reported by
earlier investigators. Moreover, the variation of the volume
integral of the imaginary potential for “°Ca gives empirical
evidence of the predicted [17] but elusive imaginary part of the
Coulomb correction term [18].

In general, the recent work on elastic neutron scattering
at En > 20 MeV can be well described in terms of an optical
model potential with parameters which vary smoothly with energy,
isospin and mass number. However, there are several major gaps
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in the data. The odd-A nuclei have not been studied, and the
deformed nuclei have not received adequate attention in this
energy region. Furthermore, the 1ight nuclei need to be examined
in much greater detail. In Fig. 1 we present some recent measure-
ments of elastic scattering from %0 and 80 at 24 MeV [3]. The
solid lines are optical model fits to the data which are reason-
ably good except in the backward direction. When this potential
model is used to fit 14 MeV data from each isotope, the energy
dependence of the best-fit parameters is considerably faster

than we have observed with heavier nuclei.

Finally, it should be mentioned that little or no polari-
zation data exists for En > 20 MeV. Consequently, parameters for
the spin-orbit potential are borrowed from proton scattering. A
few well-selected polarization measurements would be needed to
establish the correctness of this practice.

INELASTIC SCATTERING"

Inelastic scattering of nucleons from nuclei tends to
populate selectively those final states which have strong collec-
tive properties. For closed shell nuclei, the collective states
are most simply described as vibrations of the nuclear density
about the spherical equilibrium shape, and the transition
strengths are characterized in terms of deformation parameters.
A microscopic description of these transitions would seek to
unfold the separate contributions of the target neutrons and
target protons to the collective vibration. These contributions
can be parameterized in terms of isoscalar and isovector defor-
mation parameters, 8g and B1, or in terms of the reduced proton
and neutron matrix elements, Mp and Mn. A complete description
of the process must take into account the competing effects of
shell closure and core polarization.

Information about isovector deformations has been difficult
to obtain, but a careful comparison of the differences between
proton and neutron scattering to the first 2* states in single-
closed-shell nuclei has yielded a consistent picture of the
process [19]. In Fig. 2 we compare neutron [3] and proton [20]
inelastic scattering to the 2* state at 1.98MeV in 180. Both sets of
data are described in terms of an isospin-consistent optical
model potential which fits the elastic scattering data of Fig. 1.
In Fig. 3 we show inelastic scattering cross sections to the
first 2t and 3~ states in S®Ni and $°Ni [7]. The corresPonding
elastic scattering is shown in Fig. 4. For the nucleus '°0 as
well as for the Ni isotopes the deformation parameters are
large enough that the coupled-channel Born Approximation (CCBA)
should be considered as well as the Distorted Wave Born Approxi-
mation in calculating the direct reaction cross section. Both
calculations fit the data rather well in all cases, but slightly
different parameters are required for the different calculations.
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Comparisons of the type shown in Fig. 2 have been carried out
for quadrupole-vibrational states in seven closed-proton-shell
nuclei (Z = 8,28,50) with the general result that the isovector
deformation parameter is substantially larger than the isoscalar
parameter: 280 < B8] £ 68pg. For closed-neutron shell nuclei [21]
the isovector parameter is smaller than the isoscalar parameter
and of opposite sign (81 ~ -0.68p). Both of these results are
in good accord with theoretical expectations [19,22].

While these results indicate that neutron inelastic
scattering cross sections cannot be accurately predicted from
proton scattering data alone, the effect is not large in some
cases. For example, within the accuracy of presently-available
measurements, no significant difference between the deformation
parameters derived from neutron and proton scattering has been
found for 3~ states for either the N = 50 or Z = 50 nuclei [23].
0f course, for T = 0 nuclei (!®0, *°Ca), and perhaps also for
doubly-closed-shell nuclei, neutron- and proton-induced defor-
mation should be the same; as far as we now know, they are [12].

Not all of the spectroscopic information discussed above was
obtained at En > 20 MeV. In fact there are excellent reasons [9]
for studying neutron inelastic scattering at En < 15 MeV not the
‘least of which is the better energy resolution of a time-of-
flight spectrometer. For light nuclei, however, freedom from
the compound-nucleus reaction mechanism is not obtained at lower
energies. For '®0 the neutron inelastic scattering measurements
at 24 MeV shown in Fig. 5 are probably a more reliable source of
deformation parameters than any of the published (p,p') measure-
ments which were performed at energies at which compound nuclear
resonances are prominent.

PROBLEMS AND PROSPECTS

Examination of Table I indicates that experimental studies
of neutron scattering at En > 20 MeV has been sharply focussed
on those few target nuclei that are not too difficult to study.
The Ohio University Tandem Van de Graaff produces an excellent
pulsed beam with burst duration of about 600 picoseconds FWHM,
yet it is difficult to obtain an overall spectrometer resnlution
ot much better than 700-800 keV (FWHM) for 26 MeV neutrons.
Since the first inelastic peak.in the spectrum is rarely more
than a foothill next to the elastic scattering peak, a statement
of AE (FW&M) might be more appropriate. In practice, the
measurement of inelastic scattering to the strong 2% state at
1.33 MeV in ®°Ni is close to the limit of our present technology.

For nuclear spectroscopy of the heavy nuclei it makes good
sense to lower the neutron energy to 10-11 MeV and enjoy an
energy resolution of 200-300 keV. For the data needs of the
fusion energy program and the neutron radiotherapy program and
for the spectroscopy of light nuclei, this solution is unaccept-
able. The nuclei of many important structural materials
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(27A1, 8248745, S6Fe, ©32850y) have excited states too close to
the ground state to be studied by presently available techniques.
A new time-of-flight spectrometer is being developed at Chio
University which should provide a workable solution to the
energy-resolution limitation. The system is based on the Michi-
gan State University.Beam Swinger Magnet which was used to obtain
the 30 to 40 MeV data cited in Table I. A single, well-shielded
neutron detector can be located at flight paths between 4 and
30 meters. Differential cross sections are measured by varying
the direction of the incident beam while leaving the position of
the detector fixed. Resolution should improve by a factor of
three to five, and new detector designs should help to keep the
data rate close to present values. Nonetheless, an experiment
such as 53Cu(n,n') will require about 300 hours of data acquisi-
tion time. It is, therefore, very important that a clear
statement of priorities emerge from meetings such as these.
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. TABLE I

Partial Survey of New Differential Scattering

Measurements Since 1977

Final States {J")
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Nuclide En (HMeV) Ref.
1% 40.0 ot MU 2

1% 24.0 ota,2" ohio, .3

18 28.0 0*,2},25.3 Ohio 3
284 20 ot 2t .. Ohio . 4

26 0 ohio - 4

2 2t ohio 5

30.3 o* Nsu 2

40 o* MSU 2

3% 20 o*,2; Ohio 4

21.5 0*,2},9" JAERI 6

26 o* ohio 4

26 2],25.3" ohio 5

30.3 o* MSU 2

10 o* Ml 2

40c, 20 0*.3 Ohio 4

26 0" Ohiv 4

30.3 ot MSU 2

' a0 n* Msti 2

By; 24 ot,2% 3 ohio 7

80 24 0*,2* 3" Ohio 7

92,96,98,100y, o* Ohio 8

116, 2 0*,2%,3 Ohio 9

118, 24 o' Ohio 10

1244, 24 ot Ohio 10

208py, 20 o Ohio 11
26 0*,37,5 ohio 11,12

30.3 ot sy 2

40 o MSU 2



Angle-Integrated Scattering Cross Sections

~ TABLE 11

for Resolved Final States
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Nuclide En J" Excitation Eneray . 2n[0(e) Sing de Uncertainty
(Mev) , . (mb)

