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3. Differential Data and Experimental Techniques.

4. Materials Damage Studies.

5. Integral Experiments and Data Testing.

6. Data Evaluation and Nuclear Model Codes.

In each of. the sessions, there was a review which summarized

the present status of the subject under consideration. This was

followed, by contributed papers which reflected the.present level
o

of support and was indicative of the activity in the particular

field. In addition, each session had a workshop where as a result

of active participation by representatives from different labora- '

tories, a report evaluating the present status of the subject

under discussion and indicating future directions for development

and including specific recommendations to funding agencies' was

prepared. These workshop reports are reproduced in these proceed-^

ings. •-. - .-

The editors gratefully acknowledge the fine cooperation re-

ceived from the Symposium sponsors and participants.

M. R. Bhat and S. Pearlstein
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WELCOMING: ADDRESS

H. Kouts

Let me begin by welcoming you here. I know most of you; most
of you know me, from my being on the receiving end of cross sec-
tion data for many years.

The welcoming address is supposed to say how happy we are
that you have come th this most important workshop, and the^coffee
will be available at the breaks, and so-on. These are of course
true statements. What' I can say more interesting is a few remarks

cabout the singular importance of this meeting, which constitutes
a start of concentration on new areas of cross-section data.

The immediate reason for finis start is the need for better,
comprehension of the"nuclear processes that will be encountered in '
magnetic fusion machines of the future, so that these can be de- 'i
signed better than we could do so with present knowledge; The data
needed fall in several ranges, some covered by this workshop, and
some that perhaps will be taken up in future ones. These involve
processes in the plasma, reactions in the walls of the vacuum
chamber, including damage mechanisms and methods of reducing dam-
age and activation, and processes in the blanket and in the magnet
structure themselves. The neutron-induced reactions are of course
of principal importance, because of the problems of deep penetra-
tion, arid the damage mechanisms. At a second level is the need to"
analyze and interpret bulk experiments on radiation damage that
will come with the advent of new intense neutron sources. Since
these experiments will generally be done with neutron spectra
differing from those in magnetic fusion devices,-a lot of analysis
and interpretation will be needed to convert to the circumstances
of interest. \ To make use of radiation damage induced by a D-Li
source will involve neutron reactions over the whole range to be
discussed at this workshop; and this is one of the principal
reasons for the workshop. ;

I would like to indicate something further. The interest I
have in this meeting stems more broadly from a host of new oppor-
tunities generated by modern developments in linear accelerator ,
technology, of which the use for radiation damage experiments with
a D-Li source is only a forerunner. : It is now-possible to build
linear accelerators with power in the beam approaching that of a -
nuclear power reactor. This leads to the possibility of a number
of new applications: heavy-particle-induced fusion, linear ac-
celerator induced breeding of fissionable material, accelerator-
driven reactors. Analysis of all of these involves cross-sections
in ranges that break from the old limits of fission neutrons. The
need for precise neutron-induced and charged-particle cross seer
tions is undertaking a quantum jump. It is a pleasure to welcome
you all to this first manifestation of that transition.

- 3 -
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INTENSE HIGH ENERGY NEUTRON SOURCES AND THEIR CHARACTERISTICS

C. D. Bowman, NBS - Chairman R. R. Heinrich, ANL
D. Bainumi1 Ohio U. R. A. Lindgren, NRL

""".,- G. A. Bartholomew, AECL M. A. Lone, AECL -
f?^J. Burrows, w£ * ' Mi, S... Moore, LASL ?

R. r/lerckXj' LASL/'EURATOM ISPRA, d "E. Nelson, ftuke U. -
D.^G. Doran, HEDt - ....S.-'-PeaVlstein, BNL °o ' "

^ R. Graves; Texas ASM ° P. L... Persian!,, ANL••
i?*- L. g. Greenwood, (ANL

 ; C. Whitehead, AERE/llarwell
CR." C. Haight, LLL" „, ,'i ,. • . ' "

' » - :• • , ^ : ' ^ :

r,l\i*) Introduction

In-order to approach the source charactferization in an or-

derly way, the worksho°p focused'^first on the objective, of the raea-

surement program - to provide dfta Bor the study of materials dara-
:

' - - s " •••• . / . , - ' "

age from high-energy neutrons. The^amage itself is a complex mat-u

ter which may involve ;DPA (displacements per atom), PKA (primarya

knock-on atom), activation*Vgas production, etc. "Ultimately,

there will be cross |feectiorfs or ather damage fu!hction8i;whicli are
"•a „ " ' ' • * . '

energy dependent. Xherefote, the ultimate aim of this meeting in

the workshop's view,1 was to plan the measurement system by which

the detailed neutron intensities and energy distributions could be"a

specified in whatever irradiation facility that might 6e used for

damage studies. The workshop's view pf the measurement system

follows. " "'• ' o ,

The approach to the measurement system took two parallel ave-

nues. In tht: first, a complete specification of the neutron inten-

sity and energy distribution is "obtained from *a distribution of

c*Henceforth, the term activatioijf, will refer to any,reaction leading '.
to cumulative reaction products? which can be measured after com-0

pletion of the irradiation. ° .....



"activation" foil packets spread throughout t he; measurement volume.

.The measurement system relics on the accurate cross-section mea-

surement and unfolding methods from a sufficient set of activation

foils. The source characterization js therefore limited only to

that necessary to measure these activation cross sections accu-

rately. The damage facility can be arranged as desired, essen-

tially free of source properties. '

The second approach relies on detailed calculational tech—,

° niques to compute the neutron intensity and energy distributions

throughout the measurement volume. This, oi course, requires the

detailed characterization of the source and an adequate knowledge \

of cross sections necessary to properly handle the neutron trans-

port. ' . •' -

While in principle either approach might stand alone, the

r \ , . " • " •

^ workshop"recommended that it would be most prudent to follow both

the activation and calculational approaches with the intent of

bringing them into confrontation in specific damage experiments.

The first approach of measuring the accurate activation cross sec- ..,

tions can make use of the d—T, d-Li and other sources. We begin a

discussion of the first approach considering the d-T source.

" II. d-T and t-D Source Characterizations

/ This source may be used in two ways which might be considered

distinct. First, neutrons may be produced with deuterons or tri-

tons in the 200-400 keV range in which case the distribution is

nearly isotropic, the energy relatively constant and restricted to

a rather narrow range. It appears that the current state of the

•••— 8 -



art for this source as determined by comparison of 14-.MeV cross-

section measurements for specific materials does not exceed + 7%.

