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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 dealing 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 
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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 valuable 

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 



LIST OF ATTENDEES 

R.G. Alsmiller, Jr., ORNL 
E.D. Arthur, LASL 
G.S. Bauer, KFA 
Z.W. Bell, ORNL 
M.R. Bhat, BNL 
C.D. Bowman, NBS 
D. Brenner, LASL 
J.C. Browne, LASL 
T.W. Burrows, BNL 
A.D. Carlson, NBS 
J.M. Carpenter, ANL 
L.L. Carter, HEDL 
R.E. Chrien, BNL 
S. Cierjacks, KFK 
J.J. Coyne, NBS 
R.Y. Cusson, Duke U. 
G.F. Dell, BNL 

^P.J. Dimbylow, NRPB 
M. Divadeenam, BNL 
D.G. Doran, HEDL 
C.L. Dunford, BNL 
M.W. Fanelli, BNL 
H. Farrar IV, RI 
A.T.G. Ferguson, AERE, Harwell 
R.W. Finlay, Ohio U. 
J.S. Fraser, CRNL 
J. Frehaut, BRC 
C.Y. Fu, ORNL 
R.C. Fuller, BNL 
D.G. Gardner, LLL 
M.A. Gardner, LLL 
A.N. Goland, BNL 
R. Gold, HEDL 
P. Grand, BNL 
L. Green, WF 
L.R. Greenwood, ANL 
H. Gruppelaar, ECN 
M.W. Guinan, LLL 
R.C. Haight, LLL 
L.F. Hansen, LLL 
D.W. Heikkinen, LLL 
M. Hi 11 man, BNL 
N.E. Holden, BNL 
R.J. Howerton, LLL 

D.L. Johnson, HEDL 
R.G. Johnson, NBS 
C. Kalbach, Duke U. 
W. Kato, BNL 
R.R. Kinsey, BNL 
D.W. Kneff, RI 
H.J.C. Kouts, BNL 
J.J. Kukkonen, BNL 
R.J. Labauve, LASL 
D.C. Larson, ORNL 
O.W. Lazareth, Jr., BNL 
J.R. Lemley, BNL 
B.R. Leonard, Jr., BNW 
P.W. Lisowski, LASL 
M.A. Lone, CRNL 
B.A. Magurno, BNL 
F.M. Mann, HEDL 
J.C. McDonald, Mem. Sloan-Kett. 
V.L. McLane, BNL 
S. Moore, BNL 
S.F. Mughabghab, BNL 
D.W. Muir, LASL 
D.R. Nethaway, LLL 
C. Nordborg, NEADB, Saclay 
B.D. Pate, U. BC 
S. Pearl stein, BNL 
R.W. Peelle, ORNL 
L.K. Peker, BNL 
F.G.J. Perey, ORNL 
C. Phil is, BRC 
T.W. Phillips, LLL 
H.G. Priesmeyer, U. Kiel 
A. Prince, BNL 
S.M. Qaim, KFA 
G. Randers-Pehrson, Ohio U. 
P. Rose, BNL 
G.J. Russell, LASL 
U. Salmi, Hebrew U. 
F.M. Scheffel, BNL 
R.E. Scbenter, HEDL 
A.B. Smith, ANL 
J.R. Stehn, BNL 
M.L. Stelts, BNL 
L. Stewart, ORNL 

- 3 -



LIST OF ATTENDEES (cont.) 

B. Strohmaier, IRK 
T.S. Subramanian, LBL 
H. Takahashi, BNL 
S. Tanaka, JAERI 
J.K. Tuli, BNL 
H. Vonach, IRK 
R.L. Walter, Duke U. 
P.G. Young, LASL 

- 4 -



WORKSHOP REPORTS 

Session Chairman: S. Pearlstein, BNL 

- 5 -



INTENSE HIGH ENERGY 

NEUTRON SOURCES AND THEIR CHARACTERISTICS 

C.D. Bowman, NBS - Chairperson 

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

D. Heikkinen, LLL 
R.G. Johnson-, NBS 
J.J. Kukkonen, BNL 
M.A. Lone, CRNL 
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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 simulate high energy neutron damage for fusion 

reactors has 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 damage 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 using the Davis cyclotron and the 

RTNS-II source. A number of 14 MeV neutron sources around the 

world have been directed toward the fusion data measurements. 
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Since 1977, the worldwide interest in powerful spallation 

sources for condensed matter studies has steadily increased, 

bringing increased needs for shielding data and for improved 

personnel dosimetry. These accelerators also make available 

intense high energy neutron beams 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. Perhaps 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 yield arid angular 

distribution over the full energy range has not been completed. 
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Perhaps for this reason the recommendation for use of a calibrated 

d+Li source for integral tests of activation cross sections has 

not yet been very well.followed. 

The 1977 workshop recommended the development of a small 

accurately .calibrated neutron detector with an efficiency of \% 

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 its universal 

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 behindi 

III. Present Status 

For neutron dosimetry the detailed.understanding of neutron 

irradiation experiments requires an accurate characterization of 

the neutron source environment for each experiment. This is 

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 
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helium accumulation measurements, is a proven technique, and can 

be applied to all neutron source facilities used for fusion 

materials testing. While a large 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,
1

 active, and calculational). Calcuiational 

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, and to 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 cross section measurements, some of 
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which will undoubtedly be defined as a result of FMIT experiments. 

Cyclotron-type neutron sources are well-suited 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 limitations. 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 
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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 reaction 

has significance for FMIT where air is in the accelerator vault 

and nitrogen is the tes1 ?ell atmosphere. Furthermore, one. would 

not expect to be able to calculate the cross section for this 

reaction very well. 

Suitable 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 source 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 increasing demand for slow neutron sources to 

be used in condensed matter research, biology, chemistry and 
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fundamental neutron physics. This is exemplified by the 

oversubscription of existing user-oriented high-flux sources (150$ 

at ILL-Grenoble). The sources with low-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 use of fissile material and heat dissipation is 

simpler because of the comparatively efficient mechanism of 

neutron production. Pulsed spallation neutron sources which are 

now available or under construction provide effective fluxes of 

thermal neutrons competitive with those of high flux reactors and 

have the prospect for producing orders of magnitude greater fluxes 

than, reactors. The uniquely high effective epithermal neutron 

flux already available is opening up new areas for study. 

With respect to fast neutron radiation effects facilities, 

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 all 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 low 

so that large samples can be investigated. This class of 

applications usually depends only on the time-average 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 used to 

generate these data with the proper pulse structure mode of 

operation. 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 magnitude 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 higlher thermal 

neutron fluxes than are now 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 level 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 

physics 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 between 

evaporation and high energy nucleon induced fission. 

In summary, an array of 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 characterizing these sources for maximum usefulness 

will be required. 

IV. Recommendations 

1. For irradiation dosimetry a trial spectrum derived by 

calcul'ational 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 is being 

used in transport calculations to answer design questions in the 

FMIT facility. For calculational dosimetry in the FMIT facility, 

improved accuracy will be needed and therefore, 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 establish 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 of high 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 A% from 0.5 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 accuracy. 

6. The characteristic.of a reference standard d+t 14 Mev 

neutron field or beam must be defined more carefully so that 

progress can be made in the establishment and use of such a field. 

7- The feasibility of using 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 less intense 

sources. 

9- Spallation sources should be used for studies of 

cross-sections important for neutrons transport and build-up in 

the thick shielding required for future more intense accelerator 

sources. 

10. Materials damage arising from the thermal cycling 

peculiar to spallation sources can and should be studied for 

future larger spallation sources. 

11. Improved measurements of high energy absolute neutron 

yields and spectra are required for spallation source 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 was strongly in the 

region below 15 MeV. Our workshop at the time, however, chose 

to address mostly the needs in the energy region above 15 MeV. 

At this meeting we hardly heard about the needs in the energy 

region below 15 MeV. Because of the construction of the Fusion 

Materials Irradiation Test (FMIT) Facility, the region of 

maximum importance has moved up for 10 to 15 MeV, where it used 

to be, to energies around 25 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 so 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 maiy not have changed 

much since the 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, 

but that very likely the broad recommendations reviewed in 1977 

are still applicable today for future fusion devices where 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 progress has been made in the 

differential data area since 1977. This was discussed also in 

the workshop, but several points were stressed that are worth 

noting in our report. The progress has been far from uniform. 

Little significant work has been done on the dosimetry cross 

sections about 10 MeV. At least none were reported at the 

meeting. Our recommendations of the last meeting seem to have 

had little effects in this area. Much of the work reported at 

this meeting on differential data above 10 MeV 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 facilities 

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 possibly 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 this 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 current trends are reversed. 

It is unfortunately an easily d.ocumentable 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 

prospects 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 should, 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 many 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 still essentially 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 our experimental and theoretical 

capabilities. We should therefore strive in our experimental 

programs for a proper balance between acquiring 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 

must 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. 
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A . Nondosimetry Cross Sections 

1. Hydrogen, helium, charged-particle production, and 

transmutation cross sections. 

In this area much progress has been made as we heard 

during the conference. Yet we think that all of the 1977 

recommendations are still valid today. They were: 

a) The likely improvements to the existing programs 

of measurements should be carried 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 well as to improve evaluated data files. 

dy Measurements of the charged particle production 

cross sections, spectra and angular distributions should be made 

on selected isotopes at a few energies between 15 and 50 MeV. 

The isotopic data should be used to check nuclear model 

calculations. 

e) For carbon, oxygen and nitrogen, more measurements 

should be made at more energies in the 15 to 50 MeV range. The 

nuclear models may not be appropriate for these light elements 

which are of crucial importance in neutron therapy. 

f) The feasibility of and need for measurements of 

other transmutation cross sections should be assessed. 
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^ g ) Pulsed white neutron sources between 15 and 40 MeV 

in the mesurement of the charged particle production cross 

sections should be considered. These sources would offer the 

possibility of measuring the cross sections over the entire 

energy 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 

measurers, 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 of some model 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 conference that some improved model calculations 

are now capable of reproducing these data well. This is 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 the 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 literature 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 
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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 ah 

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, i.e., U.S.A. character of 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 in 1977 very extensive and detailed 

recommendations concerning data for dosimetry. We felt then 

that such strong and detailed recommendations wiere needed and 

should 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 importance of detailed 

dosimetry for proper interpretation of radiation damage in an 

- 28 -



environment, such as provided by FMIT, and an increasing 

awareness of the importance of the correlations in the data, for 

adequate unfolding, very little 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 197 7, and possibly 

even more, that we do understand fairly well the problems of 

differential data measurements in this area. If little progress 

has been accomplished in the last 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 it right will impose severe limitations. We think that it 

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 area 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 spectra extend to about 50 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 lists are just indications of user needs. Direct contact 

must be made 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 community 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 studies as it 

allows the determination of the neutron exposure of the samples. 

In order to ensure that an adequate data base is• 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+Be 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 data. 

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

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 using 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, 0, 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 be remembered, 

includes not only (n,a) reactions but also such reactions as 

(n,na) and (n,an). 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 limitation 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 production 

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). 

Although 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, A 1 C u (next 

priority) C, Sn, Nb, and V (lowest priori;ty). 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 is 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, 0, 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 problem, 

activation;* cross sections play an important role not only in bulk 

shielding 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 experimental activation determinations, would be helpful. 

Other heeded 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 the recoil spectrum 

should provide strong guidance to the 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 (^21$), and (n,charged) particle (^20$) (20). 

Sensitivity studies in calculational dosimetry will provide 

guidance to evaluators, experimentalists, and model code users as 

to important reaction types 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 methods and data used in the calculational 

dosimetry. 

Progress has already been made. Greenwood (1 ) has shown the 

consistency 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 Saltmarsh 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 user 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 

59 
Co: (n,p) 

197
A
 . 
Au: (n,2n) 

54_ 
Fe: (n,P> 

5 6

F e : (n,t)* 

(n,p) 

6 0

N i : (n,p) 

(n,2n) (n,3n) 

(n,3n) (n,4n) 

(n,t)* (n,a) 

(n,He) 

(n,2n) (n,3ti) 

(n,t)* (n,He) 

(n,4n) (n,He)
+ 

(n,He)
+ 

(n,He)
+ 

(n,He)
+ 

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

+ includes (n,ot), (n,an), (n,na), (n,n2a), etc. 
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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 of 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 continuous energy data sets, based on optical model 

and intranuclear cascade calculations. 

A number of new measurements of importance were reported . at 

this symposium, however, that have not been incorporated into 

evaluations. A frequently expressed concern at the workshop 

regarded the incorporation of new experimental data into the 

evaluation process. While such data sre useful in themselves, it 

is only through the evaluation process that the experiments can be 

fully exploited. In particular, since current experimental 

techniques are not able to provide all the needed data, it is 

necessary to use model calculations to fill gaps and to supply 

much of the energy-angle data that has been requested. The most 

reliable model calculations are those which simultaneously 

reproduce in a consistent manner all available experimental data 

for a nucleus. Such analyses serve to improve the reliability of 

calculated cross sections in regions where experimental data do 

not exist, and therefore extend the usefulness of measurements far 

beyond their original scope. It was the feeling of the group that 

insufficient emphasis is being given to such analyses. 

Another area of concern expressed at, this meeting was a 

desire for better communication 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. 

Frequently one 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 I 

gives the lead, evaluator and laboratory for each of the materials 

contained in ENDF/B-V. 

Ill. Nuclear Model Improvements and Remaining Problems 

The primary nuclear models applicable, to nuclear data 

problems in the 10-50 MeV region are the . multistep 

Hauser-Feshbach, precompound, direct reaction, and intranuclear 

cascade/evaporation models. Several computer codes that implement 

one or more of these models are described in the symposium 

proceedings.and are summarized in Table II. 

While a number of deficiencies remain in. nuclear model 

capabilities, several improvements have occured over the past 

three years. The sections below summarize some of the 

developments and list 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 r i g o r o u s theoretical approach appears to be complex. As a 

first step, parameters 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 Continuum 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 level densities other than the Gilbert-Cameron 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 systemutics 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 such 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 range 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 

pro ton-production'calculations. 

IV. Additional Recommendations 

A. While 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 Microscopic 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 MeV 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 

damage studies. Additionally we recommend that the problem of 

energy balance, which was noted at this meeting, be brought to.the 

attention of CSEWG 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 calculations with different models such as the 

intranuclear cascade and multistep Hauser-Feshbach models. . 

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 specification 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 fixes 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 important for defining nuclear model parameters, in 

higher energy calculations. 

G. Examples were given at this symposium of cases where 

global optical parameter sets resulted in very poor calculated 

total cross sections at higher energies.' Care should be taken in 

all model calculations to ensure that the parameters being used 

are appropriate for the specific nuclei.and energy ranges being 

studied. 

H. Nuclear model calculations for light 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 Al-27. This 

- 49 -



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 su.ch 

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 include 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 cross sections, elastic scattering angular 

distributions, elastic or nonelastic cross sections, hydrogen and 

helium production cross sections, and important dosimetry and 

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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ENDF/B-V 'LIBRARY 

z E L A M A T S P E C I F I C A T I O N 

N O . 

1 • -H - 1 1 3 0 1 M e u t . • g a m m a p r o d , • e r r o r 

1 • -H - 2 1 3 0 2 N e u t r o n + g a m m a p r o d u c t i o n 

1 -•H - 3 1 1 6 9 N e u t r o n + d e c a y d a t a 

2-- H e - 3 1 1 4 6 N e u t r o n c r o s s s e c t i o n s o n l y 

2-• H e - 4 1 2 7 0 M e u t r o n c r o s s s e c t i o n s o n l y 

3-- L i - 6 1 3 0 3 N e u t . + g a m m a p r o d , . e r r o r 

3- L i - 6 6 4 2 4 N e u t r o n * e r r . f i l e s 

3- L i - 7 1 2 7 2 N e u t r o n * g a m m a p r o d u c t i o n 

4 - B e - 9 1 3 0 4 N e u t r o n * g a m m s p r o d u c t i o n 

5-•B - 10 1 3 0 5 N e u t . • g a m m a p r o d . + e r r o r 

5-•B - 10 6 4 2 5 N e u t r o n + e r r . f i l e s 

5-•B - 11 1 1 6 0 N e u t r o n c r o s s s e c t i o n s o n l y 

6-•C - 0 1 3 0 6 N e u t . • g a m m a p r o d . + e r r o r 

7 -•N - 14 1 2 7 5 N e u t . + g a m m a p r o d . + e r r o r 

7-•N - 15 1 3 0 7 N e u t r o n * g a m m a p r o d u c t i o n 

B- 0 - 16 1 2 7 6 N e u t . • g a m m a p r o d . * e r r o r 

B- 0 - 1 7 1 3 ' 7 N e u t r o n c r o s s s e c t i o n s o n l y 

9 - F - 1 9 1 3 0 9 N e u t . * g a m m a p r o d , . e r r o r 

1 1 -N a - 2 3 1 3 1 1 N e u t . ( R P ) * g a m m a p r o d , -terror 

1 1 -N a - 2 3 6 3 1 1 N e u t . ( R P ) » e r r . f i l e s 

1 2- M g - 0 1 3 1 2 M e u t r o n » g a m m a p r o d u c t i o n 

1 3 - A l - 2 7 1 3 1 3 N e u t . * g a m n a p r o d , . e r r o r 

1 3 - A l - 2 7 6 3 1 3 N e u t r o n . e r r . f i 1 e s 

1 4 - S i - 0 1 3 1 4 N e u t . . g a m m a p r o d , . e r r o r 

1 5 - P - 31 1 3 1 5 N e u t r o n * g a m m a p r o d u c t i o n 
1 6 - S - 3 2 1 3 1 6 N e u t r o n * g a m m a p r o d u c t i o n 

1 7 - C l - 0 1 1 4 9 N e u t r o n * g a m m a p r o d u c t i o n 

1 9 - K r 0 11 5 0 N e u t r o n • g a m m a p r o d u c t i o n 

2 0 - C a - 0 1 3 2 0 N e u t r o n + g a m m a p r o d u c t i o n 

21 - S c - 4 5 6 4 2 6 N e u t . ( R P ) * e r r . f i l e a 
2 2 - T l - 0 1 3 2 2 N e u t r o n * g a m m a p r o d u c t i o n 

2 2 - T i - 4 6 6 4 2 7 N e u t r o n * e r r . f l l e s 

2 2 - T i - 4 7 6 4 2 8 N e u t r o n . e r r . f i l e a 
2 2 - T i - 4 0 6 4 2 9 N e u t r o n * e r r . f 1 1 e s 

2 3 - V - 0 1 3 2 3 N e u t r o n . g a m m a p r o d u c t i o n 

2 4 - C r - 0 1 3 2 4 N e u t . ( R P ) • g a m m a p r o d , . e r r o r 

2 5 - M n - 5 5 1 3 2 5 N e u t . ( R P ) • g a m m a p r o d . * e r r o r 

2 5 - M n - 5 5 6 3 2 5 N e u t r o n * e r r . f i l e a 
2 6 - F e - 0 1 3 2 6 N e u t . ( R P ) • g a m m a p r o d , . e r r o r 

2 6 - F e - 5 4 6 4 3 0 N e u t r o n . e r r . f i l e a 
2 6 - F e - 5 6 6 4 3 1 N e u t r o n + err-. f i l e s 
2 6 - F e - 5 8 6 4 3 2 N e u t . ( R P ) * e r r . f i l e s 

2 7 - C o - 5 9 1 3 2 7 N e u t r o n ( R P ) ' g a m m a p r o d u c t i o n 

2 7 - C o - 5 9 6 3 2 7 N e u t . ( R P ) + e r r . f i l e a 
2 8 - N i - 0 1 3 2 8 N e u t . ( R P ) • g a m m a p r o d , . e r r o r 
2 8 - H i - 5 8 6 4 3 3 N e u t r o h . e r r . f i l e s 
2 8 - N i - 6 0 6 4 3 4 N e u t r o n * e r r . f i 1 e s 

2 9 - C u - 0 1 3 2 9 N e u t r o n ( R P ) ' g a m m a p r o d u c t i o n 

2 9 - C u - 6 3 6 4 3 5 N e u t . ( R P ) » e r r . f i l e s 

2 9 - C u - 6 5 6 4 3 6 N e u t r o n ' e r r . f i l e s 

TABLE I (cont.) O c t . 1 9 7 9 

N O . L A B O R A T O R Y R E F E R E N C E D A T E A U T H O R 

C A R D S 

5 1 3 L A S L L A - 4 5 7 4 ( 1 9 7 1 ) J A N 7 7 L . S T E W A R T , R . J . L A B A U V E , P . C . Y O U N G 

. 9 0 9 L A S L L A - 3 2 7 1 ( 1 9 6 8 ) J A N 7 7 L . S T E W A R T ( L A S L ) A . H O R S L E Y ( A W R E ) 

8 4 9 L A S L L A - 3 2 7 0 ( 6 5 ) U P D A T E 6 7 O C T 7 4 L E O H A S T E W A R T 

4 0 5 L A S L N O P U B L I C A T I O N J U N 6 8 L E O N A S T E W A R T ( L A S L ) 

4 2 9 L A S L N O P U B L I C A T I O N 0 C T 7 3 N I S L E Y , H A L E , Y O U N G ( L A S L ) 

2 5 8 4 L A S L S E P 7 7 G . H A L E , L . S T E W A R T , P . G . Y O U N G 

1 9 9 L A S L D E C 7 8 L . S T E W A R T , G . H A L E , P . Y O U N G 

6 8 0 L A S L 0 C T 7 2 R . J . L A B A U V E , L . S T E W A R T , M . B A T T A T 

2 7 5 8 L L L 0 C T 7 6 H O W E R T O N , P E R K I N S 

3 5 3 9 L A S L J A N 7 7 G . H A L E , L . S T E W A R T , P . Y O U N G 

1 7 9 L A S L J A N 7 9 L . S T E W A R T , G . H A L E , P . Y O U N G 

1 0 1 4 G E - B N L N 0 V 7 4 C . . C O W A N 

2 6 3 4 O R N L I N D C ( F / R ) - 7 / L J A M 7 7 C . . Y . F U A N D F . G . P E R E Y 

6 1 0 9 L A S L L A - 4 7 2 5 ( 1 9 7 2 ) J U N 7 5 P . Y O U N G , D . F O S T E R , J R . , G . H A L E 

3 8 1 3 L A S L M A R 7 7 E . A R T H U R , P . Y O U N G , G . H A L E 

6 0 4 8 L A S L L A - 4 7 8 0 ( 1 9 7 2 ) J U N 7 5 P . Y O U N G , D . F O S T E R , J R . , G . H A L E 

8 2 9 B N L J A N 7 8 B . A . M A G U R N O 

4 7 3 9 O R N L D E C 7 6 C . Y . F U , D . C . L A R S O N , F . G . P E R E Y 

4 3 6 1 O R N L D E C 7 7 D . C . L A R S O N 

1 8 0 O R N L D E C 7 7 D . C . L A R S O N 

4 6 0 1 O R N L F E B 7 8 D . C . L A R S O N 

6 1 0 1 L A S L L A - 4 7 2 6 ( 1 9 7 3 ) . A U G 7 7 P , G . Y O U N G , D . G . F O S T E R , J R . 

1 8 3 L A S L L A - 4 7 2 6 ( 1 9 7 3 ) . A U G 7 7 P . i G . Y O U N G , D . G . F O S T E R , J R . 

1 2 7 3 0 O R N L D E C 7 6 L A R S O N , P E R E Y , D R A K E , Y O U N G 

9 3 7 L L L U C R L 5 0 4 0 0 V 0 L 1 5 ( E ) 0 C T 7 7 H O W E R T O N 

9 5 9 L L L U C R L 5 0 4 0 0 V 0 L 1 5 ( E ) 0 C T 7 7 H O W E R T O N 

3 7 1 2 C C A C A - 7 8 2 9 V O L - 4 ( 1 9 6 7 ) F E B 6 7 H . . S . A L L E N A N D N . K . D R A K E 

3 8 5 2 C C A G A - 7 8 2 9 V O L - 5 ( 1 9 6 7 ) F E B 6 7 H . K . D R A K E 

5 9 1 2 O R N L A D N D T 1 7 ( 1 9 7 6 ) 1 2 7 . 0 C T 7 6 C . Y . P U A N D F . G . P E R E Y 

2 7 9 B N L J U L 7 9 M A C U R N O A N D M U C H A B C H A B 

5 3 8 0 B U R A N L L L L A N L / N D H - 2 8 , 1 9 7 7 A U G 7 7 C . P H I L I S , A . S M I T H , R . H O W E R T O N 

6 0 A N L J A N 7 7 C . P H I L I S . O . B E R S I L L O N , D . S M I T H , E T C . 

8 7 A N L J A N 7 7 C . P H I L I S . O . B E R S I L L O N , D . S M I T H , E T C 

8 6 A N L J A N 7 7 C . P H I L I S . O . B E R S I L L O N , D . S M I T H E T C . 

2 3 3 5 A N L L L L H E D L A N L / N D H - 2 4 , 1 9 7 7 J A N 7 7 A . S H I T H + . H . H O W E R T O N , F . M A N N . 

1 3 3 4 7 B N L D E C 7 7 A . P R I N C E A M D T . W . B U R R O W S 

2 8 3 6 B N L K A R 7 7 S . F . M U G H A B G H A B 

6 3 B N L H A R 7 7 S . F . M U G H A B G H A B 

8 8 6 1 O R N L O R N L - 4 6 1 7 ( 1 9 7 0 ) 0 C T 7 7 C . Y . F U A N D F . G . P E R E Y 

7 9 H E D L J U N 7 9 R . S C H E N T E R F . S C H N I T T R O T H F . M A N N 

1 0 8 O R N L J U L 7 8 C . Y . F U 

1 5 8 H E D L J U N 7 9 R . S C H E N T E R F . S C I I M I T T R O T H F . M A N N 

3 2 7 9 B N L J U N 7 7 S . M U G H A B G H A B 

3 6 3 B N L J U N 7 7 S . M U G H A B G H A B 

9 1 7 1 B N L ( N N D C ) H A R 7 7 M . D I V A D E E N A M 

1 2 7 B N L H A R 7 7 M . D I V A D E E N A M 

7 0 B N L H A R 7 7 M . D I V A D E E N A M 

3 6 8 1 O R N L , S A I - D N A - 3 3 5 6 F ( 1 9 7 4 ) M A R 7 8 F l 1, D R A K E , F R I C K E 

2 9 5 O R N L J U L 7 8 C . Y . F U 

9 5 O R N L J U L 7 8 C . Y . F U 



ENDF/B-V 'LIBRARY TABLE I (cont.) O c t . 1 9 7 9 

Z E L ' A . M A T S P E C I F I C A T I O N N O . L A B O R A T O R Y R E F E R E N C E D A T E 

N O . C A R D S . 

3 6 - K r - 7 8 1 3 3 0 N e u t r o n c r o s s s e c t i o n s o n l y ( H P ) 1 0 6 1 B N L D E C 7 8 

3 6 - K r - 8 0 1 3 3 1 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 0 0 7 B N L D E C 7 8 

3 6 - K r - 8 2 1 3 3 2 R e u t r o n c r o s s s e c t l o n s * o n l y ( R P ) 1 0 3 9 B N L D E C 7 8 

3 6 - K r - 8 3 1 3 3 3 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 0 6 4 B N L D E C 7 8 

3 6 - K r - 8 4 1 3 3 4 N e u t r o n c r o s s s e c t i o n s o n l y ( H P ) 8 6 6 B N L A P R 7 8 

3 6 - K r - 8 6 1 3 3 6 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 8 6 7 B N L J U N 7 5 

4 0 - Z f - 0 1 3 4 0 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 8 0 7 S A I E P R I N P - 2 5 0 A P R 7 6 

4 0 - Z r - 9 0 1 3 8 5 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 1 0 3 S A I E P R I N P - 2 5 0 A P R 7 6 

4 0 - Z r - 91 1 3 B 6 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 3 1 3 S A I E P R I . N P - 2 5 0 A P R 7 6 

4 0 - Z r - 9 2 1 3 8 7 N e u t r o n c r o s s - s e c t i o n s o n l y ( R P ) 1 1 5 7 . S A I E P R I N P - 2 5 0 A P R 7 6 
4 0 - Z r - 9 4 1 3 8 8 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 2 2 8 S A I E P R I N P - 2 5 0 A P R 7 6 

4 0 - Z r - 9 6 1 3 8 9 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 0 4 7 S A I E P R I N P - 2 5 0 A P R 7 6 

4 1 - N b - 9 3 1 1 8 9 N e u t r o n ( R P ) * g a n m a p r o d u c t i o n 2 1 4 4 A N L . L L L H A Y 7 4 

4 2 - H o - 0 1 3 2 1 N e u t r o n ( R P ) + g a m m s p r o d u c t i o n 1 8 2 1 L L L . H E D L F E B 7 9 

4 3 - T c - 9 9 1 3 0 8 N e u t . ( R P ) • d e c s y d s t s 8 2 3 H E D L . B A W N 0 V 7 8 

4 5 - R h - 1 0 3 1 3 1 0 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 9 5 5 H E D L . B A W H 0 V 7 8 

4 7 - A g - 1 0 7 1 3 7 1 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 8 7 4 . H E D L , B N L N O V 7 8 
4 7 - A g - 1 0 9 1 3 7 3 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 8 0 7 H E D L , B N L N O V 7 8 
4 8 - C d - 0 1281. N e u t r o n c r o s s s e c t i o n s o n l y 2 4 6 5 B N L R 0 V 7 4 

4 8 - C d - 1 1 3 1 3 1 8 N e u t . ( t l P ) » d e c e y d a t a 5 6 2 B N L , H E D L N 0 V 7 8 

4 9 - I n - 1 1 5 6 4 3 7 N e u t . ( R P ) * e r r . T 1 l e s 3 0 2 H E D L / A N L J A N 7 8 

5 3 - 1 - 1 2 7 6 4 3 8 R e u t r o n » e r r . f i l e s 7 4 S T A N F O R D A U G 7 2 

5 4 - X e - 1 2 4 1 3 3 5 N e u t r o n c r o s s . s e c t i o n s o n l y ( R P ) 7 1 4 B N L H A R 7 8 

5 4 - X e - 1 2 6 1 3 3 9 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 7 1 8 B N l H A R 7 8 

5 4 - X e - 1 2 8 1 3 4 8 R e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 6 8 4 B N L H A H 7 8 

5 4 - X e - 1 2 9 • 1 3 4 9 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 8 4 5 . BN1- H A R 7 8 

5 4 - X e - 1 3 0 1 3 5 0 R e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 7 8 4 . B N L M A R 7 8 

5 4 - X e - 1 3 1 1 3 5 1 N e u t r o n c r o s s s e c t i o n s o n l y ( R P
V

) 8 1 8 B N L M A R 7 8 

5 4 - X e - 1 3 2 ' 1 3 5 2 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 6 9 4 B N L N A R 7 8 

5 4 - X e - l 3 4 1 3 5 4 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 6 5 6 B N L H A R 7 8 

5 4 - X e - 1 3 5 1 2 9 4 N e u t r o n » d e c a y d a t a 8 5 3 B N W P R I . C O N . J U N E , 1 9 6 7 H A Y 7 5 

5 4 - X e - 1 3 6 1 3 5 6 N e u t r o n c r o s s s e c t i o n s o n l y 6 5 4 B N L H A R 7 8 

5 5 - C s - 1 3 3 1 3 5 5 . N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 8 6 1 H E D L , B N L N 0 V 7 8 

5 6 - B a - 1 3 8 1 3 5 3 N e u t r o n • g a n a a . p r o d u c t i o n 1 0 9 8 L L L U C R L - 5 0 4 0 0 V O L . 1 5 A U C 7 8 

6 2 - S n - 1 4 9 1 3 1 9 N e u t . ( R P ) » d e c a y . d a t a 1 6 0 6 H E D L , B N W N 0 V 7 8 

6 3 - E u - 1 5 1 1 3 5 7 N e u t r o n ( R P ) » g a n i s a p r o d u c t i o n 1 8 5 3 B N L D E C 7 7 

6 3 -E U T 1 5 2 1 2 9 ? N e u t . ( H P ) » d e c a y d a t a . 3 2 ' 1 B N L J U N 7 5 

6 3 - E u - 1 5 3 1 3 5 9 N e u t r o n ( R P ) * g a n « a p r o d u c t i o n 2 0 3 6 B N L F E B 7 8 

6 3 - E u - 1 5 4 129.3 N e u t . ( R P ) » d e c s y d a t a 2 4 2 8 B N L J U N 7 5 

6 4 - G d - 1 5 2 1 3 6 2 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 4 0 5 B N L J A N 7 7 

6 4 - G d - 1 5 4 1 3 6 4 . N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 4 5 9 B N L JAN.77 

6 4 - G d - 1 5 5 1 3 6 5 N e u t r o n c r o s s . s e c t i o n s o n l y ( R P ) 1 5 5 4 B N L J A N 7 7 

6 4 - G d - 1 5 6 1 3 6 6 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 4 4 7 B N L J A N 7 7 

6 4 - G d - 1 5 7 1 3 6 7 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 4 8 8 B N L J A N 7 7 

6 4 - G d - 1 5 8 1 3 6 8 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 4 7 6 B N L J A N 7 7 

6 4 - G d - 1 6 0 1 3 7 0 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 2 2 3 B N L J A N 7 7 

6 6 - D y - 1 6 4 1 0 3 1 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 2 7 1 B N W P R I . C O M H . J U N E , 1 9 6 7 J U N 6 7 

7 1 - L u - 1 7 5 1 0 3 2 R e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 0 6 9 B N W P R I . C O N M . J U N E , 1 9 6 7 J U N 6 7 

7 1 - L u - 1 7 6 1 0 3 3 N e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 1 3 9 B N W P R I . C O M M . J U R E , 1 9 6 7 J U R 6 7 

- 7 2 - H f - 0 1 3 7 2 H e u t r o n c r o s s s e c t i o n s o n l y ( R P ) 1 0 6 9 S A I , E P R I R P - 2 5 0 AI.!76 

A . P R I N C E 

A . P R I N C E 

A . P R I N C E 

A . P R I N C E 

A . P R I N C E 

A . P R I N C E 

H . D R A K E 

M . D R A K E 

M . D R A K E 

H . D R A K E 

M . D R A K E 

M . D R A K E 

D . S A R C I S T . M A U N C 

D . S A R G I S T - . M A U N C 

D . S A R G I S T . M A U N G 

D . S A R G I S " T . M A U N G 

D . S A R G I S T . M A U N G 

D . S A R G I S T . M A U N G 

R . H O W E R T O N ( L L L ) A N D A . S M I T H 

H O W E R T O N , S C H M I T T R O T H , S C H E N T E R 

S C H E N T E R , L t V O L S I , S C H M I T T R O T H , E T A L 

S C H E N T E R , H V O L S I , S C H M I T T R O T H , E T A L 

S C H E N T E R , B H A T , P R I N C E , J O H N S O N , E T A L 

S C H E N T E R , B H A T , P R I N C E , J O H N S O N , E T A L 

S . P E A R L S T E I N ( T R A N S F R O M U . K . ) 

P E A R L S T E I N , M A N N , S C H E N T F R 

F . S C H M I T T R O T H / D . L . S M I T H 

S . S H E R 

N . R . B H A T A N D S . F . H U G H A B G H A B 

H . R . B H A T A N D S . F . M U C H A B G H A B 

M . R . B H A T A N D S . F . M U G H A B G H A B 

N . R . B H A T A N D S . F . M U G H A B C H A B 

M . R . B H A T A N D S . F . M U G H A B C H A B 

M . R . B H A T A N D S . F . M U G H A B G H A B 

N . R . B H A T . A N D S . F . M U C H A B G H A B 

N . R . B H A T A N D S . F . M U G H A B G H A B 

B l R . L E O N A R D , J R . A N D K . B . S T E W A R T 

N . R . B H A T A N D S . F . M U G H A B G H A B 

S C H E N T E R , B H A T , P R I N C E ' , J O H N S O N , E T A L 

H O W E R T O N 

S C H E N T E R , L E O N A R D , S T E W A R T , F,T A L . 

S . F . H U G H A B C H A B ' 

H . T A K A H A S H ] 

S . H U G H A B G H A B 

H.TAKAHASHI 
B . A . M A G U R N O 

B . A . M A C K S R O 

B . A . H A G U R N O 

B • A . H A G U R N O 

B . A . H A G U R N O 

B . A . H A G U R N O 

B . A . H A C U R N O 

B . R . L E O N A R D , J R . 

B . R . L E O N A R D , J R . 

B . R . L E O N A R D , J R . 

A N D K . B . S T E W A R T 

A N D K . B . S T E W A R T 

A N D K . B . S T E W A R T 

I . D R A K E D . S A R G E S T . M A U N G 
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7 2 - H f - 1 7 4 
7 2 - H f - 1 7 6 
7 2 - H f - 1 7 7 
7 2 - H f - 1 7 8 
7 2 - H f - 1 7 9 

7 2 - H f - 1 8 0 
7 3 - T a - 1 8 1 
7 3 - T a - 1 8 2 
7 4 - W r 1 8 2 
7 4 - W - 1 8 3 
7 4 - W - 1 8 4 

7 4 - W - 1 8 6 

7 5 - R e - 1 8 5 
7 5 - R o - 1 8 7 
7 9 - A U - 1 9 7 
7 9 - A U - 1 9 7 
8 1 - T l - 2 0 8 
8 2 - P b - 0 
8 2 - P b - 2 1 2 
83-Bi-21 2 
8 4 - P O - 2 1 6 
8 6 - R n - 2 2 0 
8 8 - R a - 2 2 4 
9 0 - T h - 2 2 8 
9 0 - T h - 2 3 0 
9 0 - T h - 2 3 1 
9 0 - T H - 2 3 2 
9 0 - T K t 2 3 2 

9 0 - T H - 2 3 3 
9 1 - P a - 2 3 1 
9 1 - P a - 2 3 2 
9 1 - P a - 2 3 3 
9 2 - U - 2 3 2 
9 2 - U - 2 3 3 
9 2 - U - 2 3 4 
9 2 - U - 2 3 5 
9 2 - U - 2 3 5 
9 2 - U - 2 3 6 
9 2 - U - 2 3 7 
9 2 - U - 2 3 8 
9 2 - U - 2 3 8 

9 2 - U - 2 3 9 
9 3 - B P - 2 3 6 
9 3 - H p - 2 3 6 n 
9 3 - N p - 2 3 7 
9 3 - N p - 2 3 7 
9 3 - H P - 2 3 8 

9 3 - H p - 2 3 9 
9 4 - P O - 2 3 6 
9 4 - P O - 2 3 7 

M A T 
N O . 

1 3 7 4 
1 3 7 6 
1 3 7 7 
1 3 7 8 
1 3 8 3 
1.384 
1 2 8 5 
1 1 2 7 
11 28 
11 2 9 
1 1 3 0 
1131 

1 0 8 3 
1 0 8 4 
1 3 7 9 
6 3 7 9 
8108 
1 3 8 2 
821 2 
8 3 1 2 
841 6 
8 6 2 0 
8 8 2 4 
8028 
803 0 
8 0 3 1 

1 3 9 0 
6 3 9 0 
8 0 3 3 

8 1 3 1 
8 1 3 2 
1391 
8 2 3 2 
1 3 9 3 
1 3 9 4 

1 3 9 5 
6 3 9 5 
1 3 9 6 
8 2 3 7 
1 3 9 8 
6 3 9 8 
8 2 3 9 
8 3 3 6 
8 3 4 6 
1 3 3 7 
6 3 3 7 
8 3 3 8 
8 7 3 9 

8 4 3 6 
8 4 3 7 

S P E C I F I C A T I O N N O . L A B O R A T O R Y 
C A R D S 

c 0 8 8 s e c t i o n a o n l y ( R P ) 6 7 6 S A I 

c o a s s e c t i o n s o n l y ( R P ) 681 S A I 

c o a a s e c t i o n s o n l y ( R P ) 8 6 5 S A I 

c o s s s e c t i o n s o n l y ( R P ) 6 7 3 S A I 

c o a a s e c t i o n e o n l y ( R P ) 7 1 4 S A I 

c o a a s e c t i o n s o n l y ( R P ) 6 6 8 S A I 

R P ) ^ g a m m a p r o d u c t i o n 2 8 1 4 L L L 
c r o a a a e c t i o n a o n l y ( R P ) 7 6 2 A I 

N e u t r o n 
N e u t r o n 
N e u t r o n 
N e u t r o n 
N e u t r o n 
N e u t r o n 

N e u t r o n ( R P ) * g a m m a p r o d u c t i o n 3 2 0 2 
N e u t r o n ( R P ) + g a m n a p r o d u c t i o n 3 5 7 6 

N e u t r o n ( R P ) * g a m B a p r o d u c t i o n 3 0 9 2 
N e u t r o n ( R P )

4

g a m n a p r o d u c t i o n 3 0 7 4 
N e u t r o n c r o e a s e c t i o n s o n l y ( R P ) 1365 
N e u t . ( R P ) + d e c a y d a t a 1436 

N e u t . ( R P ) ^ e r r . f i l e s 1931 
N e u t . ( R P ) * e r r . f i l e s 5 5 8 

D e c a y d a t a o n l y 168 
N e u t . • g a m m a p r o d , ' e r r o r 3 8 9 5 
D e c a y d a t a o n l y 8 3 
D e c a y d a t a o n l y 168 
D e c a y d a t a o n l y 36 
D e c a y d a t a o n l y 32 
D e c a y d a t a o n l y 7 3 
D e c a y d a t a o n l y 7 9 
N e u t . ( R P ) » d e c a y d a t a 7 4 8 

D e c a y d a t a o n l y 200 
N e u t( H P ) • d e c a y • P P Y « g a n . « e r r . 7 4 7 9 
N e u t . ( R P )

+

e r r . f i l e s 8 6 2 

D e c a y d a t a o n l y 357 
N e u t . ( R P ) * d e c a y d a t a 8 7 2 
D e c a y d a t a o n l y 180 
N e u t . ( R P ) * d e c a y d a t a 1 1 4 0 
N e u t . ( R P ) * d e c a y d a t a 681 
N e u t ( R P ) * d e c a y « f i s s . p r o d . y I d 6 7 0 8 
N e u t . ( R P )

+

d e c a y d a t a 1 1 2 8 
N e u t ( R P ) + d e c a y + F P Y + g a n . * e r r . 10161 
N e u t , ( R P ) » e r r . f i l e s 1 4 3 9 

N e u t ( R P ) * d e c a y « f i a s . p r o d . y l d 281 4 
N e u t . ( R P ) * d e c a y » g a m n a p r o d , d a t a 1752 
N e u t ( R P ) + d e c a y

+

F P Y + g a a . + e r r . 8 7 5 0 
N e u t . ( R P ) » e r r . f i l e B 8 5 8 

D e c a y d a t a o n l y 384 
D e c a y d a t a o n l y 132 
D e c a y d a t a o n l y 105 
N e u t ( R P ) » d e c a y * F P Y * e r r . 4 1 5 0 
N e u t . ( R P ) » e r r . f i l e s 1234 
N e u t . ( R P ) + d e c a y d a t a 5 9 3 
D e c a y d a t a o n l y 195 
N e u t . ( R P ) • d e c a y d a t a 6 3 2 
N e u t r o n ^ d e c a y d a t e 694 

G B H P - 5 8 7 
G B H P - 5 8 7 

A D N D T , 1 6 ( 1 9 7 5 ) 4 0 9 . 