16 24 0 0 1080 <53
¥ 6.13 57 20%
o 2t 6.92 “36- 20%
18, 24 o 0 1110 <5%
3 1.68 43 . 10%
2 3.92 9 50
3 5.09 37 12%
28 % o 0 1040 <5%
2 1.78 56 30%
32 % o 0 983 <5%
‘ 2 2.24 32 30%
2 4.29 16 303
. 3 5.01 26 40%
. By 24 o 0 1010 5%
ot 1.45 28 122
3 4.47 14 18%
60y 24 o 0 1067 <5%
' 2 1.33 33.3 16%
3" 4.05 14.4 12%
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NEUTRON INDUCED CHARGED PARTICLE REACTION STUDIES
AT OHIO UNIVERSITY

pord

G. Randers-Pehrson, R.W. Finlay, P. Grabmayr, V. Kulkarni,
R.0. Lane and J. Rapaport

Ohio University
Athens, Ohio 45701

ABSTRACT

We describe the Triplet Quadrupole Spectrometer
now in use at Ohio University, emphasizing particularly
those features which distinguish it from the similar
device at Lawrence Livermore Laboratory. We also
review the (n, charged particle) reactions presently
under investigation.

INTRODUCTION

A large solid angle Triplet Quadrupole Spectrometer (TQS) is
now in service at Ohio University. Combined with the pulséd beam
from our tandem Van de Graaff, it provides a means to study
charged particles emitted from materials under neutron bombard-
ment, The two major projects under way at present are the study
of biologically important elements for the National Cancer
Institute and the study of structural materials for fusion
reactors with support from the U.S. Department of Energy. We are
also considering ways to use the TQS in more fundamental studies
of nuclear structure and reaction mechanisms.

APPARATUS

The desigh of our spectrometer was inspired by the successful
operation of a similar instrument at the RTINS facility at
Lawrence Livermore Laboratory [1]. The general properties of
these devices and their experimental uses have been recently
reviewed by Laurént and Schapira [2). The essential purpose of
our TQS is to transport charged particles emitted from a target
bombarded by neutrons to a detector telescope located at the
focal point 3.4 meters away.
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We are presently using telescopes with either two or three
elements. A three element telescope is shown in Fig. 1. The
second and third elements comprise a traditional AE + E tele-
scope; typically a 30 um silicon detector followed by a 1000 um
stopping detector. The first element is an electron-emitting
foil and microchannel plate device more familiar to heavy ion
research [3]. The foil is a 6 pg/cm?® Formvar film [4] supported
on a 97 percent transmission tungsten grid which is mounted over
an aperture in a cylindrical segment electrode. The foil is
held at -4 kV and a second cylindrical grid 0.5 cm away is
biased to -2 kV. The 2 kV accelerating voltage directs the
electrons emitted from the foil radially inward to a chevron
channel electron multiplier (Galileo .Electro Optics Model 3025).

Signals from the telescope are amplified by standard NIM
electronics and then analyzed by the OUAL minicomputer [S5].
Electronic, 1og1c requires that signals be present in the AE
detector AND in either the channel plate or the stopping detector.
This logic allows an automatic switch-over of the gating detector
depending on whether the particle has long or short range.
Gating signals are generated with essentially 100 percent effi-
ciency for long range particles, whereas those particles which
stop in the AE detector can still be detected but at a lower
efficiency. The efficiency is limited by the small number of
electrons kinematically emitted by light ions. A beryllium-
copper alloy salvaged from the dynodes of a damaged phototube
was evaporated on the inside surface of the foil to enhance
electron emission. No improvement in efficiency was obtained
for several other surface treatment beyond the use of about
12 ug/cm of the Be-Cu alloy

For each event, the m1n1computer calculates a number pro-
portional .to the,partlcle mass using the energy signals and time
of flight measured relative to a capactive beam pick off in
the formula:

= (E + AE) * (TOF - TO)2

where T, is the time corresponding to the urrival ufl neutrons at
the sample. An example of the mass identification spectrum for
a thick target of enriched °Li metal is shown in Fig. 2. The
peaks shift less than 0.5 channels as the spectrometer bandpass.
for the protons is varied from 1.0 to 23 MeV. The excellent
mass resolution is not needed to separate real events from each
other but to reduce the background from neutron events for which
the energy in the detectors is not equal to the neutron energy.
Digital gates are set on each peak and separate spectra are
simultaneously accumulated for each mass number..

The energy dependence of the spectrometer solid angle is
measured together with the neutron flux using the thick-target
yield from polyethylene. The proton stopping power and H(m,p)
cross section are unfolded from the polyethylene measurement to
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obtain an acceptance function which is used to analyze spectra
from the targets of interest.

MEASUREMENTS

The first measurements completed on the TQS were for
reactions from neutron bombarding deuterium [6]). Elastic scat-
tering angular distributions were measured at 9 and 11 MeV by
observing the recoiling deutrons. Protons from deuterium
breakup by 11 and 25 MeV neutrons were also measured in the
region of enhancement by the final state interaction of the
(unobserved) neutrons., Analysis of the proton spectra using
three-body Faddeev equations is nearly complete,

Measurements for DOE sponsored study of structural materials
for fusion reactors.are in progress. One of the interesting
results from the Livermore TQS was the observation of large
cross sections for the production of low energy protons from
nuclei which have a neutron separation energv greater than that
for protons [7,1]. For these nuclei it is possible for inelastic
scattering to excite states for which proton emission competes
only with gamma-ray emission. We are presently studylng one of
those nuclei, namely °®Ni, in the region where the (n,np) channel
is just opening. Preliminary spectra of protons and alpha parti-
cles observed at 120° from 11 MeV neutrons on °®Ni are shown in
Fig. 3. Spectra have also been obtained at 8 MeV and at 0°, 60°
and 120°. At 8 MeV, which is below the threshold for (n,np), the
excess of low energy protons observed at 14 MeV is not seen. At
11 Mev, which is above the threshold, low energy protons are
present but are strongly. forward peaked--a surprising result if
the particles result from two steps of nuclear evaporation. It
is possible that the low energy protons result from 58Ni (n, )
induced by low energy neutrons from deutron breakup in D(d,n)
source reaction. Alternatlvely, they are due to quasi-elastic
(n,p) scattering or another direct process. These possibilities
will be examined in our next run using a dummy gas to produce a
breakup spectrum without the monoenergetic peak [8].

Another proiect which is ongoing is the studv of charged
particles emitted from blologlcally important materials under
the sponsorship of the National Cancer Institute. The angular
distribution of the, C(n ao)gBe has been m?asured at 9.3 MeVv
to compare with the inverse reaction. We have also observed the
continuum from FZC(n n'3a) from outgoing alpha particle energies
down to 1 MeV as shown for example from 10.5 MeV neutrons in
Fig. 4.