The workshop recommends that neutron fields for the d-T and/or T-d

sources be established by comparing the associated particle and the

proton-recoil technique. An accuracy of '27 or better should he

possible. Further, the workshop recommends that collaborative ef-

forts be taken to avoid effects ' energy uncertainty by carefully

establishing the neutron energy of the d-T source.

The energy of neutrons from the d-T reaction can be varied

over a wide range for activation cross-section measurements. The

useful energy limits might be 12.8 to about 25 MeV. Several prob-

lems appear at higher energies. One encounters break-up problems

which give rise to a low-energy tail, the angular distribution ef-

fects become more pronounced, and the source has not been cali-

brated with sufficient accuracy since detection calibrations have

not been carried out at higher energies. In addition, one must

contend with deuterium build up in the target and with neutron

scattering in the environment, deuterons stopping upstream of the

target — all of which give rise to low-energy neutron contamina-

tion.

III. d-Li* Source Characterizations

•; The d-Li source J.s a more intense source of neutrons than the

d-T reaction with generally a larger number of low—energy neutrons

and with higher-energy neutrons distributed over a wide energy

*In this report d-Li and d-Be are used interchangeably.

- 9 -
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c i cncy at le.-ifjt. .IB b i j ;b .'iH IX. A HiiJ lab 11: uc.Jnt I I l a t o r Hhoii ld meet

these c r l l i - r J. i . Tin- workshop recommend:-! that a :»ul t a b l e neut ron

i k ' l i T i i i r be c a l i b r a t e d wJ lh .-in nusoc fa ted p a r t l i - l e . r e c o i l l e l e -

s»c.ope, or o the r ;ipj>ruj)r iaLc meaiiff Ly an ; jccurat 'y o l '/. In k"/. I roju

O.'j to 'JO Mi'V and h t o HI I.row 30-40 MeV.

V ) . CaI r n I at.iou.'i.] A|j| jro;icji

Tin: c.'i lt:u J al. i t)na ]. approach i>rt>l>n\>.\ y can In* taken wi I )i i-JHi«'r

I lie <I-T Huurcc aL J'I Mt-V, or w i l l ) I In- i l - l / l s i i u r i ' c . J'rub.-ilily t in/

<!-'!' Hcjurci- c l iarac l . iT I H L Ivu anil r c l a t " i l In fon i ia t inn a rc alrc-atly ;>u l -

( i c l i ' i i t l y w<']J J'JJOV;!), v / i l h thi* <*xcc|jLlon o! 1 lie .'ilti-io I tit<• lu-nt ro j i

i n l cnai l.y, t o |> IT in i L (he ri'i|U I r i ' i l c a l r n l a t iuiiM now. l lowi-vcr, Cor

l.ln- i l - l . l ' source, a very cojiip Ic l <• .scr ies ol <I)JMO I HI <• nn-aiiiireiiient w

are reqii I rvt}, Tlu ^ork: iho[J ref^juuijends t l ia l . I lie 4H—) Ji ln- lar^ ' .et

y ie ld , ' ; i>l tin.1 i l - L I riotircc lie a c c u r a l e l y l i ieafdircd. 'J'lie angu la r i l i f i -

t r I ! )UL ion s l i i i i i ld lie iiieiiHnred from 0 ' - l i iO" over l.lie neu t ron energy

raiij'.i* I'row 100 keV I u *U) MeV. 'I'lie.'ie inc-<-t i-»i i r omt • i • L :-> H I I O I I I J be p i T -

lorwed an a f u n c t i o n o f deu l i i ron encr j ;y . Any unknown neut ron

t.ran:i|Kirt. r r w i s H I - I ' L IO I I should be iiie.i.sured to the requ i r ed ;ii-i:«j-

rac.y.

VIJ . iiuimiiary

JioLli Llie acL lva t Ion |i.'ick;ij',i' and Ij ie cal(.ii i;U.:l<in.il iin-tlioi] np -

|it-ar l o l>u a i'«!iiHll>.l(! NieaiiH l i j en t . ib l luh c o m p t f t e l y the i h u r a c t e r l -

zaLton (i f any i i i ' h l mi j t a b l e f o r clativiijc i r r a i l J u l J o n u . Kach up—

proacl i l ian I IB m e r l i n ; the problems ol liuLli apjK.vir l o bo mnnaj'i—

a b l e . Thu workHhop ruc.uinmriHiH t h a i Lin- r f q i i l r e d nii'aHiircira'iH.s and

calculations be f>Jven the Haine priori Ly as the detailed nccelorator

- 12 -



d i -s l ) ' ,n I o as f su r t ' l . l i . i ' I In- r . - i i - I I I L y l:s p.I n n u c i l l u r max. I iniiiiiii u s i ' l u i -
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t i n - i n l i ' i i t o l l i r I n i ; I ii)1, t in- in I n l o c o n l r o i i l a t i o n i n s p i ' i l l i c < i. i in. i ;•.' •

i-y.jii-r l i nc i i t s .

.'. N i ' i i l r o i l l i i - h l s l o r lite- d-'.r a n d / o r '.I'-il s o u r r i ' ; ; • i i l i i i n i i l In-

i-s t a l l I i s l i i - i l l>y r t jmpa r (nj ' , t'l'imiLis o | j | a / n c d Jiy I Jn- a.- isor l : i t i-d j i . n l . l ~

I ' I I - and I In- p r o l u n - r i T u ( i I i-i-im I q u i - s . f ' o l l a l x i r a l f v i * I ' / ' l o r l r ; r ; ) io ' i l< l

IJI- t a k e n t o i-. ' ir i- l n l l y i -s l ah I i : i l i t i n - m- i i l r u n i - n i - i c y o l H i ' 1 d~T

s o i i r i r l o a v o i d i - l l i - c t s o l r i i i - r | ' , y n m - i - r l a i n l y . ,,

I . T i n ' l o w - i ' i n - r j',y i o i i ipoiK-nl o l I In- d - l . i I H - M I i o n j i p i - r t n u n

s h o u l d l)r i n i -asu r i ' d a r c t i r a I i-1 y and I l ie h I j ' J i - i -n i - r j - .y r o u t i n i i nn i iiu-a~

.-an <•<( w / ' l l i a wi-11 i'ii I i l n ; i l I'd n i ' i i l i o u d i ' l i - r l o i .