E P R I N P - 2 5 0 
E P R I N P - 2 5 0 
E P R I N P - 2 5 0 
E P R I N P - 2 5 0 
E P R I N P - 2 5 0 
E P R I N P - 2 5 0 

A I - A E C - 1 2 9 9 0 (1 9 7 1 ) 
A I . L A S L 
A I . L A S L 
A I , L A S L 
A I . L A S L 
G E ( N H P O ) 
C E ( N H P O ) 
B R L 
B N L 
I N E L 
O R N L 
I N E L 
I N E L 
I N E L 
I N E L 
I N E L 
I N E L 
H E D L 
I N E L 
B R L 
B N L 
I N E L 
H B D L 
I N E L 

H E D L , I N E L 
H E D L 
L A S L - O R N L T A N S A O 2 8 , 7 2 1 , 1 9 7 8 
B N L , H E D L , • 
B N L 
B N L 
B N L , H E D L , • 
B N L , S R L , L L L 
ANL

 + 

» N L * 
I N E L 
I N E L 
I N E L 

H E D L , S R L , 
H E D L , S R L , 
S R L 
I N E L 
H E D L , S R L H E D L T H E 7 7 - 5 4 
1IEDL H E D L T H E 7 7 - 5 4 

A N L / N D H - 3 2 
A N L / N D H - 3 2 

H E D L T H E 7 7 - 5 4 
H B D L T H E 7 7 - 5 4 

A P R 7 6 H . D R A K E D . S A R C E S T . H A U N G 
A P R 7 6 H . D R A K E D . S A R G E S T . H A U N G 
A P R 7 6 If.DRAKE D . S A R C E S T . H A U N G 
A P R 7 6 H . D R A K E D . S A R G E S T . H A U N G 
A P R 7 6 H . D R A K E D . S A R G E S T . H A U N G 
A P R 7 6 H . D R A K E D . S A R G E S T . H A U N G 
N 0 V 7 4 H O W E R T O N , P E R K I N S , H A C C R E G O R 
A P R 7 1 J . O T T E R , C . D U N F O R D , A N D E . O T T E W I T T E 
J U N 7 3 O T T E R , O T T E W I T T E , R O S E , Y O U N G 
0 C T 7 4 O T T E R , O T T E W I T T E , R O S E , Y O U N C 
A P R 7 4 O T T E R , O T T E W I T T E , R O S E , Y O U N G 
J U N 7 3 O T T E R , O T T E W I T T E , R O S E , Y O U N G 
J A N 6 8 W . B . H E N D E R S O N A N D J . W . Z W I C K 
J A N 6 8 W . B . H E N D E R S O N A N D J . W . Z W I C K 
F E B 7 7 S . F . H U G H A B G H A B 
F E B 7 7 S . F . H U G H A B G H A B 
A U G 7 8 R E I C H 

A U G 7 6 C.;Y.FU A N D F . G . P E R E Y 
A U G 7 8 R E I C H 
N 0 V 7 8 R E I C H 
A U G 7 8 R E I C H 

A U C 7 8 R E I C H 
A U C 7 8 R E I C H 

A U G 7 8 R E I C H 
N 0 V 7 7 H A N N 
A U G 7 8 R E I C H 

D E C 7 7 B H A T , S M I T H , L E O N A R D , D E S A U S S U R E E T A L 
D E C 7 7 B H A T , S H I T H , L E O N A R D , D E S A U S S U R E E T A L 
A U G 7 8 R E I C H 
N 0 V 7 7 H A N N 
A U G 7 8 R E I C H 
H A Y 7 8 H A N N , S C H E N T E R , R E I C H 
N 0 V 7 7 . H A H N 

D B C 7 8 S T E W A R T E T A L , W E S T O R , H A N N , H E D L 
J U L 7 8 D I V A D E E N A H , H A N N , D R A K E , R E I C H , E T . A L 
N 0 V 7 7 H . R . B H A T 
A P R 7 7 H . R . B H A T 

J U L 7 8 D I V A D E E N A H . H A N N . H C C R O S S O N , R E I C H , • 
J U L 7 6 K I H S E Y - A S S E H B L E R ( S E E C O H H E N T S ) 
H A R 7 9 E . P E N N I N G T O N , A . SHITtl.W. P O E N I T Z 
H A R 7 9 E . P E N N I N G T O N , A . S M I T H , W . P O E N I T Z 
A U G 7 8 R E I C H 
A U G 7 8 R E I C H 
A U G 7 8 R E I C H 

A P R 7 8 H A N N , B E N J A M I N , S M I T H , S T B I N , R E I C H , • 
A P R 7 8 M A N N , B E N J A M I N , S M I T H , S T E I N . R E I C H , • 
A U G 7 5 B E N J A M I N A N D M C C R O S S O N 
A U G 7 8 R E I C H 

A PR 78 H A N N . S C H E N T E R . B E N J A M I N . H C C R O S S O N 
A PR 7 8 H A N N A N D S C H E N T E R (-FAST) 
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z E L A N A T S P E C I F I C A T I O N N O . L A B O R A T O R Y R E F E R E N C E DA T E A U T H O R 

N O . C A R D S 

9 4 - Pu-• 2 3 8 1 3 3 8 N e u t . ( R P ) * d e c a y d a t a 1 1 2 1 H E D L . A I , * H E D L T H E 77-' 54 A P R 7 8 M A N N , S C H E N T E R , A L T E R , D U N F O R D , • 

9 4 - Pu-•239 1 3 9 9 N e u t ( R P ) * d e c a y * F P Y * G A B . » e r r 9 3 1 3 G E - F B R D 0 C T 7 6 E * K U J A W S K I , L . S T E W A R T ( L A S L ) 

9 4 - P u -•239 6 3 9 9 N e u t . ( R P ) * e r r . f i l e s 9 1 6 G E - F B R D O C T 7 6 E . K U J A W S K I , L . S T E W A R T ( L A S L ) 

9 4 - P u - 2 4 0 1 3 8 0 H e u t ( R P ) t d e c a y • F P T » g a B . « e r r 4 0 2 5 O R N L A P R 7 7 L . W . W E S T O N 

9 4 - P u - 2 4 1 1381 N e u t ( R P ) + d e c a y + F P Y + g a a . * e r r 6 5 4 6 O R W L 0 C T 7 7 L . V . W E S T O N , R . Q . W R I G H T , H O W E R T O N 

9 4 - Pu-• 2 4 2 134 2 N e u t ( R P ) + d e c a y + F P Y * g a a . + e r r 4 2 4 8 H E D L , S R L , » 0 C T 7 8 H A N N , B E N J A H I N . H A D L A N D , H O W E R T O N , • 

9 4 - Pu-•243 8 4 4 3 N e u t . ( R P ) * d e c a y * g a m n a p r o d . d a t a 2 0 7 0 " BRL-, S R L , L L L J U L 7 6 K I N S E Y - A S S E H B L E R ( S E E C O M M E N T S ) 

9 4 - Pu-•244 8 4 4 4 N e u t . ( R P ) « d e c a y d a t a 

p r o d . 

6 7 2 H E D L , S R L H E D L T H E 7 7 - 5 4 A PR 7 8 H A N N , S C H E N T E R , B E N J A H I N , H C C R 0 3 S 0 N 
9 5 - A B - 2 4 0 8 5 4 0 D e c a y d a t a o n l y 175 I N E L A U G 7 8 R E I C H 

9 5 - A B - 2 4 1 1361 H e u t . ( R P ) * d e c a y » g a r a n a p r o d . • e r r . 211 1 H E D L , O R E L A PR 7 8 H A N N , S C H E N T E R , A N D W E S T O N 

9 5 - A B - 2 4 2B 1 3 6 9 N e u t . ( R P ) * d e c a y • g a m m a p r o d . d a t a 1 2 3 1 H E D L S R L L L L H E D L T H E 7 7 - 5 4 A PR 7 8 H A N N , B E N J A M I N , H O W E R T O N , E T A L . 

9 5 - A m - 2 4 2 8 5 4 2 N e u t . ( R P . ) « d e c a y d a t a 
p r o d . 

4 7 2 S R L A U G 7 5 B E N J A M I N A N D H C C R O S S O N 

9 5 - A » - 2 4 3 1 3 6 3 N e u t • ( R P ) + d e c a y * g a B B a p r o d . d a t a 1 9 8 6 H E D L S R L L L L H E D L T H E 7 7 - 5 4 A P R 7 8 H A N N , B E N J A M I N , H O W E R T O N , E T A L . 

9 5 - . A N . • 2 4 4 8 5 4 4 D e c a y d a t a o n l y 1 0 7 I N E L A U C 7 8 R E I C H 

9 5 - • A B -• 2 4 4B 8 5 5 4 D e c a y d a t a o n l y 7 8 I N E L A U G 7 8 R E I C H 

9 6 - C B - • 2 4 1 8 6 4 1 N e u t r o n ' d e c a y d a t a 6 8 3 H E D L H E D L T H E 7 7 - 5 4 A P R 7 8 H A N N A N D S C H E N T E R 

9 6 - C a -• 2 4 2 8 6 4 2 N e u t . ( R P ) ' d e c a y * g a a a a p r o d . d a t a 11 8 5 H E D L S R L L L L H E D L T H E 7 7 - 5 4 A P R 7 8 M A N N , B E N J A M I N , H O W E R T O N , E T A L . 

9 6 -• C m -2 4 3 1 3 4 3 N e u t . ( R P ) * d e c a y * g a B B a p r o d . d a t a 1 5 5 4 H E D L S R L L L L H E D L T H E 7 7 - 5 4 A PR 7 8 M A N N , B E N J A M I N , H O W E R T O N , E T A L . 

9 6 - C B - 2 4 4 1 3 4 4 N e u t . ( R P ) * d e c a y * g a o n a p r o d . d a t a 1 5 1 5 H E D L S R L L L L H E D L T H E 7 7 - 5 4 A PR 7 8 M A N N , B E N J A M I N , H O W E R T O N , E T A L . 

9 6 - C m - 2 4 5 1 3 4 5 N e u t . ( R P ) * d e c a y * g a m m a p r o d . d a t a 1 7 9 6 S R L S E P 7 5 B E N J A M I N A N D M C C R O S S O N 

9 6 - C B - 2 4 6 1 3 4 6 N e u t . ( R P ) * d e c a y * g a n m a p r o d . d a t a 2 0 4 1 B N L , S R L , L L L J U L 7 6 K I N S E Y - A S S E H B L E R ( S E E C O H H E N T S ) 

9 6 - C B - • 2 4 7 8 6 4 7 N e u t . ( R P ) * d e c a y • g a m m a p r o d . d a t a 2 2 6 7 B N L , S R L , L L L J U L 7 6 K I N S E Y - A S S E H B L E R ( S E E C O M M E N T S ) 

9 6 - • C N -• 2 4 8 8 6 4 8 N e u t . ( R P ) * d e c a y ' g a m m a p r o d . d a t a 1 2 3 2 H E D L S R L L L L H E D L T H E 7 7 - 5 4 A P R 7 8 H A N N , B E N J A H I N , H O W E R T O N , E T A L . 

9 6 - C B - 2 4 9 8 6 4 9 D e c a y d a t a o n l y 
p r o d . 

1 2 9 I N E L A U G 7 8 R E I C H 

9 7 - Bk-•249 8 7 4 9 N e u t . ( R P ) * d e c a y • g a u m a p r o d . d a t a 2 0 5 3 B N L , S R L , L L L J U L 76 K I N S E Y - A S S E H B L E R ( S E E C O H N E N T S ) 

9 7 - B k -• 2 5 0 8 7 5 0 D e c a y d a t a o n l y 
p r o d . 

2 3 3 I N E L A U G 7 8 R E I C H 

9 8 - C f - 2 4 9 8 8 4 9 N e u t . ( R P ) * d e c a y • g a m m a p r o d . d a t a 2 0 1 4 B N L , S R L , L L L J U L 7 6 K . I N S E Y - A 3 S E H B L E R ( S E E C O H N E N T S ) 

9 8 - C f - 2 5 0 8 8 5 0 N e u t . ( R P ) • d e c a y • g a m m a p r o d . d a t a 1 9 5 3 B N L , S R L , L L L J U L 7 6 K I N S E Y - A S S E M B L E R ( S E E C O M M E N T S ) 

9 8 - c r - 2 5 1 8 8 5 1 N e u t . ( R P ) ^ d e c a y • g a m m a p r o d . d a t a 2 0 2 1 B N L , S R L , L L L J U L 7 6 K I N S E Y - A S S E H B L E R ( S E E C O M M E N T S ) 

9 8 - C f - 2 5 2 8 8 5 2 N e u t ( R P ) « d e c a y ' F P Y ' g a a 

p r o d . 

3 2 8 3 B N L , S R L , L L L J U L 7 6 K I N S E Y - A S S E M B L E R ( S E E C O M M E N T S ) 

9 8 - C f - 2 5 3 8 8 5 3 N e u t . ( R P ) ' d e c a y d a t a 8 3 0 S R L D E C 7 5 B E N J A M I N A N D M C C R O S S O N 

9 9 - E s - 2 5 3 8 9 5 3 N e u t . ( H P ) * d e c a y d a t a 9 9 8 B N L , S R L J U L 7 6 K I N S E Y , B E N J A M I N , . A N D H C C R O S S O N 



STATUS OF NUCLEAR MODEL CODES FOR THE 10-50 MeV REGION 

PEograj, 

ALICE 

Authors 

M. Blann 

0 . Bersillon 
L. Faugere ' 

LLL, Livermore 
USA 

CEBC 
France 

Evaporation + Exciton 
Precompound,Fission 

Master Equation 
Exciton Model ' 
(time integration to

0 0

) 

Ang. Distribution 
/Spectra 

IBM 
POP 

Documpnt• Availability 

UR-NSRL-181 Author 

E.D. Arthur 
P. Young 

LASL, Los Aim 
USA 

HEDL, Hanford 
USA 

HEDL, Hanford 

Multi-step H.F. + 
Excitjn Precompound, 
(n,y) and Fission. 

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

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

da, d
2

o , do 
dfi dEdfl dE 

CDC , LA-b947(1977) Authors or NESC 

• at ANL or RSIC 
, at ORNL 

IBM HEDL-TME-78-90 Authors or NESC 
CDC or RSIC 
UNIVAC 

IBM - Under 
CDC . development 

M. Hillmnn BNL, Upton, USA 
Y. Eyal Weizmann Inst. 

Israel 

R.C. Alsmiller, Jr. ORNL 
T.A. Gabriel 

Monte-Carlo + H.F. 

Intranuclear Cascade + 
Evaporation 

RSIC at ORNL 

disc, levels 

T. Tamura Univ. of Texas, Austin Multi-step Direct 
T. Udgawa . USA Reaction and the 

possibility of linking 
to H.F. codes 



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

TABLE II 

Program 

PREANG 

Authors 

J.M. Akkermans 
H . Gruppelaar 
F.J. Luider 
(Revised version 
of PREEQ by 
E. Betak) 

ECN, Petten 
The Netherlands 

Master Equation 
Exciton Precompound 
(time integration to «) 

Ang. Distribution 
/Spectra 

d*q 
dEdn , 

Compute 

ECN-60(1979) Authors 
(Gruppo.laar) 

TUNL, Durham 
USA 

Griffin Excit'on model, 
semi-empirical direct 
reactions and Phenomenal-
logical Ang. Distribution 

IBM 
Honeyveil In preparation Author 

No ^ to disc, 

levels. 

M . Uhl 

B . Strohmaler 

UHL Code M . Uhl 

B. Strohmaier 

IRK., Vi^ii 
Austria 

ORNL, Oak Ridge 

USA 

IRK, Vienna 

Austria 

Multi-step H.F. + 
Exciton Precompound 

<n,y) 

Multi-step H.F. + 
Exciton Precompound-
Ang. Mom. Conserved 
for Precompound process 
also, and 

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

do , _ d
2

q , da 
da dEdfi dE 

IBM Yes 

CDC No 

NEA CPL-
Sacl.ay 

or Author 

Under 
development 

*The Codes are listed alphabetically. 

"tThe term Multi-step H.F. implies higher order corrections, e.g., in DWBA approximation, and is 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*"

1

" 

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. 
+

T h i s 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 -

7

L i (E^=30-50 MeV) and, to a lesser extent, d-
9

Be and p incident 
on

 7

L i and
 9

Be 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-

7

Li 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+

7

Li (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+

7

Li f ield 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. 

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 becom-
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

 7

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

 2 3 9

P u - A L P H A "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 been 
a surprise as the underlying data base was both old and uncertain 
[22]. The

 7

Li 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 
and the corresponding cross sections are not all that certain. 
Despite extensive study of the n+

6

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

 7

Be 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]. In 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

 9

Be(d,n) (E =40 MeV) reaction [34,35]. Such tests have 
involved many or 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 M e V — s o m e to 40 MeV. It was an extensive 
list of which less than 25% are available in either ENDF/B-IV or V 
dosimetry files in any energy range. The quality of the Versiori-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-
t i o n s — 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 selrously 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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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 10^3 n/cm^-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 10^2 n/cm^-year), and the experimental volume is 
only about 1 cm^. 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 1C>15 n/cm^-s with an experimental volume of about 10 cm^. 
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 is 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 inclvide all 
known covariance errors; cross section covariances are now being 
published iri 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 
adjustment 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 (12%) 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%. 
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]. In 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 arbi-
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 

2 3 5
U }
 252

C
f, 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 flux 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 
adjustment, especially for the strong resonances in dilute materi-
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

 9 3

N b ( n,n 
')93m

N b
 (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 5 4

F e ( 

n,p) for damage estimation could 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 % b ( . n , n )

 a n c
i 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 irradiations. 
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, 93flb(n,2n)^2niNb (10 day), is used to routinely 
measure fluences to ±7% [17], and longer irradiations will use the 
longer-lived 54p

e
(

n )
p)54f|

n
 (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), Ej = 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. 

- 79 -



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% 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 (<1% of neutrons) to interfere 
with either materials damage or neutron dosimetry [e.g., (n,2n) is 
indistinguishable from (p,d)]. Proton activation measurements are 

- 80 -



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 58Ni(

n
,Y)^

9

Ni(n,a) 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 is 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 
is 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, 0, 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 example, 
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 arenas 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 neutrons (>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 (10^2 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
3

 is also listed as a function 

of neutron energy. The spectrum is shown in Fig. 1 . 

Energy Range 

Integral Flux 
(xl0l2 n/cm

2

-s) 
Energy Range 

(MeV) 
Damage 

(%) 

±Z 

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 

a

a
D
 = 28.8 ± 3.0 keV-barns . 
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TABLE III. 

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

Deviation, % 

(Measured-Calculated) 

Reaction IV V 

1 9 7
A
u ( n ,

Y
)

1 9 8

A u -3 -1 

+Cd -4 +1 
4 5

S c ( n , y )
4 6

S c -1 -9 

+Cd -2 +2 
5 9

C o ( n , y )
6 0

C o -5 -7 

+Cd +2 +4 
5 8

F e ( n , y )
5 9

F e +3 +3 

+Cd -1 +4 
2 3 8

U ( n , y )
2 3 9

N p -4 -2 

+Cd 0 +4 
2 3 7

N p ( n , y )
2 3 8

N p (+Cd) +15 +11 
2 3

5 u ( n , f ) +4 +1 

+Cd -8 -2 
2 3 7

N p ( n , f ) (+Cd) -1 +1 
2 3 8

U ( n , f ) (+Cd) +8 +2 
5 8

N i ( n , p )
5 8

C o +6 +3 
6 0

N i ( n , p )
6 0

C o -14 -13 

5 4
F e
( n , p ) 5 4

M n +5 +3 
5 4

Fe(n,a)51cr +11 +17 
4

6 T i ( n , p ) ^ 6
S c 

-3 +1 
4 7

T i ( n , p )
4 7

S c -18 -25 

4
8

Ti(n,p)48
S
c -8 +2 

1 9 7

A u ( n , 2 n )
1 9

6 A u +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%. 

e d = 14-16 MeV e d = 40 MeV 
Reaction IV V IV V 

2 3

5 u ( n , f ) +7 +8 +1 +1 
2 3 8

U ( n , f ) +4 +4 -1 -1 

1 1 5 i n ( n ; n , ) 1 1 5 m I n -1 -2 - 3 -2 

T i ( n , p )
4 6

S c -7 -1 -89(+l4)
a 

(+24)
a 

T i ( n , p )
4 7

S c +2 +6 -798(+15)
a 

( - 5 6 )
a 

4 8

T i ( n , p )
4 8

S c -7 -1 +2 +4 

F e ( n , p )
5 4

M n +6 - 3 -88(+l)
a 

(+4)
a 

5 6

F e ( n , p )
5 6

M n -2 -2 -4 -4 
5 9

C o ( n , p )
5 9

F e -8 -4 +8 +5 
5 8

N i ( n , p )
5 8

C o 0 -3 +9 +3 
6 0

N i ( n , p )
6 0

C o +14 -2 +3 +3 
2 7

A l ( n , a )
2 4

N a +3 +6 0 -1 
5 4

F e ( n , a )
5 1

C r -4 +1 -36 -20 
5 9

C o ( n , a )
5 6

M n -4 -2 -4 -5 
4

5
S c
( n , 2 n )

4 4 m

S c -14 -15 -1 + 3 
5 8

N i ( n , 2 n )
5 7

N i -11 +1 -30(+14)b (+14)
b 

5 9

C o ( n , 2 n ) 5
8

C o +1 +6 -9 -3 

Z r ( n , 2 n )
8 9

Z r +13 +9 -4 -1 
9 3

N b ( n , 2 n )
9 2 m

N b +7 +6 +6 +7 
1 6 9

T m ( n , 2 n )
1 6 8

T m — — +7 +10 

1 6 9
T m
(

n >
3

n
) 1 6 7

T m — — -9 -8 
1 9 7

A u ( n , 2 n )
1 9 6

A u -9 -8 -1 +1 
1 9 7

A u ( n , 3 n )
1 9 5

A u — — +8 +12 
1 9 7

A u ( n , 4 n )
1 9 4

A u — — +1 +1 
2 3 8

U ( n , 2 n )
2 3 7

U +4 +1 -11 -11 

a

Values in parenthesis include contributions from higher mass 

isotopes. 

^Value in parenthesis modified according to Ref. 22. 
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TABLE IV. 

Typical Flux Errors for Be(d,n) Spectral Analysis 
at ORNL Cyclotron, E^ = 40 MeV. Displacement 
damage

3

 in nickel is also"listed as a function of 
neutron energy. The spectrum is similar to FMIT. 

Energy Range Integral Flux Damage 
(MeV) (xl09 n/cm

2

-yC) (%) 

±% 

Total 4.66 5 

<0.1 0.08 17 

<1 0.46 19 2 

1-5 0.56 15 4 

5-10 0.63 13 11 

10-15 0.97 13 23 

15-20 0.98 16 28 

20-25 0.64 17 19 

25-30 0.27 21 8 

>30 0.15 19 5 

a

aj) = 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. 

Reaction 
Energy Range 

(MeV) Reaction 
Energy Range 

(MeV) 

5 9
C o 

n , p )
5 9

F e 4-28 9 0
Z r n ,

P
) 9 0

Y 
5-26 

n,2n)
5 8

Co 10-30 Zr n , x )
8 9

Z r 12-36 

n,3n)
5 7

Co 20-40 n , x )
8 8

Z r 18-45 

n,4n)
5 6

Co 30-50 8 9
y n , p )

8 9

S r 4-25 

1 9 7
A u 

n,2n)
1 9

6Au 8-25 n , 2 n )
8 8

Y 12-34 

n , 3 n )
1 9 5

A u 15-35 n , 3 n )
8 7

Y 22-50 

n,4n)
1 9

^Au 23-45 n,a)
8

^Rb 8-28 

Fe n , x )
5 4

M n 1-40 1 6 9 ^ n , 2 n )
1 6 8

T m 9-28 

5 4
F e n,a)51cr 7-25 n , 3 n )

1 6 7

T m 16-36 

5 *
F e 

n , t )
5 2

M n 14-35 n , 5 n )
1 6 5

T m 25-50 

5 8
N i n , p )

5 8

C o 2-25 
2 3

N a n,2n)
2 2

Na 12-30 

n , 2 n )
5 7

N i 12-36 1 0 7
A g n , 2 n )

1 0 6 m

A g 10-28 

n , 3 n )
5 6

N i 22-40 n,3n)105
A g 16-40 

6 0
N 1 n , p )

6 0

C o 3-30 238u n , 2 n )
2 3 7

U 6-18 

93
N
b n , n ' )

9 3 m

N b 0.1-10 n,f)f.p. 1-50 

n,2n)92m
N b 9-28 

5 5

M n n,2n)
5

^Mn 11-28 
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TABLE VI. 

Comparison of Measured
3

 and Calculated 
(ENDF/B-IV) Helium Production in the 
Oak Ridge Research Reactor 

Ratio 

Material (Measured/Calculated) 

A1 0.95 + .02 

Fe 1.27 + .07 

Cu 1.24 + .05 

. Ni 1.00 + .03 

Ti 1.85 + .07 

a

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

process included 
using spectral-averaged cross sections 
from dosimetry. 
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Fig. 1. Neutron Flux Spectrum for the Oak Ridge Reactor (E7,l MW) 
Using the STAYSL Computer Code. The reactions are listed 
in Table II and flux integrals in Table I. The dotted and 
dashed lines represent one standard deviation error limit. 

ZENITH (CAPSULE AXIS) 

SCALE (mm) 

HELIUM SPECIMEN AND 
RADIOMETRIC FOIL 
OUTSIDE DIAMETER 

Fig. 2. Constant Flux Contours (x 1C)17 n/cm^) Deduced from Helium 
and Radiometric Dosimetry at RTNS I. Note the asymmetry 
and small scale. Data from Ref. 18. 
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ENERGY,MeV 

Fig. 3. Neutron Spectra Measured by Time-of-Flight Spectrometry at 
the Oak Ridge Isochronous Cyclotron [Be(d,n), E^ = 40 MeV]. 
Data from Ref. 20. 

- 93 -



RADIUS,mm 

Fig. 4. (a) Fluence. Measured by Radiometric and Helium Dosimetry at the 
U. of C. Davis Cyclotron [Be(d,n), E

d
 = 30 MeV]. Note the 

very steep gradients, especially off-axis, and the very fine 
scale. 

- 94 -



DPfl/Coul, COPPER 

, -4 

0.0 
RADIUS,mm 

Fig. 4. (b) Displacement Damage. Measured by Radiometric and Helium 
Dosimetry at the U. of C. Davis Cyclotron [Be(d,n), E<j = 30 
MeV]. Note the very steep gradients, especially off-axis, and 
the very fine scale. 
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o 

RADIUS,mm 

Fig. 4. (c) Helium Contours. Measured by Radiometric and Helium Dosimetry 
at the U. of C. Davis Cyclotron [Be(d,n), E

d
 = 30 MeV]. Note the 

very steep gradients, especially off-axis, and the very fine scale. 
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ENERGY,MeV 

Fig. 5. Spectra Unfolded at Nominally Zero Degrees at Various 
Distances from a Be(d,n) Source (E^ = 30 MeV) at U. of 
Davis. Note that the spectrum is softer closer to the 
The STAYSL code was used with 21 reactions. 

C. 
source. 
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Fig. 6. Spectrum Measured at a Mock-Up of the Intense Pulsed Neutron 
Source under Construction at Argonne. A 500 MeV proton beam 
was stopped in a depleted uranium target. The STAYSL code, 
was used with 26 reactions and dotted and dashed lines 
represent one standard deviation error. The flux above 44 
MeV is not shown. 
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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 a. 1 MeV to ^ 50 MeV, the maxi-
mum kinematically allowed energy. Observation angles were 
from 0 to 150° with emphasis on forward angles. Spectral 
data below ^ 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 lithium target used in previous measure-
ments. The main advantage of a ^Li target is that the 
maximum kinematically allowed neutron energy is only about 
38 MeV, heince 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 were 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 ^ 3 - 1 0 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 lab. 

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
 7

Li(d ,n) Be stripping 
reactions which populate primarily the ground and first excited 
states, of 8f$

e>
 The 50 MeV neutrons come only from the 7Li(d,n

0
) 

^Be 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 deuterons 
where direct reactions are dominant and the stripping cross section 
is proportional to the (constant) spectroscopic factor 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 is consistent with 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 it Sin 0 which is pro-
portional to the element of solid angle for neutrons emitted with-
in an increment d0 about the emission angle 0. The second curve 
shows the contribution of neutrons emitted in the direction 0 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 (10
1 1

) neutrons/yc. This 
is an enormous conversion of deuterons to neutrons, which corres-
ponds to 4.8 neutrons emitted for every 100 incident deuterons. 
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 (10^-) neutrons/yc or 3.5 
neutrons per 100 incident deuterons. 

In FMIT, the most important experimental samples will be 
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 0 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 aiid Table 1 that the fractional contribution to the 

yield at each angle due to neutrons from 0 to 1 MeV increases with 

angle. For 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 ^ 0.9 M e V , however, data were of poor quality below ^ 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, 
g 

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. ^ 

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 ( ^ 92.5%

 7

Li). 
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 ^ 30% less than 
that from natural lithium. It therefore appears that 6Li will 
not be a practical target for the FMIT facility. 

Future Plans 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

 7

Li(d ,n
n
 and n l)

8

Be 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, 
Areata, California 95521. 
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Table I 

NEUTRON. YIELDS AND ENERGY PARAMETERS OBTAINED FROM MEASUREMENTS 

OF 35 MeV DEUTERONS ON THICK LITHIUM 

E > 1 MeV E, > 0 MeV 

Angle 
(Degrees) 

Yield 
(n/yc-Sr) 

Tot. Energy 
(MeV/yc-Sr) 

'Avg. Energy 
(MeV/n) 

Yield . 
(n/yc-Sr) 

Tot. Energy 
(MeV/yc-Sr) 

Avg. Energy 
(MeV/ n) 

0 2.43(10
n

) 3.05(10
12

) 12.56 2.50(10
n

) 3.05(10
12

) 12.21 

4 2.08(10
1:l

) Z.73(10
12

) . 13.09 . Z.14(10
11

) 2.73(10
12

) 12.75 

12 1.20(10
n

) 1.48(10
12

) 12.28 ' 1.26(10
11

) 1.48(10
12

) 11.74 

20 7.13(10
10

) 8.04 (lO
11

) 11.27 7.66(10
10

) 8.06Q0
1 1

) 10.52 

30 5.07(10
10

) 4.93(H)
11

) 9.71 5.51(10
10

) 4.95(10
11

) 8.98 

45 3.11(10
10

) 2.48(10
n

) 
:

 7.97 3.52(10
10

) 2.50(10
11

) 7.10 

70 1.85(10
10

) . 1.19(10
1L

) 6.42 2.12(10
10

). 1.20C10
11

) 5.66 

105 1.31(10
10

) 7.79(10
10

) . 5.95 
;

 1.51(10
10

) 
10 

7.89(10 ) 5.21 

150 6.45(10
9

) 2.85(10
10

) . 4.42 8.19(10
9

) 2.94(10
10

) 3.59 
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Fig. 1. Measured neutron yield spectra as a.function 
of emission angle in the laboratory for 35 MeV 
deuterons on thick natural lithium. 
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Fig. 2. Yield of neutrons greater than 0 MeV as a 
function of emission angle in the laboratory-
for 35 MeV deuterons on thick natural lithium. 
The curve of the product of yield and 2tt SinO 
shows the relative contribution of neutrons 
emitted at various angles to the total yield. 
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Fig. 3. Average energy of neutrons greater than 0 MeV 
as a function of emission angle in the labora-
tory for 35 MeV deuterons on thick natural 
lithium. 
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NEUTRON ENERGY (MEV) 

Fig. 4. Measured low energy portion of the neutron 
yield spectrum at 45° from 35 MeV deuterons 
on thick natural lithium. Dots (crosses) 
correspond to measurements with a neutron 
detector threshold of 0.9 MeV (0.4 MeV). 
Uncertainties are not shown for the dots but 
can be inferred from the scatter of nearby 
data points. 
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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 National Laboratory 
Argonne, Illinois 60439, U.S.A. 

ABSTRACT 

ZING-P1 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 particulate, 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. 
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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, Illinois 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 available 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 Test 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 energy-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 the 
cagsule. Stacks of activation foils were mounted at 0°, 15°, 30 , 
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 (including some separated 54Fe and 
56Fe), Au, Ni, Nb, Zr, Co, Al, 235y> 238U5 SC2O3, Tm203, and Y2O3. 

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 C1J. 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 [4D. 
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 A1, 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 [5D. For this preliminary 
data analysis, therefore, these four dosimetry materials were 
assumed to provide an approximately energy-insensitive measure of 
the total neutron fluence >5 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 [7H. 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. All integral rates were then 
corrected to a common geometry for each foil set, assuming a 1/R2 
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 C6,8J and from previous Be(d,n) 
irradiations at the University of California at Davis [9D. 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 C3D. 

The STAY'SL output fluence spectrum was generated in 100 
energy groups. Typical results are shown in Fig. 4. Here the 
calculated Be(d,n) neutron flux is shown as a function of energy 
for 0 , 30 , and 60 , at a distance of 30 cm from the beryllium 
target. The solid lines are the 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. 

These 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. 
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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 helium 
measurements were normalized using the spectrum-integrated fluence 
profiles, estimated to have ±10% 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 nonuniform!ties 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 C15X 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-lives. 

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 

Activation Reactions Used for 
Be(d,n) Neutron Spectrum Unfolding 

Reaction Energy Range Average 
(MeV) Deviation 

59Co(n,r)50Co 
45Sc(n,r)44mSc 
197Au(n,/)198Au 
235U(n,f) , .. 
2 3 8 U ( n , r ) 2 3 9 U - 2 3 9Nb 
1 1 5 I n ( n , n ' ) 1 1 5 % 
238U(n,f) 
58Ni(n,p)58Co 
59Co(n,p)59Fe 
60Ni(n,p)60Co 
2 3 8U(n,2n) 2 3 7U 
27Al(n,a)24Na 
48Ti(n,p)48Sc 
169Tra(n,2n)168Tm 

197Au(n,2n)196Au 
93Nb(n,2n)92mNb 
59Co(n,2n)58Co 
45Sc(n,2n)44mSc 
89Y(n,2n)88Y 
90Zr(n,2n)89Zr 
58Ni(n,2n)57Ni 
197Au(n,3n)195Au 
1 6 9T m(n,3n) 1 6 7Tm 
59Co(n,3n)57Co 
89Y(n,3n)87Y 
197Au(n,4n)194Au 

10-9 1 +4.4% 

1 0 - 9 
- 1.25 -6.0% 

10 - 8 
- 2.25 +1.6% 

10"8 21.0 • +2.3% 

10-7 
- 3 +0.3% 

1.25 - 16.0 -12.5% 

2.0 - 24.0 +4.3% 

3.0 - 18.5 +3.2% 

7.0 - 21.0 -4.4% 

7.5 19.5 +2.9% 

7.5 - 15.0 +17.0% 

8.5 - 18.5; '.-2.4% 

9.5 - 22.0 +2.9%' 

10.0 - 19.5 -4.3% 

10.0 - 20.0 +4.1% 

10.5 - 20.0 -6.6% 

12.0 - 23.0 +5.6% 

13.0 - 24.0 +0.1% 

13.0 - 24.0 +1.3% 

13.0 - 24.0 -1.3% 

14.0 - 25.0 -8.6% 

17.0 - 26.0 -8.2% 

17.0 - 26.0 +3.2% 

21.0 - 29.0 +0.3% 

23.0 - 31.0 +3.8% 

25.0 - 32.0 -13.6% 
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TABLE II 

Relative Helium Generation Cross Sections for Be(d,n) Neutrons 
(Ed = 30 MeV) 

^ Source Dosimetry • • 

(mm) 

Source Angle 
• Relative 

Cross Section' 

Range Average Ring1 Average 

Al -1 16. .5 
Al-2 17. .9 

Fe-1 16. ;5 
Fe-2 17. .9 

Ni-1 ; 15. .1 
Ni-2 17. ,9 

Cu-1 16. .4 
Cu-2 17. .8 
Cu-3 17, .8 

Au-1 15. .1 
Au-2 21, .0 

3. •12. 8. •6n 
10. •17, .1° 14. ,2° 

15. 23. ,3° 19. •5° 
3. •11. .1° 7. ,8° 

22. •30. 26. 
,6° 6. 5 -14. .2° 10. ,6° 

19. •8o~ 27. C 23. .8? 
12. 
1. 

5

n" •20. 
•7.< 

16.6" 
5.2° 

5. •15. .3° 10. 
17. ,6°-•23, .6° 21. .2° 

123 + 2 
116 + 3 120 

39.8 ± • 1. 1 
43.5 + 1. 2 42 

97 ± 3 
101 + 2 99 

39.2 + 0. 8 
41.4 + 1. 1 
45.3 0. 9 42 

1.26 + 0. 08 
1.16 + 0. 08 1.2 

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

^Quoted 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) 
Ed = 30 MeV 

T(d,n) 
RTNS-I 

. EBR-II 
Coreb 

Cu. 1 1 1 

A1 2.9 2.84 , 1.87 
Fe 1.0 0.94 0.99 

Ni 2.4 1.96 13.2 

Au 0.03 0.01 0.04 

aD. 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. 

- 124 



Figure 1. Be(d,n) Irradiation Assembly 
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Figure 2. Details of the Irradiation Capsule 
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Figure 3. Measured Helium Generation Concentrations in the 
Irradiation Capsule Pure Element Ring Segments 

Figure 4. Be(d,n) Neutron Energy Spectra for 0°, 30°, and 
60 , 30 cm from the Beryllium Target 
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Figu re 5. Fluence Contours (E^ > 1 MeV) Near the Be(d,n) 
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Fluence Profiles as a Function of Radial Distance 
from the Be(d,n) Source Axis, 13.5 mm from the 
Source Center 
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Near the Be(d,n) Neutron Source 

for Copper 
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for a Spectrum-Integrated Fluence above 5 MeV 
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Figure 10. ENDF/B-IV-Predicted and Measured Helium Generation 
Concentrations in Copper within the Irradiation Capsule 
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Figure 11. ENDF/B-IV-Predicted and Measured Helium Generation 
Concentrations in Nickel within the Irradiation Capsule 

Figure 12. ENDF/B-IV-Predicted and Measured Helium Generation 
Concentrations in Iron within the.Irradiation Capsule 
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FISSION REACTION IN HIGH ENERGY PROTON CASCADE 

H; Takahashi 

Brookhaven National 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 nucl eon-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, 
2] 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 [10] 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. 