We are presently attempting to extend both the .°8Ni and !'3C
measurements above 20 MeV. We will refine our low energy
measurements and extend them to other nuclei of interest to DOE
and NCI.
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Centre d'Etudes de Bruyéres-le-Chitel
B.P. 561 : :
925642 MONTROUGE CEDEX, France

ABSTRACT

Cross sections for the (n,2n) reactions have been
measured between threshold and 15 MeV for about 50 ele-
ments and separated isotopes using the large gadolinium-
loaded -1iquid scintillator method and the 7 MV tandem Van
de Graaff accelerator of Bruyéres-le-Chitel as a pulsed
neutron source. The (n,2n) cross sections have been nor-
malized to the fission cross section of 238U ; they are
obtained with .a relative accuracy of 47 to 10%.

The systematic trends of the data obtained on series
of separated isotopes are discussed, and some comparisons
with statistical model calculations are présented.

INTRODUCTION

The large gadolinium-loaded liquid scintillator method has
been used for several years at Bruyéres-le—-Chitel to measure the
(n,2n) cross sections in the energy range from threshold to 15 MeV.
It relies on the direct detection of the emitted neutrons, and
therefore it can be used for any natural element or separated iso-
tope, whereas the more common activation method is limited to nu-
clides which leave a suitably active residual isotope.

The aim of this paper is to give a general outline of the ex-
perimental method and to present a comprehensive view of the data
obtained for more than 50 natural elements or separated isotopes.

EXPERIMENT
The method used to make the measurements is described in de-

tail in ref. [1]. A schematic of the experiment is shown in fig.-1.
A pulsed beam of neutrons was collimated and allowed to irradiate
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a sample placed at the center of a large gadolinium-loaded liquid
scintillator. A (n,2n) event occuring during a pulse was identi-
fied by two separate delayed pulses from the liquid scintillator.

Incident neutrons in the energy range from 6 to 15 MeV were
produced by the D(d, n) He reaction in a 10 cm long gaseous target
containing deuterium at a pressure of | atm. The deuteron beam was
provided by the 7 MV Van de Graaff tandem at Centre d'Etudes de
Bruyéres—le-Chitel. The neutron beam was collimated onto the sample
placed at the center of the detector, a distance of 2.5 m from the
neutron source,

The neutron detector is a large spherical tank containing 250
liters of a gadolinium-loaded liquid scintillator and surrounded by
12 photomultiplier tubes. Neutrons emitted hy the sample enter the
liquid where they are moderated and then captured by the gadolinium
nuclei. The neutrons spend an average time of 11 pus in the scintil-
lator before capture, and 957 of the captures occur within 30 us.
The scintillations caused by the resulting capture y-rays are
viewed by the photomultiplier tubes. The dead time of the elec~-
tronics was 120 ns, so that the captures could be counted individ-
ually. A (u,2u) event occuring during a neutron pulse was identi-
fied by the presence of two capture pulses within the following
30 us.

In the particular case of fissionable materials, fissions can
also be induced during the neutron pulses, yielding a number of
neutrons from 1 to about 10, which cannot be experimentally distin-
guished from those of (n,2n) or (n,3n) reactions.

However, events with more than 3 neutrons can only result from
fission in the incident neutron energy range below 15 MeV consid-
ered here. The total number of fissions can thus be calculated from
the distributions of events with more than 3 neutrons, by using the
fission neutron multiplicity distributions previously measured [2].
The number of fissions giving 2 or 3 neutrons can then be determin-
ed and subtracted from the observed rate, to give the true number
of (n,2n) and (n,3n) events.

The principle of the measurement limits the repetition period
of the neutron beam pulsing to 60 us in order to avoid problems
with overlaps. This requirement was met by chopping the deuteron
beam already pulsed conventionally at a repetition rate of 2.5 MHz
in suchaway as to keep 3 bursts 2 ns wide 400 ns apart every 60us.
This fine structure allows one to measure the incident neutron en-
ergy spectrum, and at the same time to maintain a sufficiently high
neutron flux.

The incident neutron energy spectrum measurement 1s necessary
to separate the monoenergetic neutrons from the D(d, n) He reaction
which induces the (n,2n) events from the low energy neutrons re-
sulting from the deuteron break up or (d,n) reactions on target
materials. In the case of fissionable materials, fission events are
also induced by the non-monoenergetic neutrons, and the apparent
fission neutron multiplicity distributions as well as the apparent
fission cross sections are determined using the measured energy
spectrum,
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The spectrum was measured by the time-of-flight technique
(fig.1), using a small liquid scintillator associated with a fast
photomultiplier tube located 1 m behind the large liquid scintil-
lator tank (4 m from the neutron target). The relative detection
efficiency was measured between 0.4 and 8 MeV relative to the 252cE
spontaneous—-fission energy spectrum and extrapolated to 15 MeV
using a Monte Carlo code calculation.

No attempt was made to measure absolutely the incident neutron
flux. In the case of fissionable materials, the method employed
gave directly the ratio of the (n,2n) or (m,3n) cross section to
the fission cross section. For the other nuclei, a run with a 238y
sample was included in every sequence, and the data were normal-
ized to the 238y fission cross section using the relative flux mea-
surement.

DATA REDUCTION

Details on the corrections and cross section derivation are
given in ref. [1]. The experimental data recorded for each run
consisted of the distribution of the number of events as a function
of the number of pulses counted. Five corrections were applied to
obtain the multiplicities of neutrons emitted by the sample :

- Subtraction of the detector background, measured with the

accelerator beam off.

- Correction for the detection dead time losses (dead time
120 ns).

- Multiple event correction : in some cases, the number of
scattered .neutrons was large enough that the probability of
two single neutron events produced by the same incident neu-
tron burst was not negligible compared to the number of
(n,2n) events.

— Efficiency correction. The detection efficiency ( ~v 757) was
measured relative to the average number of prompt neutrons
for the spontaneous fission of 232Cf (U, = 3.732 [3]). The
measured efficiency was corrected for tge difference in
energy spectra between the fission neutrons and the neutrons
from the (n,2n) reactions.

— Correction for events not induced in the sample, obtained
from a run with the sample out.

For 238U the resulting multiplicity distribution was used to
determine the number of fissions and of (n,2n) events as discussed
previously. For other nuclei, events with a multiplicity of 2 cor-
responded to the number of (n,2n) events and the cross section was
determined relative to the 23éU fission cross section using the
relative incident neutron flux measurement.

. UNCERTAINTIES

Two sources of uncertainties have been considered. The first
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one results from the statistical uncertainty in the measured dis-
tributions, which has been transmitted at each step of the correc-
tions. The statistical uncertainty in measuring the efficiency has
been included, but not the uncertainty in v, for the 252¢f standard.
An uncertainty of 107 has been assumed in tge correction for .the
difference in energy spectra for 252¢f fission neutrons and those
for (n,2n) reactions. »

The second source of uncertainty is connected to the normal-
ization procedure and results mainly from the uncertainties in the
fission neutron multiplicities for the neutron induced fission of

U used to determine the number of fission events, This part rep-
resents about 607 of the quoted uncertainties below 13 MeV .incident
neutron energy, and up to 80% at 15 MeV, and therefore introduces
strong correlatiuns between the measured cross sections. The uncer-.
tainty in the reference 238U fission cross section [4] has not been
included.

RESULTS AND DISCUSSION

More than 50 nuclei have been measured in the energy range
between threshold and 15 MeV since the first measurements - in 1973.
Partial results have been published [5-8]. The whole data have now
been reanalysed on a common basis for.corrections and normalization.
Complementary measurements were made on several nuclei. The resul-
ting (n,2n) and (n,3n) cross sections, normalized to the 238y fis-
sion cross section as evaluated by SOWERBY et al. [4], are presen-
ted in tables I to XI.