Tin- A ( I -1 It lit-l . i t j ' / ' f y i i ' l d . - i o l l]if d - l . i . ' i o u i r i ' .sJ ion ld In-

a r i - u r a i i-1 y i i i i - .- imirc- i l . T in- .n i ) ' , u la i d I s l r i l m t I on s l i o u l i l I n - ' im-.-ist in-d

I ru in 0 - I'jO <li ' | i ,r i", ' i i o v i - r I In- n i -u l r u n I ' l i i - r c y ran)' , '1 I I oin 100 I<c-V l o

'i() Mi 'V. T l n - s i ' in i ' . isn i i-'ini'iil s a l s o s l i o u h l In- p i - i I o l IIUMI as a l i i n r l l o n

o l d i ' i i l i ' i m i I'lH't'i '.y .

I''or d - l i j s o u r r i ' r a l r u l a l l o n : i t int<nown u i ' i i l r o u I r a n s p o r t

CIOHH . ' ;c i ' I . lon.s ; i ) i o u j d he i i i i - . isur t -d t ' I hi- a r r u r a r y r i ' i p i l n - d .

' i . T i n ' i-.i I I I ) r.'H i-<l < l - l . / H o i i r c c . ' i l i on l i l l) i- I I H I U I l o JnL i 'V . ia I l y

t r H l a c t i v a t i o n c r o s s s i ' c t i o i u i o h t a f l u - d ' ' f ro lu il~'V o r o [ In- i* i v a r -

L i o i i H .
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DIKKKKKNTIAI, DATA AND KXJ'KKIMKNTAI. TKCIIN MJIIK.1;
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rt-J lance wi 1 I have to be placed upon c a l c u l a t i o n s anchored by mea-

surements.

Our report, is d i v i d e d i n t o two p a n s . In J'arl J we consider

Llie areas where I be data w i l l be used most ly fo a s s i s t t}lie c a l c u -

l a t i o n s such as t ransmuta t ion reac t i ons anil .other react ions con-

t r l l i u l inj-', l-o the s p e c i f i c damage. In I'art IJ we cons ider 1 he area

til dos imet ry where mo.st ot the tlata w i l l have Lo come from mea-

surements.

I i.;.. I 'art I - 'YKANtiMUJArjOU ANO_Ji['JiCJKl£ JJAMAJJK _IM)HH iUiCV\Wi'.i

r A. i V e s e n t \'r ojyr IIJ\\H

As we have seen f rom r e p o r t s t t i t h i s c o n f e r e n c e some

I .'it: J I 11 les and e x p e r i m e n t a l t e c h n i q u e s a r e a v a i l a b l e today t o make

measurements o l ' some af the c r o s s sect i ons o l I n t e r e s t . I I i s i n

l u r j j u p a r t clue to t he a b i l i t y o f model c a l c u l a t i o n s l o I ' l l t hose

t la ta t h a t we d e r i v e some o l the c o n f i d e n c e that /node! ca IcuJa t i o n s

w i l l lie v e r y u s e f u l i n s a t i s f y i n g the needs i n the ene rgy ranf.e

,.1'j t o 10 MeV:

Kx.uiipies o f da ta w h i c h a re p r e s e n t l y ob i aiirOVjJe have

been p r e s e n t e d a t t h i s c o n f e r e n c e . \ i

I . Hydrogen, Helium, Char[;etl-l'arl.lc le Production anil

Other Tranamutation Cross Sections

Tim hydrogen and helium produced by neutron bombard-

ment of materials are belli); mea> tired with mono-enerj'etic neutrons

near 11 MeV and at 50 MeV. At the lower enemy, n wide spectrum

of materials of JJMI'li interest is being investigated, whereas at 50

MeV the targets are'those of medical Interest , in part icular car-



l )on, oxygen and n I t ro^c -n . Near I <\ MeV, • lit.- In-1 iiiiu |> r.nlcii-r-f mi

c ross suet . iOI IB are measured by a mass specl roi ' .rapli 1 <• dct cr iu inat Inn

ol the. IK* I f. inn a c c u m u l a t i o n o r by a measurement o l I lie a lpha p a r -

t i c l e s . For In' I linn, product. l<in al SO MeV and l o r hydrogen p r o d u c -

l Ion i l l bo th e n e r g i e s , LIK- measurements a rc made o n l y by di-I c-«-i iiij-,

llic- p r o t o n t i , doul i - ro i iH and L r l l o n . s .

In uihlltlim l.o f IK- lilt i-y,rnt rri p roduct Ion r r u s s s i - i -

t lon.s, l i l t* cJiar^i-d j i ; i r t J c l c ^;p(.'cl.ra <uid ai^ ' .d lar d !s ( i l l u i l Ion;; a rc

IJC-IIIJ^ measured an they provide- more s i rln}!,i ' i i t ( c s l s o f TiJc l i - i i r

mode I c a l c u h i t I ons . 'I'licy a l s o p r o v i d e data d i r e c t l y l o r f l i c ( • v a l -

u a t i o n s o l r e c o i l s p e c t r a and o f KKKMA ( K i n e t i c l-ju-rj'.y Ueleased In

b i o I of/, leu I sysl. ems.

° 'J'be o i l i e r I ransinutat ion p r o d u c t s l i t r react ions I n—

d(jct-(J by neu l ro i iH between IU and 60 MeV are }',eiiera 1 I y not known,

and no iiicasurenteni pr(j};rani I H c u r r e u L l y .let f v e . 'l ' 'or a lew cases

and l o r neu t rons below I'J Mc-V, I lie- I. ritiiHinul at ion c ross s e c t i o n can

Ix- deduced I roiil urtlvuL Ion i -ross aeel ions o r I row I lie liydroj-.en and

he l i um p r o d u c t I on c ross s e c t i o n s . The need l o r c ross seel ions

appear Lo be soiuewhal less urgent than f o r I lie Irydroc.en and

he 1 I urn p r o d u c t i o n c ross s e c t i o n s .

1. Other Cross SIM-I Jons .'..)•.

'I'liese crows sections cons i ijit'-xil I/.)! a I cross sec-

l i ons , e las t ic scatter in);, ine last ic seal, ter i i i ) ; , neutron emission,

and (ii,xn) cross sections. Many of them?-c.rriss m-cl ions have n<il

been mtiiiaured over tlu- complt'tc e.iierj^y ratine Iro/n 10 to 40 Mt-V.

- 17 -



For some of them it would be a straight forward matter to perform

the measurements over the complete energy range using existing

techniques. For others theYtS are currently limitations in neutron

source strengths and techniques.