Competition 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. [13], 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 

where Tf and r^ are, respectively, widths for fission and neutron 
emission reactions. The probability that the fission event occurs 
after emitting i neutrons is expressed by 

(1) 

(PJ1 Pf = (1 - Pf)\?. f (2) 
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In our calculation, the formula obtained by R. Vandenbosch and J. 
Huizenga for the branching ratio rn/rf is used. This is expressed 
as follows for the actinide region z _> 90: 

log ^ = <j)(z) A + ip(z) 
(3) 

where A is the mass number of the fissioning nucleus, and the tabu-
lated values of (f>(z) and \p(-z)-. [10] 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 

Tn = 0.3518099(1.68IQ+1.93A1/3I1+A2/3(0.761^0.051 )) 

I - . M 
0 an 

(Sn - 1.0) • e n + 1.0 

(4) 

(5) 

I 
1 an 2 

(6.0 - 6.0Sn + 2.0S 2) e n + S 2 - 6.0 n n n (6) 

Sn = 2.0 /an(E* - BE') 

a n = (A - 1.0)/8.0 

BE1 = Separation energy - pairing energy 

(7) 

(8) 

'f = (Sf - 1.0) e f + 1.0 /af 

S f = 2,0 /af(E* 

Ef' = 5E' + 321.175 - 16.70314 j - + 0.2185024 

= 1.089257 + 0.01097897 j - - 31.08551 * 2 

2 \ 2 

(9) 

(10) 

(ID 

(12) 

Statistical Model for Fission Product Nuclei Distribution 

As a calculational model for the distribution function of fis-
sion product nucl ei , 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 ( A J J Z J ) 

and (A2,z2) 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 and j2 for the two fragments (assuming j=0 and 
no orbital angular momentum) is expressed as 

N(Ai,A2,Z1,Z2,C,D,k,E,E1,ji,j2) 

= c1c2(2j1+l)(2j2+l)exp 2giTi 2g2T2 

/ ^ k e x p ^ v ^ T T + 2/a2(E-Ei) dEi- dk 

where c is a parameter which depends on A as 

n qq -0.005A c = 0.38 e 

g, T and y are given as 

2 MR2 „ .5/3 

(13) 

(14) 

(15) 

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

T = J U i ' (16) 

y = 

m

i
 m

2
 A

1
 A

2 
a. 

niT+m, " A +A 
1 2 

(17) 

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 like 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 Aj and A2 is obtained by using the 
most probable value for the other variables as 

( Z P

'
 Z ?

>
) V 2

m
 • E

U / 4

 (l - |
7

= 4 = = ) e
2

^ T ^ (18, 
( B A i + B A 2

- C 1 2 ) 1 / 2 V 2 / ( a 1 + a 2 ) E / 

where E is to be calculated for the mode of most probable charge di-
vision Zp: : Zp2 and most probable kinetic energy release and de-
formation energy for the given mass division A l 5A 2. 

In Eq. (18) 

V A
a
-

B

A
2

Z

A 2
 + Z ( B

A
2
" ?

C l 2 ) 

ZP = B. + B. - c ( 1 9 ) 
K A1 A2 12 

(20, 

B a = 0.041505/Za (21) 

z A = A/(l.980670 + 0.0149624A2/3) (22) 

c J 2 in Eqs. (18) and (19) is a constant with respect to charge divi-
sion as follows: 

K = c 1 2 zx z2 (23) 

The excitation energy E is expressed by 

E = M*(A,z) - Mc(A1,z1) - M
C

( A
2
, Z

2
) , K - D ( 2 4 ) 

and in Fong's formulation, Mc(A,-z) is expressed by 

M
C

( A , z ) = M
A
 + A M

A
 + B

A
( Z - Z

A
- A Z

A
)

2

 + 0 . 0 3 6 / A
3 7 4

 (.25) 

where 

Ma = 1.0146A + 0.014A2/3 - 0.041905zA (26) 

and the correction curves Az^ and AM/\, which are defined, respect-
ively, by zA(exp) - z/\(theo) and ,AM/\(exp) - - M (liquid drop model), 
are shown in 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 c 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, respectively, of a 3 1 and 
a 3 2 is expressed by 

c(a
3
i,a

3
2) = z ^ e ^ r o i U + a

3 1
( l - y rii

2

)) 

+ r 0 2(l + a 3 2(l - ^-n,2))]"1 ; (28) 

where ' 

r 0 = 1.5 x 10"13 A 1 / 3 (29) 

; nj = n 2 = 0.4 - . (30) 

The total deformation energy of the fission fragments is 

D = D 1(a 3 1) + D 2(a 3 2) . (31) 

where 

Di(a3.) = 0.7143 a g| Es? - 0.2041 a 3* E { (32) 

i = 1 , 2 

Es° = 0.014 A 2 / 3 (AMU) (33) 

Ec° = 0.000627 z 2/A 1 / 3 (AMU) (34) 

In this calculation, the most probable combination of deformation 
parameters, a 3 1 and a 3 2 , is determined by minimizing D1(a31-) + 
D2(a32). Their values are calculated by minimizing the value of 
C(a31,a32) + D 1(a 3 1) + D2(a32). After determining the partition 
of mass numbers Aj and A2 according to Eq. (18), the partition of 
charge numbers of z 1 and z2 is calculated by using the distribution 
function of 

N ( z „ z 2 ) „ (zitz2)l/2(1 . 5 — 1 — ^ f5/2 e { 3 5 ) 

. /(a i+aTTt 

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 

Ei : E2 = (axT2) : (a2T2) = a2 : a2 = Aa : A2 (36) 

Thus, the excitation energy of fragments (Ar,zi.). in the state far 
from scission point is expressed by 

E

i = A T ? A 7
E + D

i
 ( 3 7 ) 

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-
tion of compound excited nuclei which go into the fission reaction. 
This distribution is calculated by the Monte Carlo intra-nuclear 
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 liq-
uid drop model and expressed in Eq. (25). The second one is the 
mass formula used in the NMTC [4] and HETC [5] codes. This is 
based on A. Wapstra [15], J. Huizenga [16] and J. Mattauch et al.'s 
formula[17]. The third is the formula obtained by J. Janecke, 
G. Garvey and I. Kelson (JGK) [18]. 

Results and Discussion 

In Figure 1, the distributions of pre-evaporation nuclei mass 
from the various excited Pu 2 3 9 compound states calculated are shown. 
In this calculation, Fong's mass formula is used. The excitation 
energies of compound states are proton energy (Ep) plus the binding 
energy (B.E.) of proton in Pu 2 3 9. 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 2 3 9 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 Ep=10 MeV toward the direction of light mass. The 
fission product nuclei with heavy mass are shifted more than those 
with 1ight mass. 

In Figure 3, the distribution of post-evaporation fission prod-
ucts from 300 MeV protons on U 2 3 8 calculated by three mass formulae 
(Fong [12], NMTC [4] and JGK [18] )are shown with the results of 
P. Stevenson's experiment [19]. In contrast to the rather flat 

- 139 -



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 distributions of pre-
evaporation fission product nuclei on the neutron yield is studied. 
The difference between the two distributions is smaller in the 
light 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 larger 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 2 3 8 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 light 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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FIGURE 1. Pre-Evaporation Nuclei Distribution from 
the Highly Excited Pu
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FIGURE 2. Pre- and Post-Evaporation Nuclei Distribution 

from the Highly Excited Pu
2 3 9

 Compound State 
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FIGURE 5. Distribution for Number of Neutron Multiplied 
by Yield of Pre-Evaporatio^ Fission Product Nuclei 
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ABSTRACT 

Neutron sources based on Be+d reactions at 
E

d
 > 16 MeV and Be+p reactions at Eg 30 MeV are 

commonly used for cancer therapy. The 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-energy 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 
geometrical conditions. An understanding of the neutr,on-pr oducing 
mechanism in these reactions is useful for calculation[1] 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 
8

n
= 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-
t i o n s ^ ^ ] . In addition reaction channels such as compound nucleus 
formation, multi-body breakup and coulomb excitations of states in 
9Be lead to the emission of lower energy neutrons, E 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 9

n

=

0° from proton- and deuteron-induced reactions in Be at 
various energies. The magnitude of this fraction increases at 
higher neutron emission angles, as manifested by the decrease in the 
average neutron energy of the observed spectra[3]. Figure 1 shows 
the dependence of the proportion of the low energy neutrons on the 
projectile energy. For comparison, data for a ^Li target are also 
shown. It is interesting to note that the ^Be target produces 
more lower energy neutrons than the ^Li target. A similar trend 
is observed with thin targets and the differences between the yields 
for ^Be and ^Li targets cannot be explained on the basis of 
secondary reactions'such as ^Be(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 sever al. neutron-unbound states above 
Q 7 

1.6 MeV in ^Be 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 neutron-
unbound states.. With this assumption we find from Figure 2 that at 
15 MeV projectile energy the inelastic excitations contribute ^30% 
to the low energy neutron yield from'Be+p reactions and ^4% from the 
Be+d reactions. 

Figure 3 shows neutron spectral distributions from Be(d,n) at 
E

d
= 1 2 MeV, 9

n
=0°. In this and other spectra at E

d
> 5 MeV, 

there is a well resolved neutron peak at E
n
/^700 keV. This 

resolved peak is not observed in any of the neutron spectra from 
^Be+p, ^Be+a, ?Li+p, ^Li+d or ?Li+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 9
n

=

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 

^Be(proj, proj') ^Be*(2.43 MeV) ®Be+n were carried out to 

ascertain whether,the production is consistent with neutron emission 

from ^Be(2.43 MeV) in its decay to the ®Be ground state. Such a 

process would account for the independence of the observed neutron 

energy / W O O keV from the incident deuteron energy. The calculations 

confirm that the kinematic restrictions concentrate ^30% of the 

total neutron decay to a single spike at approximately the observed 

neutron energy for the (d,d') reaction. 

However a compar ison. of corresponding kinematic factor s 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, 

whereas experimentally only the deuteron beams produce the well-

resolved neutron peak at E
n
 ^ 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 ^40 mb for 3 MeV><: Ej < 30 MeV. This value of 

the cross section predicts for thick Be targets an energy dependence 

of the excitation function for the / W 0 0 keV neutron peak that is in 

good agreement with the experimentally observed excitation function, 

see Figure 4 , but the predicted absolute yield is a factor of 65 

smaller than the experimental 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 
^Be. 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 
energy neutrons from such a reaction would be different than those 
from other reaction channels. 
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TABLE 1 

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

 9

Be Targets 

Pr ojectile 
E (MeV) Deuter on Proton 

10 33% 70% 

•15 28 62 

20 21 52 

25 15 49 
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E n (MeV) 

Figure 3 Neutron spectral distributions from Be targets of 
thickness T=1.3 and 0.55 times the range of 12 MeV 
deuteron in Be. The inset shows the neutron T.O.F. 
spectrum for T=1.3 R. Arrow indicates the 700 keV 
peak. 

- 153 -



Figure 4 Excitation function for the E
n
 700 keV neutron 

peak. 
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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 
impinged on the central element of hexagonal arrays of 
cylindrical target elements of metallic Pb, Th and 
depleted U and of natural U 0

2
• 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 
observation [3,4] of copious neutron production in the bombardment 
of heavy elements by medium energy protons, 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 

- 155 -



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 EXPERIMENTS 

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 consisted of a large 
tank filled with H

2
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

2
0 . 

From the measurement of the activity on these foils one could deduce 
the total capture rate in the H

2
0 and relate this to the yield of 

neutrons from the targets. The proton beam was 1 cm radius and was 
measured by the production of

 1 1

C 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, 
0.72, 0.96 and 1.47 GeV. The depleted uranium contained 0.22 w/o 
2 3 5

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 output of this 
code feeds either the one-dimensional S^-transport code ANISN [11] 
or the three-dimensional Monte Carlo code MORSE [12]. These two 
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 treat 
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. H
2
0 

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

2
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 cm. 
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

 2l

*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 H2O. 

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 
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for uranium. No calculations have so far been performed for UO2 and 
the composite targets Pb-Th. 

DISCUSSION OF RESULTS 

A comparison of the NMTC evaporation spectrum and the fission 
spectrum of

 2 3 5

U in Fig. 8, shows the harder spectrum arising from 
evaporation. Also included are the fission cross section for

 2 3 8

U 
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 summary of possible contributions to 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 be 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 neutrons 
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

 2 3

® U in 
ENDF/B-V. 
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TABLE V 

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

Target 

u
a 

Pb-1 
Pb-2 

Density 

18.94 
11.34 
11.34 

Length 

609.6 
609.6 
609.6 

Radius 

50.8 
50.8 

101.6 

a

Depleted uranium - 0.22 wt%
 2 3 5

U . 

TABLE II 

Description of Target Assemblies for the FERFICON Experiments 

Target Length 

(mm) 

Radius (mm) 

Rod Array' 
Density 
(g-cm"

3

) 

U-l
b 

U-7
b 

U-19
b 

U-37
b 

Th-1 
Th-7 
Th-19 

Pb-1 
Pb-7 

U 0
2
- 3 7

c 

Pb-l/U-6 
Pb-l/U-36 
Pb-7/U-30 

Pb-l/Th-6 
Pb-l/Th-18 
Pb-7/Th-12 

304.8 

247.7 

304.8 

16.26 

20.96 

50.80 
19.18 

11.94 

16.26 

20.96 

a

Effective radius R = rv'ii. 

^Depleted uranium - 0.26 wt%
 2 3 5

U . 
c

Natural UO2 clad in aluminum. 

16.26 
43.02 
70.88 
98.91 

20.96 
55.45 
91.36 

50.80 
50.75 

72.63 

16.26 
43.02 
70.88 

20.96 
55.45 
91.36 

18.94 

11.30 

11.34 

10.20 

11.34/18.94 

11.34/11.30 
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TABLE III 

Summary of Experimental Methods of Analysis 

BNL Cosmotron Experiments 

Proton Intensity:
 1 2

C ( p , p n )
1 1

C reaction 

H2O Capture Rate: Irradiation of Cu(bare) and Au(bare 
and sub Cd) to derive Westcott flux 
(<j>

Q
), polynominals fitted to In <j>

D
(r,z) 

and integrated to determine total 
capture rate in H2O tank. 

FERFICON Experiments 

Proton Intensity:
 2 7

Al(p,3pn)
2 1

*Na reaction 

H2O Capture Rate: Irradiation of Au(bare arid sub Cd) to 
derive Westcott flux (<f>

0
) . 

Integration via fitted Spline Functions 
to obtain total capture rate in H

2
0 

tank. 
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TABLE IV 

Compilation of FERFICON Results -
H

2
0 Captures per Proton of 480 MeV 

Target Experiment Calculation 

U-l 9. .6 + 0. .7 10, .1 + 0.4 
U-7 14. .1 + 0. .9 10, .9 + 0.4 
U-19 15. .2 1. .0 12. ,4 + 0.4 
U-37 17. ,1 + 1, .0 12, .3 + 0.4 
U - 3 7

a 

17. .2 + 1. .0 -

Th-1 8. .1 + 0., .6 9. .1 + 0.5 
Th-7 9. ,2 ± 0. .6 8, .7 + 0.5 
Th-19 9.. ,6 + 0. ,7 8. .3 + 0.5 

Pb-1 8. .3 + 0, .5 
.2 0.3 Pb-7 8. .0 + 0. .4 

8. .2 + 0.3 

U0
2
-37' 10. ,0 ± 0. .6 -

Pb-l/U-6 -

Pb-l/U-36 12. J +; 0. .7 9, .5 + 0.5 
Pb-7/U-30. 11. .0 + 0, ,7 9. ,0 + 0.5 

Pb-l/Th-6 7. .4- + 0, .9 -

Pb-l/Th-18 6. .6 + 0. .8 -

Pb-7/Th-12 8. .0 + 0. .6 -

a 
Central rod indented by 150 m m . 
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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: 
1 2

C ( p , p n )
n

C vs
 2 7

Al(p,3p)'
2 1 +

Na 

II) Different Geometry 

Target length 610 mm (BNL); 305 mm (FERFICON) 
H

2
0 in contact with BNL target; separated from FERFICON 

target by fixed target can. 

Calculation absorption ratio (U/H2O) 

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 
Fission 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) reactions. 

Nuclear Data 

Reduced inelastic cross-section for
 2 3 8

U in ENDF/B-V 
would lead to further fast fission, etc. 

Resonance Absorption 

Indefinitely dilute cross sections 

Small effect (approx. 5%) 

H
2
0 Thermal Constants - Small effect. 
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Fig. 1: H2O tank and target assembly for the BNL Cosmotron experi-
ments. 
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Fig. 2: Program group for target neutronics calculations. 
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PROTON E N E R G Y (MeV) 

Fig. 3: H2O captures per incident proton as measured in the BNL 
Cosmotron experiments and calculated at CRNL. Error bars 
on the calculated data are statistical errors in the Monte 
Carlo calculation. Experimental errors are not available. 

• POSITION OF Au FOILS 

1.83 m 

Fig. 4: H
2
0 tank and target assembly for FERFICON experiments. 
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Fig. 5: Array of rods in target canister for the 
FERFICON experiments. Canister inside 
diameter is 235 mm. A 37-rod assembly 
is shown. 

Fig. 6: Distribution of thermal neutron flux 
around a 37-rod uranium target 
assembly as measured in the FERFICON 
experiments. 
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Fig. 7: H2O captures per incident proton obtained in the FERFICON 
experiments compared to calculated results. 

2 3 8 U FISSION SPECTRUM CROSS SECTIONS 

NEUTRON ENERGY 

Fig. 8: Comparison of neutron source spectrum (evaporation and 
fission) and the 238u cross sections. 
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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 
epithernial 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. 

INTRODUCTION 

Several laboratories throughout the world are building and 
designing intense thermal and epithermal spallation neutron 
sources, both pulsed and steady state [l-5J. There is a coopera-
tive effort among some nine laboratories to share pertinent infor-
mation; this cooperative endeavor 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: 

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

•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, 

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

•thermal and epithermal neutron surface and beam fluxes 
from moderators, and 

•thermal 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 >-20 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) iy°Au 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 (p,3pn)24|\]a, 
27Al(p,x)22Na, and 27Al(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 water-bath on the neutron yield. The 
water-bath affects the neutron yield in several ways: 

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

•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 list 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 low-energy leakage 
neutrons to low-energy spallation neutrons) is about 3% for tung-
sten, lead, and thorium, and about 21% for uranium. Note the 
low-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 water-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 H20, 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 ( 2 3 2Th to 2 3 3 U and 2 3 8 u to 
239 P u ) inside the 19-rod thorium and 37-rod depleted uranium 
targets. We plan to determine the fissile nuclei production with 
a Ge-Li detection system by observing the 2 3 3Pa activity for the 
thorium target and the 23^Np 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 
tungsten 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 ms 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 s o u r c e. 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. [llj. 

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 4 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) 
increase 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 layout 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 cm from the front surface of the target. 

We define the 2200 m/s neutron flux, 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, is related to by Eq. (1) — Ref. [17]. 

(1) 
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where g(T) is the non-l/v factor, T is the absolute temperature of 
the neutrons, and T0 = 293.6 °K. Some preliminary spatial 
distributions of <p0 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 cm2 

of moderator surface) is ~1.8xl0~3 n/cm2»p. Preliminary 
val ues of the Maxwellian, and epithermal, v(leV), neutron 
beam fluxes are v m~2.4xl0" 2 n/sr*p and <?{ leV) ~ 1.2xl0"2 
n/sr*eV-p, respectively. The value for assumes a Maxwellian 
temperature of 400 °K which is about what we measured for an 
unreflected moderator [l]. The neutron beam fluxes are for a 
moderator field-of-view of~65 cm2 centered on the moderator. 
The moderating ratio, scm/sc(leV), 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 yields, 
spectra, and pulse widths. We also would like 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. 

ACKNOWLEDGEMENTS 

This work was performed under the auspices of the U.S. 
Department of Energy. We would like to acknowledge the support 
and encouragement of R. Woods, and useful discussions with J. L. 
Yarnell, P. W. Lisowski, and J. S. Fraser. We appreciate the help 
of J. R. Baldonado and K. J. Hughes in setting up the experi-
ments. We acknowledge the cooperation of the WNR operations crew 
of R. D. Ryder, H. M. Howard, R. A. Johnson, and T. L. Bogart, and 
the help of the CNC-11 counting room personnel. 

- 175 -



REFERENCES 

1. G. J. Russell, P. W. Lisowski, and N.S.P. King, "The WNR 
Facility—A Pulsed Spallation Neutron Source at the Los Alamos 
Scientific Laboratory," Intl. Conf. on Neutron Physics and 
Nucl. Data for Reactors and Other Appl. Purposes, Harwell, 
England (1978). 

2. L.C.W. Hobbis, G. H. Rees, and G. C. Stirling, eds., "A Pulsed 
Neutron Facility for Condensed Matter Research," Rutherford 
Laboratory report RL-77-064/C (1977). 

3. J. M. Carpenter, D. L. Price, and N. J. Swanson, eds., 
"IPNS--A National Facility for Condensed Matter Research," 
Argonne National Laboratory report ANL-78-88 (1978). 

4. Y. Ishikawa and N. Watanabe, "KEK Neutron Source and Neutron 
Scattering Research Facility," National Laboratory for High 
Energy Physics report KEK-78-19 (1978). 

5. G. S. Bauer, ed.,."Targets for Neutron Beam Spallation 
Sources," Jul-Conf-34, ISSN 0344-5798, Julich (1980). 

6. H.J.C. Kouts and M. Steinberg, eds., "Proceedings of an 
Information Meeting on Accelerator-Breeding," ERDA 
Conf-770107, Brookhaven National Laboratory (1977). 

7. K. C. Chandler and T. W. Armstrong, "Operating Instructions 
for the High Energy Nucleon Meson Transport Code HETC," Oak 
Ridge National Laboratory report ORNL-4744 (1972). 

8. W. L. Thompson, ed., "MCNP - A General Monte Carlo Code for 
Neutron and Photon Transport," Los Alamos Scientific 
Laboratory report LA-7396-M (1979). 

9. J. S. Fraser, et al., "Neutron Production by Thick Targets 
Bombarded by High-Energy Protons," Physics in Canada, Vol. 21, 
No. 2, 17-18 (1965). 

10. P. M. Garvey, "Neutron Production by Spallation in Heavy Metal 
Targets," Proc. of Meeting on Targets for Neutron Beam 
Spallation Neutron Sources, Jul-Conf-34, ISSN 0344-5798, 
Julich (1980). 

11. S. D. Howe, et al., "Neutron Spectrum at 90° from 800-MeV 
(p,n) Reactions on a Ta Target," Proc. Conf. on Nuclear Cross 
Sections for Technology, Knoxville (1979) - to be published. 

- 176 -



12. L. R. Veeser, et al., "Neutrons Produced by 740-MeV Protons on 
Uranium," Nucl. Inst. Meth., Vol 17, 509-912 (1974). 

13. R. Madey and F. M. Waterman, "High-Energy Neutrons Produced by 
740-MeV Protons on Uranium," Phys. Rev. C, Vol. 8, No. 6, 
2412-2418 (1973). 

14. J. W. Wachter, W. A. Gibson, and W. R. Burrus, "Neutron and 
Proton Spectra from Targets Bombarded by 450-MeV Protons," 
Phys. Rev. C, Vol. 6 No. 5, 1496-1508 (1972). 

15. R. G. Alsmiller, Jr., "Calculation of the Neutron and Proton 
Spectra from Thick Targets Bombarded by 450-MeV Protons and 
Comparison, with Experiment," Nucl . Sci. Engr., 36, 291-294 
(1969). 

16. K. H. Beckurts and K. Wirtz, Neutron Physics, Springler-
Verlag, New York, Inc. (1964). 

- 177 -



TABLE I 
PHYSICAL CHARACTERISTICS OF FERFICON TARGETS 

T A R G E T 
M A T E R I A L 

DENSITY 
(g/cm3) 

DIAMETER 
(cm) 

LENGTH 
(cm) 

w a 18.26 4.45 24.13 

Pb 11.31 9.85 40.65 

U 18.4 10.01 40.65 

Th 11.38 18.28b 40.65 

U 19.04 20.09° 40.65 

U 
ENRICHMENT 

(wt%) 

0.19802 

0.25051 

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

bEffective diameter (D = d V n ) for a 19 rod array with an individual rod 
diameter of 4.1928 cm. 

cEffective diameter (O = d V n ) for a 37 rod array with an individual rod 
diameter of 3.3035 cm. 
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TABLE II 

BARE-TARGET CALCULATED NEUTRONICS FOR FERFICON TARGETS3 

W Pb U Th U 
4.45-cmdiam 9.85-cm diam 10.01-cmdiam 18.28-cm diamb 20.09-cm diamb 

(n/p) (n/p) (n/p) (n/p) (n/p) 

L O W - E N E R G Y ( < 2 0 MeV) S P A L L A T I O N 13.15±0.16 16.12±0.20 21.37±0.27 21.39±0.27 25.06±0.33 
N E U T R O N PRODUCTION 0 

N E U T R O N L E A K A G E « 20 MeV)d 

N E U T R O N L E A K A G E ( > 2 0 MeV) 

T O T A L N E U T R O N L E A K A G E 

N E U T R O N C A P T U R E « 20 MeV)6 

T O T A L N E U T R O N PRODUCTION 

13.47±0.17 

1.18±0.02 

14.65 ±0.17 

0.155±0.002 

14.81±0.17 

16.55 ±0.20 

1.1710.02 

17.72±0.20 

0.009+0.0002 

17.73+0.20 

25.8410.32 

1.0510.02 

26.8910.32 

1.05+0.02 

27.9410.32 

22.0510.26 

0.9710.02 

23.0210.26 

1.5110.02 

24.5310.26 

30.42+0.38 

0.7110.02 

31.1310.38 

4.4410.06 

35.5710.39 

N E U T R O N I N D U C E D FISSIONS 
[ < 2 0 MeV] (fiss/p) 

2.3410.04 0.60+0.01 4.4310.07 

aProton 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. 

bEffective diameter D = d Vn"; d is the individual rod diameter and n is the number of rods. 

Evaporation neutrons produced inside the target; fission competition with evaporation is not included in HETC. 
d Includes net effects of (n,f)- and (n.xn)-type reactions occuring during transport of low-energy spallation neutrons. 
eNeutron capture occuring in target during transport of the low-energy spallation neutrons. 



TABLE III 

PRELIMINARY LASL PER FICON RESULTS 
COMPARED TO BNL COSMOTRON DATA 

(INTERPOLATED AT 800 MeV) 

LASL FERFICON BNL COSMOTRON 
LASL 

1 
T A R G E T 

MATERIAL 

, T A R G E T 
SIZE 

diam x length 
(cm x cm) 

CALCULATED 
NEUTRON LEAKAGE 

PER PROTONb 

MEASURED 
H 2 O NEUTRON 

CAPTURES 
PER PROTON 

I-1 

oo o W 4.45 x 24.13a 13.5 - 14.7 10.2 
1 Pb 9.85 x 40.65 16.6 - 17.7 13.0 

u 10.01 x 40.65 25.8 - 26.9 25,3 

Th 18.28dx 40.65 22.1 - 23.0 17.1 

U 20.09dx 40.65 30.4-31.1 28.8 

C A L C U L A T E D 
H 2 O NEUTRON 

CAPTURES 
PER PROTON0 

16.4 

23,3 

aThe 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 energies < 20 MeV, and the larger 

number is for neutrons with energies < 800 MeV. 
cRef. [ 1 0 ] . 

dEffective diameter D = d^/n; d is the individual target diameter and n is the number of rods. 

MEASURED 
H 2 O NEUTRON 

CAPTURES 
PER PROTON0 

13.4 

26.3 

BNL 
COSMOTRON 

TARGET 
SIZE 

diam x length 

(cm ,x cm) 

10.2x61.0 

10.2x61.0 



Fig. 1 General layout of the WNR showing the two target areas. 
The high-current target is located in a vertical proton 
beam and is viewed by 11 horizontal flight paths. The 
low-current target is located in a horizontal proton beam 
and viewed by 12 flight paths. 



RADIUS (cm) 

Fig. 2 Measured spatial distribution of proton beam for several 
LASL FERFICON experiments. 



W CYLINDER U OR Pb CYLINDER 

SOLID TARGETS 

Th ROD 

19 - ROD TARGET 

U ROD 

37-ROD TARGET 
Fig. 3 Targets used in the LASL FERFICON experiments (relative 

sizes are as indicated). 
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Fig. 4 Experimental setup to measure the neutron yield from WNR 
high-current production targets. 
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Fig. 5 Neutron yield at 90° to the axis of the WNR tantalum production target. We viewed the 
full target diameter, and limited the vertical "field-of-view" to ± 2.2 cm centered 
3.8 cm from the target top. The experimental data are arbitrarily normalized to the 
calculation at 10 MeV. 



Fig. 6 Neutron yield at 90° to the axis of the WNR tungsten production target. We viewed the 
full target diameter, and limited the vertical "field-of-view" to ± 2.2 cm centered 3.8 
cm from the top of the solid tungsten rod. The experimental data are arbitrarily 
normalized to the calculation at 10 MeV. 



Fig. 7 Unreflected hybrid slab-moderator which is presently used 
at the WNR for thermal neutron production. An unpoisoned 
CH2 moderator is used with the tantalum production 
target for epithermal neutron generation. 

Fig. 8 This figure depicts a reflected hybrid slab-moderator. 
Such a configuration is neutronically efficient. 
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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. 

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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Fig. 11 Experimental setup used in preliminary measurements of 
thermal and epithermal neutron beam fluxes. 
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Fig. 12 Preliminary 2200 m/s neutron surface flux distribution 
from a reflected wing-moderator (see Fig. 9). The 
distribution shown lies along the vertical center of the 
9.7-cm by 9.7-cm moderator surface. 

- 190 -



ro 
i O 

O 
ro 

t — i — i — i — ' — i — i — i — i — i — i — i — < — i — " — r 

Protons 
Target 

0 9.7 

J 
-Moderator 

ro 
•o 
in 

_ cvj 
a. 

M* 

4 
X 
Z) 

I 
Ui 
o 

£ cr 
co 

z 
o 
cr 
h-
ZD 
UJ 

ro 
' O 

O 
cvj 

lO 1

 O 

-Left Side 
Moderator 

Of 

Right Side 
Moderator 

ro 1 o 

o O 3 4 5 6 7 
D I S T A N C E 1cm) 

J I I I l L 
9 9.7 

Fig. 13 Preliminary 2200 m/s neutron surface flux distribution 
from a reflected wing-moderator (see Fig. 9). The 
distribution shown lies along the horizontal center of 
the 9.7-cm by 9.7-cm moderator surface. 

- 191 -





PRODUCTION OF 14 MeV NEUTRONS WITH THERMAL NEUTRONS ON
 6

L i D 

M . A . Lone, D.C. Santry and W . M . Inglis 

Atomic Energy of Canada Limited 

Chalk River Nuclear Laboratories 

Chalk River, Ontario, Canada KOJ 1J0 

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
 6

L i D con-

verter is 156 x 10~
6

 per thermal neutron of which ^67% is 

from neutrons with Ej^ > 12 MeV. The corresponding numbers 

for LiD are 318 * 1 0 ~
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 [1,2]. The principal disadvantage of 

these reactions is the need for. using radioactive tritium either as 

a target or projectile. The reaction T(d,n)
l +

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 < 1 0
1 2

 n * s
- 1

' s r
_ 1

 ['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 

^LiD converter with thermal neutrons [5]. Tritons of energy 2.73 

MeV are produced in the primary reaction
 6

Li(n,t)
l +

He for which-the 

thermal neutron cross section is 940 b (1 b = .l'0~
28

 m
2

) . Subsequent 

interactions of these tritons with deuterium and isotopes of Li 

produce high energy neutrons by the following reactions: 

4 
D + t + He + n + 17.586 (MeV) 
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6

L i + t ->•
 8

B e + n + 16.02 (MeV.) 

4 
->2 He + n + 16.115 

5 4 
•->- He + He + 15.15 

7 9 
Li + t Be + n + 10.435 (MeV) 

8

B e + 2n + 8.768 

4 
2 He + 2n + 8.85 

5 4 
He + He + n + 7.905 

Although these reactions produce neutrons with a broad energy 

distribution, there is a dominant high energy component with E
R
 > 12 

MeV due to the D(t,n) reaction and the ground state transition in 

the
 6

Li(t,n) reaction. Here we call these components the 14 iyieV 

neutrons. 

In this'paper we report on our measured and calculated thick 

target fast neutron yields from
 6

L i D and EiD 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 experimental 

set up is shown in Fig. 1. It provides an extremely clean' thermal 

neutron beam with a Cd ratio of 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 experimental details are given in ref. 2. 

CALCULATION OF FAST NEUTRON YIELDS 

The neutron yields expected from
 6

L i D 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 

tritori can be calculated from the expression 

Y 
n 

where e °X - the transmission of the triton ^ 1, 
o 

N. = the number of atoms of the isotope i per cm°, 

2.7 

= / i f e °
X

 N. S .
1

( E ) a
1

 (E) 6E.]dE 
l i t,n i 
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the stopping power of the isotope i for tritons, 

the neutron production cross section, 

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 w i l l 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 w i l l be between 0.5 and 1 depending on 

the target composition, packing density and the geometrical shape. 

RESULTS 

The calculated thick target yields from
 6

L i D and LiD compounds 

are given in Table 1. In
 6

L i D target the D(t,n) reaction contri-

butes 60% to the neutron y i e l d , all of which is at neutron energies 

above ^12 M e V . The neutron spectral distribution from ^Li(t,n) 

reaction at E
t
 = l.l MeV is shown in Fig. 2. From this we estimate 

that for E
t
 = 2.73 MeV %20% of the neutrons from thick targets have 

energies above 12 M e V . Thus the.relative magnitude of the yield 

with E
n
> 1 2 MeV from

 5

L i D is ^ 6 7 % . 

In a LiD target with natural abundance of lithium isotopes the 
7

L i ( t , n ) reaction accounts for 66% of the neutron production, most 

of which is at E
n
< 12 M e V . Thus the percentage of high- energy neu-

trons from this target is only ^35%. 

Our measured yield from
 6

L i D is 156 x 1 0
- e

 per thermal neutron, 

of which 1 0 4 x 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 10~
6

 and 112 x 10~® 

respectively. The 15 MeV neutron yield values for
 6

L i D and LiD 

reported b y Frigerio [6] are 170 x 10~
6

 and 1 1 0 x 1 0 ~
6

, 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
- L f

 per thermal neutron. 

Assuming a factor of 2 for flux depression, a thermal neutron flux 

of 2 x 1 0
1 5

 c m
_ 2

' S
_ 1

 will give a fast neutron flux of ^ l O
1 1

 c m "
2

« s
_ 1 

and neutron fluence of 3 x 10^®cm~
2

 over a period of one y e a r . 

S. 
l 

and 
t,n 

E h = 
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The practical usefulness of a
 6

L i D converter can be assessed 

by comparing its conversion efficiency (%10
- 1 +

) with the fast neu-

tron fraction available from a neutron irradiation position in a 

reactor core [7]. For applications where only neutrons with E
n
> 12 

MeV are effective (e.g. for reactions involving (n,2n) thresholds) 

the
 5

L i D converter would provide little improvement because, as one 

can estimate from the Watt expression [8], in such locations the 

fraction of neutrons with E
n
 > 12 MeV is about 3 * 1 0

- t +

. However, 

for applications of neutrons with E
n
 > 12 MeV and- for which the 

background•of neutrons of lower energy is important, the use of a 

®LiD converter in an irradiation location with good cadmium ratio 

could provide a source with almost 67% of the neutrons with 

E
n
 > 1 2 M e V . 

TABLE 1 

Calculated thick target fast neutron yields per 10^ tritons 

- 6

L i Relative Contribution % Yield per 10
6

 triton 
Target abundance 

% &Li 
7

L i ' D All E
n 

E
n
 > 12 MeV 

6

L i D 95.5 . 34 6 60 283 190 

LiD 7.5 2 66 32 531 187 
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Fig. 1. Arrangement of the N4 external thermal facility at NRU. 
The target tube was lined with Cd for the fast neutron 
measurements [Ref. 2]. Thermal neutron flux at the tar-
get was 4 x 10

7

 cm
- 2

»s
- 1

 and the Cd ratio was ^10
6

 . 
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ABSTRACT 

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. 
Measurements were made at angles of 30 , 90 and 150 for 
different penetration depths 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 

On leave from A.A.E.C. Research Establishment, Sydney, 
Australia 

On leave from University of Birmingham, 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 
measurements give neutron and proton .emission spectra at 30 , 90° 
and 150 at seven distances into the target between 0 and 35 cm. 

In section 2 of this paper the experimental set-up and 
electronic 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 
^ and compared to theoretical calculations. Prospects of the 
future KfK experimental programme at SIN and SATURN are outlined 
in section 5- - • . --

- E X P E R I M E N T A L . D E T A I L S 

The measurements were
:
 performed a t 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 secondary particle emission from the target 
were - made : at 30 , 90 and .150 via an iron collimator which was 
^1ra 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. 5 " cm thick , 5 cm diameter 
NE 213 liquid scintillator; . used for its pulse shape (particle) 
discrimination properties. A.0.5 cm thick plastic scintillator 
was- located immediately in .front of the liquid scintillator to 
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, 
The pul se 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 : 

(i) 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-

(iii) It started the TAC which provided time-of-flight 
information via ADCh. 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-o.f-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 
sorted into suitable time-of-flight bins. The corresponding neutron 
energies were calculated relativistical-ly 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.^h MeV neutrons appear, to have the same flight time as 500 MeV 
neutrons for measurements at the 9Q° position. Separation of 
the response due to high energy neutrons from .that due to low 
energy neutrons, was achieved by linear extrapolation p f the 
high energy pulse height response down to the bias level. The 
error associated 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. [l] was-
used' to calculate the required efficiency. The- shape' of the 
pulse height spectra, produced' by the code are in good agreement 
with the 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 edge's of the pulse', height-spectra in various time-of-flight . •' 
bins and extrapolating to find the proton energy corresponding 
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 liquid 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] . •• 

... k. RESULTS " •. • • 

" Figure 3 shows the spectrum of neutrons emitted from the .. 
first lead block in the target (O to 5 cm) 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 (0.1+5" 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. [U] . 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 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 at small distance from the front surface. This 

feature is indicated "by the solid line drawn through the 

experimental results. • 

The sum of the 90 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 12.2
n
eutrons 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 K F A , Julich /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 

spectrum.of neutrons emitted from the whole target ( 1 5 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 a l . [T]- 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 [U] . It is clear, despite the fact that the spectra are 

not directly comparable, that at 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 is proceeding on data already collected. In the hear 

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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Figure 1 - Schematic diagram of the experimental arrangement for 
the SIN tiine-of-flight experiments 

Figure 2 - Block diagram of the electronic system for the SIN 
time-of-flight experiments 
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Figure - Total neutron yield at .90 (En >1.5 MeV) as a 
function of proton penetration into the 10 cm diam. 
lead target 
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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, 
e.tc.)i 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-I.I 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-MeV 
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 Reactor 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 P,1ant Designs. 

It is difficult to cover every reaction for each,element 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 California at Davis [4] and ORELA 
[5] have recently obtained total cross section (.ay) data in 
the 10- to 50-MeV range of the required accuracy for all these 
elements. In addition, ay 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 ay 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 (ae£) 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 o ei 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, crnon, u. C. 
Davis developed a technique [4] for obtaining these data which is 
schematically represented in Fig. 3. Basically, the technique 
works if ay is well known, and if a significant fraction of 
the elastic cross section is contained within the forward solid 
angle of the detector. Then a n o n is determined from 

o - o T - ncr 0" 
non T el 

using an optical-model (OM) calculation. The result for a n o n 

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 USD0E 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 59Co(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 vary 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, [ 167~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 jH. [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 TRe-[~n,3n) reaction, only 
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Veeser _et al. [19] report any. data... Their measurements extend, 
from the tFFeshold 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 region of.interest above which data cannot 
be obtained easily. The 9Co(n,p) reaction requires a. mono-
energetic source, hence its extension to higher energies will re-
quire 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^_o"F_the 
primary dosimetry reactions were adequately known with another • 
35% known with marginal1 certainty. This has not changed in the 
intervening two years. Theire are virtually no darta above 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 materiaT 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 3 8U, 2 3 2Th, 
and 2 3 7Np, relative to 2 3 5U at a variety of white sources 
(e.g., ORELA, ILL, WNR) or at a quasi-monoenergetic source such 
as U. C. DaVis. Unfortunately, the 2 3 5U 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 F-e, Ni, Cr, Al, Cu, W, Sn, Ti, ' 
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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 Al [7], Fe [7], Ni [21], and Si [22] between 20 and 26 MeV. 
Winkler et al. [23] (IRK, Vienna) have measured elastic scat-
tering foFUr at 15 MeV. Galloway et aJL [24] (Edinburgh) have 
made differential-elastic measureme'rvE's 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 56Fe(n,n*) Trom 16 
to 22 MeV. Ohio University has obtained inelastic-scattering 
data for 5 8> 6 0Ni [21] at 24 MeV, for Si [22] at 20 and 26 
MeV, and for 1 1 6Sn [25] at 24 MeV. Winkler et _aK [23] (IRK, 
Vienna) report new inelastic-scattering measurements for Cr at 15 
MeV. 