The- (n,2n) data on the natural elements Ti,. V, Cr, Fe, Cu, Ga,
Zr, Mo, W, Pt and Pb are given in tables I and II. For such direct
measurements on non monoisotopic elements, it is necessary to use
a method based on the direct detection of the emitted neutrons,
such as the large liquid scintillator method. As far as we .know,
the only published data are from LASL and were obtained for Ti, V,
Cr, Fe, Ni and Cu in the energy range from 14.7 to 2] MeV using a
technique very similar to the one presented here [9]. ¢
59 The (n,2n) data on the natural monoisotopic elements ~Sc,

Co, 89y, 93np, 103Rh, 1691y, 1751y, ]8]Ta, 197A4 and 209Bi are
given in tables III and IV. 1751y and !81Ta arc only the major
components of the natural elements. The measurements were made on
natural elements and slightly corrected for the contribution of the
other isotopes. The (n,2n) and (n,3n) cross sections for these
nuclei have now been measured on the wide energy range from thresh-
old to 24 MeV (28 MeV in several cases), using both the liquid
scintillator and the activation method. All the data tend to agree
quite well. A comparison of the most recent measurements is given-
in ref. [10].

The (n,2n) data for the even isotopes of Se, Nd Sm,forlSIEu,
for the main isotopes of Gd, W, T£ and Pb, and for 238U are given
in tables V to X. These measurements were made on separated iso-
topes and bring appreciable information on the multiple neutron
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emission mechanism. The data obtained for the Nd, Sm, Gd, W, TZ and
Pb isotopes and for 209Bi are plotted as a function of the mass
number A for different values of the excess energy Up above thres-
hold in fig. 2. .

For a given value of Ug, 0(n,2n) is on the average an increa-
sing function of A for each series of isotopes. For these nuclei,
which have generally an excess of neutrons relative to the valley
of stability, the binding energy of the last neutron decreases with
increasing N-Z. Thus' for constant Ug, the relative fraction of
phase space available for the primary neutron emission leading to
unbound states of the residual nucleus (secondary emission allowed)
versus that leading to bound states (secondary emission not al-
lowed) increases with N-Z, which qualitatively can explain the
observed behaviour. However this behaviour seems to be-also strong-
ly influenced by the level density distributions.

In fig. 2 are also plotted the results of a statistical model
calculation for the Nd and Sm isotopes [8]. The level density for-
malism from GILBERT and CAMERON [11].was adopted for the Nd isoto-
pes, giving a satisfactory overall fit to the experimental data.
However the same formalism failed in reproducing the experimental
data for the Sm isotopes, and in that case the formalism of
IGNATYUK et . al. [12] seems  to be more appropriate (fig. 2). Thus
the (n,2n) cross sections on series of isotopes appear to be very
sensitive to the local behaviour of the level density distribu-
tions. o . o .
For a given value of Ug, the cross sections measured for the
isotopes having an odd number of neutrons (}3564, ! 7Gd, 183y and
207pb) are generally lower than.those measured for the neighbouring
even. isotopes (fig. 2). A similar behaviour was obtained in' the
calculations. on Nd and Sm isotopes [8]. ) .

Strong shell effects are also observed for the.TL and Pb iso-
‘topes, and to a lesser extent for'209Bi, at excess energies lower
than 5 MeV.
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TABLE I

Experimental (n,2n) cross sections for the natural
elements Ti, V, Cr, Fe, Cu and Ga.

En (MeV) Ti (mb) V(mb) Cr (mb) Fe (mb) Cu (mb) | Ga (mb)
9.93 + 0,110 17 &£ 7
10.19 £ 0.105 11+ 1 26.+ 2 g+ 2
10.42 * 0.100 27 + 12
10.74 £ 0.095 18 £ 4 3t + 3 19+ 5
10.91 + 0.095 837+ 9
11.40 £ 0,090 | 35+ 3 15+ 2 51+ 3 76 + 5180 % 12
11.88 £ 0,085 ] 48 + 4| 70+ 7 65 + 51 48 * 6145 % 111303 + 19
12.12 £ 0,085 60 £ 5 :
12.36 £ 0,085 | 89 ¢+ 7 ]145 + 12 68 + 61100 91228 + 18 |431 ¢ 34
12.60 + 0,080 [ 129 £ 10 100 + 8
12.85 + 0.080 | 163 % 13 [242 = 19 (128 + 10 {188 % 14 | 336 + 26 | 546 + 42
13.33 £ 0,075 | 239 + 19 | 345 + 28 | 201 + 16 | 271 + 20 | 436 *+ 33 | 672 + 52
13.80 £ 0,075 [316 + 26 |433 £ 36 | 273 = 22 | 342 * 23 | 502 + 40 | 743 % 56
14,28 + 0,070 | 366 + 28 [ 499 + 35 | 344 + 25]392 + 32 | 550-+ 40 | 829 + 63
14,76 + 0.065 | 440 + 35 | 558 * 44 | 406 + 32 | 470 + 36| 628 + 48 | 854 + 65

TABLE 11
Experimental (n,2n)cross sections for the natural
elements 2r, Mo, W, Pt and Pb.
E (MeV). Zr Mo W Pt Pb
(mb) (mb) (mb) (mb) (mb)

7.41 £ 0.165 42 = 31

7.93 + 0.150 18 + 10 18 £+ 7 208 + 27 183 =+ 26 104 £ 15

8.18 + 0.145 385 + 22 +

8.44 * 0.135 65 .+ 9| 41 ¢ 7 | 588 *+ 46 359 ¢ 36| 299 * 23

8.69 +-0.130 758 £ 41

8.94 * 0.125 92 + 1)1} 104 2 1) 911 £ 55 ] 533 &+ 47} 530t 36

9.44 * 0.115 177 £ 14] 165 £ 10 1214 + 89 | 858 + 67 | 835 + 44

9.93 + 0.110 | 259 + 14] 305 ¢ 17 |1417 = 93 | 1102 *+ 93 (1044 * 54
10.19 £ 0.105 | 287 + 15} 382 + 21 1148 £ 59
10:42 % 0.100 . 1479 + 93 | 1274 = 83

10.74 £ 0.095 | 347 =+ 19] 530 * 30 ) Coe 1386 ¢+ 72
10.91 * 0.095 1618 + 94 | 1458 + 85

11.40 £ 0.090 | 44} * 24) 677 + 39 ] 1750 + 109 1562 + 97 | 1566 + 83
11.88 + 0.085 | 495 * 26| 796 + 61 {1787 + 112 |1738 + 109 } 1707 + 85
12.36 + 0.085 | 558 + 40| 885 + 68 | 1831 * 108 | 1782 + 104 | 1782 £ 129
12.85 *+ 0.080 | 658 + 47| 970 = 74 [1867 + 114 [1830 = 110 {1869 * 136
13.33 £ 0.075 793 % 58|1024 + 79 | 1899 + 100 | 1780 + 102 | 1924 % 143
13.80 + 0.075 ( 880 + 651043 + 85 {1868 * 101 | 1831 2 110 ) 196) * 154
14.28 + 0.070 | 946 + 67}1091 + 80 [ 1943 + 157 |1888 + 152 | 1953 £ 142
14.76 + 0.065 } 988 = 7411109 * 88 §1950 + 169 | 1941 £ 164 | 2006 * 156
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TABLE III