B. Status of Measurements

1. Hydrogen, Helium, Charged-Particles Production and

Other Transmutation Cross Sections

° Already a [Significant number of helium accumulation

and charged particle production cross sections have/been measured,

near 14 MeV. Within the next two years the results at this energy

will be extended to most of the highest priority materials for

DMFE. The data on carbon and oxygen at c50 MeV neutron energy will

be completed.

At other neutron energies between 14 and 50 MeV,
/J- '

some additional"cross sections will be measured by detecting the

charged particles directly. Because the neutron sources are not

mono-energetic above 20 MeV, the time-of-flight techniques will be

required in general to select the incident neutron energy. Mea-

surement of the helium accumulation will give only spectrum aver-

aged cross sections in this energy range for the same reason.

The present techniques likely will be improved in

the next two years are better electronic timing, larger solid an-

gles for detecting the charged particles, better thin detectors,

and more intense sources all of which seem likely in the near

term. >(
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I, Other laboratories not presently involved in these

measurements could add to this program of measurements if they

have rather intense neutron sources and the manpower, and are

willing to use newly developed or improved techniques.

C. Other Cross Sections

Total cross sections, elastic scattering, inelastic _.

scattering, neutron emission, gamma ray emissioS: and (n,xn) cross

section's, can be measured. Tor many of the elements of interest

adequate techniques and standards arc available.

0. Recommendations • ,. °

Our main recommendation is that the bulk of the data re-

quired for applications should not' come from measurements,, but be

obtained froV mode^, calculations which have been val.idjited °by some

experiment^'/ datai;i We recognize^jy^-6s=iTitru°oTcal cufa t

:b£ applicable to 1 i ghtrmicl ides and that for those, t:hei'experimen:^;

ta I data have to be generated. The specific recommeridal i0ooiis we

make are: • ' n ,,

1. Hydrogen, Hel Jinn, Cliargedr-Part i.cle Production and

Other' ' "

' a) The likely improvements to the existing programs

of measurements should be carried out.

b; The measurements near 14 MeV arid^at 50nMeV '

should cover the materials of both DMFE and, medical 'interest.

c) These'measurements should also be used to val-

idate model codes as well as to improve evaluated data files.

- 19 -



d) Measurements of the charged particle production

j.j "- " 1 ' <•
cross sections,'/spectra and angulani distributions should be made

7

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

The isotoplc data should be-used tci check nuclear model calcula—

tions. .. ,., o

; e) For carbon, oxygen and nitrogen, more Bieasure-

!-, ^ ^
ments should be made at more energies in the '15 to 50 MeV range. '

1 h

The nuclear models may not be appropriate for these light elements

which are of crucial importance in neutron therapy.

f) o The feasibility of and need for measurements of

other transmutation cross sections should be assessed. ' o

g) Pulsed white neutron sources between 15 arid 40

MeV in the measurement of the charged particle production cross

sections should be considered. s,These sources would offer the

possibility of measuring the cross sections over the entire energy „

range.

2. Other Cross Sections

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 se-

lected 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.
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/
•1 (1 ,

/c/' Multiple particle emission data such as (n,xn)

should be obtained, particularly for the specific nuclides of in-

terest in applications, in order to check the model calculations.

r •- ' d) Inelastic cross sections, neutron and gamma ray

emission spectra should be obtained in order toj'check the model

calculations.1'

e) Charged parL ;.c !,-••- data should'also be used to

validate the model "calculations.

f) The experimental program should be strongly co-

ordinated, 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 pro- ,

gram. ^ '' , :l ,.;. <: /

III. Part II - DOSIMETRY CROSS SECTIONS3

A. Needs - Objectives

Dosimetry needs are probably the best defined, most

quantitative and the most experimentally oriented differential

data requirements discussed at this meeting. These data have a

wide impact on and are critical to:

';- 1. ' MFE damage programs

Essential to spectral-field definition ;

, "Essential to practical utilization of radiation

facilities ' ••' '5 '' ,, -\ ' • -' •

aPrimarily based on discussions among A. Smith (Leader), M. Moore,
0. Wasson, H. Conde and R. Howerton.
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2. Bio-Med. applications of high energy neutrons

Essential Lu source definition, dose determination,

etc.

3. Essentially any bulk-media applications of fast

neutron excesses, e.g., design of shield of medium energy acceler-

ators. Mastery of the dosimetry area is explicitly essential to

the effective utilization of large rad-damage facilities such as

the proposed MFE-LiD machine. ' '

B. Character and Scope of the Problem

, The broad outlines of the problem area are reasonably

evident:

1. E < 14 MeV
n —

Precise needs (5-10X)

Required precision experimental measurement

Theory will have minor impact, confined primarily

to interpolation between 11—14 MeV.

2. E = 14-30 MeV
, . n

Modest accuracies (10-20%)

' Measurements difficult but feasible

" "" Theory will play a useful interpolation role

3. En = 30-50 MeV

Qualitative accuracies (30-50%)

Reliance on theory extrapolating upward in energy

from experimental values primarily at the lower extreme.

4. By the very application nature, the reactions of

interest are simple and relatively easy to observe. The observ-
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able is the objective (not necessarily the underlying physical re-

action).

5. A complicating feature is the broad energy scope

requiring attention to energy-dependent reaction shapes at or neai;

both the threshold region and the transition region marked by the i

onset of strong channel competition. This is in contrast to the :l

fission-reactor need which is generally confined to within a

"one-neutron's-binding energy" of the threshold.

6. Some potentially useful reactions are subject to

perturbation due to channel competition and others have proven

historically difficult to measure (e.g., (n,y) processes above

10 MeV). Careful selection of reaction type is warranted in the

context of microscopic measurement theory and user application.

C. Status and Capability

1. The ENDF dosimetry effort has provided ~ 40 reaction

types to energies of 20 MeV. A number have been extensively val-

idated using fission benchmark tests. However, it is doubtful

that the above 5-8% accuracy goal has been achieved in few, if

any, cases—and probably never achieved above 20 MeV. However,

the ENDF dosimetry file should be the basis for future extensions

in energy reaction type and accuracy. »

2. Measured values are sparse and of marginal accuracy

above 20 MeV. The few good quality results have generally been

obtained for studies of "explosive devices."
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3. Measurements are generally feasible, particularly

below 30 MeV and results could impact on need within a short time

span (i.e., < 2 yrs).

4. A few measurement groups are active at a modest

level. These have developed and proven the essential experimental

analytical techniques. Their performance is, in principle, as-

sured. Measurement programs should proceed in conventional and

proven channels, or equivalent, in a correlated manner. Spe-

cifically to be avoided is a fragmented or uncorrelated effort.