For (n, charged particle) 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 Al [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 22° and 
135°. Examples of angle-integrated a-particle emission 
spectra for Cr, Fe, Ni, and Cu isotopes are shown in Fig. 5. 

Measurements of the 50Cr(n,a) and 93Nb(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-scinti1lator at Harwell. Initial meas-
urements are planned for Fe, Ni, and Cr near 15 Mev. 

All 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 12C(n,xa) reaction at E n = 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 S0Ni(n,p) at 20 MeV and 12C(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 e 3Cu in the 12- to 20-MeV range 
[34]. Paulsen et al. [351 (Geel) also report data for" 
5Te(n,p), s"FeTn,ay and *6Fe(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 gbod. 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 6 5Cu agree well with the 
results of Grimes eTTal. [26,27] (LLL) while the results of 
Winkler [39] for 6"*Cu~Ho 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 63Cu(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 63Cu(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 
experiments have been performed. Fig. 6 shows the LASL results 
for 6Li 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 aj_. [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 MeV. 
Their technique yields data at one secondary angle near 130° 
(lab). Chalupka et al. [45] (IRK, Vienna) have completed meas-
urements of angle-mTegrated 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 requirement except for those of Iwasaki 
^t _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 1(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 accumulation method. They 
plan similar measurements on 6>7l_i, 1 0» 1 XB, Pb, and 
Si. Ohio University has obtained preliminary data [47] for 
l2C(n,Oo) at-9 MeV. LLL plans both helium and hydrogen 
production cross section measurements at 15 MeV on 7Li, 1 XB, 
and Si using their 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 7Li 

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]7 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 n^'^on emission 
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spectral measurements. All of these data are compared in Fig. 
8. It was stated in Haight's review article [1] on fusion data 
that the 7Li(n,n't) cross section is uncertain to 25%which is 
consistent with Fig. 8. A measurement of this cross section by 
3 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 
enerqies 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 £t _al_. [55] at ORELA for Nb 
and Ti span the entire incident neutron energy 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 9Be and 
1 XB 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 25° 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 (n,xy) data from the inelastic 
threshold to 15 MeV for i oB, l lB, 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 ranqe of interest 
with an accuracy of a few percent or better. For B, Nellis 
e_t _a2- '[57] have obtained (n,xy) data for incident-neutron 
enerqies 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 l lB. 
Bezotosnyi et_ al. [59] have measured secondary gamma production 
at 14 MeV for "froth 1 0B and 1 LB. 

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 ori'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 51tFe(n,a) reaction using activa-
tion technique. However, there are measurements planned [33] at 
Ohio University for 58Ni(n,p) near 20 MeV and lzC(nr3a) up 
to 25 MeV. Also, a collaborative measurement is planned [54] for 
the 63Cu(n,a)6°Co 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 - Csl 
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 
12C(n,xa) data for E n - 39 MeV. Such developments will 
stimulate new measurements above 15 MeV. The report also recom-
mended feasibi lity 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 
date. 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 nieasurements 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 ay 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 Ohio 
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-particle 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 
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. In 1980, the picture 
looks even better. 

In the area of dosimetry cross sections, the Working Group on 
Differential Cross Sections 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 list 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 relfiTncIaht 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 arre 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 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 I 

59Cd(n,p) Cross Sections Near 14 MeV 

Measurement Reference En(MeV) . Cross Section(mb) 

Fukuda et al. 10 15 53.1 + 4.5 

Alvar et _al_. 11 14 73 + 22 

Levkovski et al. 12 15 37 ± 6 

Vonach and Munro 13 14.8 53 + 12 

Jeronymo et al. 14 14.9 428 .: + 70 

Hassler et al. 15 14 48 + 5 

Allan 16 14 61 + 10 

Preiss and Fink 17 14.8 83 + 8 
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TABLE 11 

Helium Production Cross Sections Near 15 MeV for 
Material-Damage Calculations 

Laboratory Technique Al Fe Ni V Nb Ti 

(mb) (mb) (mb) (mb) (mb) (mb) 

LLLa Spectrometer 121 + 25 4 3 + 7 9 7 + 1 6 17 + 3 14 + 3 (d) 

Rockwell Int.b Helium 
Accumulation 

143 + 7 4 8 + 3 98 + 6 18 + 2 1 7 + 5 3 8 + 3 

JulichC Activation 16 + 1 

aRef. 26, 27, 28 

bRef. 36 

cRef. 37 

dlsotopic Data for " S ^ T i in Ref. 26 



TABLE III 

Helium Production Cross 
Cu and Ti 

Sections Near 
Isotopes 

15 MeV for 

Laboratory Technique 6 3Cu 
(mb) 

6 5Cu 
(mb) 

*6T1 
Imb) 

**
 aTi 
(mb) 

LLL a Spectrometer 56 + 10 13.5 + 2.6 94 + 18 28 + 6 

Julichb Activation 17.7 + 4 . 3 

IRK, Vienna0 Activation 40.7 + 1 

111. Inst. Tech.d Activation 39 + 6 

Kyushu Univ.e Activation 50.4 + 5.7 

aRef. 26, 27 

bRef. 38 

CRef. 39 

dRef. 61 

eRef. 10 



TABLE I (Cont'd) 

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 

r 

Incident Neutron 

Energy(MeV) 

Al Tohoku Univ.a 

0RELAb 
15.6 
1 - 20 

7Li LASLC 10, 14 

C LASLd 14 

Ni TUNLe 

IRK, Vienna^ 
10, 12 
14 

Cu TUNLe 10, 12 
IRK, Viennaf 14 

1 °B LASLG 10, 14 

Fe TUNLe 10, 12 
IRK, Viennaf 

14 

Cr IRK, Vienna^ 14 

Pb TUNLe 10, 12 

Si 

W IRK, Viennaf 14 

0 

N 

aRef. 40 
bRef. 41 
CRef. 42 
dRef. 43 
eRef. 44 
fRef. 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 

0RELAc 1 - 2 0 

Nb Tohoku Univ.d 15.6 

ORELA0 1 - 20 

IRK, Vienna5 14 

Sn IRK, Vienna13 14 

Mo IRK, Vienna5 14 

V 

1 1B LASLe 10, 14 

aRef. 56 
bRef. 45 
cRef. 55 
dRef. 40 
eRef. 42 
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A comparison of total cross-section results for Fe obtained 
at U. C. Davis (Brady - Ref. 4) and at ORELA in 1979 (Larson 
- Ref. 5). The ORELA results are plotted in 5-point averages, 
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Fig. 2. A comparison of total cross section results for Fe obtained 
at U. C. Davis (Ref. 4\ at ORELA in 1979 (Ref.5), at 
Karlsruhe (Cierjacks -'Ref. 62), and at ORELA in 1972 (Perey 
- Ref. 62). All ORELA results are plotted as 5-point 
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Fig. 3. A schematic representation of the experimental arrangement 
used by U. C. Davis (Ref. 4) to obtain non-elastic 
cross-section data. 

E p (MeV) 

Fig. 4. Proton-emission cross section at 90° for Ni obtained by 
Grimes et_ al_. (Ref. 27) at LLL using a quadrupole 
spectrometer. 
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Fig. 5. Angle-integrated alpha-particle-emission cross sections 
(n,xa) for Cr, Fe, Ni, and Cu isotopes obtained by Grimes 
et aj_. (Ref. 27). The data are averaged into 500 keV bins; 
Tfie solid line is a Hauser - Feshbach calculation; the dashed 
line represents alphas emitted from the first compound 
nucleus. 
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- 240 -



Fig. 7. Preliminary neutron-emission spectra obtained at TUNL (Ref. 
44) for Fe, Ni, Cu, and Pb at 12-MeV incident-neutron energy 
and lab angle of 125° (left plot); neutron emission spectra 
for Fe at 5 angles for an incident-neutron energy of 10 MeV 
(right plot.) 



E „ - M e V 

Fig. 8. Cross-section data for the
 7

Li(n,n'at) reaction. Tritium 
accumulation results are Ref. 49 solid circles, Ref. 50 solid 
square, Ref. 51 solid inverted triangles. The open circles 
are from photographic emulsions (Ref. 52). The remaining 
data are deduced from neutron-emission spectra. This figure 
.is from Haight (Ref. 1). 
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Fig. 9. Integrated yield of secondary gamma rays with Ey > 0.3 
MeV as a function of incident-neutron energy for Ti. The 
solid line is the ENDF/B-IV evaluation. 





STATUS OF (N, CHARGED PARTICLE) MEASUREMENTS AT LLL* 

Robert C. Haight anc! Steven M. Grimes'*" 

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 with 14- to 15-MeV 
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 stainless steels 304 and 316. 
Isotonic data on 46,48ji, 50,52 C r j 54,56 F e j 58,60Ni 

and 63,65cu and on the monoisotopic elements 27A1, 51V 

and 93Nb have provided stringent tests of reaction 
model calculations. Equilibrium and pre-equilibrium 
reaction mechanisms have been identified and quantified. 
Preliminary data on 92,94,95,96ni0 and on light nuclides 
including '2c and ?Li 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 

tWork 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 this 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 foil and a 
low background at the detectors because of the l/r2 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 
light nuclei, and to eliminate the variation of neutron energy 
with reaction angle. 

The typical E detector used now is a 300 mm^ 1500 ym 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 neu.trons. 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% CO2. Its entrance window is several 
layers (^ 5) of formvar supported 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 low 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, i'p 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-equi1ibrium 
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 (n,n'p) 
can vary widely with isotope as illustrated in Fig. 6 for and 
4°Ti. Because of the relationship between neutron and proton 
separation energies, there is a region of excitation of 46 t i 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 ^ T i 
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 (Fig. 7) and angular distri-
butions (Fig. 5). The model used is the hybrid model 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, 
the pre-equilibrium component is usually more significant for the 
heavier isotopes. 

PRESENT AND FUTURE WORK 

Recent preliminary data have been obtained for 92,94,95,96j/|0j 
C and 7Li. A spectrum of protons emitted at 90° from 94m0 bom-
barded with 15-MeV neutrons is shown in Figure 8 for example. 

Measuring the complete spectrum of charged particles from 
light isotopes poses experimental difficulties because particles 
of very low energy must be detected. For 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 particle spectrum is signi-
icant even below 1 MeV. This situation is expected also in the 
Li (n,n'at) and ^0(n,n'4a) reactions, both of which are of im-

portance for fusion applications. 
In the future we plan to complete the measurements on the 

light nuclides, ?Li, 9Be, 1 1B, 1 ZC, 1 4N, 1 60 and 1 9 F at E n = 14 
MeV; to extend the measurements on structural 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 V 

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

Spectrum-Averaged 
Particle Charged-Particle Energy 

Target . Emi tted Cross Section (mb) ... .. 

5 0Cr P . 830 + 100 4. 5 + 0.2 

5 0Cr : d , 12 + , 4 E; sS « ,6 + 0.6 

5 0Cr a "'- 94 + 15 8. ,4 + • 0.3 

5 2Cr P 180 + 25 1 4. 1 + 0.2 ' 

5 2Cr ' d 8 + 3 4. ,9 0..7. 

5 2Cr ; a . 36 + 6 8. ,4 + 0.4. 

X r P 180 + 25 4. .7 + 0.2. 

Cr d ' TO + " 3 • v 5, .7 + 0.7 

Cr a 38 + 6 8. .6 + 0.4 

54c Fe P 
54 r —Fe d 

54. Fe a 

56 F e P 

56 F e d 

56 F e a 

900 + 110 4.8 + .0.2 

1 0 + 4 5 . 6 + 0 . 6 

7 9 + 1 3 8.7 + 0.4 

1 9 0 + 2 2 5.1 + 0 . 2 

8 + 3 5.5 + 0.7 

41 + 7 8.8 + 0.6 

Fe p 

Fe d 

Fe a 

230 + 30 

8 + 3 

43 + 7 

5.0 + 0.2 

5.4 + 0.8 

8.8 + 0.4 
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TABLE I ( C o n t ' d ) 

Particle 
Target Emi tted 

58. 
Ni 

58Ni 

58 'Ni 

Cross Section (mb) 

1000 + 120 

1 4 + 6 

- 106 + 1 7 

Spectrum-Averaged 
Charged-Particle Energy 

(MeV) 

5.1 + 0.2 

6.5 '+ 0.7 

9.5 + 0.3 

6 0
N i 

6 0
N i 

6 o N i ; 

325 + 40 

11 + 4 

76 + 12 

5.0 + 0.2 

6.0 + 0 .8 

9.0 + 0.3 

Ni 

Ni 

Ni 

790 + 100 

13 + 5 

97 + 16 

4.9 + 0.2 

6.3 + 0.6 

9.2 + 0.4 

63 Cu 

63 Cu 

63 Cu 

320 + 45 

9 + 4 

56 + 10 

4.4 + 0.2 

6.4 + 0 . 7 

8.9 + 0.3 

65 

65 

Cu 

Cu 

65 Cu 

4 4 + 5 

1 0 + 4 

13 + 3 

6.2 + 0.3 

6.6 + 0.8 

9.5 + 0.7 

Cu 

Cu 

Cu 

237 + 28c 

10 + . 4C 

42 + T 

5.0 + 0.3C 

6.5 + 0.8C 

9.1 + 0.4C 

Inferred from isotopic data. 
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1.5 1 I I | I I I I | I I I I f 

Figure 1. Measured transmissions of protons for nine magnet current settings 
with 50 mm^ AE and E detectors. The transmissions are expressed as 
effective solid angles for detecting protons emitted fronv the 
target foil. Approximately nine settings are required to cover the 
proton energy spectra for the structural elements, Al to Nb. 

E p {MeV) 

Figure 2. Proton emission cross sections at 90° for natural 
nickel bombarded with 15-MeV neutrons. 
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m Hydrogen 

Aluminum Vanadium Iron Copper SS-304 
Titanium Chromium Nickel Niobium 

Figure 3. Hydrogen and helium production cross sections at 
15 MeV measured with the magnetic-quadrupole charged-
particle spectrometer. 
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Figure 4. Spectrum of alpha particles from 50,52(;
rj
 54,56p

6j 

58,60
Ni a n d

 63,65cu bombarded with 15-MeV neutrons. 
The solid curves are Hauser-Feshbach calculations. 
The dashed curves indicate the alpha spectrum from the 
first stage of the reactions. 
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Figure 6. . Proton-emission spectra from 46ji and ^8fi bombarded 
with 15-MeV neutrons. The large bump in the spectrum 
for near 2 MeV is due to protons from (n,n'p) 
reactions which are. favored for this isotope but not 
for 48 t i. This effect originates in the relationship 
of neutron to proton separation energies and has been 
called "proton trapping" or'"second chance proton 
emission." 

Figure 5. Variation with angle of the cross sections for emission 
of protons, deuterons, and alpha particles from the 
bombardment of S^Cr with 14.8 MeV neutrons. The cross 
sections are normalized to unity at 30°. 



Figure 7. High energy portions of the proton emission cross 
sections are compared with hybrid model calculations 
(dot-dashed line), multistep Hauser-Feshbach calcu-
lations (dashed line) and the sum of these contri-
butions (solid line). 
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Figure 8. Preliminary data for protons emitted at 90° from 
bombarded with 15-MeV neutrons. 
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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; ii) Elastic and discrete inelastic scatter-
ing from medium-weight and heavy nuclei; iii) Highly in-
elastic neutron scattering; iv) 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 is 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 iri (p,n) and (d,n) reaction 
studies as well as providing monoenergetic sources of polarized 
and unpolarized neutrons via the 2n(d,n) and ^H(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: i) Elastic 
and discrete inelastic scattering cross-sections for light; 
nuclei; ii) Elastic and discrete inelastic scattering cross 
sections for medium-weight and heavy nuclei; iii) Cross sections 
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for highly inelastic 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 neutrog elastic 
scattering from selected targets ranging from *H to Pb, vi) 
Radiative capture reactions induced with polarized and unpolarized 
neutron beams. We will describe below some of the aspects in each 
project, focussing 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 
for isotopes of light nuclei. Except for the nuclei ^ C 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 ^ B ( n , n )

 anc
j. ^

(

-
)

B(p,p) 
with a single spherical optica], 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 energies. 
The

 1 0

B(p,p). data is from Watson et al. [2.] 

The TUNL data for ^ B C n , . ^ ) and
 1 1

B ( n , n
2
) 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 ^^B(n,n) data were also 
used in a second "global" spherical optical model search which in-
cluded the ^ B data as well. The results of this search, which 
contained an energy dependence in the V

Q
 and Wp 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 
11 ' 
i J

-B(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 NUCLEI 

Until recently the energy range from 8 to 17 MeV has not been 
investigated for many medium weight nuclei as far as differential 
cross sections are concerned. This energy region is readily avail-
able to us through the neutron source reaction

 2

H(d,n)
3

He. We have 
completed measurements on the elastic scattering cross sections for 
5 4 , 5 6

F e a n d
 63,65

C u
 between 8 and 14 MeV, for

 5

8 , 6 0
n
i at 8 and 

10 MeV and for
 2 0 8

P b at 10 M e V . The Ni isotopes will be studied 
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Fig.l. Nucleon scattering from Fig.2. Nucleon scattering from
 1 0

B and ^ B . 



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 [3] is shown in Fig. 3. 
The; relative uncertainties in the data vary from 2% 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 parameters of Rapaport et al. [ 4 ] are 
compared to the data for

 5 6

Fe.and
 6 3

C u at 8 , 10, and 12 MeV. The 
features in the data are quite well predicted except for

 5 6

F e at 
8 MeV. In 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 O.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 6% for neutron energies as low 
as 1 MeV. 

The'-data at 7.5 MeV is obtained with
 2

H(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 ^H(p,n) neutrons. Although this reaction is 
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Fig.3. Comparison of data to optical-model predictions 
for the nucliei

 5 6

F e and
 6 3

C u . 

5000 

1000 

5000 

\ 1000 
500 

E 

2 
: b 

100 

'50 

10 

5 

1 .1
 1

 1
 1 

; < 10 M e V 

r • Data 

• — S i n g l e - Energy 

Search 

5 6

Fe(n,n) 

•i •1 1 1 • ' l 
60 120 

© c . m . - ^ s g ) 

180 

Fig.4. Comparison of 10.MeV data to results of single-, 

energy searches.. , 

- 263 -



Q 
_ J 
L J 
> -

O 

LJ 

N I 

c r 
o 

TIME OF FLIGHT (^sec) 
0.7 0,6 0.5 0.4 0-3 0.2 0.1 

0 

T T 

Fe(n,n) En=lOMeV 
0

l o b
 = 1 0 0

' 

v * 

f 
;v 
ikr-

/ . £ 
jf »:v

v
 • • •.» v 

/ ' v ^ - ^ V • 1 

0 100 200 300 400 500 600 700 
CHANNEL NUMBER 

Fig.5. Time-of-flight spectra for 10 MeV neutrons. 

the "cleanest" neutron source available, It Is known £5} that 

there are low energy contaminant*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 comparison to the 

cross section for the main source reaction ^H(p,n )
3

H e . 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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Fig.6. Corrected time-of-flight spectra: spectrum 1 is 
data and 2,3, and 4 are computer generated. 

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 been 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 scattering. The neutron energy is 

10 MeV and the source reaction is H + p . The spectra are: 1) 

gas in cell, Fe scatterer in place; 2) ^H gas removed, Fe in place; 

3) ^H gas in cell, Fe sample removed; 4) ^h gas removed, Fe removed. 

At 12 MeV the relative strength of spectrum 2) is much greater, 

even though
 2 8

S i collimators and a
 3 0

N i beam stop are employed. 

Because the 12 MeV measurements require a long time for a set of 

samples, the ^H 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 

I . I i 1 1 1 1 

Fe (n ,n ' ) 

10 MeV 

0 = 100° 
-

-

i L 
i j 

' ^ 4 

1 1 1 1 1 1 1 
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Fig.7. Extracted cross sections for Fe at 10 MeV., 

obtained at other laboratories at 14 MeV using the truly monoener-

getic ^H(d,n) He reaction induced with very low energy deuterons 

is not plagued by neumrons 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 ro ,12-MeV measurements 

that use the ^H(p,n) source. 

After the data of F i g . 5 are properly combined one gets a 

time-of-flight spectrum 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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ENERGY (MeV). 

Fig.8. Cross section replotted as N(E)/E. 

solution after the third iteration. 

Continuum emission data were obtained for the naturally, occur-

ring elements of F e , N i , Cu and P b , 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 F i g . 7 for Fe at five scattering angles. , For Fe at 

10 MeV some structure from discrete inelastic scattering-is clearly 

noticeable down to 5 M e V . To compare to evaporation models, the 

data for 100° is replotted in F i g . 8 . This illustration shows 

N(E)/E v s . 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 M e V , 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 about 90°, 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
 9

B e ( p , p ) , 

Be(n,n) and ^Be(p,n) data [9*1 . Recently the approach has been 

extended to the targets C and ^ N , 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 both (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 

power data for ^Be(p,p), ^Be(p,n) and cross-section data for 

Be(n,n) between 11 and 15 M e V . The quality of the fits are 

illustrated in F i g . 9 where A(0) 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 ^Be(n,n) polarization data 

existed. At TUNL we have recently obtained this data set for this 

energy range [lO]and it will be incorporated into an extension of 

the Lane analysis. At the present time the parameters do not pre-

dict the ^Be(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 

(Jl*-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(0) 

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 achieved with neutron beams in any analyzing 

power measurement [ll] . This data complements high accuracy 

cross-section data, and the combination suggests that the n-p phase 
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Fig.9. Results of Lane model calculations for ^Be. 

shifts need some readjusting in the region around 15 M e V . 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 a^d 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 63% 
polarized neutrons at the 0°

 2

H(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 tf^-a^ to the sum tf^+c^ where 
a^ is the scattering cross section for spin-up neutrons and a^ 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, it has not 
been possible in the past to make a good determination of the spin-
orbit interaction for neutrons, a term that is 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 ^Be, 
5 4

F e >
 5 8

N 1 >
 6 5

C u > a n d
 2 0 8

P b < M o r e
 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 ^ F e and ^i>Cu have been 
studied at 10 and 14 MeV, and

 5 8

N i and
 2 0 8

P b at 10 MeV. Much of 
the data have been corrected for multiple scattering already. This 
contribution can account for 80% 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 [l3] . 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 incorporate 
proton polarization and cross-section data into the search also. 
Presently, we are just beginning to look at some optical-model 
sensitivities. Some interesting aspects are beginning to surface 
already. 

In Figs. 10 and 11 we compare the data to calculations 
using the global parameters of Rapaport et al. . The model 

includes a Bechetti-Greenlees spin-orbit term |l4] . The main 
structures in the analyzing power function A(9) 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 improvements must be possible. Pre-
liminary conclusions are that the spin-orbit potential depth for 
neutrons is near to that of protons, that is, 6 MeV, and adding 
an imaginary spin-orbit term makes a sizeable improvement in the 
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0 C m . < d e < 3 ) 

Fig.10. Analyzing power measurements for
 5 4

F e . 
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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 accuracy 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(9) 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 [153 • 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(9) for thfj 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 radiative 
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,y) 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 
the residual nuclei. Studies until now have involved the nuclei 
He,

 1 3

C ,
 1 4

N , Ca, and
 2 0 8

P b . For several of the nuclei 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 [l6] for the re-
action

 1 3

C ( n , y )
1

^ C in Fig. 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 
d^/2 amplitude was found to account for almost all of the El cross 
section at 10 MeV. 

One can obtain cross sections for (n,y) 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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O / 
He(n,y) He, 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 
^He, i.e., ^He(Y,n

0
)

3

He. The TUNL data have been included through 
detailed balance methods [l7]. 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 (y,n) cross section. This 
suggests that there is significant isospin mixing present in

 4

 He. 
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. 

We are happy to acknowledge the cooperation of the groups at 
TUNL in preparing this.manuscript. About 30 research staff, 
students and visitors were involved in the data shown here. 

Triangle Universities Nuclear Laboratory is partially 
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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 < Ey < 10.5 MeV have been measured as a function of 
neutron energy over the range 0.1 < En < 20.0 MeV for Li, 
C, N, 0, F, Ha, Mg, Al, Si, Ca, Ti, V, Cr, Mn, Fe, Ni, 
Cu, Zn, Nb, Mo, Ag, Sn, Ta, W, Au, Pb and Th. Neutron 
emission cross sections have been measured for 7Li, Al, 
Ti, Cu and Nb for 1 < E n < 20 MeV. Some results of 
recent neutron total cross section measurements from 2-80 
MeV for eleven materials (C, 0, Al, 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 importance made at ORELA include cross sections 
for the reactions 14N(n,charged particle) [1], 6Li(n,a) [2] and 
7Li(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 production of gamma rays with energies of 0.3 < Ey < 10.5 MeV -
were measured as a function of neutron energy over the range 
0.1 < E^ < 20.0 MeV. Details of the experimental method are given 
in refs. 4 and 5. The measurements were made using a heavily 
shielded Hal 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 poor 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, the 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 0RNL 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 is 
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 global 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 iodide results dis-
cussed previously. Results of these measurements are available 
for five elements to date and are listed in Table II 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 finalset 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 III lists 
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 briefly here. The flight path was 80 m, with a NE-T10 
scintillator used to~detect the neutrons. Corrections were made 
for deadtime and background effects. Samples of CH2, 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 al. [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 al. [11] and Hildebrand and Leith [19] are 
generally in good agreement with our present results. The data 
of Cierjacks et al. [13] are systematically low near 21 MeV and 
high above 24 MeV. The data point of Deconninck et al. [20] lies 
above our averaged data while the data of Ragent [21] are generally 
low 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 al. [12] and 
Peterson et al. [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 results 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 H. W. Hill. 

FUTURE DIRECTIONS 

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 X Y TM-3702 

N X X Y ORNL-4864 

0 X N ORNL-5575 

F X Y TM-4538 

Na X Y TM-6281 

Mg X X Y TM-4544 

Al X X Y TM-4232 

Si X X Y TM-4389 

Ca X Y TM-4252 

Ti X . N TM-6323 

V X Y TM-5299 

Cr X Y TM-5098 

Mn X Y TM-5531 

Fe X Y TM-5416 

Ni X Y TM-4379 

Cu X Y ORNL-4846 

Zn X N TM-4464 

Nb X N TM-4972 

Mo X . N TM-5097 

Ag X N TM-5081 

Sn X N TM-4406 

Ta X X Y TM-3702 

W X Y 0RNL-4847 

Au X " N TM-4973 

Pb X Y TM-4822 

Th X N TM-6758 
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TABLE II 

ORNL (n,xn) Measurements 

ORNL 
Element Angle Report 

7Li 50°,126° TM-6247 

Al 127° TM-5241 

Ti 130° ORNL-5563 

Cu 130° ORNL-5499 

Nb 129° TM-5829 

TABLE III 

ORNL Total Cross Section Measurements 

Energy Sample Transmission 
Element Range (MeV) Thickness at 40 MeV {%) 

(at/b) 

H 0. 5-60 0. 8224 83 

H 2. 0-80 0. ,8224 83 

C 0. 5-60 0. ,4115 64 

C 2. 0-80 0. ,4115 64 

0 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 45 

Cr 2. ,0-80 0. .2106 59 

Fe 0. .5-60 0, .4296 34 

Fe 2, .0-80 0, .4296 34 

Ni 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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En (MeV) 
Figure 1. Comparison of hydrogen total cross section data 

for Run 1 (2-60 MeV) and Run 2 (2-80 MeV) with results of a • 
nucleon-nucleon phase-shift analysis of ref. 10. 
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Figure 2. Comparison of present total cross section data 
for chromium with results of refs. 11-13, and predicted total 
cross sections from the optical model parameter sets of refs. 14 
and 15. 
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for iron with results of refs. 11, 13, 17-21. 
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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 helium 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 10l? neutrons/cm2. The assembly was approxi-
mately centered on the deuteron beam axis by using autoradiography 
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 
[411, 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 C3,5]. 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 on the niobium 
radiometric foil results, for which the 93|\jb(n) 2n)92mNb 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: 

« , ( R ) = C
1 o +

 C
i 2

R
2

t C
i 3

R
3

, ' ,•• (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,AZ) = a[cQ + C2(/3R)2 + C3(/3R)3]. (2) 

HereAZ 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 j8 is a correction factor for the changing radial shape of the 
fluence curve as a function ofAZ. The normalization factor a = 
[A/(A +AZ)] 2, 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 less 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: 

3>(R,0
C
, A Z ) = a 

Here 8 C is the polar angle about the irradiation assembly axis, R c 
is the radial distance from this axis, and K = 1 (Rc > 4.5) or 0 
(Rc * 4.5). 

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 

CO+C203R)2+C303R)3 1+K 
R -4.5 

15 y
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^
c
-
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provided by the factor-of-four variation in fluence over the 
2-cm2 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 [C-jo, 
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 l9^Au(n,2n)l9^Au reaction (2110 mb) is in excel-
lent agreement with the 9%b(n»2n)92niNb cross section used for 
normalization (as previously demonstrated in Ref. 3), but the 
assumed 59Co(n,2nP8Co cross section (692 mb) is about 12% low 
relative to 93Nb(n,2n), and that for 90Zr(n,2n)89zr (760 mb) is 
about 5% low. The assumed cross sections for ^Fe(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 93Nt,(n)2n) cross sec-
tion, respectively. 

HELIUM PRODUCTION CROSS SECTIONS 

The ^He generated in the irradiated samples measured to date, 
from this experiment ranged from 3 x 10ll atoms (from ~0.5-mg 
samples) to 1.2 x 109 atoms (from ~5-mg samples). This corre-
sponds to ^He concentrations ranging from 25.7 appb (atomic parts 
per billion, 10~9 atom fraction) in aluminum, to 0.072 appb in 
gold. Absolute lcr uncertainties for most of the ^He measurements 
were^±2%. The particularly low helium concentrations in the gold 
samples were measured to average uncertainties of ~±3%-10%. ^He 
measurements were, also made for several samples, including all of 
the separated isotopes, but none was detected in each case. The 
^He 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 to 
a recoils into the thin foils from nearby materials. Also shown 
in Table I are the corresponding charged-particle measurements of 
Grimes, et aT^ [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 comparison 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 isotopic 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, Ni, Mo, and C (Mo and C from a previous experiment C7U) is 
52 ± 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, 0, 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 Experiment3 Measurements'3 

Al 145 + 10 143 ± 7 121 + 25 

Ti 37 + 3 38 ± 3 34 + 7 

Cr 34 + 4 - 38 + 6 

Fe 48 + 3 48 ± 3 43 + 7 

Ni 100 + 7 98 ± 6 97 + 16 
58Ni 116 + 8 - 106 + 17 
60Ni 79 + 6 - 76 ± 12 
61Ni 53 + 4 _ _ 
62Ni 18 + 6 _ _ 
64Ni 61 + 4 - -

Cu 51 + 3 51 ± 3 42 ± 7 
63r Cu 67 + 5 _ 56 + 10 
65r Cu 17 ± 2 - 13 + 3 

Au 0.72 ± 0.09 24 ± 12c 
-

aFarrar and Kneff, Ref. 7. 

bGrimes, et al., Ref. 9, 10. 

cHigh value attributed to helium recoil into the thin Au 
samples available for analysis. 
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Figure 1. Cross Sectional View of the Irradiation Capsule 
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Figure 2. Contours of Constant Neutron Fluence for the Midplane of 
the Irradiated Capsule's Upper Helium Specimen Layer, 
Based on the Radiometric Dosimetry and Assuming a 
Symmetric Profile (Eq. (2); Units of 10
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Figure 3. Contours of Constant Neutron Fluence for the Midplane of 
the Irradiated Capsule's Upper Helium Specimen Layer, 
Based on Radiometric Plus Helium Accumulation Dosimetry 
(Eq. (3); Units of lQl? n/cm2) 
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ABSTRACT 

The Weapons Neutron Research Facility has been used 
to obtain moderate-resolution total neutron cross section 
data for H, C, 208Pb, 232th, 238y5 a nd 242Pu o v e r 
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-f1ight 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 thie 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 suitablie targets and 
moderators to give, a time-of-f1ight 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 in total 
cross section measurements and the results for H, C, 2 O 0 P b , 
232Th, 2 3 8U, and 2<t2Pu for energies from 5 to 200 Mev. 

EXPERIMENTAL 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"1 and had a time 
spread less than 0.5 ns. For the fast-neutron measurements 
reported here, no moderator was used. 

A fiducial signal (t0) 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 minimize 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 sample3). 
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 placed 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 CAMAf 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 usinq a sweep maqnet after the sample 
chanaer. Tests using a thin fast-plastic detector placed at the 

a) The 2 H 2Pu 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 ?1*2Pu 
data, a 10.2-cm diam by 3.1-cm thick cylinder of NE1 TO, viewed by 
an RCA R854 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-f1ight spectra from the main detector were col-
lected using an EG&G TDC-100 digital clock operated in single-
stop-per-start mode. The proton t0 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 throuqh the colli-
mating system. The backgrounds were less than 0.6% below 60 MeV, 
0.8% below 100 MeV, and 2% at 200 MeV. 

A Modcomp/IV computer and CAMAC "interface were used to accum-
ulate the data. Time-of-f1ight spectra of 4096 channel's 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 

All 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 208Pb, 2 3 0U, and 2<t2Pu samples were 
isotopically enriched to 99.8% or greater. Table I gives a sum-
mary of the sample thicknesses. 

RESULTS AND DISCUSSION 

With the exception of 21t2Pu, 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), ancT 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. Fig. 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 _al̂ . [8] and Auchampaugh et _aT. [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 aT. [11] (80 to 150 MeV) 
to about 2%. Data of Bubb et _al_. [12TC2E 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, 

- 304 -



Dejuren and Moyer [13], and Mott et al. [14] have results which 
compare well with our data between~T5'5—and 220 MeV. 

Of the remaining sets of cross section data, only 2 3 8U and 
2 3 2Th 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 21*2Pu. 

The present results for 208Pb, 232Th, and 2 3 8U 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 
2 0 8Pb data is remarkably good, except at the ENDF/B-V dip near 
16 MeV. 

The 2 3 2Th 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 38U 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 2 3 8U data of Schwartz et _al_. [16] (0.5 to 
15 MeV) and Hayes et al_. [17] (0.8 to 30 MeV7~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 
McGormack [18] (100 to 150 MeV) provide the only high energy 
238l] data for comparison, and again, agreement is generally 
better than 1.5%. 

The 2<t2Pu 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 21*2Pu 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 208Pb, 232Th, 
2 3 8U, and 2"2Pu have been provided. 
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TABLE I 

Sample Thickness 

Sample 

- H: . 
C 
c 

2 08pb 
2 3 2Th 
2 3 8 J 

2 ^ p
u 

Atoms (Barn) 

2.10280 (a) 
1.05191 (a) 
1.3682 
0.3218 
0.2135 
.0.3254 
0.0760 

(a) matched polyethylene and carhon 
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Fig. 1. Present results for the hydrogen total cross section. The 

solid curve was calculated from a fit to previous data by 
Gammel. 
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ABSTRACT 

N e u t r o n t o t a l c r o s s s e c t i o n s f o r Ca and Fe a t 
3 5 . 3 , 4 0 . 3 , and 5 .0 .4 , and f o r C a t 5 0 . 4 MeV have b e e n 
measured u s i n g n e a r l y m o n o - e n e r g e t i c n e u t r o n beams. 
The o v e r a l l t o t a l c r o s s s e c t i o n u n c e r t a i n t i e s a r e <3%. 
T o t a l n o n - e l a s t i c c r o s s s e c t i o n s f o r C, 0 , Ca, and Fe 
were measured f o r i n c i d e n t n e u t r o n s o f 4 0 . 3 and 
5 0 . 4 MeV u s i n g a t r a n s m i s s i o n t e c h n i q u e w i t h a n e a r l y 
m o n o - e n e r g e t i c beam. The o v e r a l l u n c e r t a i n t i e s a v e r a g e 
a b o u t 8% f o r t h e n o n - e l a s t i c c r o s s s e c t i o n s . 

INTRODUCTION 

N e u t r o n c r o s s s e c t i o n d a t a a r e n o t abundant a t e n e r g i e s above 
' 14 MeV and t h i s i s p a r t i c u l a r l y t r u e above 25 MeV. T h i s i s i n 

marked c o n t r a s t t o t h e s i t u a t i o n f o r p r o t o n d a t a . As a c o n s e -
q u e n c e , most t h e o r e t i c a l and a p p l i e d n e e d s f o r n e u t r o n c r o s s 
s e c t i o n s a t e n e r g i e s h i g h e r t h a n 25 MeV must be met w i t h e s t i m a t e s 
b a s e d on p r o t o n d a t a or e x t r a p o l a t i o n s o f l o w e r e n e r g y n e u t r o n 
c r o s s s e c t i o n s a t e n e r g i e s above 25 MeV f o r b o t h t h e o r e t i c a l and 
a p p l i e d p u r p o s e s . 

N e u t r o n t o t a l and t o t a l n o n - e l a s t i c c r o s s s e c t i o n s a r e 
i m p o r t a n t a s b a s i c measurements w h i c h can be r e l a t e d t o o t h e r 

"Permanent a d d r e s s : C a l i f o r n i a S t a t e U n i v e r s i t y , 
S a c r a m e n t o , CA 95819 

- 313 -



n u c l e a r measurements and t o n u c l e a r m o d e l s . I n p a r t i c u l a r , t h e 
o p t i c a l model (OM) p r e d i c t s b o t h t o t a l shape e l a s t i c and t o t a l 
r e a c t i o n c r o s s s e c t i o n s , whose sum i s t h e t o t a l c r o s s s e c t i o n . At 
t h e s e h i g h e r e n e r g i e s t h e c o m p o u n d - e l a s t i c c r o s s s e c t i o n i s s m a l l 
so t h e s e OM p r e d i c t i o n s a r e v e r y c l o s e l y t h e t o t a l e l a s t i c and 
n o n - e l a s t i c c r o s s s e c t i o n s . 

One o f t h e o r i g i n a l m o t i v a t i o n s f o r t h e s e measurements was t o 
f i l l t h e need f o r a c c u r a t e n e u t r o n c r o s s s e c t i o n s f o r e l e m e n t s 
w h i c h form major c o n s t i t u e n t s o f s h i e l d i n g . I n p a r t i c u l a r a c c u -
r a t e c r o s s s e c t i o n s a l l o w s h i e l d i n g t h i c k n e s s t o be o p t i m i z e d f o r 
f a c i l i t i e s w h i c h p r o d u c e c o p i o u s e n e r g e t i c n e u t r o n s . The F u s i o n 
M a t e r i a l s I r r a d i a t i o n T e s t f a c i l i t y under c o n s t r u c t i o n a t H a n f o r d , 
w i l l u s e t h e d + 6 L i r e a c t i o n t o p r o d u c e n e u t r o n s h a v i n g e n e r g i e s 
up t o 50 MeV, e v e n t h o u g h t h e peak i n t e n s i t y w i l l be n e a r 14 MeV. 
N e u t r o n c r o s s s e c t i o n s a r e a l s o i m p o r t a n t i n c a l c u l a t i n g n e u t r o n 
d o s i m e t r y , a s i n n e u t r o n c a n c e r t h e r a p y , and form t h e b a s i s o f 
n e u t r o n d e t e c t o r e f f i c i e n c y c o d e s . 

I n our method o f m e a s u r i n g t o t a l n o n - e l a s t i c c r o s s s e c t i o n s 
i t i s i m p o r t a n t t o have good v a l u e s f o r t h e t o t a l c r o s s s e c t i o n s . 
For l i g h t e l e m e n t s s u c h measurements a r e a v a i l a b l e [ 1 ] i n t h e 
3 0 - 6 0 MeV r a n g e . However , f o r Ca and Fe t h e r e e x i s t e d l a r g e un-
c e r t a i n t i e s i n a v a i l a b l e d a t a i n t h i s e n e r g y r a n g e . Only a t l o w e r 
e n e r g i e s a r e good d a t a a v a i l a b l e . [ 2 - 5 ] Hence t h e t o t a l c r o s s 
s e c t i o n s f o r Ca and Fe measured h e r e were n e c e s s a r y f o r t h e u s e i n 
t h e n o n - e l a s t i c a n a l y s e s . 

We p r e s e n t h e r e measurements o f t h e n e u t r o n t o t a l c r o s s 
s e c t i o n s f o r Ca and Fe a t 3 5 . 3 , 4 0 . 3 , and 5 0 . 4 MeV, and m e a s u r e -
ments o f t h e t o t a l n o n - e l a s t i c c r o s s s e c t i o n s f o r C, 0 , Ca, and Fe 
a t 4 0 . 3 and 5 0 . 4 MeV. 