Experimental (n,2n) cross sections for I‘SSc, 59Co,
75As, 89Y,' 93Nb,and l03Rh.
E_ (MeV) ASSC 59Co 75As 89Y 93Nh I03Rh
- n (mb) (mb (mb) (mb) (mb) (mb)
9.44 + 0.115 . 44 £ 17 .
9.93 & 0.110 319 + 25 82 £ 12
10.42 * 0.100 . 493 + 37 293 = 23
10.91 * 0.095 16 £ 6 59 + 13 694 t 45 513 = 31
11.40 = 0.090 110 £ 10| 191 = 17 794 £ 52 703 t 46
11.88 + 0.085 : 216 + 17| 356 + 25| 49 + 8| 976 + 64 | 871 * 57
12.36 *+ 0.085 53+ 7 326 * 24| 554 * 45(188 * 131042 + 63 {1022 + 62
12.85 + 0,080 90 * 10 453 + 30| 707 + 55{395 + 21{1122 + 69 {1094 * 67
13.33 + 0.075 149 % 14 539 + 36 839 * 65585 + 41[1195 + 69 |1187 £ 65
13.80 + 0.075 |211 = 17 640 + 41| 909 * 70{748 *+ 36}1168.+ 70 {1223 . 72
14.28 * 0.070 250 = 21.{ . 997 + 771829 * 43}1270 *+ 98 [1311. .+ 99
14.76 * 0.065 [309 *+ 25 734 £ 5011091 £ 83]914 = 7311313 £ 99 |1340 £+ 99
TABLE IV
Experimental (n,2n) cross sections for ]69Tm, I75Lu,
. ]81Tay l97Au, and %OgBi.
E (MeV) 169Tm '|75Lu 181Ta l97Au 209Bi
. n (mb) (mb) (mb) (mb) (mb)

7.93 1 0.150 113 £ 13

8.44 * 0.135 60 + 31 192 + 32| 271+ 28 39 + 20 342 = 36

8.94 + 0.125{ 335 27 623 + 48] 709+ 47) 254 + 20| 730 £ 51

9.44 + 0,115} 875+ 87] 1092 + 108{1217 +112) 651 + 65| 1078 2 98

9.93 + 0.110[1102+ 69| 1309 + 83|1372+ 83] 905 + 57| 1415 =+ 86

10.42 % 0.110]1348 + 83| 1447 + 91[1518+ 9311138 £+ 72| 1598 + 96

10.91 + 0.095|1443 £ 103 1596 + 120{1581 +110(1360 = 97} 1710 + 119

11.40 *+ 0.090[1557 + 79} 1598 * 104{1653 +102|1511 + 76| 1768 *+ 108

11,88 + 0.085(1739 +101] 1777 + 10811778 +101(1726 *+ Y9 | 1884 * 106

12.36 + 0.085|1799 + 84) 1854 + 11911845+ 1111818 £+ 83| 1970 £ 117

12.85 + 0.080(1938 + 86| 1898 * 124{1935+ 117{1949 + 87 ] 2035 % 121

13.33 £ 0.075{1939+123) 1892 + 1241891+ 1191967 % 123 | 1964 % 122

13.80 + 0.075{1961 + 89| 1905 * 122|1920+ 118/2039 + 91 ] 2088 + 129

14,28 + 0.070}1845+ 95| 1932 + 1591900+ 15311936 + 97| 2014 * 163

14.76 *+ 0.065}1926+ 155| 1891 + 162}1856+ 15911935 *+ 155| 2018 * 170
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TABLE V

Experimental (n,2n) cross sections
the selenium isotopes.

for

E_ (MeV) 76 78 80 82
° @b | (ubf (mbS (mbS
9.93 £ 0.110 94 t 6
10.42 * 0.100 56 * 5] 281 16
10.91 + 0.095 15+ 5| 219 & 14| 451 * 26
11.40 + 0.090 130 2 9 391 % 24| 605 + 36
11.88 * 0.085 98212 ] 309 + 21| 547 36| 721 £ 44
12.36 + 0.085 | 213+24 | 461 + 38| 734 + 61| 868 * 68
12.85 + 0.080 | 368+36 | 618+ 50| 823 *+ 67 944 * 73
13.33 £ 0.075 | 520248 | 747 + 60| 922 + 73| 1048 * 80
13.80.+ 0.075 | 644 £56 | 886 + 69| 1023 + 81| 1044 + 80
14,28 + 0.070 [ 69960 | 897 + 70] 1008 * 79 1057 + 81
16,76 + 0,065 | 774 +65 | 951 + 74| 1043 £ 82 1101 * 84
TABLE VI
Experimental (n,2n) cross sections for
the neodynium isotopes.
142 144 146 148 150
A B i @l by (lS iy |
8.03 £ 0.145 , 151 £ 14| 304 £+ 20| 213 ¢+ 17
8.18 + 0.145. 127 + 14 | . ’
8.44 % 0,135 416+ 24| 590 £ 32| 533 ¢+ 30
8.59 + 0.130 291 ¢ 21
8.94 * 0.125 566 + 31 748 = 41] 985 £ 501 874 t 47
9,44 % 0.115 786 + 43 | 1008 * 5411139 £ 591119 £+ 59
9,93 % 0.110 1048 £ 56 ] 1203 £+ 65|1311 + 681235 =+ 69
10.42 = 0,110 | 194 = 17{1135 * 61" | 1303 + 70{1365 + 71/1388 + 73
10.91 % 0.095 | 411 + 26]1264 + 68 | 1458'+ 80|1469 * 78[1479 £ 79
11.88 + 0.085 | 862 = 66]1410 * 102 | 1601 * 116]1548 * 111[1650 + 118
12.85 + 0.080 |1318 + 98|1576 * 120 | 1741 + 128[16564 * 121(1791 % 130
13.80 = 0.075 |1564 + 118]1588 % 121 | 1832 + 137|1755 + 134[1861 + 139
14.28 + 0.070 11619 + 127 1668 + 133|-"
14.76 *+ 0.065 [1907 + 146[1713 = 137 | 1876 + 153{1700 + 142{1652 + 138
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TABLE VII

Experimental (m,2n) cross sections for the samarium
isotopes and for 151Eu.

148 150 ‘152 154 151

E, (MeV) (ab)" (aby" (ab)” (@by™ (@b}” |
8.44 * 0.135 122 £ 44 22 £ 14
8.59 + 0.130 143 £ 14 158 £ 15 31+ 14
8.94 £ 0.125 | 318 ¢ 20 373+ 24y 278 + 17 492 + 29{, 206 17
9.44 £ 0,115 600 = 34 637 + 37( 567 * 31 843 46 483 + 13
9.93 + 0.110 916 + 49 990 + 57| 933 + 49 (1070 = 61 725 £ 48
10,42 + 0.100 (1052 ¢+ 57 |1086 * 60{1093 *+ 58 [1259 + 68| 1007 + 59
10.91 * 0.095 |[1236 + 67 {1243 + 69[1271 + 68 1414 = 78| 1176 L 74
11.40 £ 0.090 . 1340 £ 78
11.88 £ 0.085 115102 110 §1418 + 10411458 + 104 (1619 = 1187 1476 + 86
12.36 + 0.085 1585 + 120
12.85 1 0.080 |i387 = 11b {1600 + 11911613 + 118 (1755 + 129] 1623 + 122
13.33 + 0.075 | . 1665 L 125
13.80 + 0,075 {1697 + 128 1756 + 134|1751 + 132 |1888 + 143] 1777 £ 140
14.28 * 0.070 1702 + 138
14.76 + 0.065 [ 1783 = 139 | 1876 + 148{1840 £ 143 (1958 + 156} 1752 + 145

TABLE VIII
Experimental (n,2n) cross sections for the gadolinium
isotopes.