5. Requirements are for mono-energetic sources. Suit-

able performance is readily available at several facilities for

energies to 25-30 MeV. Capabilities for producing > 30 MeV neu-

trons are not as suitable but still should meet the overall need,

particularly in the near term. Precision measurements will re-

quire associated studies of source properties (distribution in

angle and energy). However, there appears to be no requirements

for extensive new source facilities.

6. For a successful program above energies of fission-

reactor interest (e.g., 8 MeV) it is essential that modest oper-

ational support be given to existing measurement efforts in a cor-

related manner. Without such support, the higher energy measure-

ments will not be done and even the retention existing competence

will be in doubt.

D. Procedures and Practices

1. At once a special selected study group of

measurers-users-evaluator/theorists should be formed to specifi-
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cally define 10-15 critical reaction types optimizing the capa-

bilities of all three parties. Subsequently,.the measurement ef-

fort should focus on these reactions. The Cross Section Evalua-

tion Working Group provides a suitable vehicle for organizing such

a group.

2. Uniform guidelines should be established for the

proper correlation of measurement programs including:

a) Definition of coverage and responsibility (E

and reaction type)

b) Use of reference standards (see below)

c) Data handling and correction procedures

d) Associated theoretical calculations

3. Definition of reference standards and data repre-

sentation should be established including:

a) Explicit requirement for direct reporting of

ratio values.

b) Specific statement of secondary reference stan-

dard used. They should be consistent with a limited ("4) gen-

erally accepted secondary standards.

c) Specification of energy scale relevant to Nu-

clear Energy Agency Nuclear Data Committee recommended values.

d) Continued intensive effort to determine the

secondary standards to ; 3/2 relative to the primary H(n;n) stan-

dard.

It is noted that default in the standard area has been a

major cause of uncertainty in previous measurements.
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The above program can be well defined, is well within cur-

rent technical capability and with modest support can provide re-

sults essential to near term applied needs (e.g., MFE source).

This is illustrated by the following milestone chart which pro-

vides for critical needs within a 2 year time frame at a level of

effort estimated at 10-15 man/yrs. The goal appears relatively

realistic and a cost that is a very small portion of the primary

program it supports.

E. Summary of Recommendations

1. The ENDF dosimetry file should be the basis for

future extensions in energy reaction type and accuracy.

2. Measurement programs should proceed in conventional

proven channels, or equivalent, in a correlated manner. Spe-

cifically to be avoided is a fragmented or uncorrelated effort.

3. There appears to be no requirement for extensive

new source facilities.

4. It is essential that modest operational support be

given to existing measurement efforts in a correlated manner.

5. A special selected study group of measurers-users-

evaluator/theorists should be formed to specifically define 10-15

critical reaction types optimizing the capabilities of all three

parties. Subsequently, the measurement effort should focus on

these reactions.

6. Uniform guidelines should be established for the

proper correlation of measurement programs.
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7. Definitions for reference standards and data repre-

sentations should be established.
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F. Schedule

Task

A. Detailed specification of

10-20 reaction types

B. Implement ratio measure-

ments to 20 MeV, < 5%

values

C. Provide calculational base

for extrapolation

D. Derive first-pass evaluated

set

E. Start Benchmark tests

F. Provide 3% secondary stan-

dard

G. Initiate measurements above

20 MeV

Calendar Years

1/2 1 l!j 2

1

«
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MATERIALS DAMAGE STUDIES

A. N. Goland, BNL - Chairman T. A. Gabriel, ORNL
D. G. Doran, HEDL L. Stewart, LASL
R. R. Heinrich, ANL B. Magurno, BNL
L. Greenwood, ANL R. Dierckx, EURATOM/ISPRA

M. Guinan, LLL S. Pearlstein, BNL

I. Objectives of Materials Damage Studies

The primary goals of materials damage studies are to corre-

late or predict physical property changes induced by neutron irra-

diations performed in diverse sources. In order to achieve these

objectives, materials scientists require adequate characterization

of the radiation environment, e.g. flux, spectrum and) temperature,

as initial input. This information is used for the subsequent cal-

culation of primary-atom recoil spectra, displacement cross sec-

tions and other defect parameters. Determination of these quanti-

ties is required for irradiations in neutron spectra extending to

40 MeV; In addition, it is necessary to determine transmutation-

product production rates over the same energy range because materi-

als behavior is known to be very sensitive to gaseous products and

to trace amounts of other transmutants.

II. Status of Research

The existing ENDF/B dosimetry file was established to meet

the needs of the breeder reactor program. Although it now extends

to 20 MeV, little data testing has been done above 10 MeV. Reli-

able methods for extending the file data to 40 MeV should be stan-

dardized; for example, an appropriate nuclear model could be used

for this purpose. New dosimetry reactions especially for energies

above 20 MeV need to be selected, and techniques such as helium
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accumulation fluence monitoring and solid—state track recording

should be pushed to higher energies.

At present, calculations of PKA (primary knock-on atom) spec-

tra are believed to be adequate for neutron energies below 15 MeV

although analysis of uncertainties arising from errors in ENDF/B

has not bee)n completed. Calculations of PKA spectra are generally

performed assuming an equalibrium evaporation model with isotropic

particle Emission to describe charged-particle-out reactions.

They usually neglect emission subsequent to the first particle

emitted. The validity of this procedure can not be ascertained

from ENDF/B-data that do not distinguish between the particles.

The ENDF/B format permits inclusion of angular and energy distri-

bution data for particle emission, and some of these data are

available in the files for (n,p) reactions. However, this kind of

information is generally^absent from the files.

Minor radiation-induced changes in composition may have

major impacts on the properties of materials. Determination of

transmutation products that are important to the alloy is under-

way. The gaseous impurities, He and H, are already known to be

important, and recent experiments have shown that dilute concen-

trations of certain other elements can suppress swelling in ter-

nary alloys. A special application file for gas production has

already been initiated. Moreover, a continuous need exists for

reaction cross section and decay data to permit estimates of in-

duced radioactivity in reactor materials. <\
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III. Recommendations

1. Dosimetry Reactions

For characterization of the neutron environment in which

materials studies will be conducted over the next tan years exten-

sion of absolute cross section data,; above 15 MeV for the follow-

ing primary dosimetry reactions listed in Table I is needed:

Table I. Primary Dosimetry Reactions

Reaction Energy Range (MeV)

0 T 9 9

Na(n,2n) Na

27,,, .24,,,
Al(n,a) Na

54Fe(n,a)51Cr

34Fe(n,p)5AMn

58.,., .58,,
Ni(n,p) Co

60,,,., ,60,,
Ni(n,p) Co

Ni(n,2n) Ni

JO,, , . i \ J O M .