EXPERIMENTAL METHODS 

T o t a l Cross S e c t i o n s 

N e u t r o n beams o f e n e r g y w i d t h M MeV were produced v i a t h e 
7 L i ( p , n ) r e a c t i o n u t i l i z i n g t h e U.C. D a v i s c y c l o t r o n . P r o t o n s 
were s w e p t i n t o a f a r a d a y cup by a c l e a r i n g magnet and t h e 
n e u t r o n s were t h e n c o l l i m a t e d i n t o a 15 mm x 15 mm beam s p o t by a 
1 . 5 m e t e r l o n g i r o n c h a n n e l . [ 6 ] 

The e x p e r i m e n t a l c o n f i g u r a t i o n f o r t o t a l c r o s s s e c t i o n measu-
rements i s shown i n F i g . 1 . The shadow b a r was u s e d f o r b a c k -
ground d e t e r m i n a t i o n s and was n o r m a l l y o u t o f t h e beam. The c o l -
l i m a t e d n e u t r o n beam p a s s e s i n s e q u e n c e t h r o u g h a f r o n t ( i n c i d e n t -
f l u x ) d e t e c t o r t e l e s c o p e , t h e s a m p l e , and back ( t r a n s m i t t e d - f l u x ) 
d e t e c t o r t e l e s c o p e . Each t e l e s c o p e c o n t a i n e d a =1 mm t h i c k v e t o 
NE102 s c i n t i l l a t o r , a CH2 c o n v e r t e r , and two more t h i n (=1 mm) 
NE102 s c i n t i l l a t o r s s e p a r a t e d by a c o p p e r a b s o r b e r . The CH2 
c o n v e r t e r was 1 . 5 mm t h i c k f o r t h e f r o n t d e t e c t o r t e l e s c o p e and 
3 . 0 mm f o r t h e back o n e . The d i s c r i m i n a t o r t h r e s h o l d s o f t h e l a s t 
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two s c i n t i l l a t o r s i n e a c h d e t e c t o r t e l e s c o p e were s e t i n t h e 
m i d d l e o f t h e c o i n c i d e n c e c o u n t - r a t e p l a t e a u s p r o d u c e d by t h e 
r e c o i l p r o t o n s from t h e CH2. T h i s r e n d e r e d t h e t e l e s c o p e s i n s e n -
s i t i v e t o g a i n or t h r e s h o l d s h i f t s i n t h e i n d i v i d u a l d e t e c t o r s . 
The t h r e s h o l d s were s u c h t h a t t h e t e l e s c o p e s were i n s e n s i t i v e t o 
y - r a y s and e l e c t r o n s . T h e i r n e u t r o n d e t e c t i o n e f f i c i e n c y i s a b o u t 
1%. 

R o u g h l y , 60% o f t h e n e u t r o n s p r o d u c e d i n t h e r e a c t i o n 
7 L i ( p , n ) 7 B e f a l l w i t h i n a w e l l - d e f i n e d h i g h e n e r g y p e a k , d e t e r m i n -
ed by t h e 7 L i t a r g e t t h i c k n e s s t o be =1 MeV wide [ 1 0 ] , c o r r e s p o n d -
i n g t o t r a n s i t i o n s p r i n c i p a l l y t o t h e ground s t a t e o f 7 B e . The 
r e m a i n i n g n e u t r o n s a r e s p r e a d o v e r a b r o a d , l o w e r - e n e r g y t a i l . 
Only n e u t r o n s i n t h e n a r r o w , h i g h - e n e r g y peak - s e l e c t e d by t i m e -
o f - f l i g h t - were u s e d i n t h e t r a n s m i s s i o n m e a s u r e m e n t s . The 
0 . 1 5 mm c o p p e r a b s o r b e r i n t h e back d e t e c t o r t e l e s c o p e e l i m i n a t e d 
r e c o i l p r o t o n s due t o l o w e r - e n e r g y n e u t r o n s from e a r l i e r b u r s t s . 

T o t a l N o n - E l a s t i c C r o s s S e c t i o n s 

The t o t a l n o n - e l a s t i c measurements were c a r r i e d o u t w i t h 
n e u t r o n beams s i m i l a r t o t h o s e u s e d f o r a . . The back d e t e c t o r 

t o t 
t e l e s c o p e i s r e p l a c e d by a l a r g e , 8" d i a m e t e r by 3" t h i c k , NE213 
p l a s t i c s c i n t i l l a t o r . See F i g . 2 . As shown, t h e d e t e c t o r i s 
p l a c e d c l o s e t o t h e t a r g e t s u b t e n d i n g a l a r g e a n g l e , 2 2 ° - 3 8 ° , and 
i n t e r c e p t i n g t h e p a t h s o f =85% o f t h e e l a s t i c f l u x . T i m e - o f -
f l i g h t (TOF), n e u t r o n p u l s e h e i g h t (NPH), and p u l s e shape (PSD) 
s i g n a l s a r e r e c o r d e d f o r e a c h e v e n t i n t h e s c i n t i l l a t o r . For most 
o f t h e a n a l y s i s a f a i r l y h i g h t h r e s h o l d (8 MeV e l e c t r o n e n e r g y ) i s 
s e t on t h e NPH s o t h a t e v e n t s from t h e l o w - e n e r g y t a i l wrapping 
around from e a r l i e r p r o t o n beam b u r s t s ( p e r i o d o f =50 n s ) a r e 
e l i m i n a t e d . 

For b o t h t o t a l and n o n - e l a s t i c measurements n a t u r a l t a r g e t s 
were u s e d w i t h H 2 0 s e r v i n g a s t h e 0 t a r g e t . The e f f e c t s o f H were 
removed u s i n g t h e known H c r o s s s e c t i o n s . [ 7 ] The t a r g e t t h i c k -
n e s s e s were s u c h t h a t t r a n s m i s s i o n s a v e r a g e d a b o u t 75%. I n some 
n o n - e l a s t i c measurements d i f f e r e n t t a r g e t t h i c k n e s s e s and d i f f e r -
e n t d i s t a n c e s from t h e NE213 were u s e d . 

ANALYSES AND RESULTS 

T o t a l C r o s s S e c t i o n s 

T i m e - o f - f l i g h t s p e c t r a f o r b o t h t h e f r o n t ( i n c i d e n t - f l u x ) and 
back ( t r a n s m i t t e d - f l u x ) d e t e c t o r t e l e s c o p e s were r e c o r d e d o v e r 
p e r i o d s o f a b o u t 10 m i n u t e s f o r b o t h t a r g e t - i n and t a r g e t - o u t 
a r r a n g e m e n t s . ( T h i s was a l s o done w i t h t h e shadow b a r i n t h e 
beam, and t h e b a c k g r o u n d s were e s s e n t i a l l y n e g l i g i b l e . ) About a 
d o z e n c y c l e s o f t a r g e t i n and t a r g e t o u t were r e c o r d e d f o r e a c h 
t a r g e t - e n e r g y c o m b i n a t i o n . For e a c h one t h e i n t e g r a t e d TOF pieak 
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y i e l d f o r t h e i n c i d e n t ( I ) and t r a n s m i t t e d (T) i n t e n s i t y i s 
c a l c u l a t e d . The t r a n s m i s s i o n r a t i o R i s d e f i n e d a s T / I f o r t h e 
t a r g e t - o u t c a s e d i v i d e d by T / I f o r t h e t a r g e t - i n . Then 

a t Q t = I n R / N ( 1 ) 

where N i s t h e number o f t a r g e t n u c l e i p e r cm 2 . 
C o r r e c t i o n s due t o i m p u r i t i e s , a i r d i s p l a c e m e n t , and h a r d e n -

i n g were e s s e n t i a l l y n e g l i g i b l e . The c o r r e c t i o n due t o t h e f i n i t e 
s o l i d a n g l e o f t h e t r a n s m i t t e d f l u x d e t e c t o r i s 

A o = Ml d a ( 0 ° ) / d Q , ( 2 ) 

and f o r t h e w o r s t c a s e , 5 0 . 4 MeV, amounted t o 10 , 7 , and 2 mb f o r 
F e , Ca, and C. 

F i g u r e 3a and b shows t h e r e s u l t i n g v a l u e s o f o ^ p l o t t e d 

v s e n e r g y , a l o n g w i t h p r e v i o u s measurements o f t i n t h i s e n e r g y 

r a n g e , and shows t h e s i g n i f i c a n t improvement i n t h e knowledge o f 
c r t o t i n t h i s e n e r g y r a n g e . The p r e s e n t measurements g i v e f o r 

c a r b o n or̂  ^.(C) = 922 ± 24 mb. E x t r a p o l a t i o n o f p r e v i o u s m e a s u r e -

ments [ 1 ] g i v e s (Jt (C) = 938 ± 4 mb a t 5 0 . 4 MeV, i n a g r e e m e n t w i t h 

t h e p r e s e n t measurement . 

T o t a l N o n - e l a s t i c C r o s s S e c t i o n s 

The f i r s t s t a g e s o f a n a l y s i s a r e s i m i l a r t o t h e c a s e o f CT
tot-

The y i e l d o f n e u t r o n c o u n t s i n t h e TOF peak o f t h e n e u t r o n d e t e c t -
or i s n o r m a l i z e d t o t h e i n c i d e n t f l u x and d e n o t e d Y. and Y ^ f o r 

i n o u t 
t h e c a s e s o f t a r g e t - i n and - o u t . A measured c r o s s s e c t i o n i s 
d e f i n e d : 

a = £n (Y J Y . ) / N . ( 3 ) meas o u t i n I 

CT depends on cr ^ and on t h e e l a s t i c d i f f e r e n t i a l c r o s s meas r t o t 
s e c t i o n , 0 ^ ( 8 ) , a s w e l l a s on t a r g e t t h i c k n e s s ( v i a a t t e n u a t i o n 

and m u l t i p l e - s c a t t e r i n g e f f e c t s ) . I t a l s o depends on t h e v a r i a t -
i o n o f d e t e c t o r e f f i c i e n c y w i t h d e t e c t o r r a d i u s and a n g l e o f 
i n c i d e n c e o f t h e n e u t r o n s r e l a t i v e t o t h e d e t e c t o r a x i s . 

The approach u s e d i n our a n a l y s i s i s t o o b t a i n an e x p r e s s i o n 
r e l a t i n g a t o cr and a , ( 0 ) . The o p t i c a l model i s u s e d t o 6 meas t o t e l r 

p r o v i d e t h e r e l a t i v e e l a s t i c d i f f e r e n t i a l c r o s s s e c t i o n . The 
e x p e r i m e n t a l m e a s u r e m e n t s , y i e l d i n g CT

meas> d e t e r m i n e t h e a v e r a g e 

a b s o l u t e n o r m a l i z a t i o n , r|> t h e o p t i c a l model p r e d i c t i o n s , 
OM < 7 ^ ( 0 ) , f o r t h e e l a s t i c c r o s s s e c t i o n . The t o t a l e l a s t i c c r o s s 
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s e c t i o n f o r a g i v e n n u c l e u s i s d e t e r m i n e d from 

o e l = n J dfi. ( 4 ) 

Then t h e t o t a l n o n - e l a s t i c c r o s s s e c t i o n can be c a l c u l a t e d from 

a. . = a , + a ( 5 ) t o t e l non 

The r e s u l t s f o r o , and a a r e n o t v e r y s e n s i t i v e t o t h e o p t i c a l e l non J r 

model u s e d . The v a r i a t i o n i n (J ^ i s t y p i c a l l y a f ew p e r c e n t , 

w h i l e t h e v a r i a t i o n i n t h e v a l u e s o f r| a s d e t e r m i n e d h e r e r a n g e s 
up t o 40% f o r t h e d i f f e r e n t p o t e n t i a l s o f a g i v e n n u c l e u s . 

The e x p e r i m e n t a l t e c h n i q u e and method o f a n a l y s i s a r e d e t a i l -
ed e l s e w h e r e . [ 8 ] The most d i f f i c u l t p a r t o f t h e a n a l y s i s i s 
d e a l i n g w i t h m u l t i p l e - s c a t t e r i n g e f f e c t s , and i n c o r p o r a t i n g them 

i n t o t h e t a r g e t - i n y i e l d , Y. . The c o n t r i b u t i o n s t o Y. form a & . J ' i n i n 
s e r i e s o f t erms YQ , YJ_, Y2 , e t c . , where Y q i s t h e term c o n t a i n i n g 

n s c a t t e r i n g s i n t h e t a r g e t . U s i n g a forward s c a t t e r i n g approx im-
a t i o n we have shown [ 8 ] t h a t t h e m a g n i t u d e o f Y^ f a l l s o f f 

r a p i d l y , a p p r o x i m a t e l y a s Y j / Y = N CT^/Cn+l) f o r n > 0 and 

t h a t t h e c o n t r i b u t i o n t o CT o f t h e term Yo i s ^ 10% and o f 
meas ^ 

terms beyond Y2 i s M%. Here Ncr = 0 . 2 . I n s t e a d o f d o i n g t h e 
l e n g t h y and t e d i o u s f i v e - f o l d i n t e g r a t i o n which t h e c a l c u l a t i o n 
o f Y2 e n t a i l s , we i n c l u d e t h e e f f e c t s o f Y2 and h i g h e r - o r d e r 
t erms t h r o u g h t h e c h o i c e o f CT as t h e a t t e n u a t i o n c r o s s meas 
s e c t i o n i n Y i - The p h y s i c a l r e a s o n f o r t h i s c h o i c e i s d i s c u s s e d 
i n r e f . 8 and t h e r e i t i s a l s o shown t h a t t h e r e s u l t s o f t h e 
forward s c a t t e r i n g a p p r o x i m a t i o n s u p p o r t t h e c h o i c e o f c e a g 

i n Y j . The c a l c u l a t i o n and p a r a m e t e r i z a t i o n o f t h e d e t e c t o r 
e f f i c i e n c y i s a l s o d i s c u s s e d and i l l u s t r a t e d i n r e f . 8 . 

The r e s u l t i n g v a l u e s o f tfnon a r e g i v e n i n F i g . 4 , w h i c h 

a l s o i l l u s t r a t e s t h e a c c u r a c y o f t h e method. V a l u e s o f CT 
3 non 

t o g e t h e r w i t h t h e i r e s t i m a t e d u n c e r t a i n t i e s a r e p l o t t e d f o r t h i c k 
and t h i n t a r g e t s , " c l o s e " and " f a r " g e o m e t r i e s , and f o r v a r i o u s 
OM p a r a m e t e r s e t s . In no c a s e a r e t h e v a r i a t i o n s i n l a r g e r 
t h a n thie s t a t i s t i c a l u n c e r t a i n t i e s . The l a c k o f d e p e n d e n c e on 
t a r g e t t h i c k n e s s i n d i c a t e s t h a t our e s t i m a t e o f t h e t a r g e t a t t e n -
u a t i o n i s good . The l a c k o f d e p e n d e n c e on " c l o s e " o r " f a r " 
g e o m e t r y and on OM p a r a m e t e r s i n d i c a t e s t h a t t h i s method i s OM 
i n d e p e n d e n t a s l o n g a s most o f t h e e l a s t i c s c a t t e r i n g c r o s s 
s e c t i o n l i e s w i t h i n t h e a n g l e s u b t e n d e d by t h e n e u t r o n d e t e c t o r . 
Our l a r g e s t s o u r c e o f u n c e r t a i n t y was i n f a c t t h e s t a t i s t i c a l 
u n c e r t a i n t y i n t h e number o f m o n i t o r c o u n t s i n t h e i n c i d e n t - f l u x 
d e t e c t o r t e l e s c o p e . 
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I n s u f f i c i e n t t i m e r e s o l u t i o n p l u s t h e k i n e m a t i c s h i f t o f 
e l a s t i c n e u t r o n s p r e v e n t us from e l i m i n a t i n g a l l i n e l a s t i c s c a t -

OM t e r i n g c o n t r i b u t i o n s t o But b a s e d on ( p , p ' ) [ 1 3 ] and 

( n , n ' ) [ l 4 ] d a t a we e s t i m a t e t h e i n e l a s t i c c r o s s s e c t i o n c o n t r i -
b u t i o n s t o be l e s s t h a n 2% o f t h e e l a s t i c c r o s s s e c t i o n i n t e g r a t e d 
o u t t o t h e l a r g e s t a n g l e s s u b t e n d e d . T h i s c o r r e c t i o n i s c o n s i d e r -
a b l y l e s s t h a n our s t a t i s t i c a l u n c e r t a i n t i e s and was n o t i n c l u d e d . 

The e x p e r i m e n t a l v a l u e s f o r (J and t h e i r u n c e r t a i n t i e s a r e 
non 

g i v e n i n T a b l e I . They a r e w e i g h t e d a v e r a g e s o f t h e d a t a i n 
F i g . 4 . U n c e r t a i n t i e s shown a r e p r i m a r i l y s t a t i s t i c a l . In add-
i t i o n t o t h e s e t h e r e a r e e s t i m a t e d u n c e r t a i n t i e s o f 2-4% i n t h e 
method due l a r g e l y t o t h e a p p r o x i m a t i o n s u s e d i n r e l a t i n g CT t o meas 
CT. , and CT , . t o t e l 

At t h e s e p a r t i c u l a r e n e r g i e s t h e r e a r e no n e u t r o n d a t a t o 
compare t o . A m e a s u r e m e n t [ 1 5 ] o f cr on C a t 55 MeV, y i e l d e d 

non ' J 

(J = 278 ± 26 mb, and a t l o w e r e n e r g i e s v a l u e s o f 450 ± 40 f o r non 
G and 1210 ± 7 0 mb f o r Fe a t 2 9 . 2 MeV have b e e n p u b l i s h e d . [ i 6 ] 
A l l t h e s e appear t o be c o n s i s t e n t w i t h our v a l u e s . 

Comparison w i t h OM C a l c u l a t i o n s 

The l i t e r a t u r e on OM p o t e n t i a l s f o r s i n g l e n u c l e o n s c a t t e r i n g 
i s e x t e n s i v e [ 1 7 ] . Many s i n g l e n u c l e o n OM p o t e n t i a l s have b e e n 
o b t a i n e d from g l o b a l f i t s t o l a r g e numbers o f p r o t o n e l a s t i c 
s c a t t e r i n g a n g u l a r d i s t r i b u t i o n s , p o l a r i z a t i o n s , t o t a l c r o s s 
s e c t i o n s , ( p , n ) d a t a , and a more l i m i t e d body o f n e u t r o n e l a s t i c 
s c a t t e r i n g d a t a [ 1 1 , 1 2 , 1 8 ] . The r e s u l t i n g p a r a m e t e r s e t s a r e 
s e m i - e m p i r i c a l i n t h a t e n e r g y and i s o s p i n d e p e n d e n c i e s o f t h e 
p a r a m e t e r s a r e i n c o r p o r a t e d . The p r e s e n t d a t a a l l o w us t o j u d g e 
how w e l l v a r i o u s s i n g l e - n u c l e o n OM p a r a m e t r i z a t i o n s a p p l y t o 40 
and 50 MeV n e u t r o n d a t a . Comparison can be made i n two ways: v i a 
t h e n o r m a l i z a t i o n , r|> ° f t h e forward a n g l e e l a s t i c s c a t t e r i n g [ 19] , 
and t h r o u g h t h e t o t a l n o n - e l a s t i c c r o s s s e c t i o n s , CT 

° ' non 
T a b l e 2 g i v e s v a l u e s o f t h e n o r m a l i z a t i o n , r|> f ° r v a r i o u s OM 

s e t s [ 2 0 ] . I f an OM s e t c o r r e c t l y p r e d i c t s 0 ^ ( 8 ) , q s h o u l d be 
c l o s e t o 1. I t can be s e e n t h a t r| can v a r y c o n s i d e r a b l y from one 
0M p o t e n t i a l s e t t o a n o t h e r . However t h e r e n o r m a l i z e d t o t a l 

0M e l a s t i c c r o s s s e c t i o n s , H 0 ^ ? a r e n o t v e r y d e p e n d e n t on t h e 0M s e t . 

F i g u r e 5 shows t h e p r e s e n t CT d a t a ( c l o s e d c i r c l e s ) 
non 

compared w i t h 0M c a l c u l a t i o n s ( s o l i d l i n e s ) b a s e d on v a r i o u s 0M 
s e t s . ' A l s o shown a r e p r o t o n n o n - e l a s t i c c r o s s s e c t i o n s and p r o t o n 
OM c a l c u l a t i o n s . W i t h i n e r r o r s CT i s t h e same f o r p r o t o n s and non 
n e u t r o n s on t h e same n u c l e u s and a t or n e a r t h e same e n e r g y . 
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( a ) P a r a m e t e r s o f WSS [ 9 ] 
Watson , S i n g h , and S e g e l [ 9 ] o b t a i n e d t h e i r p a r a m e t e r s from 

f i t t i n g p r o t o n e l a s t i c s c a t t e r i n g and p o l a r i z a t i o n d a t a on l i g h t 
e l e m e n t s a t e n e r g i e s up t o 50 MeV and n e u t r o n e l a s t i c s c a t t e r i n g 
a t 14 MeV. C a l c u l a t i o n s o f a b a s e d on WSS a r e shown f o r G and 

non 
0 a r e s e e n n o t t o d e s c r i b e e i t h e r n e u t r o n or p r o t o n d a t a a s w e l l 
a s c a l c u l a t i o n s b a s e d on o t h e r p a r a m e t e r s e t s , WSS b e i n g s y s t e m -
a t i c a l l y h i g h . Our d a t a i n d i c a t e s t h a t r| > 1 f o r t h e i r f i t s t o 
C and 0 . T h i s has b e e n v e r i f i e d by e x a m i n i n g t h e i r p l o t s o f 0M 
p r e d i c t i o n s v s e l a s t i c p r o t o n d a t a . 

(b ) P a r a m e t e r s o f BH[10] 
B a s s e l and H e r l i n g [ 1 0 ] o b t a i n e d t h e i r p a r a m e t e r s by f i t t i n g 

p r o t o n and n e u t r o n e l a s t i c and , when a v a i l a b l e , i n e l a s t i c d a t a 
on 1 2 C and 1 6 0 s p e c i f i c a l l y . The a v a i l a b l e n e u t r o n d a t a were 
a t e n e r g i e s l e s s t h a n 20 MeV. I t i s n o t s u r p r i s i n g t h a t t h e BH 
p a r a m e t e r s p r e d i c t b o t h n e u t r o n and p r o t o n c r o s s s e c t i o n s more 
a c c u r a t e l y t h a n t h e o t h e r s e t s s i n c e t h e BH p a r a m e t e r s a r e n o t 
g l o b a l , nor do t h e y u s e t h e same p a r a m e t r i z a t i o n f o r C and 0 . 

( c ) P a r a m e t e r s o f BG [ 1 2 ] 
B e c c h e t t i and G r e e n l e e s [ 1 2 ] p r o t o n " b e s t f i t " and n e u t r o n 

p a r a m e t e r s s e t s a r e u s e d h e r e t o p r o d u c e t h e v a l u e s o f CT which 
non 

a r e . c o m p a r e d t o measured v a l u e s f o r Ca and Fe i n F i g . 3 . BG [ 1 2 ] 
o b t a i n e d t h e i r p a r a m e t e r s by f i t t i n g p r o t o n and n e u t r o n e l a s t i c 
s c a t t e r i n g and d a t a f o r A ^ 4 0 . With t h e e x c e p t i o n o f our 
40 MeV n e u t r o n d a t a f o r F e , t h e BG p a r a m e t e r s p r e d i c t t h e v a l u e s 
o f CT r a t h e r w e l l and b e t t e r on t h e a v e r a g e t h a n t h e o t h e r s , non 
An i s o s p i n d e p e n d e n c e was o b s e r v e d by BG i n b o t h t h e r e a l and 
i m a g i n a r y w e l l d e p t h s and i n t h e i m a g i n a r y d i f f u s e n e s s . 

( d ) P a r a m e t e r s o f M [ 1 1 ] 
Menet e t a l . [ 1 1 ] o b t a i n e d t h e i r p a r a m e t e r s by f i t t i n g a 

l a r g e body o f d a t a f o r 12 ^ A ^ 208 and p r o t o n e n e r g i e s o f 30 t o 
61 MeV. I n c l u d e d i n t h e i r f i t s were p r o t o n and n e u t r o n e l a s t i c 
s c a t t e r i n g a n g u l a r d i s t r i b u t i o n s and a l a r g e number o f n o n - e l a s t i c 
c r o s s s e c t i o n s . Menet e t a l . [ 1 1 ] were l o o k i n g s p e c i f i c a l l y t o 
improve upon t h e BG p a r a m e t e r s e t s and t o f i r m up t h e " t r u e " 
i s o s p i n d e p e n d e n c e o f t h e OM p a r a m e t e r . By " t r u e " i s o s p i n depend-
e n c e one g e n e r a l l y means t h a t t h e s i g n o f any £ = ( N - Z ) / A term i n 
t h e p o t e n t i a l s w i l l be p o s i t i v e when t r e a t i n g p r o t o n s and n e g a t i v e 
when n e u t r o n s . Menet e t a l . [ l l ] o b s e r v e d a " t r u e " i s o s p i n depend-
e n c e i n t h e r e a l and i m a g i n a r y w e l l d e p t h s , a s d i d B e c c h e t t i and 
G r e e n l e e s [ 1 2 ] . They a l s o examined t h e £ - d e p e n d e n c e o f t h e i m a g i n -
ary d i f f u s e n e s s p r e v i o u s l y o b s e r v e d by B e c c h e t t i and G r e e n l e e s [ 6 ] 
and found t h e s i g n o f t h e £ term i n t h e i m a g i n a r y d i f f u s e n e s s t o 
work b e s t when i t i s t h e same f o r p r o t o n and n e u t r o n s c a t t e r i n g . 

Our r e s u l t s u s i n g t h e p a r a m e t e r s e t M t e n d t o c o n f i r m t h e 
o b s e r v a t i o n s o f Menet e t a l 1 1 and can be s e e n i n F i g . 5 f o r F e . 
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The s o l i d and d a s h e d l i n e s l a b e l e d M and M r e s p e c t i v e l y a r e f o r 
a p o s i t i v e £ term and a n e g a t i v e £ t erm i n t h e i m a g i n a r y d i f f u s e -
n e s s . As was a l s o o b s e r v e d by Menet e t a l . [ 1 1 ] u s e o f t h e minus 
s i g n p r o d u c e s s m a l l e r and l e s s s a t i s f a c t o r y r e s u l t s t h a n a 
p o s i t v e s i g n . 

( e ) P a r a m e t e r s o f P [ 1 8 ] 
P a t t e r s o n e t a l . [ 1 8 ] o b t a i n e d t h e i r p a r a m e t e r s by f i t t i n g 

p r o t o n and n e u t r o n e l a s t i c s c a t t e r i n g d a t a and ( p , n ) r e a c t i o n 
d a t a . The r e s u l t i n g p a r a m e t e r s do an e q u a l l y g o o d , though n o t 
s u p e r i o r j o b o f p r e d i c t i n g tfnon f o r Ca and Fe a s do t h o s e o f 

BG [ 6 ] . P a t t e r s o n e t a l . [ 1 8 ] s t a r t e d t h e i r s e a r c h e s u s i n g t h e 
p a r a m e t e r s e t s o f BG. 

( f ) G e n e r a l O b s e r v a t i o n s 
I n a l l c a s e s , e x c e p t f o r p a r a m e t e r s e t M f o r F e , t h e OM 

OM p r e d i c t s l o w e r v a l u e s o f (J f o r p r o t o n s t h a n n e u t r o n s . I t 
non 

s h o u l d be p o i n t e d o u t t h a t , i n g e n e r a l , p r o t o n and n e u t r o n d a t a 
s h o u l d be compared a t s l i g h t l y d i f f e r e n t e n e r g i e s s i n c e t h e 
Coulomb f o r c e s l o w s t h e p r o t o n and i t t h e r e f o r e h a s l e s s e n e r g y 
when i n t e r a c t i n g w i t h t h e n u c l e u s t h a n d o e s t h e n e u t r o n . However , 
t h i s c a n n o t be t h e s o u r c e o f d i f f e r e n c e i n OM c a l c u l a t i o n s s i n c e 
u s i n g a h i g h e r e n e r g y f o r t h e p r o t o n s by t h e amount o f t h e 
Coulomb b a r r i e r would f u r t h e r d e c r e a s e t h e c a l c u l a t e d v a l u e s o f 

OM 
a f o r p r o t o n s . B e c a u s e o f t h e s i z e o f t h e e r r o r b a r s o f t h e 

non 
p r e s e n t n e u t r o n d a t a we c a n n o t j u d g e w h e t h e r t h e l o w e r v a l u e s o f 

OM 
cr f o r p r o t o n s a r e c o r r e c t or an a r t i f a c t o f t h e a v a i l a b l e OM 

non p a r a m e t r i z a t i o n s . 
A l t h o u g h some OM p a r a m e t e r s s e t s p r e d i c t crnQn more a c c u r a t e l y 

t h a n o t h e r s , no o b v i o u s c o r r e l a t i o n o f t h e d e p t h , shape or volume 
i n t e g r a l o f t h e i m a g i n a r y p o t e n t i a l t o a p r e d i c t i o n s i s 
a p p a r e n t . 

CONCLUSIONS 

Improved v a l u e s o f t o t a l n e u t r o n c r o s s s e c t i o n s f o r Ca and 
Fe have b e e n o b t a i n e d a t 3 5 . 3 , 4 0 . 3 , and 5 0 . 4 MeV. A method f o r 
m e a s u r i n g t o t a l n o n - e l a s t i c c r o s s s e c t i o n s , CT , has b e e n & ' non ' 
d e v e l o p e d [ 8 ] and u s e d t o o b t a i n v a l u e s o f a f o r n e u t r o n s on C, r non 
0 , Ca, and Fe a t 4 0 . 3 and 5 0 . 4 MeV. The e x p e r i m e n t a l v a l u e s o f 
CT f o r n e u t r o n s a r e t h e same, w i t h i n e x p e r i m e n t a l u n c e r t a i n t i e s , 

non 
a s t h o s e f o r p r o t o n s . 
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The OM s e t BH [ 1 0 ] b e s t p r e d i c t s a f o r C and 0 w h i l e t h e 
s e t s o f BG [ 1 2 ] , M [ 1 1 ] , and P [ 1 8 ] worfc°about e q u a l l y w e l l f o r 
Ca and F e . 
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TABLE I 

4 0 . 3 MeV 

5 0 . 4 MeV 

E x p e r i m e n t a l V a l u e s f o r cr ^ and CT i n M i l l i b a r n s r t o t non 

a o t o t non 

C 1118 ± 1 . 3 a 356 ± 28 

0 1398 ± 6 . 6 a • 416 ± 35 

Ca 2284 ± 5 9 b 930 ± 53 

Fe 2461 ± 2 4 b - 909 ± 39 

C 938 ± 3 . 0 a 344 ± 28 

0 1208 ± 5 . 6 3 387 ± 45 

Ca 2250 ± 70 b 849 ± 112 

Fe 2431 ± 5 7 b 899 ± 42 

a . R e f . 1. 

b . T h i s work. 
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TABLE II 

OM N o r m a l i z a t i o n F a c t o r s r) and Normal ized T o t a l E l a s t i c 
Cross S e c t i o n s i n M i l l i b a r n s . Parameters s e t a r e 

WSS9, BH 1 0 , M 1 1 , and BG 1 2 . 

4 0 . 3 MeV 

5 0 . 4 MeV 

n OM a , n o e l e l 
OM s e t (} — : — ( a v e r a g e ) 

WSS 1 . 1 7 ± . 0 4 764 
HB .96 ± . 0 4 768 
M .87 ± . 0 3 754 

0 WSS 1 . 3 6 ± .05 994 
BH 1 . 0 4 ± . 0 4 972 
M .97 ± . 0 3 982 

Ca BG 1 . 0 8 ± . 0 4 1322 
M .97 ± . 0 3 1387 

Fe BG 1 . 1 3 ± . 0 3 1523 
M .98 ± . 0 2 1583 

C WSS 1 . 0 5 ± .05 582 
BH .86 ± . 0 4 585 
M .78 ± . 0 4 619 

0 WSS 1 . 2 5 ± .07 819 
BH 1 . 2 0 ± . 0 6 832 
M .91 ± .05 812 

Ca BG 1 . 0 8 ± . 09 1400 
M .99 ± . 08 1401 

Fe BG 1 . 0 5 ± . 0 3 1525 
M . 9 4 ± . 0 2 1540 

762 ± 28 

982 ± 35 

1354 ± 53 

1552 ± 39 

594 ± 2 8 

821 ± 45 

1401 ± 112 

1532 ± 42 
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NEUTRON 
BEAM 

E N D OF 
COLLIMATOR 

WINDOW 

6 0 mil C H j 

SHADOW BAR 
Fe 

3.8 x 5 .0 cm 

T A R G E T 

4 0 mil NE 102 
120 mil CH 2 
3 0 mil N E 102 

6 mil F O I L 
3 0 mil NE 102 

65 cm 

DET — 
*2 ——T̂ -CONV = 

4 0 mil N E 

I 
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17cm 
179 cm 

61 cm 

_ L 

IE) -*-

4 2 5 cm 

DET 
CONV 
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Cu 
DET 

Fig.. 1. Experimental set-up for total cross section measurements. 
Both target and shadow bar could be remotely moved in 
and our of the beam. 
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Fig. 2. The experimental configuration for the non^-elastic 
measurements with an expanded view of the target. 
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Fig. 3. Available total cross sections for calcium (a) and iron 
(b) in the energy region 20 to 60 MeV, showing data from 
this experiment. Data source is identified in the 
figure by the first author's name and year (refs. 2, 3, 
4, 5, 21, 22). 
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Fig. 4. Experimental values of o for thick and thin targets, 
non 

close and far geometries, and various OM parameter sets 
showing the model and geometry independence of the 
analysis technique. OM sets are WSS [9], BH [10], 
M [11], and BG [12]. C stands for close geometry, F ' 
for far geometry. 
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260 n p n p 
4 0 MeV 50 MeV 

n p 
4 0 MeV 

Fig. 5. Comparison of CT data and OM calculations, 
non 

Filled 

circles are present neutron data. For proton data, 
A is Ref. 14, • is Ref. 11, x is Ref. 23. The proton 
data points labeled 50 MeV on 0 and Ca were taken at 
48 MeV rather than 50 MeV and the proton data point 
labeled 50 MeV on Fe is an interpolation between data 
at 40 and 60 MeV, hence the larger error bar which -
includes interpolation uncertainties. OM sets are 
WSS [9], BH [10], M [11], BG [12], and P [18]. 
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NEUTRON-INDUCED CHARGED PARTICLE MEASUREMENTS 
FROM CARBON, NITROGEN, AND OXYGEN AT U . C . , DAVIS 

T . S . Subramanian , J . L . Romero, and F . P . Brady 

Crocker N u c l e a r L a b o r a t o r y and Department o f P h y s i c s 
U n i v e r s i t y o f C a l i f o r n i a , D a v i s , C a l i f o r n i a 

ABSTRACT 

Continuum d i f f e r e n t i a l c r o s s s e c t i o n s f o r n e u t r o n -
i n d u c e d r e a c t i o n s on l i g h t e l e m e n t s have b e e n measured 
a t t h e Crocker N u c l e a r L a b o r a t o r y o f t h e U n i v e r s i t y o f 
C a l i f o r n i a a t D a v i s . The n e u t r o n s a r e p r o d u c e d v i a t h e 
7 L i ( p , n ) r e a c t i o n and t h e beam i s c o l l i m a t e d a t 0 ° t o 
d e l i v e r a f l u x o f M 0 5 / c m 2 / s e c a t t h e e x p e r i m e n t a l a r e a . 
Charged p a r t i c l e s r a n g i n g from p r o t o n s t h r o u g h a l p h a s 
a r e d e t e c t e d w i t h t h r e e - e l e m e n t c h a r g e d - p a r t i c l e - d e t e c t -
i o n t e l e s c o p e s . The measurements were made a t i n c i d e n t 
n e u t r o n e n e r g i e s o f 2 7 . 4 MeV, 3 9 . 7 Mev, and 6 0 . 7 MeV and 
f o r w ide a n g u l a r range c o v e r i n g 15° t h r o u g h 1 5 0 ° . Some 
o f t h e s e cont inuum c r o s s s e c t i o n s o b t a i n e d f o r Carbon, 
Oxygen, and N i t r o g e n a r e p r e s e n t e d . Where p o s s i b l e , 
c o m p a r i s o n s a r e made f o r b o t h d i f f e r e n t i a l and a n g l e 
i n t e g r a t e d c r o s s s e c t i o n s , w i t h c o r r e s p o n d i n g c h a r g e -
s y m m e t r i c r e a c t i o n c r o s s s e c t i o n s from d a t a p u b l i s h e d 
from ORNL w i t h p r o t o n s a s p r o j e c t i l e s . Model p r e d i c t -
i o n s a r e a l s o p r e s e n t e d f o r c o m p a r i s o n w i t h a n g l e -
i n t e g r a t e d s p e c t r a . 

INTRODUCTION 

D i f f e r e n t i a l c r o s s - s e c t i o n measurements f o r c h a r g e d p a r t i c l e s 
a r i s i n g from n e u t r o n - i n d u c e d r e a c t i o n s a t n e u t r o n e n e r g i e s above 
t h e d - t g e n e r a t o r e n e r g i e s a r e v i r t u a l l y n o n e x i s t e n t . T h e s e 
h i g h e r e n e r g y r a n g e s (up t o a b o u t 50 MeV) have r e c e n t l y drawn a 
c l o s e r a t t e n t i o n b e c a u s e n e u t r o n s o f t h e s e e n e r g i e s a r e r e a l i z e d 
i n c o n f i g u r a t i o n s s u c h a s t h e d - L i i r r a d i a t i o n f a c i l i t i e s and t h e 
d-Be m e d i c a l t h e r a p y f a c i l i t i e s . These c r o s s s e c t i o n s , where 
a v a i l a b l e , h e l p t o e v a l u a t e t h e p e r f o r m a n c e o f a g i v e n e l e m e n t a s 

" P r e s e n t a d d r e s s : Lawrence B e r k e l e y L a b o r a t o r y , B e r k e l e y , 
C a l i f o r n i a 
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a c o n s t i t u e n t o f a r e a c t o r s t r u c t u r e or human t i s s u e . I n a d d i t i o n 
t h e c h a r g e d - p a r t i c l e c r o s s s e c t i o n s f o r c a r b o n f o r i n s t a n c e , a r e 
r e l e v a n t t o t h e e v a l u a t i o n o f n e u t r o n d e t e c t i o n e f f i c i e n c i e s o f 
p l a s t i c s c i n t i l l a t o r s , o r f o r u s e i n n e u t r o n s pec trum t a i l o r i n g . 
S i m i l a r l y , t h e c r o s s s e c t i o n s f o r o x y g e n a r e r e l e v a n t t o r e a c t o r -
s h i e l d i n g c a l c u l a t i o n s . Combining t h e c r o s s s e c t i o n s f o r h y d r o g e n 
( e l a s t i c p r o t o n ) , o x y g e n , carbon and n i t r o g e n , one can o b t a i n 
q u a n t i t i e s r e l e v a n t t o n e u t r o n d o s i m e t r y , s u c h a s KERMA i n t i s s u e . 
Some o f t h e s e c r o s s s e c t i o n s , p a r t i c u l a r l y l i m i t e d t o t h e l i g h t 
e l e m e n t s , c a r b o n , n i t r o g e n , and o x y g e n , have b e e n measured a t t h e 
Crocker N u c l e a r L a b o r a t o r y i n D a v i s . 

EXPERIMENTAL FACILITY 

The u n p o l a r i z e d n e u t r o n beam l i n e a t t h e Crocker N u c l e a r 
L a b o r a t o r y i s d e s i g n e d t o p r o v i d e n e a r l y m o n o e n e r g e t i c n e u t r o n 
beams i n t h e 2 0 - 6 0 MeV range v i a t h e 7 L i ( p , n ) 7 B e r e a c t i o n [ 1 - 3 ] 
( F i g . 1 ) . The n e u t r o n s p e c t r u m c o n s i s t s o f a monochromat ic peak 
c o n t a i n i n g 60% o f t h e n e u t r o n s ; t h e r e m a i n i n g 40% s p r e a d o u t i n 
t h e f l a t low e n e r g y t a i l r e g i o n . For a t y p i c a l 40 MeV, 10 pA 
p r o t o n beam i n c i d e n t on a L i t a r g e t , t h e n e u t r o n f l u x a t 3 m i s 
5 x 1 0 5 (cm 2 s e c ) i n a 1 MeV FWHM p e a k . A s c a t t e r i n g chamber 
h o u s i n g t h e t a r g e t and t h e t r i p l e - e l e m e n t , c h a r g e d - p a r t i c l e 
d e t e c t o r t e l e s c o p e s under vacuum has b e e n i n c o r p o r a t e d i n t h e beam 
l i n e . T h i s f a c i l i t y has b e e n u s e d t o measure t h e d i f f e r e n t i a l 
c r o s s s e c t i o n s f o r n e u t r o n - i n d u c e d c h a r g e d p a r t i c l e s from l i g h t 
e l e m e n t s , s u c h a s c a r b o n , n i t r o g e n , and o x y g e n [ 4 - 6 ] . 