- 155 156 157 158 160

Py MV (b (gbid (s’ @by @
6.89 * 0.185 30+ 19 106 £ 19
7.41 + 0,165 209 + 22 344 £ 26
7.93 + 0.150 513 ¢+ 33 681 + 43 109 2 14
8.44 + U.135 736 + 48 16+ 13| 976 + 60 89 + 14 502 £ 36
8.94 £ 0.125 920 + 64 37 £ 12]1133 + 81 418 + 34 857 + 66
9.44 + O,115] 1103 & 66 299 + 2511300 + 80O 775 + 52 |1146 + 74
9.93 + 0,110} 1257 + 87 649 + 53[1434 £ 100] 1079 + 80 {1363 + 99
10,42 + 0,100} 1410 = 8] 915 + 591524 + 90| 1233 + 76 |1431 x 88
10.91 + 0.095( 1514 + 89 |1138 + 72)1594 + 95| 1380 + 99 {1509 + 108
11.40 £ 0.090| 1563 + 98 1309 + 87[1672 + 106 1504 + 98 1624 + 105
11.88 + 0.085] 1622 + 90 |1428 + 83({1668 + 93| 1557 + 130 (1651 + 138
12.36 + 0.085] 1684 + 102 (1530 + 961718 + 106| 1610 + 100 |1735 + 107
12.85. + 0.080{ 1704 + 145 1592 + 136(1754 * 151 | 1689 + 143 1739 * 147
13.33 £ 0.075| 1747 + 125 {1659 + 119]1752 + 128 1735 + 121 {1758 + 127
13.80 + 0.075| 1768 + 146 |1661 + 1341830 + 154 | 1771 + 143 |1779 + 147
14.28 + 0.070| 1808 + 155 1766 + 1431817 + 161 | 1801 + 148 (1817 + 155
14.76 £ 0.065] 1843 + 163 (1730 + 14311820 + 169 1794 £ 150 {1712 * 151
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TABLE

Experimental (n,2n) cross
isotopes and for 238y,

IX

sections for the tungsten

182 183 184 186 238
Ey (eV) (mbf, (mhy (mby (mby (mby
6.89 + 0.185 233 * 39
7.41 2 0.165 597 + 30 50 + 29 604 * 54
7.67 £ 0.160 76 + 24 134 ¢ 17 811 *+ 62
7.93 + 0.150 944 + " 44) 148 £ 15 285 + 20 879 * 48
8.18 + 0.145 15+ 12| 1086 + 54| 318 + 22 514 £ 29 999 + 41
8.44 * 0.135 61 + 12| 1241 £+ 56j 509 + 28 691 + 37 |1072 £ 52
8.69 + 0.130 209 + 27 . 725 £+ 40 914 + 48 (1029 + 60
8.94 + 0,125 342 £ 21] 1432 & 63| 913 2 46 [1112 £ 56 {1156 * 42
9.44 = 0,115 687 + 40| 1535 £ 761241 = 66 |1321 * 69 [1171 * 46
9.93 + 0.110] 1085 = 58] 1671 * 82|1439 + 73 |1549 + 78 [1232 + 44
10.42 £ 0.100} 1293 = 67 - 1258 + 48 |-
10.91 + 0.095( 1503 = 77| 1788+ 80[1699 + 85 {1722 + 86 [1260 + 44
11.40 £ 0.090 . 1300 * 52
11.88 + 0.085| 1750 * 124{ 1855 + 132{1837 %+ 129 }1830 + 128 [1324 + 48
12.36 + 0.085 1313 *+ 66
12.85 *+ 0.080| 1869 * 136] 1867 * 1401905 + 138 [1927 + 138 [1272 + 56
13.33 *+ 0.075] 1887 % 136 1863 + 135[1889 + 135 {1925 + 135 {1134 £ 58
13.80 + 0.075] 1912 %= 141] 1870 + 140{1921 = 135 1897 *+ 144 925 + 54
14.28 *+ 0.070| 2030 = 157 1855 * 170(1950 .+ 158 1880 + 153 790 + 66
14.76 £ 0.065] 2017 *+ 150] 1855 + 1701851 + 152 |1785 + 149 642 * 64
TABLE X
Experimental (n,2n) cross sections for the thallium
and lead isotopes.
203, 205, 206 207 208.
Fo (Me) P @by (b} @b} (mb)
7.41 £ 0.165 21 + 18
7.93 + 0.150 198 + 18 80 + 10
8.18 + 0.145 301 + 24 162 + 13
8.44 + 0.135 39 + 10 109 + 22| 62 *+ 13 396 + 28 299 + 21
8.94 + 0.125 211 = 26 474 + 39| 225 + 20 670 *. 45 578 + 139
9.44 + 0.115 435 + 37 738 + 53| 476 * 33 976 + 63 897 + 59
9.93 £ 0.110| 714 = 56| 979 + 50| 758 + 50 |1161 + 74| 1122 = 72
10.42 £ 0.100] 1037 + 80| 1312 + 93]|1056 *+ 62 |1373 + 80| 1356 + 80
10.91 + 0.095]| 1216 + 71| 1421 + 811273 + 80 1533 + 95| 1493 + 94
11.40 £ 0,090 | 1489 = 90} 1576 + 95|1464 + 85 (1623 + 93| 1637 + 95
11.88 + 0.085 ] 1578 + 121 | 1660 + 117{1655 + 96 |1740 + 100| 1772 + 103
12.36 + 0.085 | 1655 = 121 | 1748 + 12711756 + 132 |1811 + 137 ]| 1776 * 135
12.85 # 0.080 ] 1750 + 128 | 1811 + 1321825 * 137 {1858 + 140 | 1865 + 142
13.33 £ 0.075 [ 1817 + 142 | 184] + 1461866 + 147 {1866 + 147 | 1877 + 148
13.80 * 0.075 | 1930 = 151 { 1878 + 1471864 * 147 {1971 * 161 | 1961 * 159
146.28 * 0.070 1977 + 159 |1888 * 1601 1937 *+ 162
14.76 * 0,065 | 1927 % 155 | 1841 * 148(1971 + 160 {1920 + 166 | 1971 + 168
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Experimental (n,3n) cross sections

TABLE XI

E (MeV) 146Nd |aaNd l>uNd 160Gd 184w 186w 238U

o (mb) (mb) (mb) (mb) (mb) (mb) (mb)
11.88 30+ 9
12.36 69 * 13
.12.85 . 9+ 3 172 + 24
13,33 295 £ 32
13.80 26 + 4 47 £ 5 9 + 3| 389 £ 36
14.28 | 64 + 6 : 10 = 4 58.+ 5] 500 £ 46
14.76 29 + 5 132 + 11 1248 + 18 53 + 6 22 & 4 145 £ 12| 568 £ 50
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Fig. 1 - Experimental set-up.

o{n,2n),barns

A

0.0 | L 1 ) | L 1 ] 1 41_J\,7l | 1 A1 |
142 146 150. 154 - 158 82 186 203 207

—

Fig. 2 - Experimental (n,2n) cross sections for the Nd, Sm,
Gd, W, TZ and Pb isotopes and for 2098 as a function
of the mass number A, for values of the excess energy
UR above threshold of 1,2,3,4 and 6 MeV, respectively
from bottom to top for each series of isotopes.