Ni(n,3n) Ni

59Co(n,p)59Fe

59Co(n,2n)58Co

Co(n,3n) Co

59Co(n,4n)56Co

12

8

1

3

2

3

12

22

4

10

20

30

- 30

- 30

- 25

- 25

- 25

- 30

- 40

- 40

- 25

- 35

- 40

- 40
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Table I. Primary Dosimetry Reactions (Cont'd)

Reaction Energy Range (MeV)

93Nb(n,2n)92Nb 9 - 25

90Zr(n,2n)89Zr

90Zr(n,3n)88Zr

9°Zr(n,p)
9OnV

89Y(n,2n)88Y

89Y(n,3n)87Y

107. . , ,106m.Ag(n,2n) Ag

107. , , .105.Ag(n,3n) Ag

169Tm(n,2n)168Tm

12 -

22 -

, 3 -

12 -

22 -

10 -

18 -

8 -

15 -

,, 26 -

35

40

25

35

40

35

40°

35

40

40169Tm(n,4n)
166Tm

197Au(n,2n)196Au - ^ - 8 - 30

197Au(n,3n)195Au 15 - 35

n ) 1 9 ^ 23 - 40

, ; Au(n,5n) y Au ,; 35 - 40

238U(n,2n)237U e 6 - 25
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This extension=shoui<i be in the energy range of impor-

tance, including the threshold energy. It is possible that these

cross sections will have to be determined to an accuracy of

10T;20% in the energy,,region of primary response. Absolute ac-

curacy requirements for these cross sections can not be estab-

lished without some sensitivity studies (see 4 below), and fur-

ther data testing. However, accuracies of 5-10% may be needed in

the energy ranges of primary response, including reaction thres-

hold regions, below 25-35 MeV. Lower accuracies nay sufficem?vn
2. Materials Studies Cross Sections

a) ,, as a_^tart,^desired'cross sections (including angu-

"lar and energy distributions) of the following materials should

be provided: Fe, Cr, Ni, Mn, V, Nb, Mo, Ti, Al, Pb, Zr, C, Cu,

Sn, Si.

b) partial cross sections up to 40 MeV are needed for

damage calculations; the required idetail and accuracy should be

determined by preliminary sensitivity studies. Cross'sections

for gaseous reaction products are especially ^important Jjecause, of«

the' role of gases in affecting^properties of materials.

c) " elemental evaluations are adequate for use in
7

_
calculations1, but isStopic evaluations are necessary for dosimetry
arid transmutation product determinations. - --••-.•-..̂  •J==="—

3. Reference Spectra """ ~~i

It is necessary to establisri well characterized refer-

ence spectra for 14^-MeV and deuteron-stripping sources so3 that'
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materials scientists can correlate their

Correlation will require integral testing of nuclear data to es-

tablish uniform dosimetry practices. This step is needed to -per-

mit accurate comparisons of experimental data obtained in dif-

ferent irradiation facilities. It is likely that an^intense 14-

I, » 9

MeV source, such as the RTNS, and a d-Be source at an existing

cyclotron will be suitable as reference spectra in the high-energy

neutron range.

4. Sensitivity Studies '

Broad-based sensitivity studies intended to determine the

sensitivity; of smaterials damage parameters to variations in cross-

section data«and nuclear models should be carried out. These

would not require complex error analysis or the creation of cor-

relation parameter files by evaluators. However, the studies

-would require close collaboration between materials scientists

and cross-section evaluators.

5. Special Purpose Files

Existing special purpose files should be extended to 40

MeV, e.g. total gas production and dosimetry files. Charged parti-

cle energy spectra which are often calculated but not used should

be retained in a file. At present the ENDF/B format is adequate

for the needs of mateiials damage calculations. However, reassess-

ment should be made periodically as the files' are extended to 40

MeV. ";•. '"'• , .;'

A damage cross section file could be established, and con-

sideration should be given to the creation of an accepted PKA:

afeii'iii i i ii . J



spectra file. If special purpose files of this type are to be-

widely used, they should be endorsed by an official group, such as.

the Damage Analysis and Fundamental Studies Task Group of the Di-

vision of Magnetic Fusion Energy (KRDA).

6. . Charged-I'article Irradiations

Protons, deuterons and alpha particles are being used

in radiation damage studies at energies of 10-20 MeV/amu. Pri-

mary recoil spectra and gas production rates are needed. Recom-

mendation 2. applies to these particles as well as to neutrons.

ji '
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I. Status

The Proceedings of the Magnetic Fusion Energy Blanket and

Shield Workshop (ERDA-76/117/1, CONF-760343) contains a Compendium

of 14 MeV neutron source experiments (B. R. Leonard, Jr., pp.

66-76). These wer/j known experiments using near monoenergetic

14 MeV neutron sources which could be considered in the assess-

ment of integral results and microscopic nuclear data. These ex-

periments were integral in either multiple target reactions or

experimental observables, or bo.th. •••—

At this Symposium, Professor C. W. Maynard, U. Wise, pre-

sented a paper "Integral Experiments for CTR Nuclear Data." This

paper also contained a .similar compilation of 14 MeV neutron

source experiments. These compilations are identical in the iden-

tification of the majority of experiments.

The comparison of theoretical analysis of these experiments

with integral results remains unchanged: the primary disag ee-

ments are at many mean free paths in the detecting media where the

"deep penetration" of near 14 MeV neutrons is underestimated ana-

lytically. These experimental results and analyses led to the on-

going DMFE Program at URNL of 14" MeV source neutron experiments

in bulk media. These experiments, of utmost practical importance
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in fusion reactor design and analytical implications, are consid-

ered to have an impact primarily on calculational methods, and

probably have little impact on the validity of microscopic neutron

data.

There are now hew integral experimental results which have

an impact on the testing of microscopic nuclear lilta. These are:

A. Improved experimental data with the Lawrence Livermore

Laboratory pulsed-source 15 MeV experiments.- (Reported by L.

Ilansen, et al., Paper this Symposium.)

, B. Total heliiim production experiments using the RTNS near-

14 MeV neutron source. (Reported by II. Farrar, et al.'j Paper this

Symposium.) ;

C. Secondary neutron emission spectrum measurements using

ORHLA. (Reported by G. L. Morgan, Paper this Symposium.)