T a r g e t S e l e c t i o n and N o r m a l i z a t i o n 

P o l y s t e y r e n e (CH) was c h o s e n a s a t a r g e t f o r carbon i n s t e a d 
o f p u r e carbon s h e e t s . The overwhe lming r e a s o n f o r s u c h a c h o i c e 
i s t h e e a s e o f d i r e c t n o r m a l i z a t i o n t o t h e c o n c u r r e n t l y measured 
n - p e l a s t i c s c a t t e r i n g , whose c r o s s s e c t i o n i s w e l l known. S i n c e 
s o l i d t a r g e t s h e l p m i n i m i z e low e n e r g y c u t - o f f s i n t h e measured 
c h a r g e d - p a r t i c l e s p e c t r a , p a r t i c u l a r l y t h o s e o f a l p h a s , f o i l s 
c o n t a i n i n g N and 0 were , u s e d f o r t h e i r r e s p e c t i v e t a r g e t s : 
Melamine (C3HeN6) f o r n i t r o g e n and K o d a c e l p l a s t i c (C3H4O2) f o r 
o x y g e n . The N and 0 c r o s s s e c t i o n s were o b t a i n e d by s u b t r a c t i n g 
o u t t h e c o n t r i b u t i o n s from carbon i n t h e r e s p e c t i v e t a r g e t s . 
A g a i n , t h e a b s o l u t e n o r m a l i z a t i o n was o b t a i n e d by r e f e r r i n g t o t h e 
c o n c u r r e n t l y measured n - p e l a s t i c p e a k s . The t a r g e t s s o u s e d were 
t y p i c a l l y 5 mg/cm2 t h i c k . The c r o s s s e c t i o n s p r e s e n t e d h e r e have 
b e e n c o r r e c t e d f o r ( a l p h a ) p a r t i c l e and e n e r g y l o s s i n t a r g e t s 
[ 7 ] . 

D i f f e r e n t i a l C r o s s S e c t i o n s 

T y p i c a l s p e c t r a o f d e u t e r o n s , t r i t o n s , 3He and a l p h a s meas-
ured from o x y g e n f o r an i n c i d e n t n e u t r o n beam o f 6 0 . 7 MeV a r e 
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shown i n F i g . 2 . Charge symmetr i c p r o t o n - i n d u c e d n e u t r o n c r o s s 
s e c t i o n s o f B e r t r a n d and P e e l l e [ 8 ] have b e e n compared a s h i s t o -
grams i n t h e same f i g u r e . The e r r o r b a r s i n our d a t a do n o t 
i n c l u d e n o r m a l i z a t i o n e r r o r s ; t h e y a r e o n l y i n d i c a t i v e o f t h e 
s t a t i s t i c s . F i g u r e 3 p r e s e n t s s u c h a c o m p a r i s o n f o r c a r b o n a t 
3 9 . 7 MeV, and t h e d a t a f o r n i t r o g e n o b t a i n e d a t 2 7 . 4 MeV i s 
p r e s e n t e d i n F i g . 4 . 

A n g l e I n t e g r a t e d S p e c t r a 

The d i f f e r e n t i a l c r o s s s e c t i o n s have b e e n o b t a i n e d a t n i n e 
d i f f e r e n t a n g l e s i n t h e range b e t w e e n 15° and 1 5 0 ° . For t h o s e 
s e t s o f d a t a w i t h a l l nineN a n g l e s c o v e r e d , t h e i n t e g r a t i o n i s 
o b t a i n e d v i a G a u s s i a n q u a d r a t u r e by a s s u m i n g t h a t „the c r o s s -
s e c t i o n l e v e l s o f f on e i t h e r end o f t h e measured a n g u l a r r a n g e . 
For s e t s o f d a t a d e f i c i e n t i n l a r g e r a n g l e s , an e x t r a p o l a t i o n i s 
done f i r s t t o o b t a i n c r o s s s e c t i o n s f o r t h e n e x t m i s s i n g a n g l e , 
and t h e n t h e i n t e g r a t i o n i s p e r f o r m e d . The e r r o r s shown i n t h e 
p l o t a r e p u r e l y s t a t i s t i c a l . The a d d i t i o n a l u n c e r t a i n t i e s a s s o c -
i a t e d w i t h t h e a n g l e i n t e g r a l s a r e e s t i m a t e d t o be 5% f o r t h e 
c a s e s where 9 a n g l e s were measured and 20% when o n l y 6 a n g l e s were 
measured . Such a n g l e - i n t e g r a t e d s p e c t r a a r e p r e s e n t e d i n t h e 
b o t t o m row o f e a c h o f t h e f i g u r e s 2 - 4 . A g a i n , c h a r g e s y m m e t r i c 
( p , x z ) c r o s s s e c t i o n s o f B e r t r a n d , e t a l . a r e compared a s h i s t o -
grams where a v a i l a b l e . 

Model P r e d i c t i o n s 

P r e d i c t i o n s from c a l c u l a t i o n s , u s i n g t h e code TNG w i t h p r e -
e q u i l i b r i u m e f f e c t s i n c l u d e d , have b e e n compared f o r p r o t o n s and 
a l p h a s [ 9 ] . P r e d i c t i o n s f o r Oxygen a t 6 0 . 7 MeV, f o r Carbon a t 
3 9 . 7 MeV and f o r N i t r o g e n a t 2 7 . 4 MeV have b e e n p r e s e n t e d a s s o l i d 
c u r v e s i n F i g u r e s 5 , 6 , and 7 r e s p e c t i v e l y . 

SUMMARY 

D i f f e r e n t i a l c r o s s s e c t i o n s f o r c h a r g e d p a r t i c l e c o n t i n u a 
a r i s i n g from n e u t r o n i n d u c e d r e a c t i o n s on C, N, and 0 have b e e n 
measured a t CNL a t n e u t r o n e n e r g i e s o f 2 7 . 4 , 3 9 . 7 , and 6 0 . 7 MeV. 
The s e l e c t i o n o f n e u t r o n beam e n e r g i e s f o r t h i s s t u d y was g u i d e d 
by t h e p r o t o n - i n d u c e d r e a c t i o n measurements o f B e r t r a n d and P e e l l e 
a t Oak R i d g e . S i n c e t h e e l e m e n t s c h o s e n a r e a l l s e l f c o n j u g a t e , 
i t i s immense ly r e a s s u r i n g t o s e e t h e s i m i l a r i t y i n c h a r g e 
s y m m e t r i c c r o s s s e c t i o n s a s e x p e c t e d . The model p r e d i c t i o n s 
p r e s e n t e d h e r e f o r c o m p a r i s o n a r e t h e outcome o f an e f f o r t e x p r e s s -
l y u n d e r t a k e n t o i n t e r p r e t our d a t a . These c a l c u l a t i o n s a r e 
a b s o l u t e ; t h e y have n o t b e e n n o r m a l i z e d t o e x p e r i m e n t . The 
p r e d i c t i o n s f o r p r o t o n s have a s c o p e f o r improvement a t t h e h i g h 
e n e r g y end by t h e i n c l u s i o n o f t r a n s i t i o n s t o a n a l o g s o f g i a n t 
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r e s o n a n c e s . As f o r t h e a l p h a s , t h e major h u r d l e seems t o be t h e 
h a n d l i n g o f k i n e m a t i c s f o r t h e m u l t i - p a r t i c l e e x i t c h a n n e l s . 
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Fig . 1 The unpolarized neutron beam l i n e and the a s s o c i a t e d 
s c a t t e r i n g chamber a t the Crocker Nuclear Laboratory. 
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Fig. 2 Typical spectra of differential cross sections for 
charged particles obtained from Oxygen at 60.7 MeV. 

- 336 -



39.7 MEV CARBON 

DEUTERONS TRITONS HE-3 ALPHAS 

r-

I 

n 
I I 

T • T T | 

} 
, 11 -

T T 1 

20 DEG I 

if? ^ 
I T I 

1 I 1 - 1 

Nnj 
B-

1 

1 1 S 

r i 
I 

I I I : 

> J 
i i " 

1 1 1 ; 

45 DEG I 

T \ 

J 

I I I ; 

I I I 5 1 

1 

' 5 I I I S 

M 1 

I I I 

7 L I S 

90 DEG -

n f i I I 

I I I « 

\ i 

> i o 1 
ui 2 

m « D <D a 

ID'1 
0 00 0 0 0 0 0 0 0 oo 

ENERGY CMEV3 ENERGY CMEV5 ENERGY CMEV3 ENERGY CMEVJ 

Fig. 3 Typical spectra of differential cross sections for 
charged particles obtained from Carbon at 39.7 MeV. 
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27.4 MEV NITROGEN 
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Fig. 4 Typical spectra of differential cross sections for 
charged particles obtained from Nitrogen at 27.4 MeV. 
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F i g . 5 Comparison with model p r e d i c t i o n s for angle i n t e g r a t e d 
cross s e c t i o n s for protons and alphas from Oxygen at 
E = 6 0 . 7 MeV. n 
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ENERGY CMEV3 

F ig . 6 Comparison with model p r e d i c t i o n s for angle in tegra ted 
cross s e c t i o n s for protons and alphas from Carbon a t 
E = 3 9 . 7 MeV. 

n 
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Fig . 7 Comparison with model p r e d i c t i o n s for angle i n t e g r a t e d 
cross s e c t i o n s for protons and alphas for Nitrogen a t 
E = 2 7 . 4 MeV. n 
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M E A S U R E M E N T OF THE A N G L E - I N T E G R A T E D S E C O N D A R Y 
N E U T R O N S P E C T R A F R O M I N T E R A C T I O N OF 14 M E V 
N E U T R O N S W I T H M E D I U M A N D H E A V Y N U C L E I 

H . V o n a c h , A . C h a l u p k a , F . W e n n i n g e r , G . S t a f f e l 

I n s t i t u t fur R a d i u m f o r s c h u n g und K e r n p h y s i k der 
O s t e r r . A k a d e m i e d e r W i s s e n s c h a f t e n , W i e n , A u s t r i a . 

A B S T R A C T 

T h e a n g l e - i n t e g r a t e d secondary n e u t r o n 
spectra from i n t e r a c t i o n s of 14.1 M e V n e u t r o n s 
w i t h 17 e l e m e n t s in the r a n g e T i to B i w e r e 
m e a s u r e d o v e r the secondary n e u t r o n e n e r g y 
r a n g e 0.25 - 6 M e V w i t h special e m p h a s i s o n ob-
taining r e l i a b l e and a c c u r a t e n e u t r o n p r o -
d u c t i o n c r o s s - s e c t i o n s in the low e n e r g y 
r e g i o n (0.25 - 1 M e V ) . A n overall, a c c u r a c y of 
5 - 7 % w a s o b t a i n e d o v e r m o s t of the i n v e s t i g a -
ted e n e r g y r a n g e s . The r e s u l t s are in good 
a g r e e m e n t w i t h the p r e d i c t i o n s of s t a t i s t i c a l 
m o d e l c a l c u l a t i o n s and in the neutron e n e r g y 
range a b o v e 1.5 M e V also w i t h most, o t h e r 
r e c e n t m e a s u r e m e n t s ; in the low energy r a n g e 
t h e r e are s t i l l large d i s c r e p a n c i e s b e t w e e n 
the r e s u l t s of d i f f e r e n t m e a s u r e m e n t s . 

INTRODUCTION 

S e c o n d a r y n e u t r o n spectra from the i n t e r a c t i o n s of 
14 M e V n e u t r o n s w i t h n u c l e i have b e e n i n v e s t i g a t e d in 
a c o n s i d e r a b l e n'umber of e x p e r i m e n t s (1 - 7) and. 
r e a s o n a b l e a g r e e m e n t on both the form of the s p e c t r a 
and the a b s o l u t e n e u t r o n e m i s s i o n c r o s s - s e c t i o n s h a v e 
b e e n o b t a i n e d in the n e u t r o n energy range a b o v e a b o u t 
1.5 M e V . T h e low e n e r g y p a r t s of the s e c o n d a r y s p e c t r a , 
h o w e v e r , are r a t h e r p o o r l y known in m o s t c a s e s d u e to 
e x p e r i m e n t a l d i f f i c u l t i e s e s p e c i a l l y w i t h n - y - d i s -
c r i m i n a t i o n , b a c k g r o u n d and m u l t i p l e s c a t t e r i n g a t low 
s e c o n d a r y n e u t r o n e n e r g i e s . A n e x c e s s of low e n e r g y 
n e u t r o n s c o m p a r e d w i t h the t h e o r e t i c a l p r e d i c t i o n s has 
b e e n o b s e r v e d by a number of a u t h o r s [1 - 4] w h e r e a s 
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S a l n i k o v a n d c o - w o r k e r s [6] f o u n d m u c h s m a l l e r n e u t r o n 
p r o d u c t i o n c r o s s - s e c t i o n s a n d a l s o a m e a s u r e m e n t o n 
i r o n a t o u r i n s t i t u t e [7] d i d n o t s h o w a n y i n d i c a t i o n 
for a b n o r m a l l y h i g h l o w - e n e r g y n e u t r o n - p r o d u c t i o n 
c r o s s - s e c t i o n s . T h e r e f o r e n e w m e a s u r e m e n t s h a v e b e e n 
p e r f o r m e d a t o u r i n s t i t u t e to d e t e r m i n e t h o s e s p e c t r a 
for a l a r g e n u m b e r of e l e m e n t s . 

E X P E R I M E N T A L P R O C E D U R E 

F i g . 1 s h o w s the e x p e r i m e n t a l s e t - u p . P u l s e d 
n e u t r o n s a r e p r o d u c e d b y m e a n s of the 250 k e V C o c k r o f t 
W a l t o n a c c e l e r a t o r of t h e i n s t i t u t e [7] in an e x t r e m e -
ly s m a l l l o w - m a s s T i T t a r g e t c o n s t r u c t i o n . T h e s c a t t e r -
ing s a m p l e s (hollow c y l i n d e r s of a b o u t 6 c m

3

) s u r -
r o u n d e d t h e t a r g e t and the n e u t r o n t i m e - o f - f l i g h t 
s p e c t r u m is m e a s u r e d a t a d i s t a n c e of 1 m b y m e a n s o f 
a N E 2 1 3 (1.5"x 0 . 5 " ) s c i n t i l l a t o r c o u p l e d to a l o w 
d a r k c u r r e n t 56 D V P m u l t i p l i e r . T h e s c i n t i l l a t o r is 
o p e r a t e d a t a v e r y l o w t h r e s h o l d ( e q u i v a l e n t to a b o u t 
135 k e V p r o t o n r e c o i l e n e r g y ) a n d a p u l s e - s h a p e (PSD) 
m e t h o d is u s e d to d i s c r i m i n a t e b e t w e e n n e u t r o n s a n d 
p h o t o n s . A s r e p o r t e d e a r l i e r [8] t h e a p p l i c a t i o n of 
the P S D m e t h o d is p o s s i b l e d o w n to t h i s v e r y l o w 
t h r e s h o l d . T i m e of f l i g h t / r e c o i l p r o t o n e n e r g y a n d 
p u l s e - s h a p e d e t e c t o r o u t p u t for e a c h e v e n t is r e c o r d e d 
o n d i s c in o r d e r to e n a b l e o p t i m a l o f f - l i n e a n a l y s i s 
w i t h r e s p e c t to n - y - d i s c r i m i n a t i o n a n d b a c k g r o u n d re-
d u c t i o n . 

In o r d e r to s a v e d i s c s p a c e t h e c o u n t - r a t e in t^he 
r e g i o n of the 14.7 M e V p e a k f r o m d i r e c t s o u r c e 
n e u t r o n s w a s r e d u c e d b y a f a c t o r of t e n b y m e a n s of a 
g a t e s y s t e m . A c c o r d i n g l y the t i m e s p e c t r a s h o w a 
c o r r e s p o n d i n g d i s c o n t i n u i t y a t a b o u t c h a n n e l 6 8 0 . T h e 
s t a b i l i t y of t h e w h o l e e l e c t r o n i c s y s t e m w a s c h e c k e d 
c o n t i n u o u s l y b y m e a n s of p u l s e r p e a k s b o t h in the t i m e 
of f l i g h t s p e c t r a a n d e s p e c i a l l y in t h e l o w - e n e r g y 
p a r t of t h e p r o t o n r e c o i l s p e c t r u m a n d c o n t i n u o u s 
m o n i t o r i n g of a l l i m p o r t a n t s i n g l e c o u n t - r a t e s . 

T h e t i m e r e s o l u t i o n w a s a b o u t 1.5 n s e c (FWHM) for 
the 14.7 M e V n e u t r o n p e a k in s p i t e of the v e r y l a r g e 
d y n a m i c r a n g e (1:200) of p u l s e s a d m i t t e d for the 
p r o t o n r e c o i l e n e r g y (s. F i g . 4 - 5 ) . A p e r t u r e s n e e d e d 
to c o l l i m a t e t h e d e u t e r o n b e a m o n t o the 3 m m 0 T i T -
t a r g e t s w e r e p o s i t i o n e d in s u c h a w a y t h a t D D n e u t r o n s 
p r o d u c e d t h e r e a r r i v e d a t t h e d e t e c t o r a t t i m e s o u t -
s i d e the t i m e r a n g e a c t u a l l y u s e d for t h e m e a s u r e m e n t s 
(s. F i g . 4 a n d 5 ) . 

3 to 4 s e p a r a t e m e a s u r e m e n t s w e r e p e r f o r m e d for 
e a c h e l e m e n t a n d b a c k g r o u n d m e a s u r e m e n t s a f t e r e a c h 
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s e q u e n c e of 3 s a m p l e - i n m e a s u r e m e n t s . 
T h e e f f i c i e n c y of the n e u t r b n d e t e c t o r for the se-

c o n d a r y n e u t r o n s (0.25 - 6 MeV) and for the p r i m a r y 
14.7 M e V n e u t r o n s w a s d e t e r m i n e d in two a d d i t i o n a l ex-
p e r i m e n t s . 

T h e d e t e c t o r c a l i b r a t i o n for 0.25 - 6 M e V n e u t r o n s 
w a s d o n e . b y r e p l a c i n g the t a r g e t a s s e m b l y b y a fast 
l o w - m a s s i o n i s a t i o n c h a m b e r c o n t a i n i n g a;

 2 5

* C f source 
[9]. U s i n g t h e fission p r o d u c t p u l s e s of t h e i o n i s a t i o n 
c h a m b e r (which d e t e c t s the f r a g m e n t s w i t h an e f f i c i e n c y 
of a b o u t 98% and time r e s o l u t i o n of b e t t e r than 1 nsec) 
as start s i g n a l s t h e ,

2 5 2

C f n e u t r o n t i m e - o f - f l i g h t 
s p e c t r u m is m e a s u r e d in e x a c t l y the same w a y as d e s -
c r i b e d a b o v e . In this w a y the p r o b l e m of a b s o l u t e 
m e a s u r e m e n t of the s e c o n d a r y . n e u t r o n spectra induced by 
14 M e V n e u t r o n s is e s s e n t i a l l y r e d u c e d to a m e a s u r e m e n t 
r e l a t i v e to the k n o w n

 2 5 2

C f s p e c t r u m , w h i c h in addi-
tion has a form q u i t e similar to e v a p o r a t i o n spectra 
p r o d u c e d b y the s c a t t e r i n g samples and thus s y s t e m a t i c 
errors e . g . b e c a u s e of room s c a t t e r i n g and o t h e r s w i l l 
tend to c a n c e l to a large e x t e n t in this c a l i b r a t i o n 
m e t h o d . 

T h e e f f i c i e n c y for the p r i m a r y 14.7 M e V n e u t r o n s 
w a s d e t e r m i n e d by an e x p e r i m e n t in w h i c h the t a r g e t 
a s s e m b l y w a s s u r r o u n d e d by. an a l u m i n u m sample i d e n t i c a l 
in shape to the s c a t t e r i n g s a m p l e s and o b s e r v i n g both 
the i n t e n s i t y of the 14.7 M e V peak in the time of 
f l i g h t s p e c t r u m and the amount, of

 2 1 +

Na formed in the 
a l u m i n u m sample b y m e a n s of the

 2 7

A l ( n , a ) r e a c t i o n , 
the c r o s s - s e c t i o n of w h i c h is k n o w n v e r y a c c u r a t e l y . 

DATA ANALYSIS 

The raw 3 p a r a m e t e r d a t a w e r e a n a l y z e d and transf-
o r m e d to e n e r g y d i f f e r e n t i a l n e u t r o n p r o d u c t i o n 
spectra in the f o l l o w i n g w a y : 

A) D e r i v a t i o n of the n e t (background subtracted) time-
of-f l i g h t s p e c t r a . 

1) T h e e f f e c t of small e l e c t r o n i c d r i f t s (1-2 c h a n n e l s ) 
w a s e l i m i n a t e d by a d d r e s s - s h i f t i n g of e v e r y d a t a 
set d e v i a t i n g b y a t least o n e c h a n n e l in the 
p o s i t i o n s of e i t h e r the p u l s e r peak in the p r o t o n 
r e c o i l s p e c t r u m , the y - p e a k . i n the p u l s e shape (PSD) 
s p e c t r u m or the 14.7 M e V n e u t r o n peak in the time-
of-f l i g h t (TOF) s p e c t r u m from the a v e r a g e v a l u e s . 
In this w a y it is assured that, the time scales of 
all m e a s u r e m e n t s a g r e e w i t h i n . ± 0.15 n s e c , the 
r e c o i l e n e r g y t h r e s h o l d s w i t h i n ± 4 k e V , a n d the 
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p o s i t i o n s o f t h e y- a n d n e u t r o n p e a k s in t h e PSD 
s p e c t r a w i t h i n a f e w % o f t h e p e a k s e p a r a t i o n . 

2) T O F - s p e c t r a w e r e g e n e r a t e d f r o m t h e d a t a u s i n g t h e 
f o l l o w i n g c r i t e r i a for a c c e p t a n c e o f e v e n t s : 
a) y - i n d u c e d e v e n t s w e r e e l i m i n a t e d w i t h m i n i m u m 

l o s s of n e u t r o n e v e n t s b y a d m i t t i n g o n l y p u l s e s 
f r o m a n a p p r o p r i a t e r e g i o n o f t h e

 E

r e c o
i i ~

P S D 

p l a n e . A l l s p e c t r a i n c l u d i n g t h e
 2 5 2

C f c a l i -
b r a t i o n s p e c t r a w e r e t r e a t e d in e x a c t l y t h e s a m e 

. w a y . T h u s t h e e f f i c i e n c y d e t e r m i n e d w i t h t h e 
2 5 2 C f 

m e a s u r e m e n t t a k e s c a r e of a n y n e u t r o n l o s s 
r e s u l t i n g , f r o m t h e y - r e j e c t i o n p r o c e d u r e . A s o n 
t h e o t h e r h a n d i n c l u s i o n of y - i n d u c e d e v e n t s 
c o n s t i t u t e s a s o u r c e o f s y s t e m a t i c e r r o r w h i c h is 
d i f f i c u l t t o c o r r e c t f o r , c o n s i d e r a b l e l o s s of 
n e u t r o n s w a s a d m i t t e d i n t h e l o w - e n e r g y r e g i o n 
i n . o r d e r to g e t s u f f i c i e n t y - r e j e c t i o n d o w n to 
t h e l o w e s t r e c o i l p u l s e h e i g h t s i n c l u d e d . 
T h e q u a l i t y o f n - y d i s c r i m i n a t i o n o b t a i n e d in 
t h i s w a y is s h o w n in f i g . 2 a n d 3 w h i c h s h o w t h e 
P S D s p e c t r a for a p u r e y - s p e c t r u m (

6 0

C o s o u r c e ) 
a n d a n a l m o s t p u r e n e u t r o n s p e c t r u m (neutron 
p a r t o f

 2 5 2

C f t i m e s p e c t r u m s e e f i g . 7) for 
d i f f e r e n t p u l s e - h e i g h t b i n s in the r e g i o n b e t -
w e e n 50 a n d 100% o f t h e 59 k e V A m e r i c i u m y - p e a k ; 
a l s o s h o w n a r e P S D t h r e s h o l d s u s e d for t h e 
v a r i o u s p u l s e - h e i g h t b i n s . A s a p p a r e n t f r o m t h e 
f i g u r e s i t w a s p o s s i b l e t o m e a s u r e t h e n e u t r o n 
s p e c t r a w i t h v e r y l i t t l e y - c o n t a m i n a t i o n even, a t 
t h e l o w e s t p r o t o n r e c o i l e n e r g i e s . In a d d i t i o n 
it h a s to b e k e p t in m i n d t h a t t h e n e t (back-
g r o u n d s u b t r a c t e d ) s p e c t r a c o n t a i n o n l y a v e r y 
s m a l l Y - c o n t a m i n a t i o n in t h e i n t e r e s t i n g t i m e 
r a n g e . T h u s t h e r e s i d u a l y - c o n t r i b u t i o n to t h e 
n e t s p e c t r a c a n b e c o m p l e t e l y n e g l e c t e d . 

b) O n l y p u l s e s f r o m t h a t r e g i o n o f t h e
 E

r e c o
i i ~

T 0 F 

p l a n e w e r e a d m i t t e d w h i c h is p h y s i c a l l y a l l o w e d 
f o r n e u t r o n s o r i g i n a t i n g f r o m t a r g e t a n d 
s c a t t e r i n g s a m p l e . E s p e c i a l l y in t h e l o w n e u t r o n 
e n e r g y r e g i o n a b a c k g r o u n d r e d u c t i o n o f a b o u t a 
f a c t o r of 2 c o u l d b e o b t a i n e d in t h i s w a y . 

T i m e - o f - f l i g h t s p e c t r a weire g e n e r a t e d for a l l e v e n t s 
a d m i s s i b l e a c c o r d i n g to c r i t e r i a a) a n d b) w i t h p r o t o n 
r e c o i l p u l s e h e i g h t s l a r g e r t h a n t h e c h o s e n t h r e s h o l d 
o f 0 . 5 of t h e p u l s e h e i g h t o f t h e 59 k e V A m y - p e a k 
( c o r r e s p o n d i n g t o a p p r o x .

 E

r e c o
i i ^ ' 1 3 5 k e V ) . T h e 

t h r e s h o l d w a s c h o s e n a s t h e l o w e s t p o s s i b l e v a l u e c o m -
p a t i b l e w i t h t h e c o n d i t i o n s of n - y d i s c r i m i n a t i o n 
a n d n e g l i g i b l e l o s s o f p u l s e s in t h e c o n s t a n t f r a c t i o n 
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t r i g g e r . 
3) B a c k g r o u n d s u b t r a c t i o n : 

A f t e r e x e c u t i o n of s t e p 1 a n d 2 o n a l l m e a s u r e d 
( s a m p l e - i n a n d s a m p l e - o u t ) s p e c t r a b a c k g r o u n d s u b -
t r a c t i o n is p e r f o r m e d b y s u b t r a c t i n g f r o m e a c h 
s a m p l e - i n s p e c t r u m an a v e r a g e of the b a c k g r o u n d 
s p e c t r a m e a s u r e d b e f o r e a n d a f t e r t h e r e s p e c t i v e 
m e a s u r e m e n t . In t h i s w a y t h e e f f e c t of b u i l d - u p of 
D D n e u t r o n s in t h e t a r g e t is e s s e n t i a l l y e l i m i n a t e d . 
B a c k g r o u n d s p e c t r a a r e n o r m a l i z e d r e l a t i v e to t h e 
s a m p l e - i n s p e c t r a b y m e a n s of t h e i n t e n s i t y in t h e 
14 M e V t i m e of f l i g h t p e a k t a k i n g into a c c o u n t t h e 
s m a l l (1 - 3%) c o n t r i b u t i o n of e l a s t i c a l l y 
s c a t t e r e d n e u t r o n s to t h e 14 M e V p e a k s in t h e 
s a m p l e - i n s p e c t r a . T h e a b o v e p r o c e d u r e a s s u m e s t h a t 
t h e b a c k g r o u n d c a n b e o b t a i n e d f r o m s a m p l e - o u t 
m e a s u r e m e n t s f t h i s is c e r t a i n l y n o t e x a c t l y t r u e as 
n e u t r o n i n t e r a c t i o n s w i t h t h e s a m p l e w i l l to s o m e 
e x t e n t m o d i f y the n e u t r o n s p e c t r u m h i t t i n g t h e 
w a l l s of t h e t a r g e t - r o o m a n d t h u s a l s o t h e g e n e r a l 
r o o m b a c k g r o u n d . H o w e v e r , it c o u l d b e c h e c k e d ex-
p e r i m e n t a l l y t h a t the p o s s i b l e c h a n g e of t h e b a c k -
g r o u n d b y t h e s a m p l e a m o u n t s to o n l y a f e w p e r c e n t . 
In the t i m e r a n g e b e y o n d t h e t i m e of f l i g h t of t h e 
s l o w e s t d e t e c t a b l e n e u t r o n (channel 100 - 200 in 
F i g . 4 a n d 5) o n e e x p e c t s o n l y b a c k g r o u n d in b o t h 
s a m p l e - i n a n d s a m p l e - o u t s p e c t r a . T h u s t h e s e p a r t s 
of the s p e c t r a w e r e u s e d to c h e c k t h e p o s s i b l e d e -
p e n d e n c e o f t h e b a c k g r o u n d o n t h e p r e s e n c e of t h e 
s c a t t e r i n g s a m p l e s a n d in a l l c a s e s t h i s c h a n g e w a s 
f o u n d to b e l e s s t h a n 3 % . T h e r e f o r e a c t u a l l y an. 
a v e r a g e of t h e two p o s s i b l e b a c k g r o u n d n o r m a l i -
z a t i o n s (by m e a n s of t h e 14.7 M e V n e u t r o n p e a k s a n d 
b y m e a n s o f t h e i n t e n s i t y in the p u r e b a c k g r o u n d 
r e g i o n ) w a s u s e d a n d an e r r o r of 1.5% w a s a s s i g n e d 
to t h e n o r m a l i z a t i o n f a c t o r s o b t a i n e d in t h i s w a y . 

A s a n e x a m p l e of t h e e f f e c t s o f the p r o c e d u r e s 
d e s c r i b e d a b o v e F i g u r e s 4a a n d 5a show t h e r a w T O F -
s p e c t r a for b o t h a s a m p l e - i n (Fe) a n d a b a c k g r o u n d 
m e a s u r e m e n t , F i g . 4b a n d 5b s h o w the s a m e s p e c t r a 
a f t e r e l i m i n a t i o n of t h e y - i n d u c e d a n d k i n e m a t i c a l -
ly f o r b i d d e n e v e n t s a n d F i g . 6 s h o w s t h e n e t F e - T O F 
spectrum d e r i v e d from t h e s p e c t r a of F i g . 4b a n d 5 b . 
T h e s - s h a p e d s t r u c t u r e in F i g . 6 a t the p o s i t i o n s 
of t h e 14.7 M e V p r i m a r y n e u t r o n p e a k is d u e to a 
s m a l l s h i f t of a few t e n t h of a c h a n n e l in t h e p e a k 
p o s i t i o n s in t h e s a m p l e - i n a n d s a m p l e - o u t s p e c t r a . 
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B) E f f i c i e n c y d e t e r m i n a t i o n of the n e u t r o n d e t e c t o r 

1) L o w e n e r g y r a n g e (0.25 - 6 M e V ) 
A s a l r e a d y m e n t i o n e d , i n t h e l o w e n e r g y r a n g e (0.25-
6 M e V ) t h e d e t e c t o r e f f i c i e n c y w a s c a l i b r a t e d b y 
m e a n s of a

 2 5 2

C f s o u r c e . F o r t h i s p u r p o s e t h e T O F -
s p e c t r u m m e a s u r e d w i t h the n e u t r o n d e t e c t o r a n d t h e 
2

 *
 2

C f i o n i s a t i o n c h a m b e r w a s t r e a t e d in e x a c t l y t h e 
s a m e w a y as d e s c r i b e d in A ) in o r d e r to e n s u r e 
i d e n t i c a l e f f i c i e n c y in t h e c a l i b r a t i o n e x p e r i m e n t 
and the r e s t of the m e a s u r e m e n t s . T h e

 2 5 2

C f T O F -
s p e c t r u m o b t a i n e d in t h i s w a y is s h o w n in F i g . 7 . 
T h e n the k n o w n

 2 5 2

C f n e u t r o n s p e c t r u m (segment-ad-
j u s t e d M a x w e l l i a n a c c o r d i n g to [10]) w a s t r a n s -
f o r m e d into a T O F - s p e c t r u m a n d the e f f i c i e n c y of 
the d e t e c t o r w a s c a l c u l a t e d d i r e c t l y as t h e r a t i o 
of the m e a s u r e d to the c a l c u l a t e d spectrum.. T h e 
a b s o l u t e n e u t r o n e m i s s i o n r a t e of the s o u r c e w a s 
o b t a i n e d from the f i s s i o n p r o d u c t c o u n t - r a t e , t h e 
k n o w n e f f i c i e n c y of the ionisation, c h a m b e r (98.2%) 
a n d t h e a v e r a g e n e u t r o n m u l t i p l i c i t y v = 3.736±0.01 
[11] of

 2 5 2

C f . 

2) E f f i c i e n c y for the 14.7 M e V s o u r c e n e u t r o n s . 
T h i s e f f i c i e n c y w a s d e t e r m i n e d b y s i m u l t a n e o u s 
m e a s u r e m e n t of t h e T O F - s p e c t r u m w i t h the N E 2 1 3 d e -
t e c t o r and a c t i v a t i o n of an a l u m i n u m s a m p l e a t the 
p o s i t i o n of t h e s c a t t e r e r a n d s u b s e q u e n t m e a s u r e -
m e n t o f the

 2 1 t

N a a c t i v i t y p r o d u c e d in t h e s a m p l e . 
F r o m the m e a s u r e d

 2

 ^Na .activity, the s o u r c e s a m p l e -
g e o m e t r y , the k n o w n a n g u l a r d i s t r i b u t i o n of t h e 
DT s o u r c e n e u t r o n s a n d t h e a c c u r a t e l y k n o w n 
2 7

A 1 ( n , a )
2 4

N a c r o s s - s e c t i o n s [12] w e c o u l d d e r i v e 
the t o t a l n e u t r o n s o u r c e s t r e n g t h w i t h an a c c u r a c y 
of a b o u t 3% and t h e r e f r o m a n d from the n u m b e r of 
c o u n t s in t h e 14 M e V TOF p e a k a c c u m u l a t e d d u r i n g 
t h e A l - i r r a d i a t i o n the e f f i c i e n c y of the d e t e c t o r 
for 14 M e V n e u t r o n s w a s d e t e r m i n e d a s 4.41%±0.15% . 

C) C a l c u l a t i o n of t h e a b s o l u t e n e u t r o n e m i s s i o n c r o s s -
s e c t i o n s c r ^ ^ n ' ) from t h e n e t t i m e of f l i g h t . 

s p e c t r a . 

T h e . n e t t i m e of f l i g h t s p e c t r a n(t) w e r e f i r s t 

t r a n s f o r m e d into e n e r g y s p e c t r a N ( E ') and t h e r e f r o m 

t h e Cj^Ej}') v a l u e s w e r e o b t a i n e d for o u r g e o m e t r y 

(s. F i g . 1) b y m e a n s of the r e l a t i o n 
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N ( E ') .... _
v n e(14.7) 

a

n M
( E

n
, }

 ~ N ( 1 4 . 7 ) ' TCe? 

rd 

n 

(1) 

<l 
non abs 

" •
f

a b s <
E

n'»
 f

m u l t
 ( E

n ' ' | ^ 

w i t h N ( E ')AE ' = t o t a l n u m b e r o f c o u n t s b e t w e e n E ' 
n n

 a n d E '+AE '
 n 

n . n 
N (14 .7) = t o t a l niimber o f c o u n t s in 14.7 M e V 

p e a k 
e ( 1 4 . 7 ) , e ( E ') = d e t e c t o r e f f i c i e n c i e s for 

n e u t r o n s of 14.7 M e V a n d E ' r e s p . 
n = a t o m i c d e n s i t y of s a m p l e 

T h e i n t e g r a t i o n h a s to e x t e n d over the whole volume 
of t h e s c a t t e r i n g s a m p l e . 

(0°) = r a t i o of zero d e g r e e to a v e r a g e 
w

 n e u t r o n e m i s s i o n r a t e for D T s o u r c e 
n e u t r o n s 

f , (E '). = a v e r a g e a t t e n a t i o n f a c t o r for s e c o n -
a s n

 d a r y n e u t r o n s in the s c a t t e r i n g 
s a m p l e 

f n - (
E

 ') = c o r r e c t i o n f a c t o r for c o n t r i b u t i o n 
of d o u b l e s c a t t e r e d n e u t r o n s in 
m e a s u r e d s p e c t r u m 

f , = r e l a t i v e c o n t r i b u t i o n of n e u t r o n s 
e a s

 e l a s t i c a l l y s c a t t e r e d in s a m p l e to 
14.7 M e V p e a k . 

d V = v o l u m e e l e m e n t in s c a t t e r i n g s a m p l e 
r = d i s t a n c e from s o u r c e to d V 
d , = d i s t a n c e from s o u r c e to d V t r a v e r s e d 
a b s , 

in s a m p l e 

T h e a b s o r p t i o n c o r r e c t i o n f a c t o r f
a
k

s
(

E

n
' )

 w a s

 c a l c u -

l a t e d a s s u m i n g a b s o r p t i o n b y n o n e l a s t i c e v e n t s .only 

a n d an a v e r a g e p a t h l e n g t h of o n e h a l f of the s a m p l e 

h e i g h t (1 cm) for t h e s c a t t e r e d n e u t r o n s as 

;

a b s < V > = f" 1 °n o n '
E

n ' ' -
h ]

 <2) 

v a l u e s r a n g e f r o m 0 . 9 - 1 . 0 . 
T h e e l a s t i c s c a t t e r i n g f r a c t i o n to t h e 14 M e V 

p e a k w a s c a l c u l a t e d b y i n t e g r a t i o n o v e r a l l v a l u e 
e l e m e n t s of the s a m p l e u s i n g e l a s t i c s c a t t e r i n g c r o s s -
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sections d e r i v e d b y o p t i c a l m o d e l c a l c u l a t i o n s using 
the P e r e y - B u c k [13] p o t e n t i a l ; v a l u e s r a n g e from 0.9 to 
4 % . 

The m u l t i p l e s c a t t e r i n g c o r r e c t i o n s w e r e cal-
c u l a t e d a p p r o x i m a t e l y b y m e a n s of the following re-
l a t i o n c o n s i d e r i n g o n l y d o u b l e s c a t t e r i n g . 

W V 1 t r T ' V ' , <3> single ' 

and 
i«f 

N , .
 n
 E ' 

d o u b l e n 

- J < W
1

4 - E " ) a (
E

 '' -*• E ') . n . d . dE
 1

' 

N

s i n g l e a „(14 + E ') 
^ n M n 

(4) 

w i t h d = a v e r a g e p a t h length of s i n g l e - s c a t t e r e d 
n e u t r o n s in the sample = 8.4-8.6 m m as de-
rived b y n u m e r i c a l a v e r a g i n g o v e r all 
p o i n t s of o r i g i n in sample and a l l 
e m i s s i o n d i r e c t i o n s 

and a „(E
 1 1

 E *) = c r o s s - s e c t i o n s of n e u t r o n s w i t h 
n M n n 

e n e r g y E
n
" for e m i s s i o n of n e u t r o n s w i t h 

E ' . V a l u e s of
 c 7

n M
(

E

n
"

 E

n
' )

 a s

 function 

of b o t h E " and E ' w e r e c a l c u l a t e d by 
n n

 J 

m e a n s of the s t a t i s t i c a l m o d e l of n u c l e a r 
r e a c t i o n s as d e s c r i b e d in the A p p e n d i x 
v a l u e s of N

d o u b l e
/ N

s i n
 range from

 0
. 5 

to 1 1 % . 

RESULTS A N D D I S C U S S I O N 

The r e s u l t s , t h a t is the a n g l e - i n t e g r a t e d neutrcn 
e m i s s i o n spectra o .. (E ') for all e l e m e n t s investi-

nM n 
g a t e d , are listed in T a b l e 1. T h e n e u t r o n e m i s s i o n 
spectra are a v e r a g e s over the i n c i d e n t n e u t r o n energy 
r a n g e 13.5 - 14.7 M e V b e c a u s e of the a n g l e - d e p e n d e n c e 
of the DT source n e u t r o n s and the c h o s e n scattering 
g e o m e t r y (see F i g . 1). H o w e v e r , due to the r a t h e r 
w e a k d e p e n d e n c e of the s e c o n d a r y spectra o n the primar 
ry n e u t r o n e n e r g y the c r o s s - s e c t i o n s c o r r e s p o n d to 
good a p p r o x i m a t i o n to a n e u t r o n e n e r g y of 14.1 M e V . 

T h e errors g i v e n w e r e o b t a i n e d by q u a d r a t i c 
a d d i t i o n of the s t a t i s t i c a l e r r o r s e s t i m a t e d 1a 
e r r o r s for all i d e n t i f i e d sources of systanatic errors 
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a n d t h u s c o r r e s p o n d to e f f e c t i v e 1a e r r o r s . T h e f o l l o -
w i n g c o n t r i b u t i o n s a r e i n c l u d e d in o u r e r r o r e s t i m a t e s . 