The curves with short dashes for Nd and Sm isotopes
were calculated using a statistical model.
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CROSS SECTIONS FOR- THE REACTIONS OF 9Be(n t,Y)
AND ! C(nnY) BETWEENl3OANDlSOMeV

Y. Hino, S. Itagaki gnd K. Sugiyama

Department of Nuclear Englneerlng
- Tohoku University '
‘Aoba, Aramaki, Sendai, Japan 980

ABSTRACT

The neutron induced cross sections of y-rays have: - -
* been measured for 0.478 MeV. from beryllium and L.43 MeV ~
from carbon in the region of neutron energies 13.0 to
15.0 MeV. The y-rays are observed with a Ge(Li) detector
placed at an angle of 90°. In order to produce neutrons, ' .
the T+d reaction has been used. The 0.478 MeV y-rays °
" from beryllium follows. the emission of triton leading to
the first excited state of 7L1. It is concluded that the-
cross section of %Be(n, tly) reaction shows -a flat behavior
over the neutron energies rather than the large resonance
near 13 MeV. The result for the 4.43 MeV y-ray from
carbon is in good agreement with previous data.

*INTRODUCTION

The cross sections for the %Be(n;t)7Li reaction is important
to estimate the tritium breeding rate in the blanket of fusion
reactors, but the detection of prdduced triton is very difficult
because of the large negative Q-value. The portion of ‘this cross
section, .which is expressed as Be(n,t,Y), can be measuréd by
detecting 0.L478 MéV y-rays from the first excited state of 714,

The previously published date for this reactlon have ‘'shown a large
discrepancy in the region of 1} MeV neutron energy. A pronounced
dip down to 10 .mb near 1&¥ MeV and a resonance peak of 21 mb at
13.5 MeV- have beer reported by Benveniste et al. [1]. On the other
hand, Dietric¢h et al. [2] have shown rather small and slight change
of the cross sections from 7.3 to 4.8 mb for the neutron energies
of 13.3 to 15.0 MeV. Drake et al. [3] and Perroud et al. [4] have
reported 8.8 mb at 1k.2 MeV and'5.52 mb at 13.99 MeV, respectively.
The present -measurement has been carried-out to solve this dlscrep—
ancy us1ng a Ge(Ll) detector w1th well defined geometry.

- 413 -



The result for the 4.43 MeV y-ray productien cross section
from carbon is also given for the sake of confirmation of present
measurements. .

EXTERIMENTAL FROCEDURES

B Monoenergetic neutrons from 13.0 to 15.0 MeV were produced
from the T(d,n)He reaction with accelerators of Tohoku University.
The 4.5 MV Dynamitron accelerator was used to obtain 13.0 and 13.5
MeV neutrons, and the 600 kV Cockcroft-Walton was used to generate
13.5, 14.0, 1k.5 and 15.0 MeV neutrons. The neutron flux at the
sample position was monitored by a. NE-213 liquid scintillation
detector with time-of-flight electronics at the Dynamitron, and
was also.monitored by detecting associated alpha particles with a
silicon surface barrier detector at the Cockcroft-Walton.: Further
details of these-systems have been reported elsewhere [5,6].

The sample of high purity beryllium metal or reactor grade
graphite was 5 cm in height and 5 em in dia. of right cylinder, and
was held with fine string. The y-rays due to the interactions of
the neutrons were measured with a 70 cm® Ge(Li) detector placed at
an angle of 90° in respect to the beam axis. The Ge(Li) detector
was housed in a carefully designed shielding assembly consisting
of lead, iron, -lithium-carbonate and water as shown in Fig. 1.

RESULTS AND DISCUSSION

The typical y-ray spectra for beryllium and carbon samples of
interest energy regions are shown in Figs. 2 and 3. The peaks of
0.478 and 4.43 MeV Y-rays are broadened by Doppler effect. Each
sample produces-a single line of y-ray, then y-ray spectra -of the
another sample give good-estimations-of background levels as shown
in Figs. 2-and 3. . : : .

Differential cross sections at 90° for the 9Be(n,t;Y) and
120(n,n'y) reactions have been obtained and listed in Table I.
The details of the data analysis and error estimations have been
presented elsewhere -[5,6]. The 0.478 MeV y-ray from the first
excited state of 7Li is emitted isotropically [1], so that the
total cross section for the 9Be(n,t1Y) reaction is obtained by
multiplying 47 to the above value. The total cross section is
shown in Fig. U4 together with the previous results. The present
results from two accelerators are connected smoothly at 13.5 MeV.
The values of Dietrich et al. [2] and Perroud et al. [4] are in good
agreement with the present data. The result of Benveniste et al.

(1] is considerably large, and that of Drake:et al. [3] is somewhat
large in comparison with the present result. The cause of these
discrepencies among previous data may be due to the inability to
resolve the 0.511 MeV undesired background with NaI(T1) detectors,
which have been used by Benveniste et al. and Drake et al.. It is
reasonable that the result of Perroud et al., which is obtained by
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detecting tritons with high resolution telescope counter, is in
good agreement with those of the present and Dietrich obtained
with Ge(Li) detectors.

The present measurement covers the excitation energy region
from 18.5 to 20.3 MeV in !0Be. It has been repoted [7] that a
350-keV-wide broad excitation level is located at 18.55 MeV
corresponding to the incident neutron energy of 13.04 MeV. The
effect of this level appears clearly in the result of Benveniste
et al., but is not clear in that of Dietrich et al.. The present
result shows that the cross section for this reaction is uninflu-
enced by this level. This fact reveals that the effect of this
level is weak, -and the cross ‘section curve would be decreased
monotonously to the threshold energy of 12.13 MeV.

The differential cross sections of y-ray production for the
12¢(n,n'y) reaction at 90° are shown in Fig. 5. The.present result
is in good agreement with the previous data [3, 8, 9] except for
those of Dickens et al. [10] which has been obtained with white
neutrons from an electron linac. .

As a conclusion, present result for the 9Be(n,tly) reaction
shows a gently rising cross section curve with neutron energy, and
is in good agreement with those of Dietrich et al. and Perroud et
al.. The absolute value of the present result is confirmed by the
measurement of 12C(n,n'y) reaction cross section, which is in good
agreement with those of previous.
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TABLE I
leferentlal Y-ray productlon cross sections for
the Be(n t,y) and 12C(n,n'y) reactions at 90°.
Reaction
Neutron 9Be(n,tly) 12¢(n,n'y)
Energy .
13.0 + 0.2 MeV ? 0.40 + 0.08 mb/sr | 12.1 + 1.9 mb/sr
13.5 + 0.2% 0.47 + 0.09 11.8 + 1.8
13.5 + 0.2° 0.38 + 0.06 12.% + 1.5
14.0 + 0.2° 0.49 + 0.06 12.5 + 1.5
14.5 + 0.2° 0.50 + 0.06 12.h + 1.5
15.0 + 0.2b 0.57 + 0.08 11.0 + 1.3

& Measured with the 4.5 MV Dynamitron accelerator

bMeasured with the 600 kV Cockeroft-Walton accelerator
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SCATTERING OF IO_MEV NEUTRONS BY SILICON

7 %
W. Pilz, D, Schmidt, D. Seeliger and T. Streil

Technische Universitat Dresden, Sekt. Physik, Dresden, GDR

ABSTRACT

Angular distributions for several neutron groups of
the 28-Si(n,n') reaction are measured at 10 MeV bombard-
-ing energy. The experimental data are analyzed by a
combined statistical and direct reaction model. The .
theoretical description gives information about exci-
- tation modes and strengths.