D. The qualification of neutron spectra by multiple foil

techniques (Reported ;by L. Greenwood, et al., ANL, Paper this Sym-

posium. )

II. Problems to be Solved

The interpretation of experiments in bulk media is still in-

adequate. It presently seems that this is a calculational prob-

lem, as opposed to an experimental or nuclear data problem. The

ORNL program results expected this year should give insight into

this problem. ,;. a

ififio
if

The newer evaluations (ENDF/B-IV) are in much better agree-

"li
raent with the results of the LLL pulsed sphere experiments. In

particular, the LLI, experiments were of value in producing strong
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evidence of the physical process • pre-equilibrium emission of

neutrons. The experimental results, however, indicate an appar-

ently persistent problem in that the calculated neutron distribu-

tions differ from the observed secondary neutron enerjjy yield for

energies below some 8 MeV and differ systematically below 5 MeV.

These results should be studied further to determine if these are

isolated data problems. The problem could relate possibly to

ENDP/JJ conventions.

III. Recommendations

14-15 MeV Source Experiments

A. Total helium' production experimental results, such as

those by Farrar, et al., usinj> the RTNS, should be given priority

consideration in studying nuclear data evaluation problems. The

measurements completed and in progress are shown on Table 1. The

results of these experiments should be used in the evaluation of

microscopic nuclear data.

B. Neutron emission experimental data, such as that produced

at ORNL, should be considered in data evaluations. This type of

experiment should be extended to materials other than those of

ORNL evaluations.

C. Multiple foil neutron spectra results, such as those re-

ported by Greenwood, et al., should be considered in microscopic

neutron data evaluation. These experiments seem to be deficient

in defining the spectra below ^5 MeV. This problem arises because

threshold reactions which are used to define fission spectra in

this range do not apply in broad spectra. New reactions or new
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techniques, e.g., subtraction of reactions of differing threshold

energies are needed.

D. Apparent systematic problems for E < 5 MeV in the inter-

pretation of the LLL pulsed sphere experiments should receive fur-

ther study.

Data Needs in Support of D, JSe and D, Li Neutron Source Rad-

iation Damage Experiments

A. Pulsed sphere experiments, such as those performed at

LLL, should be evaluated to see if meaningful data can be obtained

with the use of higher—energy DT neutron sources.

B. Neutron emission experiments, such as those performed at

OREI.A, should be evaluated with regard to using LINAC-produced

neutrons in the energy range greater than 20 MeV for neutron emis-

sion spectra experiments.

C. The planned experiments of Farrar, et al., using 30 MeV

d, Be source neutrons to take place in the summer of 1977, are

strongly endorsed.
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B. Model Codes

The primary nuclear models applicable to nuclear data

problems in the range 10-40 MeV are multi-step 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 we

include in Appendix I a summary of the status and availability of

these codes.

III. Deficiencies in Model Calculations

A general problem concerning nuclear model calculations at

energies between 15 and 40 MeV is the serious lack of relevant

experimental data for parameter and model verification. More

specific problems are:

A. Level Densities

Considerable uncertainty exists in the effect of dif-

ferent level density representations and parameterizations on

calculations of such quantities as neutron, charged-particle, and

gamma-ray emission spectra and angular distributions.

13. Non—compound Effects

As pointed out in the symposium, present treatments of

pre-compound, do not include spin and parity effects, which might

be important for some calculations. In addition, present models

do not include^angular distribution effects, and direct and pre-

compound contributions are frequently not considered in a consis-

tent manner.
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C. Optical Model Parameters

Reliable optical model parameters, which are required

for calculation of transmission coefficients, are not always

available. Particularly lacking are reliable energy-dependent

alplia-particle parameters. In addition, in spite of several past

studies, confusion still exists regarding the accuracy of certain

routines used to compute transmission coefficients from optical

model parameters.

D. Gamma-ray Strength Functions

Reliable parameters for estimating y-ray strength

functions are frequently difficult to obtain. These are impor-

tant for estimating gamma-ray competition near particle thresholds.

12. Isospin Kffects

Many of the nuclear model codes do not include isospin

effects. These effects should be incorporated for proper util-

ization of proton-induced data in determining model parameters.

IV. Recommendations and Conclusions

Because of the sparsity of experimental data at- neutron en-

ergies between 15 and 40 MeV, the group concluded that nuclear

model calculations must play an important role in meeting the

data requirements for damage studies at these energies. Much

progress has been made In the last several years in developing

calculational tools that can be useful for this purpose. In par-

ticular, the multi-step llaueer-Feshbach/pre-compound models ap-

pear to be capable of providing much of the required data up to

40 MeV, provided that sufficient experimental data exist to val-
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idate model parameters for the important nuclldes and datn of in-

terest. The group also noted that the multi-step direct reaction

approach offers promise to provide a very useful supplement for

the Hauser-Feshbach calculations.

The following specific recommendations are made:

A. The nuclear models subcommittee of the Cross Section

Evaluation Working Group (CSKWG) should strengthen its code com-

parison effort to ensure accuracy and consistency in calculations

performed with the various model codes. In addition, the spe-

cific problems outlined in Section III should be addressed by the

subcommittee, with particular emphasis on establishing their ef-

fect on calculations of hydrogen and helium production cross sec-

tions, emitted neutron energy and angular distributions, etc.

Recommendations from the subcommittee regarding possible standard-

ization of optical model subroutines, mass tables, energy level

tables, etc., would also be most useful.

Ji. Nuclear model calculations for light elements are rela-

tively 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 param-

27
eters for nuclei lighter than Al. This conclusion implies, of

course, a more extensive measurement program for important light

nuclei.

C. The models and techniques discussed here can be vali-

dated and parameters obtained from proton-induced measurements as

well as from incident-neutron experiments. Therefore, the group
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recommends that available proton data be utilized in model studies

when possible. In addition, we encourage charged-particle exper-

imenters to consider measurements of such quantities as alpha and

proton production cross sections, spectra, and angular distribu-

tions induced by protons up to 40 MeV, as well as proton elastic

scattering and emission spectra.

I). Authors of nuclear model codes are urged to provide doc-

umentation of Llieir codes. Documentation should include a theo-

retical description and, if the code is to be generally available,

user instructions.