1) T h e t o t a l s t a t i s t i c a l e r r o r i n c l u d i n g t h e e r r o r of 
t h e

 2 5 2

G f c a l i b r a t i o n m e a s u r e m e n t 
2) T h e u n c e r t a i n t y in t h e f o r m of t h e

 2 5 2

C f s p e c t r u m 
a c c o r d i n g to [10] 

3) T h e e r r o r in t h e a b s o r p t i o n c o r r e c t i o n f a c t o r f ^ g 

for t h e s e c o n d a r y n e u t r o n s . A c c o r d i n g to t h e g e n e r a l 
s t a t u s of n o n - e l a s t i c , c r o s s - s e c t i o n s an u n c e r t a i n t y 
o f 15% in cx ') w a s a s s u m e d for t h e e r r o r e s t i -
m a t e .

 n o n n 

4) T h e e r r o r for t h e m u l t i p l e s c a t t e r i n g c o r r e c t i o n 
w a s c a l c u l a t e d a s s u m i n g e r r o r s o f 30% for t h e 
n e u t r o n e m i s s i o n c r o s s - s e c t i o n s a ,,(E E

 1

) . f r o m 
n M n n 

the s t a t i s t i c a l m o d e l c a l c u l a t i o n s . 
5) A n u n c e r t a i n t y of 1.5% w a s a s s u m e d for the n o r m a -

l i z a t i o n f a c t o r s u s e d in the b a c k g r o u n d s u b t r a c t i o n 
as a l r e a d y d i s c u s s e d in s e c t i o n t w o . 

6) T h e e f f i c i e n c y error the 14.7 MeV source newtoons (3%). 
E r r o r s d u e t o w e i g h t , d i m e n s i o n s a n d p o s s i b l e im-

p u r i t i e s o f t h e s a m p l e s , t i m e c a l i b r a t i o n a n d r e s i d u a l 
e l e c t r o n i c s h i f t s (see s e c t i o n 3) w e r e e s t i m a t e d to b e 
s m a l l c o m p a r e d to t h e t o t a l e r r o r s d u e to 1 - 6 a n d 
w e r e n e g l e c t e d . 

F i g . 9 s h o w s t h e s i z e of t h e v a r i o u s e r r o r c o n t r i -
b u t i o n s a n d t h e t o t a l e r r o r s for the c a s e o f i r o n which 
is t y p i c a l for m o s t of t h e e l e m e n t s i n v e s t i g a t e d . 

In F i g . 10 - 13 the p r e s e n t r e s u l t s a r e c o m p a r e d 
to e x i s t i n g m e a s u r e m e n t s a n d s t a t i s t i c a l m o d e l c a l -
c u l a t i o n s for 4 o f t h e e l e m e n t s s t u d i e d , a n d in F i g . 1 4 
the r a t i o b e t w e e n o u r m e a s u r e d a n d c a l c u l a t e d c r o s s -
s e c t i o n s is g i v e n for a l l e l e m e n t s i n v e s t i g a t e d . 

A l l c a l c u l a t i o n s w e r e p e r f o r m e d b y m e a n s of t h e 
c o d e S T A P R E [14] u s i n g g l o b a l p a r a m e t e r s e t s . T h u s t h e 
c a l c u l a t i o n s d i d n o t i n v o l v e a d j u s t m e n t s of a n y p a r a -
m e t e r to t h e i n d i v i d u a l e l e m e n t s . 

N u m e r i c a l d a t a for the r e s u l t s o f H e r m s d o r f e t a l . 
[5] a n d S a l n i k o v e t a l . [6] w e r e t a k e n f r o m t h e E X F O R 
file * ) , t h e d a t a of S c h e c t m a n a n d A n d e r s o n [1] w e r e 
r e a d f r o m t h e f i g u r e s in t h e i r p u b l i c a t i o n . 

A l t h o u g h t h e f i g u r e s for t h e d i f f e r e n t e l e m e n t s 
do s h o w s o m e d i f f e r e n c e s w i t h r e s p e c t to t h e c o m p a r i s o n 
of t h e v a r i o u s d a t a the f o l l o w i n g g e n e r a l s t a t e m e n t s 
c a n b e m a d e : 

for H e r m s d o r f ' s d a t a r e v i s e d v a l u e s a r e u s e d , ob-
t a i n e d b y p r i v a t e c o m m u n i c a t i o n f r o m t h e a u t h o r s 
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1) A b o v e a b o u t 1.5 M e V t h e r e is r e a s o n a b l e a g r e e m e n t 
b e t w e e n a l l m e a s u r e m e n t s . 

2) B e l o w 1.5 M e V o u r d a t a do n o t c o n f i r m t h e h i g h 
n e u t r o n p r o d u c t i o n c r o s s - s e c t i o n s f o u n d in r e f . [1] 
- [4], b u t s h o w in a l l c a s e s t h a t the s p e c t r a do 
h a v e t h e t h e o r e t i c a l l y e x p e c t e d form; in g e n e r a l 
t h e y a r e in fair a g r e e m e n t w i t h the r e s u l t s o f S a l -
n i k o v et a l . [6] a l t h o u g h for s o m e e l e m e n t s (not. 
s h o w n in f i g . 10 - 13) the d a t a of r e f . [6] s e e m to 
b e s o m e w h a t t o o low a t the l o w e s t e n e r g i e s . 

3) O u r d a t a for Fe a r e in e x c e l l e n t a g r e e m e n t w i t h t h e 
r e s u l t s " m e a s u r e d p r e v i o u s l y a t o u r i n s t i t u t e [7] 
u s i n g a q u i t e d i f f e r e n t e x p e r i m e n t a l s e t - u p a n d a l l 
of o u r s p e c t r a do s h o w a v e r y s m o o t h b e h a v i o u r a s 
f u n c t i o n of A r e s p . Z , c o n f i r m i n g the c o n s i s t e n c y 
o f o u r m e a s u r e m e n t s . 

4) A s s h o w n in f i g . 14 t h e r e is a . g o o d o v e r a l l a g r e e -
m e n t b e t w e e n o u r m e a s u r e d n e u t r o n p r o d u c t i o n c r o s s -
s e c t i o n s a n d t h e r e s u l t s of t h e S T A P R E c a l c u l a t i o n s 
u s i n g no f r e e p a r a m e t e r s for a l l e l e m e n t s i n v e s t i -
g a t e d i n d i c a t i n g tha.t such c a l c u l a t i o n s m a y b e u s e d 
to p r e d i c t u n m e a s u r e d n e u t r o n p r o d u c t i o n c r o s s -
s e c t i o n s w i t h an a c c u r a c y of b e t t e r t h a n 2 0 % . 

In d e t a i l i t c a n b e n o t e d t h a t t h e r e is. a l m o s t p e r -
f e c t a g r e e m e n t b e t w e e n c a l c u l a t e d a n d m e a s u r e d 
c r o s s - s e c t i o n s in the r a n g e T i - N i , w h e r e a s for 
h e a v i e r e l e m e n t s o u r m e a s u r e d p r o d u c t i o n c r o s s -
s e c t i o n s for l o w e n e r g y n e u t r o n s a r e c o n s i s t e n t l y 
b y a b o u t 10 - 20% h i g h e r t h a n t h e c a l c u l a t e d values.. 

A C K N O W L E D G E M E N T S . 

T h e a u t h o r s g r a t e f u l l y a c k n o w l e d g e t h e h e l p of 
D r . G . S t e n g l in t h e d e v e l o p m e n t of the e l e c t r o n i c s 
and of D r . K . H a n s j a k o b for d o i n g m o s t of the S T A P R E 
c a l c u l a t i o n s , t h e v a l u a b l e d i s c u s s i o n w i t h D r . B . S t r o h -
m a i e r a n d D o z . M . U h l a n d t h e f i n a n c i a l s u p p o r t b y t h e 
J u b i l a u m s f o n d der O s t e r r . N a t i o n a l b a n k . 

A P P E N D I X 

.Statistical m o d e l c a l c u l a t i o n s 

T h e c a l c u l a t i o n s w e r e p e r f o r m e d b y m e a n s o f t h e 
c o m p u t e r c o d e S T A P R E [14]. T h i s c o d e is d e s i g n e d to 
c a l c u l a t e c r o s s - s e c t i o n s for r e a c t i o n s w i t h m u l t i p l e 
p a r t i c l e a n d y - r a y e m i s s i o n . C o n s e r v a t i o n of a n g u l a r 
m o m e n t u m a n d p a r i t y is t a k e n into a c c o u n t . A t low e x -
c i t a t i o n e n e r g i e s a l l l e v e l s o f t h e r e l e v a n t r e s i d u a l 
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n u c l e i a r e c o n s i d e r e d ; w h e n , w i t h i n c r e a s i n g e x c i -
t a t i o n e n e r g y , t h e i n f o r m a t i o n a b o u t t h e l e v e l s is n o 
l o n g e r c o m p l e t e t h e d e n s i t y o f l e v e l s is c a l c u l a t e d b y 
m e a n s o f t h e b a c k s h i f t e d F e r m i g a s m o d e l . F o r e m i s s i o n 
o f t h e f i r s t p a r t i c l e o f a g i v e n e v a p o r a t i o n s e q u e n c e 
a p r e e q u i l i b r i u m d e c a y c o n t r i b u t i o n - c a l c u l a t e d i n 
t h e f r a m e w o r k o f t h e e x c i t o n m o d e l - is i n c l u d e d . 

T r a n s m i s s i o n c o e f f i c i e n t s for n e u t r o n s , p r o t o n s 
a n d a - p a r t i c l e s w e r e c a l c u l a t e d b y m e a n s o f g l o b a l 
p o t e n t i a l s b y P e r e y a n d B u c k [ 1 3 ] , Becchetti et al. [15] 
a n d H u i z e n g a a n d Igo [ 1 6 ] , r e s p e c t i v e l y . 

T h e y - r a y t r a n s m i s s i o n c o e f f i c i e n t s f o
r 

m u l t i p o l e - t y p e X L a n d t r a n s i t i o n e n e r g y e a r e r e l a t e d 

to t h e y - r a y s t r e n g t h f u n c t i o n f
V T

( e ) [17] b y T
v
_ = 

2L+1 
= 2ire ^ X L ^ *

 F o r t

*
i e e n e r

9 y d e p e n d e n c e o f t h e 

s t r e n g t h f u n c t i o n f ^ (e) f o r t h e d o m i n a n t E1 r a d i a t i o n 

t h e B r i n k - A x e l m o d e l [18] w a s e m p l o y e d w h i l e 

f
M
^ ( e ) , f ^ U ) , ... f j y ^ U ) w e r e a s s u m e d t o b e c o n s t a n t 

a n d n o r m a l i z e d t o f ^ ( e = B
n
) b y W e i s s k o p f ' s e s t i m a t e , 

w h e r e B
n
 r e p r e s e n t s t h e n e u t r o n b i n d i n g e n e r g y . T h e 

n o r m a l i z a t i o n o f f ^ (e) is a c h i e v e d b y t h e d e m a n d t h a t 

t h e c a l c u l a t e d t o t a l a v e r a g e r a d i a t i o n w i d t h 
a g r e e s w i t h n e u t r o n r e s o n a n c e d a t a [ 1 9 ] . 

T h e l e v e l d e n s i t y p a r a m e t e r s a a n d A w e r e t a k e n 
f r o m t h e c o m p i l a t i o n o f D i l g e t a l . [ 2 0 ] , e i t h e r 
d i r e c t l y o r if n e c e s s a r y b y i n t e r p o l a t i o n . 

T h e p r e e q u i l i b r i u m e m i s s i o n r a t e s f o r n u c l e o n s 
w e r e c o r r e c t e d for c h a r g e c o n s e r v a t i o n a s d e s c r i b e d in 
r e f s . [21] a n d [ 2 2 ] . T h e e x c i t o n s t a t e d e n s i t i e s w e r e 
c a l c u l a t e d b y m e a n s o f t h e f o r m u l a o f W i l l i a m s [23] 
w i t h s i n g l e p a r t i c l e s t a t e d e n s i t i e s g = (6/TT

2

)A/8 
a n d n o p a i r i n g c o r r e c t i o n s . 
F o r t h e i n t e r n a l t r a n s i t i o n r a t e s t h e e x p r e s s i o n s o f 
W i l l i a m s [24] w e r e e m p l o y e d w i t h a m a t r i x e l e m e n t M 
w h i c h d e p e n d s o n e x c i t a t i o n e n e r g y E o f t h e c o m p o s i t e 
s y s t e m , a s p r o p o s e d b y K a l b a c h - C l i n e [25] : | M |

2

 = 
- 3 -1 

= F M A El a n d t h e m a t r i x e l e m e n t s F M c h o s e n in s u c h a 
w a y t h a t t h e A = 2 d e c a y r a t e s f o r t h e t h r e e e x c i t o n 

+ —1 
c o n f i g u r a t i o n X (3) a t E = 19 M e V a m o u n t s 5 . 1 0

2 1

 SBC 
f o r a l l n u c l i d e s . 
C a l c u l a t i o n s w e r e p e r f o r m e d f o r a l l i s o t o p e s o f e a c h 
e l e m e n t w i t h a b u n d a n c e s of m o r e t h a n a f e w p e r c e n t a n d 
e l e m e n t a l c r o s s - s e c t i o n s o b t a i n e d t h e r e f r o m . 
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n - , p - , a - and y - d e c a y w a s c o n s i d e r e d for the e l e m e n t s 
u p to B a , w h e r e a s p - a n d a - d e c a y w a s n e g l e c t e d for 
the h e a v i e r e l e m e n t s . F o r the n u c l i d e s ^ N i ,

 6 3

C u and 
6 1 t

Z n t h e c o n t r i b u t i b n to f r o m t h e (n,pn) r e a c t i o n 

is a l s o i n c l u d e d , for the o t h e r n u c l i d e s o n l y the 
(n,nx) and (n,2n) c o n t r i b u t i o n s w e r e t a k e n i n t o 
a c c o u n t . 
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T a b l e 1 . A n g l e i n t e g r a t e d s e c o n d a r y n e u t r o n - p r o d u c t i o n — — ^ — j 

c r o s s - s e c t i o n s — r for 14.1 M e V n e u t r o n s . 

E 
n
' (MeV) cx

n M
(mb/MeV) 

T i C r F e N i C u 

0 .25- 0 .50 399±28 '•41 5 ± 21 420±20 319 ±16 604±26 
6 .50- 0 .75 465±22 491±22 5 23+ 2 5 3 7 8 + 1 6 730±34 
0 .75- 1 .00 499±23 473±22 502±24 381±16 699±34 
1 .00- 1 .25 454±21 433±20 4 6 6 + 2 3 3.46 + 15 619±30 

1 .25- 1 .50 410±19 3 7 9 ± 1 8 394±19 297±13 531±26 

1 .50- 1 .75 359±16 3.40± 1 5 3 4 9 + 1 7 257±11 445±21 

1 .75- 2 .00 321±14 3 0 3 + 1 4 3 0 5 + 1 5 224± 9 378±19 
2 .00- 2 .25 2 9 2 + 1 3 285±13 2 8 1 + 1 4 202± 9 335±17 
2 .25- 2 .50 253±12 243±12 237±12 1 68± 8 285±15 
.2 .50- 2 .75 222±11 225±12 2 2 8 ±'1.2 169+ 8 256±14 
2 .75- 3 .00 2 0 2 + 1 1 1 91 ± 10 190±10 140± 7 221±14 
3 .00- 3 .25 1 71 ± 9 1 69± 9 1 75± 9 1 20± 6 1 8.0+11 
3 .25- 3 i 50 1 48± 8 1 59± 9 1 58± 9 119+ 6 163±10 
3 .50- 3 .75 1 49± 8 1 49± 8 1 50± 8 110± 6 1 5 1 + 1 0 
3 .75- 4 .00 1 29± 8 1 34± 8 1 30± 7 100± 5 140± 9 
4 .00- 4 .50 117 +: 7 109± .6 11 3± 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± 5 63+ 4 73± 6 
5 .50- 6 .00 60± 5 55+ 5 66+ 5 52+ 3 5 3 ± 6 

Zn Zr N b M o j A g 

0 .25- 0 .50 422±10 1208±36 1256±66, 1185±39 1669±96 
0 .50- 0 .75 519 ± 2 3 1256±53 1360±60 1 4 1 8 + 6 4 1 6 8 9 + 8 3 
0 .75- 1 .00 510±23 1136±49 1252±57 124 3± 58 14 50±74 
1 .00- 1 .25 448±20 960±42 104 3 ± 4 9 1030±49 11 46±60 
1 .25- 1 .50 376±17 815±36 895±42 848±41 923±49 
1 .50- 1 .75 324±14 681±29 782±36 710±33 786±41 
1 .75- 2 .00 286±13 538±24 655±31 585±28 6 1 7 + 3 3 
2 .00- 2 .25 254±12 462±21 568±27 506±24 545± 30 
2 .25- 2 .50 2 24 ± 11 362±19 459±24 415±22 406±24 
2 .50- 2 .75 199±10 291±17 380± 21 361±19 380±22 
2 .75- 3 .00 1 75± 9 230±15 31 7 ± 1 8 293±16 289±20 

3 .00- 3 .25 1 46± 8 17 3±13 25 7 ±15 237±13 224±15 

3 .25- 3 .50 1 31 ± 7 150±12 212±14 202±12 1 9 9 + 1 4 
3 .50- 3 .75 1 22± 7 1 3 9 ± 12 1 9 6 ± 1 3 168±1 1 177±13 
3 .75- 4 .00 105± 7 114+11 161±12 1 41 ± 10 1 4 5 + 1 2 
4 .00- 4 .50 85± 5 84± 9 109± 8 11 5± 7 108± 9 

4 .50- 5 .00 74± 5 61 ± 9 87± 8 87± 7 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 50± 6 66± 9 
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T a b l e 1. c o n t . 

E ' (MeV) 
n 

a
m
( m b / M e V ) 

S n B a . Ta. . . . W A u 

0 .25-0.50 1495+44 1500±62 2151 ± 118 2123± 70 1 958± 72 
0 .50-0.75 167 5 ±6 9 1443+72 24 58±123 2508±115 2364±118 
0 .75-1.00 1566±67 1465±70 2186±113 2347±111 2243±116 
1 .00-1.25 1305±56 1292±62 1 7 50± 92 1844± 89 1922±101 
1 .25-1.50 .1062±46 1051±52 1 360± 72 1469+ 72 1 586± 84 
1 .50-1.75 878±37 834±43 1069± 56 11 39± 55 1 346± 70 
1 .75-2.00 7 0 0 + 3 0 6 8.8 ± 3 8 833± 45 88 7± 44 11 20± 59 
2 .00-2.25 608±27 561±35 671 ± 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 . 7 5 - 3 . 0 0 300±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± 13 201 ± 17 289 + 18 
3 .50-3.75 1 77±.1 3 174±28 154 + 12 1 61 ± 17 249± 17 
3 . 7 5 - 4 . 0 0 145±12 202±28 142 + 11 1 26± 15 21 3± 15 
4 . 0 0 - 4 . 5 0 109± 9 165±21 93 + 8 102± 12 147± 11 
4 . 5 0 - 5 . 0 0 88± 9 91 ±22 82+ 2 53± 12 114± 11 
5 .00-5.50 66± 9 57±20 59± 8 50± 13 82± 10 
5 . 5 0 - 6 . 0 0 .30+ 8 26 ± 12 55+ 8 54+ 12 40±. 10 

P b B i 

0 .25-0.50 1447±62 1701±58 
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 16 91 ± 7 3 
1 .50-1.75 1422±61 1520±63 
1 .75-2.00 1244±54 1346±56 
2 .00-2.25 1121±49 1189±51 
2 .25-2.50 899±43 999±46 
2 .50-2.75 741±38. 817±40 
2 . 7 5 - 3 . 0 0 , 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±20 277±20 
4 . 0 0 - 4 . 5 0 1 8 3 ± 1 5 219±15 
4 .50-5.00 136±15 161±14 
5 .00-5.50 83±1 4 97±1 3 
5 .50-6.00 65+15 75 + 14 
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Fig. 1. 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: Ne 213 scin-
tillator (1.5"0 x 0.5"), 5:.56 DVP photomulti-
plier , 6: 2 mm leadshield, 7: Apertures for 
d

+

 beam 

- 359 -



300 

200 

LO ON O 

<U c c o 
s 
aj jo 
£ 100 

Fig;. 2. 

BO 100 120 140 1G0 180 200 220 240 
Channel 

Pulse-shape spectra of the NE 213 detector for
 6 0

C o source. 
Spectra 1 - 3 correspond to different pulse heigth bins as 
indicated in the figure. Also indicated are the thresholds 
a, b, c used for those energy bins in the analysis of all 
neutron spectra. 
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Fig. 3. Pulse-shape spectra of the NE 213 detector for the neutron part 
of the

 2 5 2

C f time spectrum (channels 200 - 700 in Figure 7) and 
the same pulse height bins as in Fig. 2. Also indicated are the 
thresholds a, b, c used for those energy bins in the analysis of 
all neutron spectra. 



F i g . 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. s e c t . 2 ) , 
3: DT-neutrons,4: prompt y-peak, 5: pulser p e a k , 6: DD-neutrons 
from aperture upstream of target (see F i g . 1) 



Fig. 4. Time spectra observed with Fe scatterer around TIT target: 

b) same spectrum after elimination of y-induced and 
kinematically forbidden events. 
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b) same spectrum after elimination of y-induced 
and kinematically forbidden events. 
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2: statistical error, 3: error due to uncertainty in background 
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C f spectrum, 6: error of absorbtion correction, 7: error of 
multiple scattering correction. 
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et a l . [5];p Salnikov et a l . [6]; x Clayeux [4]; x Schect-
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Fig. 11 . Angle-integrated secondary neutron spectrum from interactions 
of 14.1 MeV neutrons with niobium: + present result; © Hermsdorf 
et al. [5J © Salnikov et al. [6]; x statistical model calculation, 
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Fig. 12. Angle-integrated secondary neutron spectrum.from interaction of 
14.1 MeV neutrons with tantalum: + present result; o Hermsdorf 
et al. [5]; x statistical model calculation. 
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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 

- 375 -



In Table I 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. In about one half of these cases 
the measurements have appeared in the literature in final pub-
lished 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 a]_. [13] 
outlined the goals of the program. Scattering from T = 0 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 deformation has been 
investigated [4,8].. The usually-accepted A1'3 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 4 0Ca gives empirical 
evidence of the predicted [17] but elusive imaginary part of the 
Coulomb correction term [18]. 

In general, the recent work bn 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 light nuclei need to be examined 
in much greater detail. In Fig. 1 we present some recent measure-
ments of elastic scattering from 1 60 and 1 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, Bp a n d 3l» 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 1.98 MeV 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 2 + and 3" states in 58Ni and 60Ni [7]. The corresponding 
elastic scattering is shown in Fig. 4. For the nucleus i 0O 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:23o < 3^ < 63Q• For closed-neutronshell nuclei [21] 
the i.sovector parameter is smaller than the isoscalar parameter 
and of opposite sign (3i ^ -0.6$o). 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]. 
Of course, for T = 0 nuclei ( 1 60, 4°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-
fl ight spectrometer. For light nuclei, however, freedom from 
the compound-nucleus reaction mechanism is not obtained at lower 
energies. For 1 60 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 resolution 
of 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 (F.WroM) might be more appropriate. In practice, the 
measurement of inelastic scattering to the strong 2 + state at 
1.33 MeV in 60Ni 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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(27A.l, lt6'48Ti , 56Fe, 6 3' 6 5Cu) have excited states too close to 
the ground state to be studied by presently available techniques. 

A new time-ofrflight spectrometer is being developed at Ohio 
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 63Cu(n,n1) 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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T A B L E I 

Partial Survey of New Differential Scattering 
Measurements Since 1977 

Nuclide En (MeV) Final States ( / ) ' Lab Ref. 

1 2

C 40.0 0
+ 

MSU 2 

1 (

b 24.0 0
+

, ,3",2
+ 

Ohio- 3 

1 8

0 24.0 o
+

, Ohio 3 

28
s i 20 o

+

, ,2
+

 ' , Ohio 4 . 

26 0
+ 

Ohio - 4 

26 2
+ 

Ohio 5 

30.3 0
+ 

MSU 2 

40 0
+ 

MSU 2 

32
s 20 0

+

, Ohio 4 

21.5 0
+

, JAERI 6 

26 0
+ 

Ohio 4 

26 * 2 +

 3" Ohio 5 

30.3 0
+ 

MSU 2 

40 0
+ 

MSU 2 

4 0

C a 20 0
+

, .3" Ohio 4 

26 0
+ 

Ohio 4 

30.3 0
+ 

MSU 2 

40 0
+ 

MSU 2 

5 8

N i 24 0
+ 

,2
+

,3' Ohio 7 

6 0

N i 24 0
+

: 
,2

+

,3' Ohio 7 

92,96,98,100.. 
Mo 26 0

+ 

Ohio 8 

1 1 6

S n 24 0
+

, «2
+

,3" Ohio 9 

1 1 8

S n 24 0
+ 

Ohio 10 

1 2 4

S n 24 0
+ 

Ohio 10 

2 0 8
p b 20 0

+ 

Ohio 11 

26 0
+

. ,3",5" Ohio 11,12 

30.3 0
+ 

MSU 2 

40 0
+ 

MSU 2 
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T A B L E I I 

Angle-Integrated Scattering Cross Sections 
for Resolved Final States 

Nuclide En J^ Excitation Eneray , 2ir/a(6) Sine d0 Uncertainty 
(MeV) " (mb) 

1 6

0 24 0
+ 

0 1080 <5% 

3" 6.13 57 20% 

2
+ 

6.92 36 20% 

1 8

o 24 0
+ 

0 1110 <5% 

X - 1.98 43 10% 

S S.92 9 50% 

3" 5.09 37 12% 

2 8

S i 26 0
+ 

0 1040 <5% 

2
+ 

1.78 . 56 30% 

3 2

s ' 26 0
+ 

0 983 <5% 

2
+ 

2.24 32 30% 

4.29 16 30% 

3" 5.01 26 40% 

5 8

N 1 24 0
+ 

0 1010 <5% 

2
+ 

1.45 28 12% 

3" 4.47 14 18% 

6 0
n 1 24 0

+ 

0 1067 <5% 

2
+ 

1.33 33.3 16% 

3 ' 4.05 14.4 12% 
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Fig. 1 Elastic scattering of 24 MeV neutron from
 1 6

0 and
 1 8

0. 
The solid lines are optical model calculations. The 
dashed line for

 1 8

0 shows the effect of coupling the 
first inelastic scattering channel. 



Q ( d e g r e e s ) 

2 Inelastic scattering of 24 MeV neutrons and 24.5 MeV 
protons from the 2

+

 state at 1.98 MeV in.
 1 8

0. Solid 
lines are DWBA calculations and dashed lines are CCBA 
calculations. Proton and neutron optical model 
potentials are identical apart from the Coulomb 
correction term and the sign of the isovector term. 
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Fig. 3 Inelastic scattering of 24 MeV neutrons to the first 
2+ and 3" states in

 5 8

Ni and
 6 0

Ni. Lines indicate 
the results of DWBA and CCBA calculations. 



to 
00 

O 

10" 

10 

10 

10 

10' 

10 

10 

CD 
10 

10 

10 

6cm(degrees) Gem (degrees) 

Fig. 4 Elastic scattering of 24 MeV neutrons from
 S 8

Ni and 6 0

Ni. The solid lines are optical model calculations 
with the potentials which were used in Fig. 3. 

135 



Fig. 5 Inelastic scattering of 24 MeV neutrons from the first 
and second excited states in

 1 6

0. The angular range 
of the data is limited because of the presence of 
hydrogen scattering in the H2O sample. 
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NEUTRON INDUCED CHARGED PARTICLE REACTION STUDIES 
AT OHIO UNIVERSITY 

G. R a n d e r s - P e h r s o n , R.W. F i n l a y , P. Grabmayr, V, K u l k a r n i , 
R . 0 . Lane and J . Rapaport 

Ohio U n i v e r s i t y 
A t h e n s , Ohio 45701 

ABSTRACT 

We d e s c r i b e t h e T r i p l e t Quadrupole S p e c t r o m e t e r 
now i n ' u s e a t Ohio U n i v e r s i t y , e m p h a s i z i n g p a r t i c u l a r l y 
t h o s e f e a t u r e s Which d i s t i n g u i s h i t from t h e s i m i l a r 
d e v i c e a t Lawrence L ivermore L a b o r a t o r y . We a l s o 
r e v i e w t h e ( n , chairged p a r t i c l e ) r e a c t i o n s p r e s e n t l y 
under i n v e s t i g a t i o n . 

INTRODUCTION ' 

A l a r g e s o l i d a n g l e T r i p l e t Quadrupole S p e c t r o m e t e r (TQS) i s 
now i n s e r v i c e a t Ohio U n i v e r s i t y . Combined w i t h t h e p u l s e d beam 
from our tandem Van de G r a a f f , i t p r o v i d e s a means t o s t u d y 
c h a r g e d p a r t i c l e s e m i t t e d from m a t e r i a l s u n d e r n e u t r o n bombard-
ment . The two major p r o j e c t s u n d e r way a t p r e s e n t a r e t h e s t u d y 
o f b i o l o g i c a l l y i m p o r t a n t e l e m e n t s f o r t h e N a t i o n a l Cancer 
I n s t i t u t e and t h e s t u d y o f s t r u c t u r a l m a t e r i a l s f o r f u s i o n 
r e a c t o r s w i t h s u p p o r t from t h e U . S . Department o f E n e r g y . We a r e 
a l s o c o n s i d e r i n g ways t o u s e t h e TQS i n more f u n d a m e n t a l s t u d i e s 
o f n u c l e a r s t r u c t u r e and r e a c t i o n mechan i sms . 

APPARATUS 

The d e s i g n o f our s p e c t r o m e t e r was i n s p i r e d by t h e s u c c e s s f u l 
o p e r a t i o n o f a s i m i l a r i n s t r u m e n t a t t h e RTNS f a c i l i t y a t 
Lawrence L ivermore L a b o r a t o r y [ 1 ] . The g e n e r a l p r o p e r t i e s o f 
t h e s e d e v i c e s and t h e i r e x p e r i m e n t a l u s e s have b e e n r e c e n t l y 
r e v i e w e d by Laurent and S c h a p i r a [ 2 ] . The e s s e n t i a l p u r p o s e o f 
our TQS i s t o t r a n s p o r t c h a r g e d p a r t i c l e s e m i t t e d from a t a r g e t 
bombarded by n e u t r o n s t o a d e t e c t o r t e l e s c o p e l o c a t e d a t t h e 
f o c a l p o i n t 3 . 4 m e t e r s away. 
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We a r e p r e s e n t l y u s i n g t e l e s c o p e s w i t h e i t h e r two o r t h r e e 
e l e m e n t s . A t h r e e e l e m e n t t e l e s c o p e i s shown i n F i g . 1 . The 
s e c o n d and t h i r d e l e m e n t s c o m p r i s e a t r a d i t i o n a l AE + E t e l e -
s c o p e ; t y p i c a l l y a 30 ym s i l i c o n d e t e c t o r f o l l o w e d by a 1000 ym 
s t o p p i n g , d e t e c t o r . .The f i r s t e l e m e n t i s an e l e c t r o n - e m i t t i n g 
f o i l and m i c r o c h a n n e l p l a t e d e v i c e more f a m i l i a r t o h e a v y i o n 
r e s e a r c h [ 3 ] . The f o i l i s a 6 y g / c m 2 Formvar f i l m [4] s u p p o r t e d 
on a 97 p e r c e n t t r a n s m i s s i o n t u n g s t e n g r i d which i s mounted o v e r 
an a p e r t u r e i n a c y l i n d r i c a l segment e l e c t r o d e . The f o i l i s 
h e l d a t - 4 kV and a s e c o n d c y l i n d r i c a l g r i d 0 . 5 cm away i s 
b i a s e d t o - 2 kV. The 2 kV a c c e l e r a t i n g v o l t a g e d i r e c t s t h e 
e l e c t r o n s e m i t t e d from t h e f o i l r a d i a l l y inward t o a c h e v r o n 
c h a n n e l e l e c t r o n m u l t i p l i e r ( G a l i l e o E l e c t r o O p t i c s Model 3 0 2 5 ) . 

S i g n a l s from t h e t e l e s c o p e a r e a m p l i f i e d by s t a n d a r d NIM 
e l e c t r o n i c s , and . then a n a l y z e d by t h e OUAL m i n i c o m p u t e r [ 5 ] . 
E l e c t r o n i c l o g i c r e q u i r e s t h a t s i g n a l s be p r e s e n t i n t h e AE 
d e t e c t o r AND i n e i t h e r t h e c h a n n e l p l a t e o r t h e s t o p p i n g d e t e c t o r . 
This l o g i c a l l o w s an a u t o m a t i c s w i t c h - o v e r o f t h e g a t i n g d e t e c t o r 
d e p e n d i n g on. w h e t h e r the^ p a r t i c l e . has l o n g or s h o r t r a n g e . 
G a t i n g s i g n a l s a r e g e n e r a t e d w i t h e s s e n t i a l l y 100 p e r c e n t , e f f i -
c i e n c y f o r l o n g r a n g e p a r t i c l e s , w h e r e a s t h o s e p a r t i c l e s which 
s t o p i n t h e AE d e t e c t o r can s t i l l b e d e t e c t e d but a t a l o w e r 
e f f i c i e n c y . The e f f i c i e n c y i s l i m i t e d by t h e s m a l l number o f 
e l e c t r o n s k i n e m a t i c a l l y e m i t t e d by l i g h t i o n s . A b e r y l l i u m -
coppqr a l l o y sa lvaged: from t h e dynodes o f a damaged p h o t o t u b e 
was e v a p o r a t e d on t h e i n s i d e s u r f a c e o f t h e f o i l t o enhance 
e l e c t r o n e m i s s i o n . No improvement i n e f f i c i e n c y was o b t a i n e d 
f o r s e v e r a l o t h e r s u r f a c e t r e a t m e n t beyond t h e u s e o f about 
12 y g / c m 2 o f t h e Be-Cu a l l o y . 

For each e v e n t , t h e m i n i c o m p u t e r c a l c u l a t e s a n u m b e r . p r o -
p o r t i o n a l , t o t h e p a r t i c l e mass u s i n g t h e e n e r g y s i g n a l s and t i m e 
o f , f l i g h t measured r e l a t i v e t o a c a p a c t i v e beam p i c k o f f i n ? 
t h e f o r m u l a : . . , . . . , , 

M = (E + AE) * (TOF - T q ) 2 

where T^ i s t h e t i m e c o r r e s p o n d i n g t o t h e a r r i v a l o f n e u t r o n s a t 
t h e s a m p l e . An example o f t h e mass i d e n t i f i c a t i o n s pec trum f o r 
a t h i c k t a r g e t o f e n r i c h e d 6 L i m e t a l i s shown i n F i g . 2 . The 
p e a k s s h i f t l e s s than. 0 . 5 c h a n n e l s a s t h e s p e c t r o m e t e r bandpass 
f o r t h e p r o t o n s i s v a r i e d from 1 . 0 t o 23 MeV. The e x c e l l e n t . . 
mass r e s o l u t i o n i s n o t n e e d e d t o s e p a r a t e , r e a l e v e n t s from each 
o t h e r b u t t o r e d u c e t h e background from n e u t r o n e v e n t s f o r wh ich 
t h e e n e r g y i n t h e d e t e c t o r s i s n o t e q u a l t o t h e n e u t r o n e n e r g y . 
D i g i t a l g a t e s a r e s e t on each peak and s e p a r a t e s p e c t r a a r e -
s i m u l t a n e o u s l y a c c u m u l a t e d f o r each mass number. 

The e n e r g y d e p e n d e n c e o f t h e s p e c t r o m e t e r s o l i d a n g l e i s 
measured t o g e t h e r w i t h t h e n e u t r o n f l u x u s i n g t h e t h i c k - t a r g e t 
y i e l d from p o l y e t h y l e n e . The p r o t o n s t o p p i n g power and H ( n , p ) 
c r o s s s e c t i o n a r e u n f o l d e d from t h e p o l y e t h y l e n e measurement t o 
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o b t a i n a n a c c e p t a n c e f u n c t i o n w h i c h i s u s e d t o a n a l y z e s p e c t r a 
f r o m t h e t a r g e t s o f i n t e r e s t . 

' . . MEASUREMENTS . 

The f i r s t m e a s u r e m e n t s c o m p l e t e d on t h e TQS w e r e f o r , 
r e a c t i o n s f r o m n e u t r o n b o m b a r d i n g d e u t e r i u m [ 6 ] . E l a s t i c s c a t -
t e r i n g a n g u l a r d i s t r i b u t i o n s w e r e m e a s u r e d a t 9 and 11 MeV by 
o b s e r v i n g t h e r e c o i l i n g d e u t r o n s . , P r o t o n s f r o m d e u t e r i u m 
b r e a k u p by 11 and 25 MeV n e u t r o n s w e r e a l s o m e a s u r e d i n t h e 
r e g i o n o f e n h a n c e m e n t by t h e f i n a l s t a t e i n t e r a c t i o n o f , t h e 
( u n o b s e r v e d ) n e u t r o n s , . A n a l y s i s o f t h e p r o t o n s p e c t r a u s i n g 
t h r e e - b o d y F a d d e e v e q u a t i o n s i s n e a r l y c o m p l e t e . 

M e a s u r e m e n t s f o r DOE s p o n s o r e d s t u d y o f s t r u c t u r a l m a t e r i a l s 
f o r f u s i o n r e a c t o r s a r e i n p r o g r e s s . One o f t h e i n t e r e s t i n g 
r e s u l t s f r o m t h e L i v e r m o r e TQS was t h e o b s e r v a t i o n . o f l a r g e 
c r o s s s e c t i o n s f o r t h e p r o d u c t i o n o f . l o w e n e r g y p r o t o n s f r o m 
n u c l e i w h i c h h a v e a n e u t r o n s e p a r a t i o n ene .rgv g r e a t e r t h a n t h a t 
f o r p r o t o n s [ 7 , 1 ] , For t h e s e n u c l e i i t i s p o s s i b l e f o r i n e l a s t i c 
s c a t t e r i n g t o e x c i t e s t a t e s f o r w h i c h p r o t o n e m i s s i o n c o m p e t e s 
o n l y w i t h gamma-ray e m i s s i o n . We a r e p r e s e n t l y s t u d y i n g o n e o f 
t h o s e n u c l e i , n a m e l y 5 8 N i , i n t h e r e g i o n w h e r e t h e ( n , n p ) c h a n n e l 
i s j u s t open ing . , . P r e l i m i n a r y s p e c t r a , o f p r o t o n s and a l p h a . p a r t i -
c l e s o b s e r v e d a t 1 2 0 ° frpm 11 MeV n e u t r o n s on 5 8 N i a r e shown i n 
F i g . 3 . S p e c t r a h a v e a l s o b e e n o b t a i n e d a t 8. MeV and a t 0 ° , . 6 0 ° 
and 1 2 0 ° . At 8 MeV, w h i c h i s b e l o w t h e t h r e s h o l d f o r ( n , n p ) , t h e 
e x c e s s o f l o w e n e r g y p r o t o n s o b s e r v e d , a t 14 MeV i s n p t s e e n . . At 
11 MeV, w h i c h i s a b o v e , t h e t h r e s h o l d , l o w e n e r g y p r o t o n s a r e 
p r e s e n t b u t a r e s t r o n g l y f o r w a r d p e a k e c U - a s u r p r i s i n g r e s u l t i f 
t h e p a r t i c l e s r e s u l t f r o m two s t e p s o f n u c l e a r e v a p o r a t i o n . I t 
i s p o s s i b l e t h a t , t h e low e n e r g y p r o t o n s r e s u l t f r o m . 5 8 N i ( n , p ) 
i n d u c e d b y l o w e n e r g y , n e u t r o n s f r o m d e u t r o n b r e a k u p i n . D(.d,.n) 
s o u r c e r e a c t i o n . A l t e r n a t i v e l y , t h e y a r e d u e t o q u a s i - e l a s t i c 
(n,t>) s c a t t e r i n g o r a n o t h e r d i r e c t p r o c e s s . T h e s e p o s s i b i l i t i e s 
w i l l b e e x a m i n e d i n o u r n e x t , . r u n u s i n g a dummy g a s t o p r o d u c e a 
b r e a k u p s p e c t r u m w i t h o u t t h e m o n o e n e r g e t i c p e a k [ 8 ] . 

A n o t h e r p r o i e c t w h i c h i s o n g o i n g i s t h e s t u d v o f c h a r g e d 
p a r t i c l e s e m i t t e d f r o m b i o l o g i c a l l y i m p o r t a n t m a t e r i a l s u n d e r 
t h e s p o n s o r s h i p o f t h e N a t i o n a l - C a n c e r I n s t i t u t e , . The a n e u l a r 
d i s t r i b u t i o n o f t h e , 1 2 C ( n , a g ) 9 B e h a s b e e n m e a s u r e d a t 9 . 3 MeV 
t o compare w i t h t h e i n v e r s e r e a c t i o n . We h a v e a l s o o b s e r v e d t h e 
c o n t i n u u m f r o m 1 2 C ( n , n ' 3 a ) , f r o m o u t g o i n g a l p h a p a r t i c l e e n e r g i e s 
down t o 1 MeV a s shown f o r e x a m p l e f r o m 1 0 . 5 MeV n e u t r o n s i n 
F i g . 4 . 