INTRODUCTION

A1l investigations of the 28Si(n,n') reaction done until now
were restricted to a narrow energy region between the energies 3
and 14 MeV. These experiments differ from each other with respect
to both the measuring technique and the model parameters of the
theoretical analysis used.

The present work has been started with the aim of analyzing on
a uniform theoretical basis, the reaction mentioned above in the
evergy range from 7 to 14 MeV. This reaction is known to be de-
scribed by an incoherent superposition of compound nucleus contri-
bution calculated by the Hauser-Feshbach formalism and a direct
reaction part (1). It is well known that a good agreement between
experimental points and theoretical curves can be obtained easily
for one incident energy by a convenient choice of model parameters.
But the theoretical description of experimental data, obtained
under the same conditions with a consistent set of parameters in a
wide energy range, is more attractive because this allows one to
get more information about the reaction mechanism. Furthermore,
such measurements are important for nuclear data collection and
evaluation.

The obJect1ves of the present work are the measurement and its
theoretical description at 10 MeV bombarding energy only. A more
complex interpretation for the proposed energy range will be re-
ported later.
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EXPERIMENTAL PROCEDURE

The elastic and inelastic differential neutron scattering
cross sections were measured with the tandem facility in the ZFK
Rossendorf. A deuterium gas target (2) using the D(d,n) reaction
was employed. The measurements were carried out with a computer-
coupled multi-angle TOF-detector system consisting of eight detec-
tors. The experiment is characterized by measuring angles between
15 and 160 degrees, an energy spread of 120 keV, average flight
paths of 3 meters and the angle uncertainty of + 3 degrees. Fig. 1
shows the complete system, a more detailed description is given in
Ref. 3.

As monitor, a ninth IOF-detector was included in the system
to reduce the dead time correction. Because the efficiency ratio
of monitoring and measuring detectors can be found with sufficient
accuracy (error less than 2%), for determination of the absolute
cross sections, only the relative efficiency function is necessary.
The angular distributions were measured in two independent runs at
15, 30, 50...150 and 20, 10, 60...160 degrees. Thae absolute cross
sections for each run were determined independently and are shown
in Fig. 2

The scattering sample consists of natural silicon with a cy-
Tindrical shape (3 x 3 cm?) and a weight of 43.53 g. The measured
cross sections were corrected for finite geometry and multiple
scattering, which are rather low for the chosen sample size. The
background from elastically scattered non-monoenergetic neutrons
of the source (2) have been taken into account for the calculation
of the cross sections of higher inelastic neutron groups using a
special computer code.

ANALYSIS OF THE .EXPERIMENTAL DATA

The elastic scattering is described as a sum of shape and
compound elastic parts (see also Fig. 2). The calculation of the
shape elastic contribution was performed with the spherical opti-
cal model (SOM) using parameters from.Ref. 1 with a slightly dif-
ferent spin-orbit term. The parameters were chosen to describe all
experimental cross sections in the full energy range as well as
poss1b1e. An optical parameter fit to our data at 10 MeV bombard-
ing energy agrees sat1sfactor11y with the parameter values of
Ref. 1.

The ca]cu]at1on of the compound reaction contribution 1’0|r"~
both the elastic and inelastic scattering are based on the statis-
tical model code ELIESE (4) which includes p- and alpha-channels.
In this code, transmission coefficients are calculated with the
same parameters as those used for the SOM. This code takes into
account discréte levels only. For higher energies, normalization
with results from statistical model code STAPRE (5) is necessary.
The code STAPRE gives angle-integrated cross sections only, but it
takes into account level densities for the unknown higher excited
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levels. The parameters used in the code STAPRE were adjusted to
reproduce the total cross sections. -

Almost the same parameters were used for calculations of the
direct reaction part with the coupled channels method (CC) in the
code CHUCK (6). Table I gives the parameters used for the SOM and
CC calculations. ' : :

The elastic scattering is described in the CC analysis also.
In this case the influence of the channel coupling on the elastic
channel is taken into consideration.

-In order to describe the inelastic scattering,.an incoherent
superposition of compound and direct reaction contribution was
carried out, where the second one is obtained from the collective
model with the coupled channels method.

Table 11 gives.the excitation modes and their parameters:used
in the CC-calculation with notation: 8. - monopole vibration, B8, -
quadrupole vibration etc. These paramgters result from the CC-
calculation to reproduce the shape and absolute magnitude of the
angular distributions as .seen in Fig. 2, and they are in good
agreement with results from other investigations.

The Hauser-Feshbach contribution is seen to be high for the
higher excited levels (3" and higher). The reason for this over-
ggtimat;on could be fluctuations in the compound level density of

Si (1).
Some details of these coupled channels calculations are of interest:

(1) The direct excitation of the 4; state from ground state is
rather small (order of 20%), i.e. multi-step processes
must be taken into account.

(2) The excitation of the 3t non~-normal parity state can be
understood as spin-flip process, the & = 2 transition con-
tributes mainly to the cross section (order of 90%).

{3) The contribution of the 2; state in the second rotational
band to the cross section is small, this level is coupled
only to its O3 “ground” state.

The ground state rotational band has oblate deformation as
compared to the second rotational band which has a prolate (“cigar”
shape) deformation.

Finally, it shoyld be noted that by an extension of our inves-
tigations into the energy range between 7 and 14 MeV, on a uniform
basis, more information about the behaviour of the reaction mech-
anism can be expected.
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TABLE I

Optical Model Parameters

Vy ry _av WS | re | 3 L
(MeV) | (fm) | (fm) | (Mev)| (fm) { (fm) | (Mev)
SOM | 52.0 1.15 0.78 12.1 1.25 0.47 9.0
Cc n i 1] 6.0 n " 0.0
39 T8 3 Tgo T T
TABLE II
Excitation mode and parameters of the first low-
lying states in 28Si (the group denotes those
lTevels which are coupled to the ground state
"~ and/or together in 3 different calculation runs)
level| group J" | excit. mode parameters
Lot
gse| .. O - By = -.48, By, = -0.15
+ : .
1 21 rot - o’ "
+ n
2 I 41 + [} "
2 3 vibr B, = +0.3
+ " ¥ -
4 o2 By +0.25
5 11 3 " By = +0.3
+
6 4, " B, = +0.6
R +
7 03 rot 82 = +0.5
8 ni| 2 vibr B, = +0.6
+ =
9 23 rot By = +0.§
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Figure 2. Angular Distributions of Elastic and Inelastic Neutron
with 10 MeV Incident Neutrons. The Experimental Cross
Sections (#) are shown with their Absolute Errors.(SOM-
Spherical Optical Model, CC-Coupled Channel, HF-Hauser-
Feshbach contribution). '
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