We, a r e p r e s e n t l y a t t e m p t i n g t o e x t e n d b o t h t h e 5 8 N i and 1 2 C , 
m e a s u r e m e n t s a b o v e 20 MeV. We w i l l r e f i n e o u r low, e n e r g y 
m e a s u r e m e n t s and e x t e n d them t o o t h e r n u c l e i o f i n t e r e s t t o DOE 
and NCI. 
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Electron Emitting Foil 

Plate ( - 1 9 0 0 V) + 300 V 

Figure 1 Three element detector telescope used at the focal 
point of the spectrometer. 
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Figure 2 Mass identification spectrum for stopping
 6

Li met; 
target. ' 
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ABSTRACT 

Cross s e c t i o n s f o r t h e ( n j 2 n ) r e a c t i o n s have been 
measured b e t w e e n t h r e s h o l d and 15 MeV f o r about 50 e l e -
ments and s e p a r a t e d i s o t o p e s u s i n g t h e l a r g e g a d o l i n i u m -
loaded l i q u i d s c i n t i l l a t o r method and t h e 7 MV tandem Van 
de Graaf f a c c e l e r a t o r o f B r u y e r e s - l e - C h a t e l a s a p u l s e d 
n e u t r o n s o u r c e . The ( n , 2 n ) c r o s s s e c t i o n s have b e e n n o r -
m a l i z e d t o t h e f i s s i o n c r o s s s e c t i o n of 238u • t h e y are 
o b t a i n e d w i t h a r e l a t i v e a c c u r a c y of 4% to 10%. 

The s y s t e m a t i c t r e n d s of t h e d a t a o b t a i n e d on s e r i e s 
of s e p a r a t e d i s o t o p e s are d i s c u s s e d , and some compar i sons 
w i t h s t a t i s t i c a l model c a l c u l a t i o n s are p r e s e n t e d . 

INTRODUCTION 

The l a r g e g a d o l i n i u m - l o a d e d l i q u i d s c i n t i l l a t o r method has 
b e e n used f o r s e v e r a l y e a r s a t B r u y e r e s - l e - C h a t e l t o measure t h e 
( n , 2 n ) c r o s s s e c t i o n s i n t h e e n e r g y range from t h r e s h o l d t o 15 MeV. 
I t r e l i e s on t h e d i r e c t d e t e c t i o n of t h e e m i t t e d n e u t r o n s , and 
t h e r e f o r e i t can be used f o r aiiy n a t u r a l e l e m e n t or s e p a r a t e d i s o -
t o p e , whereas t h e more common a c t i v a t i o n method i s l i m i t e d t o n u -
c l i d e s which l e a v e a s u i t a b l y a c t i v e r e s i d u a l i s o t o p e . 

The aim of t h i s paper i s t o g i v e , a g e n e r a l o u t l i n e of t h e e x -
p e r i m e n t a l method and t o p r e s e n t a comprehens ive v i e w of t h e d a t a 
o b t a i n e d f o r more than 50 n a t u r a l e l e m e n t s or s e p a r a t e d i s o t o p e s . 

EXPERIMENT 

The method used t o make t h e measurements i s d e s c r i b e d i n d e -
t a i l i n r e f : . [ l ] * A s c h e m a t i c of t h e e x p e r i m e n t i s shown i n f i g . 1. 
A p u l s e d beam of n e u t r o n s was c o l l i m a t e d and a l l o w e d t o i r r a d i a t e 
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a sample p l a c e d a t t h e c e n t e r o f a l a r g e g a d o l i n i u m - l o a d e d l i q u i d 
s c i n t i l l a t o r . A ( n , 2 n ) e v e n t o c c u r i n g d u r i n g a p u l s e was i d e n t i -
f i e d by two s e p a r a t e d e l a y e d p u l s e s f rom t h e l i q u i d s c i n t i l l a t o r . 

I n c i d e n t n e u t r o n s i n t h e e n e r g y r a n g e from 6 t o 15 MeV were 
produced by t h e D(d ,n )^He r e a c t i o n i n a 10 cm l o n g g a s e o u s t a r g e t 
c o n t a i n i n g d e u t e r i u m a t a p r e s s u r e o f 1 atm. The d e u t e r o n beam was 
p r o v i d e d by t h e 7 MV Van de G r a a f f tandem a t C e n t r e d ' E t u d e s de 
B r u y e r e s - l e - C h a t e l . The n e u t r o n beam was c o l l i m a t e d o n t o t h e sample 
p l a c e d a t t h e c e n t e r o f t h e d e t e c t o r , a d i s t a n c e of 2 . 5 m from t h e 
n e u t r o n s o u r c e . 

The n e u t r o n d e t e c t o r i s a l a r g e s p h e r i c a l tank c o n t a i n i n g 250 
l i t e r s of a g a d o l i n i u m - l o a d e d l i q u i d s c i n t i l l a t o r and s u r r o u n d e d by 
12 p h o t o m u l t i p l i e r t u b e s . N e u t r o n s e m i t t e d by t h e sample e n t e r t h e 
l i q u i d where t h e y a r e modera ted and t h e n c a p t u r e d by t h e g a d o l i n i u m 
n u c l e i . The n e u t r o n s spend an a v e r a g e t i m e of 11 y s i n t h e s c i n t i l -
l a t o r b e f o r e c a p t u r e , and 95% of t h e c a p t u r e s o c c u r w i t h i n 30 y s . 
The s c i n t i l l a t i o n s c a u s e d by t h e r e s u l t i n g c a p t u r e y - r a y s a r e 
v i e w e d by t h e p h o t o m u l t i p l i e r t u b e s . The dead t ime of . t h e e l e c -
t r o n i c s was- 120 n s , so t h a t t h e c a p t u r e s c o u l d be c o u n t e d i n d i v i d -
u a l l y . A ( n , 2 n ) e v e n t o c c u r i n g d u r i n g a n e u t r o n p u l s e was i d e n t i -
f i e d by t h e p r e s e n c e o f two c a p t u r e p u l s e s w i t h i n t h e f o l l o w i n g 
30 ys . . 

In t h e p a r t i c u l a r c a s e o f f i s s i o n a b l e m a t e r i a l s , f i s s i o n s c a n . 
a l s o be i n d u c e d d u r i n g t h e n e u t r o n p u l s e s , y i e l d i n g a number of 
n e u t r o n s from 1 t o about 10, w h i c h . c a n n o t b e e x p e r i m e n t a l l y d i s t i n -
g u i s h e d from t h o s e o f ( n , 2 n ) or ( n , 3 n ) r e a c t i o n s . 

However, e v e n t s w i t h more than 3 n e u t r o n s can o n l y r e s u l t from 
f i s s i o n i n t h e i n c i d e n t n e u t r o n e n e r g y r a n g e b e l o w 15 MeV c o n s i d -
e r e d h e r e . The t o t a l number of f i s s i o n s can t h u s be c a l c u l a t e d from 
t h e d i s t r i b u t i o n s o f e v e n t s w i t h more t h a n 3 n e u t r o n s , by u s i n g t h e 
f i s s i o n n e u t r o n m u l t i p l i c i t y d i s t r i b u t i o n s p r e v i o u s l y measured [ 2 ] , 
The number of f i s s i o n s g i v i n g 2 o r 3 n e u t r o n s can t h e n be d e t e r m i n -
ed and s u b t r a c t e d from t h e o b s e r v e d r a t e , t o g i v e t h e t r u e number 
of ( n , 2 n ) and ( n , 3 n ) e v e n t s . 

The p r i n c i p l e o f t h e measurement l i m i t s t h e r e p e t i t i o n p e r i o d 
of t h e n e u t r o n beam p u l s i n g t o 60 y s i n o r d e r t o a v o i d prob lems 
w i t h o v e r l a p s . T h i s r e q u i r e m e n t was met by c h o p p i n g t h e d e u t e r o n 
beam a l r e a d y p u l s e d c o n v e n t i o n a l l y a t a r e p e t i t i o n r a t e of 2 . 5 MHz 
i n such a way a s t o k e e p 3 b u r s t s 2 ns w ide 400 ns a p a r t e v e r y 60 y s . 
T h i s f i n e s t r u c t u r e a l l o w s one t o measure t h e i n c i d e n t n e u t r o n e n -
e r g y s p e c t r u m , and a t t h e same t ime t o m a i n t a i n a s u f f i c i e n t l y h i g h 
n e u t r o n f l u x . 

The i n c i d e n t n e u t r o n e n e r g y spec trum measurement i s n e c e s s a r y 
t o s e p a r a t e t h e m o n o e n e r g e t i c n e u t r o n s from t h e D(d,n)-^He r e a c t i o n 
w h i c h i n d u c e s t h e ( n , 2 n ) e v e n t s from t h e low e n e r g y n e u t r o n s r e -
s u l t i n g from t h e d e u t e r o n b r e a k up or ( d , n ) r e a c t i o n s on t a r g e t 
m a t e r i a l s . In t h e c a s e o f f i s s i o n a b l e m a t e r i a l s , f i s s i o n e v e n t s a r e 
a l s o i n d u c e d by t h e n o n - m o n o e n e r g e t i c n e u t r o n s , and t h e a p p a r e n t 
f i s s i o n n e u t r o n m u l t i p l i c i t y d i s t r i b u t i o n s a s w e l l a s t h e a p p a r e n t 
f i s s i o n c r o s s s e c t i o n s a r e d e t e r m i n e d u s i n g t h e measured e n e r g y 
s p e p t r u m . 
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The spectrum was measured by the time-of-flight technique 
(fig.l), 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 252cf 
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 (n,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. [l]« 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 ( ^ 75%) was 
measured relative to the average number of prompt neutrons 
for the spontaneous fission of

 2

52Cf (v
p
 = 3.732 [3]). The 

measured efficiency was corrected for the 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
 A J O

U 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 238jj 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 meaisuring the efficiency has 
been .included, but not the uncertainty in for. the 252

C
f standard. 

An uncertainty of 10% has been assumed in the 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 60% of the quoted uncertainties below 13 MeV incident 
neutron energy, and up to 80% at 15 MeV, and therefore introduces 
strong correlations between the measured cross sections. The uncer-
tainty in the reference 238u fis sion 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 reanalyzed on a common basis for corrections and normalization 
Complementary measurements were made on severa.1 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 21 MeV using a 
technique very similar to the one presented here [9]. ^ 

The (n,2n) data on the natural monoisotopic elements Sc, 
Co, 8 9

Y
, 93Nb, 1 0 3

R h >
 1 6 9

T m
, 1 7 5

L u
, ^ T a , 1 9 7

A u
 and ,209

B i a
r e 

given in tables III and IV. 1?5l
u
 and l ^ T a

 a r e
 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 (h,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,fot Eu, 
for the main isotopes of Gd, W , Tt and Pb, and for 238y

 a r e
 given 

in tables V to X. These measurements were made on separated iso-
topes and:bring appreciable information on the.multiple neutron 

- 402 -



emission mechanism. The data obtained for the,Nd,. Sm, Gd, W , it and 
Pb isotopes and for 2 0 9

B i
 are plotted as a function of. the mass 

number A for different values of the excess energy UR above thres-
hold in fig., 2.. 

For a given value of Ur, a(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 UR, 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. 

For a given value of UR, the cross sections measured for the 
isotopes having an odd number of neutrons ( ' ^ G d , ' ^ q ^ 183y

 a n c
j 

2 0 7
P b ) 

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 T£ and Pb iso-
topes, and to a lesser extent for 209Bi

}
 at excess energies lower 

than 5 MeV. 
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TABLE IX 

Experimental (n ,2n) c r o s s s e c t i o n s for the natura l 
elements T i , V, Cr, Fe , Cu and Ga. 

E n (MeV) Ti(mb) V(mb) Cr (mb) Fe (mb) Cu (mb) Ga (mb) 

9 . 9 3 + o; n o 17 + 7 
10 .19 + 0 . 1 0 5 11 + 1 26 + .2 9 + 2 
10.42 + 0 . 1 0 0 27 + 12 

. 10.7-4 + 0 . 0 9 5 18 + 4 31 + 3 , 19 + 5 
1.0.91 + 0 . 0 9 5 83 + 9 
11 .40 + 0 . 0 9 0 35 + 3 15 + 2 51 + 3 76 + .5 180 + 12 
1 1 .88 + 0 . 0 8 5 48 + 4 70 + 7 65 + 5 48 + 6 145 + 11 303 + 19 

. 1 2 . 1 2 + 0 . 0 8 5 60 + 5 
12 .36 + 0 . 0 8 5 89 + 7 145 + 12 68 + 6 100 + 9 228 + 18 431 + 34 
12 .60 + 0 . 0 8 0 129 + 10 100 + 8 
12 .85 + 0 . 0 8 0 163 + 13 242 + 19 128 + 10 188 + 14 336 + 26 546 + 42 
13.33 + 0 . 0 7 5 239 + 19 345 + 28 201 + 16 271 + 20 436 + 33 672 52 
13 .80 + 0 . 0 7 5 316 + 26 433 + 36 273 + 22 342 + 23 502 + 40 743 + 56 
14 .28 + 0 . 0 7 0 366 + 28 499 + 35 344 + 25 392 + 32 550 + 40 829 + 63 
14 .76 + 0 . 0 6 5 440 + 35 558 + 44 406 + 32 470 + 36 628 + 48 854 + 65 

TABLE I I 

Experimental ( n , 2 n ) c r o s s s e c t i o n s for the n a t u r a l 
elements Zr, Mo, W, Pt and Pb. 

E n (MeV) • Zr 
(mb) 

Mo 
(mb) 

- W 
(mb) 

• 
Pt 

(mb) 
Pb 

(mb) 

7 .41 + 0 . 1 6 5 42 + 31 
7 .93 + 0 . 1 5 0 18 + 10 18 + 7 , 208 + 27 183 + 26 104 + 15 
8 .18 + 0 . 1 4 5 385 + 22 +_ 

8 .44 + 0 . 1 3 5 65 + 9 41 + 7 588 + 46 359 + 36 299 + 23 
8 .69 + 0 . 1 3 0 758 41 
8 .94 + 0.1 25 92 + 11 104 + 1 1 911 + 55 533 + 47 530 + 36 
9 .44 + 0 . 1 1 5 177 + 14 165 + 10: 12)4 + 89 . 858 + 67 835 + 44 
9 .93 + 0 . 1 1 0 259 + 14 305 + 17 1417 + 93 1102 + 93 1044 + 54 

10 . 19 + 0 . 1 0 5 287 + 15 382 + 21. 1148 + 59 
10 .42 + 0 . 1 0 0 1479 + 93 1274 + 83 
10 .74. + 0 . 0 9 5 347 + 19 530 + 30 1386 + 72 
10 .91 + 0 . 0 9 5 1618 + 94 1458 + 85 
11 . 40 + 0 . 0 9 0 441 + 24 677 + 39 1750 + 109 1562 + 97 1566 + 83 
1 1 .88 + 0 . 0 8 5 495 + 26 796 61 1787 + 112 1738 + 109 1707 85 
12 . 36 + 0 . 0 8 5 558 + 40 885 + 68 1831 + 108 1782 + 104 1782 + 129 
12 .85 ± 0 . 0 8 0 658 + 47 970 + 74 1867 + 1 14 1830 + 110 1869 + 136 
13 .33 + 0 . 0 7 5 793 + 58 1024 + 79 1899 + 100 1780 + 102 1924 + 143 
13 . 8 0 + 0 . 0 7 5 880 + 68 1043 + 85 1868 + 101 1831 + 110 1961 + 154 
14 .28 + 0 . 0 7 0 946 + 67 1091 + 80 1943 + 157 •1888 + 152 1953 + 142 
14 . 76 + 0 . 0 6 5 988 + 74 1 109 + 88 1950 + 169 1941 + 164 2006 + 156 
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TABLE III 

45 59 Experimental (n ,2n) c r o s s s e c t i o n s for Sc, Co, 
75. 8 9 v 93... , 103_, As, Y, Nb,and Rh. 

E (MeV) n 
4 5 S c 
(mb) 

5 9Co 
(mb) 

75AS 
(mb) 

89 Y 
(mb) 

93 
Nb 

(mb) 
, 0 3 R h 

(mb) 

9 . 4 4 1 0 115 44 + 17 
9 . 9 3 ± 0 110 319 + 25 82 1 12 

10.42 1 0 100 493 + 37 293 ± 23 
10.91 ± 0 095 16 + 6 59 ± 13 694 + 45 513 ± 31 
11 .40 ± 0 090 110 + 10 191 1 17 794 + 52 703 1 46 
11 .88 1 0 085 216 + 17 356 ± 25 49 + 8 976 + 64. 871 ± 57 
12 .36 ± 0 085 53 + 7 326 + 24 554 ± 45 188 + 13 1042 + 63 1022 ± 62 
12 .85 ± 0 080 90 10 453 + 30 707 ± 55 395 + 21 1 122 + 69 1094 ± 67 
13 .33 ± 0 075 149 + 14 539 + 36 839 ± 65 585 + 41 1 195 + 69 1 187 1 65 
13 .80 ± 0 075 211 + 17 640 + 41 909 ± 70 7^8 + 36 1168 + 70 1223 .1 72 
14 .28 ± 0 07.0 250 21 , 997 ± 77 829 + 43 1270 + 98 1 3 1 1 1 99 
14 .76 ± 0 065 309 + 25 734 + 50 1091 ± 83 914 + 73 1313 + 99 1340 1 99 

TABLE IV 

1 69„ 175, Experimental (n ,2n) c r o s s s e c t i o n s for Tm, Lu, 
181 Ta, 197 Au, and 209 B i . 

E n (MeV) 169Tn, 
(mb) 

175. 
Lu 

(mb) 
•SI,, Ta 

(mb) 
1974 

Au 
(mb) 

2 0 9 B i 
(mb) 

1 93 + 0 . 1 5 0 113 + 13 
8 44 + 0 . 1 3 5 60 ± 31 192 + 32 271 ± 28 39 + 20 342 + 36 
8 94 + 0 . 1 2 5 335 + 27 623 + 48 709 + 47 254 + 20 730 + 51 
9 44 + 0 . 1 1 5 875 ± 87 1092 + 10iB 1217 ± 112 651 + 65 1078 + 98 
9 93 + 0 . 1 1 0 1 102 ± 69 1309 + 83 1372 ± 83 905 + 57 1415 + 86 

10 42 + 0 . 1 1 0 1348 ± 83 1447 + 91 1518 ± 93 1138 + 72 1598 + 96 
1.0 91 + 0 . 0 9 5 1443 +. 103 1596 + 120 1581 ± 1.10 1360 + 97 1710 + 119 
11 40 + 0 . 0 9 0 1557 ± 79 1598 + 104 1653 ± 102 1511 + 76 1768 + 108 
1 1 88 + 0 . 0 8 5 1739 ± 101 1777 + 108 1778 + 101 1726 + 99 1884 + 106 
12 36 + 0 . 0 8 5 1799 ± 84 1854 + 119 1845 + 1 11 1818 + 83 1970 + 117 
12 85 + 0 . 0 8 0 1938 ± 86 1898 + 124 1935 ± 117 1949 + 87 2035 + 121 
13 33 + 0 . 0 7 5 1939 + 123 1892 124 1891 + 119 1967 + ' 123 1964 122 
13 80 + 0 . 0 7 5 1961 ± 89 1905 + 122 1920 ± 118 2039 + 91 2088 ± 129 
14 28 + 0 . 0 7 0 1845 ± 95 1932 + 159 1900 ± 153 1936 + 97 2014 ± 163 
14 .76 + 0 . 0 6 5 1926 ± 155 1891 162 18561 159 1935 + 155 2018 ± 170 
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TABLE V 

Experimental (n ,2n) c ross s e c t i o n s f o r 
•the selenium i s o t o p e s . 

E n (MeV) 
(mb? (mb) 

8 ° S e 
fmhl ,

8

V AnM 
9.93 + 0 . 1 1 0 94 ± 6 

10 .42 + 0 . 1 0 0 56 + 5 281 ± 16 
10.91 ±- 0 . 0 9 5 15 ± 5 219 + 14 451 ± 26 
11 . 40 ± 0 . 0 9 0 130 ± 9 391 + 24 605 ± 3 6 
11 .88 ± 0 . 0 8 5 98 ± 12 309 ± 21 547 + 36 721 ± 44 
12 .36 0 . 0 8 5 2 ) 3 + 24 461 ± 38 734 + 61 868 ± 68 
12 .85 + 0 . 0 8 0 368 ± 36 618 ± 50 823 + 67 944 ± 73 
13.33 + 0 . 0 7 5 520 ± 48 747 ± 60 922 + 73 1048 ± 80 
13 .80 + 0 . 0 7 5 644 ± 56 886 ± 69 1023 + 81 1044 ± 80 
14 .28 + 0 . 0 7 0 699 ± 60 897 ± 70 1008 + 79 1057 + 81 
14 .76 + 0.065" 774 + 65 951 + 74 1043 + 82 1101 ± 84 

TABLE VI 

Experimental (n ,2n) c r o s s s e c t i o n s for 
the neodynium i s o t o p e s . 

E 
n (MeV) 

Cm^ 
144 
, lid 
(mb) 

'A6Nd 
fmhl 

' 4 8 Nd 
fmM 

150 
fmhS 

8 03 + 0 . 1 4 5 151 + 14 304 + 20 213 ± 17 
8 18 + 0 . 1 4 5 ,127 ± 
8 44 + 0 . 1 3 5 416 + 24 ' 590 + 32 533 ± 30 
8 59 + 0 . 1 3 0 291 + 21 
8 94 + 0 . 1 2 5 566 + 31 748 + 41 985 + 50 874 ± 47 
9 44 + 0 . 1 1 5 ' 786 + 43 1008 + 54 1139 + 59 1119 ± 59 
9 93 + 0 . 1 1 0 - 1048 + 56 1203 + 65 1311 + 68 1235 ± 69 

10.42 + 0 . 1 1 0 1 94 + • 17 1135 + 61 1303 + 70 1365 + 71 1388 ± 73 
10 91 + 0 . 0 9 5 ' 411 + 26 1264 + 68 1458 80 1469 78 1479 ± 79 
1 1 88 + 0 . 0 8 5 862 + 66 1410 + 102 1601 1.16 1548 + 111 1650 ± 118 
12 85 + 0 . 0 8 0 1318 + 98 1576 + 120 1741 128 1654 + 121 1791 ± 130 
13 80 + 0 . 075 1564 + ' 1 18 1588 + 121 1832 + 137 1755 + 134 1861 ±. 139 
14 28 + 0 . 0 7 0 1619 + 127 1668 + 133 
14 76 + 0 . 0 6 5 1907 + 146 1713 + 137 ' 1876 + 153 1700 + 142 1652 ± 138 
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TABLE VII 

Experimental (n ,2n) c r o s s s e c t i o n s for the samarium 
isotopes and f o r 

E n (MeV) 148 
(mb5 

m 
(mbfm (mb? (mb? 

1 51„ 
(mbfU 

8 . 4 4 + 0 . 1 3 5 122 + 44 22 + 14 
8 . 5 9 + 0 . 1 3 0 143 + 14 158 + 15 31 + 14 
8 . 9 4 + 0 . 1 2 5 318 + 20 373 + 24 278 + 17 492 + 29 206 + 17 
9 . 4 4 + 0 . 1 1 5 600 + 34 637 + 37 567 + 31 843 + 46 483 + 33 
9 . 9 3 + 0 . 1 1 0 . 916 + 49 990 + 57 933 + 49 1070 + 61 725 + 48 

10.42 + 0 . 1 0 0 1052 + 57 1086 + 60 1093 + 58 1259 + 68 1007 + 59 
10.91 + 0 . 0 9 5 1236 + 67 1243 + 69 1271 + 68 1414 ± 78 1 176 + 74 
1 1 . 4 0 + 0 . 0 9 0 1-340 + 78 
11 .88 + 0 . 0 8 5 1510: + 110 1418 + 104 1458 + 104 1619 + 118 1476 + 86 
12 .36 + 0 . 0 8 5 1585 + 120 
12 .85 + 0.08.0 1587 + 116 1600 + 119 1613 + 118 1755 + 129 1623 + 122 
13 .33 + 0 . 0 7 5 1665 + 125 
13 .80 + 0 . 0 7 5 1697 + 128 1756 + 134 1751 + 132 1888 + 143 1777 + 140 
14 .28 + 0 . 0 7 0 1702 + 138 
14 .76 + 0 . 0 6 5 1783 + 139 1876 + 148 1840 + 143 . 1958 + 156 1752 + 145 

TABLE VIII 

Experimental (n ,2n) c r o s s s e c t i o n s for the gadolinium 
i s o t o p e s . 

E n (MeV) 
(mbG) 

d 
(mbid (mbSd (mbSd (mbSd 

6. 89 + 0 . 1 8 5 30 + 19 104 + 19 
7 . 41 + 0 . 1 6 5 209 + 22 344 + 26 
7 . 93 + 0 . 1 5 0 513 + 33 681 + 43 109 + 14 
8 44 + 0 . 1 3 5 736 + 48 16 + 13 976 + 60 89 + 14 502 + 36 
8 . 94 + 0 . 1 2 5 920 + 64 37 + 12 1133 + 81 418 + 34 857 + 66 
9 . 44 + 0 . 1 1 5 1103 + 66 299 + 25 1300 + 80 775 + 52 1146 + 74 
9 . 93 + 0 . 1 1 0 1257 + 87 649 + 53 1434 + 100 1079 + 80 1363 + 99 

10. 42 + 0 . 1 0 0 1410 + 81 915 + 59 1524 + 90 1233 + 76 1431 + 88 
10 91 + 0 . 0 9 5 1514 + 89 1138 + 72 1594 + 95 1380 + 99 1509 + 108. 
1 1 40 + 0 . 0 9 0 1563 + 98 1309 + 87 1672 + 106 1504 + 98 1624 + 105 
11 88 + 0 . 0 8 5 1622 + 90 1428 + . 83 1668 + 93 1557 + 130 1651 + 138 
12 36 + 0 . 0 8 5 1684 + 102 .1530 + 9,6 1718 + 106 1610 + 100 1735 + 107 
12 85. + 0 . 0 8 0 1704 + 145 1592 + 136 1754 + 151 1689 + 143 1739 + 147 
13 33 + 0 . 0 7 5 1747 + 125 1659 + 119 1752 + 128 1735 121 1758 + 127 
13 80 + 0 . 0 7 5 1768 + 146 1661 + 134 1830 + 154 1771 + 143 1779 + 147 
14 28 + 0 . 0 7 0 1808 + 155 1766 + 143 1817 + 161 1801 + 148 1817 + 155 
14 76 + 0 . 0 6 5 1843 + 163 1730 + 143 1820 + 169 1794 150 1712 + 151 
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TABLE IX 

Experimental (n ,2n) c r o s s s e c t i o n s for the tungsten 
isotopes and f o r 238u. 

E n (MeV) 
(mbf (mbf (mbf (mbf 

238 
(mb) 

6 . 8 9 + 0 . 1 8 5 233 + 39 
7 . 4 1 $ 0 . 1 6 5 597 + 30 50 + 29 604 + 54 
7 .67 + 0 . 1 6 0 76 + 24 134 + 17 811 + 62 
7 . 9 3 + 0 . 1 5 0 944 + 44 148 + 15 285 + 20 879 + 48 
8 . 1 8 + 0 . 1 4 5 15 + 12 1086 + 54 318 + 22 514 + 29 999 + 41 
8 . 4 4 + 0 . 1 3 5 61 + 12 1241 + 56 509 + 28 691 + 37 1072 + 52 
8 . 69 + 0. 130 209 + 27 725 + 40 914 + 48 1029 + 60 
8 . 9 4 + 0 . 1 2 5 342 + 21 1432 + 63 913 + 46 1112 + 56 1156 + 42 
9 . 4 4 + 0. 115 687 + 40 1535 + 76 1241 + 66 1321 + 69 1171 + 46 
9 . 9 3 + 0 . 1 1 0 1085 + 58 1671 + 82 1439 + 73 1549 + 78 1232 + 44 

10.42 0 . 1 0 0 1293 + 67 1258 + 48 
10.91. + 0 . 0 9 5 1503 + 77 1788 + 80 1699 + 85 1722 + 86 1260 + 44 
11 . 40 + 0 . 0 9 0 1300 + 52 
11.88 + 0 . 0 8 5 1750 + 124 1855 + 132 1837 + 129 1830 + 128 1324 + 48 
12 .36 + 0 . 0 8 5 1313 + 66 
12.85 + 0 . 0 8 0 1869 + 136 1867- + 140 1905 + 138 1927 + 138 1272 + 56 
13.33 + 0 . 0 7 5 1887. + 136 1863 + 135 1889 + 135 1925 + 135 1134 + 58 
13 .80 + 0 . 0 7 5 1912 + 141 1870 + 140 1921 + 135 1897 + 144 925 + 54 
14.28 + 0 . 0 7 0 2030 + 157 1855 + 170 1950 + 158 1880 + 153 790 + 66 
14 .76 + 0 . 0 6 5 2017 + 150 1855 + 170 1851 + 152 1785 + 149 642 + 64 

TABLE X 

Experimental (n ,2n) c r o s s s e c t i o n s for the thall ium 
and lead i s o t o p e s . 

E n (MeV) 2 0 3

u 
(mb) 

2 0 5 t £ 

(mb) 
2 0 6 P * 
(mb) (mbP (mbP 

7.41 + 0 . 165 21 + 18 
7 .93 + 0. 150 198 + 18 80 + 10 
8 . 1 8 + 0 . 1 4 5 301 + 24 162 + 13 
8 . 4 4 + 0 . 135 39 + 10 109 + 22 62 + 13 396 + 28 299 + 21 
8 . 9 4 + 0 . 125 211 + 26 474 + 39 225 + 20 670 + . 45 578 + 39 
9 . 4 4 + 0. 115 435 + 37 738 + 53 476 + 33 976 + 63 897 + 59 
9 . 9 3 + 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 + 81 1273 + 80 1533 + 95 1493 + 94 
11 .40 + 0 . 090 1489 + 90 1576 + 95 1464 + 85 1623 + 93 1637 + 95 
1 1 .88 + 0 . 085 1578 + 121 1660 + 117 1655 + 96 1740 + 100 1772 + 103 
12 .36 + 0 . 085- 1655 + 121 1748 + 127 1756 + 132 1811 + 137 1776 + 135 
12 .85 + 0 . 080 1750 + 128 181 1 + 132 1825 + 137 1858 + 140 1865 + 142 
13.33 + 0 . 075 1817 + 142 1841 + 146 1866 + 147 1866 + 147 1877 + 148 
13 .80 + 0 . 075 1930 + 151 1878 + 147 1864 + 147 1971 + 161 1961 + 159 
14 .28 + 0 . 070 1977 + 159 1888 + 160 1937 + 162 
14 .76 + 0. 065 1927 + 155 1841 + 148 1971 + 160 1920 + 166 1971 + 168 
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TABLE XI 

Experimental (n,3n) cross sect ions 

En(MeV) , 46Nd 
(mb) 

148 
Nd 

(mb) 
,5°Nd 
(mb) 

, 6 0Gd 
(mb) 

, 8 4 w 
(mb) 

186w 
(mb) 

2 3 8 u 
(mb) 

11.88 
12.36 
12.85 
13.33 
13.80 
14.28 
14.76 29 ± 5 

26 ± 4 
64 ± 6 

132 ± 11 

9 + 3 

47 ± 5 

248 ± 18 
10 ± 4 
53 ± 6 22 ± 4 

. 9 ± 3 
58 ± 5 

145 ± 12 

30 ± 9 
69 ± 13 

172 ± 24 
295 ± 32 
389 + 36 
500 ± 46 
568 ± 50 
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Fig. 1 - Experimental set-up. 

Fig. 2 - Experimental (n,2n) cross sections for the Nd, Sm, 
Gd, W, TZ and Pb isotopes and for 209si

 a s 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
 9

Be(n,t
1
Y) 

AND
 1 2

C(n,n'y) BETWEEN 13.0 AND 15.0 MeV 

Y. Hino, S. Itagaki and K. Sugiyama 

Department of Nuclear Engineering 

Tohoku University 
Aoba, Aramaki, Sendai, Japan 980 

ABSTRACT -

The neutron induced cross sections of y-rays have 
been measured for O.U78 MeV from beryllium and U.U3 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 O.U78 MeV y-rays' 
from beryllium follows the emission of tritori leading to 
the first excited state of

 7

Li.- It is concluded that the 
cross section of ^ B e C n ^ y ) reaction shows a flat behavior 
over the neutron energies rather than the large resonance 
near 13 MeV. The result for the k.h3 MeV y-ray from 
carbon is in good agreement with previous data. 

INTRODUCTION 

The cross sections for the
 9

Be(n,t)
7

Li "reaction is important 
to estimate the tritium breeding rate in the blanket of fusion-
reactors, but the detection of produced triton is very difficult 
because of the large negative Q-value. The portion of this cross 
section, which is expressed as

 9

Be(n,t
1
y), can be measured by 

detecting O.U78 MeV y-rays from the first excited state of
 7

L i . 
The'previously published data for this reaction have shown a large 
discrepancy in the region of lU MeV neutron energy. A

;

 pronounced 
dip down to 10 mb near 1̂ + MeV and a resonance peak of 21 mb at 
13.5 MeV have been reported by Benvenistei et al. [1]. On the other 
hand, Dietrich et al. [2] have shown rather small and slight change 
of the cross sections from 7.3 to ^.8 mb for the neutron energies 
of 13.3 to 15.0 MeV. Drake et al. [3] a n d P e r r o u d et al. [U] have 
reported 8.8 mb at 1^.2 MeV and 5.52 mb at 13.99 MeV, respectively. 
The present measurement has been carried out to solve this discrep-
ancy using a Ge(Li) detector with well defined geometry. 
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The result fpr the U.^3 MeV y^ray production cross section 
from carton is also given for the sake of confirmation of present 
measurements. 

EXPERIMENTAL PROCEDURES 

Monoenergetic neutrons from 13.0 to 15.0 MeV were produced 
from the T(d,n)He reaction with accelerators of. Tohoku University. 
The U.5 MV Dynamitron accelerator was used to obtain 13.0 and 13.5 
MeV neutrons, and the 6 0 0 k V Cockcroft-Walton was used to generate 
13.5, 1^.0, lU.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.cm in dia. of right cylinder, and 
w a s h e l d with fine string. The y-rays due to the-interactions of 
the neutrons were measured with a 70 cm

3

 ,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 
O..U78 and h.b3 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. . .. ..

 L 

Differential cross sections at 90
9

 for the-
9

Be(n,tiy) and 
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 O.U78 MeV y-ray from the first - .-
excited state of

 7

L i is emitted isotropically [l], so that the 
total cross, section for the

 9

Be(n,tjY) reaction is obtained,by 
multiplying l̂ r to the above value. The total cross section is 
shown in Fig. k 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.,[^] are in good 
agreement with the present data.. The result of Benveniste et al. 
[l] is considerably large, and that of Drake et al. [3]. is somewhat 
large in comparison with the present result. The cause of these 
discrepancies among previous data may be due to the inability to 
resolve the 0.511 MeV undesired background with Nal(Tl) 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

 1 0

B e . 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.OU 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 
1 2

C(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
 9

Be(n,t
1
y) 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

 1 2

C ( n , n
!

Y ) reaction cross section, which is in good 
agreement with those of previous. 
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TABLE I 

Differential Y-ray production cross sections for 
the

 9

Be(n,t,Y) and
 1 2

C(n,n'Y) reactions at 90°. 

Reaction 
N e u t r o n ^ - - ^ ^ 
Energy 

9

B e ( n , t
l Y
) 

1 2

C(n,n'Y) 

13.0 + 0.2 MeV
 a 

13.5 + 0.2
 a 

13.5 + 0.2
1 3 

lU.O + 0.2^ 

lU.5 + 0.2^ 

15.0 + 0.2* 

O.UO + 0.08 mb/sr 

0.1+7 + 0.09 

' 0.38 + 0.06 

0.U9 + 0.06 

0.50 + 0 . 0 6 

0.57 + 0.08 

12.1 + 1.9 mb/sr 

11.8 + 1.8 

12.h + 1.5 

12.5 t 1.5 

12.h + 1.5 

11.0 + 1.3 

a

 Measured with the U.5 MV Dynamitron accelerator 

^Measured with the 600,kV Cockcroft-Walton accelerator 
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70 cm 

Lithium-

Carbonate 

Lead 

l 
-p-

10 — 

GAMMA-RAY SPECTRA 

En = 15.0 MeV 

6y = 90° 

Sample 

Ti-T Target 

R 10" 

100 cm 

Fig. 1. Experimental arrangement. The cylindrical sample is 
h e l d w i t h fine string as its axis coordinate with that 
of the shielding collimator, which is located perpendicular 
to the plane defined by the deuteron beam axis and the 
sample direction. 

MOl n IOU) OO ID LO to 

I \ II 

Fig. 2 y-ray spectra of lower energy region. The O.U78 MeV y-ray 
line is- observed for the "beryllium sample, and the spectrum 
from the carbon indicates that line structures do not exist 
in the background under O.U78 MeV peak. 

10 
100 200 

CHANNEL NUMBER 

300 



500 600 
C H A N N E L NUMBER 

Fig. 3 y-ray spectra of higher energy region. The h.h3 MeV Y-ray 
line and escape peaks are observed. Peaks are also broad-
ened by Doppler effect. 

- 418 -



35 

30 

25 

20 

£ 15 o ce o 

10 

-Q 
E 

— I 1 1 r 

9Be(n,t l Y) 

Present 

-l-« Benveniste, ref.[l] 

^ Dietrich, ref.[2] 

$ Drake, ref.[3] 

£ Perroud, ref.[4] 

T 

i t 
i—t—i 

i 
T 

i—•—i 
1 

12.0 

* T T ~ r 
i — • — i 

1 
i 

i r 

f i r 

H 

13.0 14.0 

NEUTRON ENERGY (MeV) 

15.0 

Fig. k Cross sections for the
 9

Be(n,t
1
y) reaction. The present 

result shows a gently rising curve, and.- a dip .near 14 MeV 
or a resonance near 13 MeV is not found out. 

- 419 -



S-
(/I 

oo oo o 
cc o 

35 

30 

25 

20 

3i 15 

£ 10 o 

12.0 

I I l 

12C(n,n'y) ey=90° 

H ^ H Present 

$ Drake, ref.[3] 

^ Engesser, ref.[8] 

$ Stewert, ref.[9] 

$ Dickens, ref. [10] 

± I 

13.0 1.4.0 

NEUTRON ENERGY (MeV) 

15.0 

Fig. 5 Differential y-ray production cross sections at 90° for 
the 12c(n,n'y) reaction. The present result is in good 
agreement with those of previous which obtained with 
monoenergetic neutrons. 
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SCATTERING OF 10 MEV NEUTRONS BY SILICON 

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 

All investigations of the 2?Si(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 objectives 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 TOF-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, 40, 60...160 degrees. The 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-
lindrical shape (3 x 3 cm2) 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 (S0M) 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 
possible. An optical parameter fit to our data at 10 MeV bombard-
ing energy agrees satisfactorily with the parameter values of 
Ref. 1. 

The calculation of the compound reaction contribution for 
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 S0M. This code takes into 
account discrete 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 II gives the excitation modes and their parameters used 
in the CC-calculation with notation: $ - monopole vibration, 82 -
quadrupole vibration etc. -These parameters 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-
estimation could be fluctuations in the compound level density of 
2 9Si C D -
Some details of these coupled channels calculations are of interest: 

(1) The direct excitation of the 4j 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 3 non-normal parity state can be 
understood as spin-flip process, the ft. = 2 transition con-
tributes mainly to the cross section (order of 90%). 

(3) The contribution of the 2J state in the second rotational 
band to the C£oss section is small, this level is coupled 
only to its 03 "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 

VV 

(MeV) 

r

v 

(fm) 

aV 

(fm) 

Ws 

(MeV) 

rs 

(fm) 

as 

(fm) 

Vso 

(MeV) 

SOM 

CC 

52.0 

ii 

1.15 

II 

0.78 

ii 

12.1 

6.0 

1.25 

II 

0.47 

n 

9.0 

0.0 

aso = as ; rso = rs 

TABLE II 

Excitation mode and parameters of the first low-
lying states in 28Si (the group denotes those 
levels which are coupled to the ground state 
and/or together in 3 different calculation runs) 

level group f excit. mode parameters 

l 

2 

_ 3 _ 

I + 
3 

rot 
II 

vibr 

fi2 - -.48, 3 g + z = -0.15 

,'n ii 

II II 

g2 = +0.3 

4 

5 

6 

7 

8 

9 

II 

III 

<4 
3" 

II 

II 

II 

rot 

vibr 

rot 

3 = +0.25 

h = + 0 ' 3 

3 4 = +0.6 

3 2 = +0.5 

3 2 = +0-6 

3 2 = +0.5 
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