IS. The neutron-induced measurements that are most essential

for providing the required data evaluations up to 40 MeV are neu-

tron total cross sections, elastic scattering angular dlstribu-

* • >

tions, hydrogen and helium production cross sections, and impor-

tant dosimetry and activation cross sections. While we can pro-

vide estimates of these quantities with model codes now, experi-

mental data at a few energies for important materials would

greatly improve the overall accuracy of the calculations. Addi-

tionally, measurements of secondary neutron and charged-particle

emission spectra at a few angles and incident energies are needed

to verify calculations of Primary Knock-on Atom (PKA) spectra.

F, Once a firm decision is reached to build a D-Li source,

a "working library" of evaluated nuclear data to 40 MeV should be

derived for the few most important materials on a relatively short

*Malnly needed for verification of model parameters.



time scale (̂  2 years)i.»=
iThe purpose of this library would be to

providesat^aiT early point data that can be used in preliminary

sensitivity analyses, experiment design studies,^etc; The library

should be in ENDF/B format (with,modifications, as needed), but

should not be part of'the official, general purpose files. Rather,

it should be a working library so that it can be updated more fre-

quently as the need and new» data justify.
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APPENDIX'I

SUMMARY OF MODEL CODES DESCRIBED AT SYMPOSIUM !

Location Type

ORNL

LASL

HEDL

Multi-step Hauser-
| Feshbach with pre-
\compound.

\̂ M ij)ti-s tep Hauser-
VFeshbach with pre-
compound.

Multi-step Hauser-
Feshbach.

Documentation

So B

Report is °
in prepara-
tion

Yes :i

U. of Rochester Multi-step Weisskopf-i,
Ewing Evaporation '
with pre-compound.

ORNL

U. of Texas

BNL

Waizmann Inst.

Inter-nuclear cascade

plus Evaporation.

Multi-step direct re-
daction with possibility^
of linking to Hauser- V
Feshbach codes.

Monte Carlo Hauser-

Feshbach. J
Extensive com-
ments,, in pro- ||
gram and sample1

problem avail- '!

able. !;

Availability '

Exportable if potential users1

spend a few days at ORNL under
tutelage of the author.

Available f r,om authors.
Presently operating on CDC
computers.

HAUSER-4 is available auil
has"run on CDC and IBM com-
puters. HAUSER-5 is in test
stage.

Available from author.

Available from the Radiation
Shielding Information Center

: at Oak Ridge.

Code is presently in test
stage. Authors hope to have

t̂ it available for general use
by the end of summer; 1977.

Available from authors.

Presently operating on CDC

and IBM machines.
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The Program for Alloy Development for Irradiation
Performance in Fusion Reactors*

J. 0. .Stiegler,
Oak Ridge National Laboratory, Metals and Ceramics Division,

Oak Ridge, Tennessee 37830

!i T. C. Reuther
U. S. Energy Research and Development Administration

Division of Magnetic Fusion Energy, Washington, D.C. 20545

The Division of Magnetic Fusion Energy of ERDA is about to
embark on the most ambitious alloy development program in history -
the identification and perfection of a material to withstand the
hostile environment of the first wall of a fusion reactor. For a
neutronic wall loading of ^3 MW/m^, atoms will be displaced from
their lattice positions at rates equivalent to those in current
fast fission reactors, but because of the current of 14 MeV neutrons
born in the d-t fusion process, damaging transmutation products,
especially helium, will be produced at rates orders of magnitude
higher. A comparison of critical damage parameters is given in
Table 1. = •- , - •

Table 1

A Comparison of Displacement Damage and Helium Production in
Fast Fission and Fusion Reactors for Stainless Steel

Damage Accumulated in One Year of Operation

Displacements Parts per
per Atom ,-j Million Helium

Fusion Reactor • 36 525
(3 MW/m2)

EBR-II '! „. . 35 10

Core components in fast breeder reactors are designed for a
service life of about two years. Replacement or repair of a fusion
reactor first wall is expected to be a significantly more difficult
task, so a longer life, in the range of five to ten years, will be
required for economical generation of electricity.' This will
result in a cumulative damage level well above that of fast
reactors. ĉ  *Hi

*Research sponsored by the Energy Research and Development
Administration under contract with Union Carbide Corporation.
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In Table-1 displ.Tc-.ed atoms and helium are identified as the
principal components of damage. Experiments in which these have
been studied independently have demonstrated their capability for
degrading properties. Other transmutation products, hydrogen as
well as solids, also may be harmful, but except in special cases
the evidence is not conclusive.

The biggest obstacle in the path of development of an alloy
for fusion reactor use is lack of a testing facility with a
neutron flux and spectrum that matches fusion reactor conditions.
Fusion neutron sources available or authorized for construction,
RTNS I and II and INS, have fluxes ant! experimental volumes that
are much too low for use in testing large numbers of specimens to
end of life exposures necessary for design of structural compo-
nents. Ft is important to recognize that it is a combination of
flux and volume that must be available for alloy development.
Fluxes must be high enough to allow testing at damage rates close
to those expected in reactor operation. A capability for accel-
erated testing clearly would be desirable. Development and
eventual qualification of an alloy for reactor service will
require an experimental volume in the range of ten liters. Thus;;;
a testing facility for alloy development and qualification testing1

must satisfy simultaneously both flux and volume requirements.

The requirements of a large number of test specimens seems
surprising at first glance. The reason for this is that there are
several potential failure mechanisms that must be investigated.
Fatigue and crack growth studies involve large numbers of large
specimens, for results are sensitive to specimen geometry, tem-
perature, mean stress level, stress variations and hold times as
well as irradiation and environmental parameters. Additionally,
since the expected damage levels are well beyond our present
experience, we are unable to identify with assurance even a class
of materials that will provide the best solution to the problem.
This means that multiple materials options must be incorporated
into the test matrix.

The fusion reactor is not unique in that early machines will
have to be constructed without complete irradiation testing in
the proper environment. The first fission reactors, for example,
were built under this condition, but they did not suffer from
significant damage to structural components. In the case of
fusion reactors we know from experience with the Breeder Reactor
program that the first wall will suffer from void swelling and
irradiation-induced embrittlement.

To repeat, the real problem is lack of a suitable fusion
environment testing facility. This is not a simple consequence
of a lack of funding, since serious technical difficulties stand
in the way of developing such a facility. Furthermore, struc-
tural components of a test reactor will certainly suffer from
radiation effects themselves. In any case such a device likely
will not be available for at least ten to fifteen years, and it (
as well as early fusion reactors will have to be designed on the "
basis of daf/a from non-fusion irradition experiments.

- 52 -



The f]ux-volume requirement discussed previously limits our
current choice of existing irradiation facilities to fission
reactors. As can be seen in Table 1, fast reactors provide only
a partial solution to the testing dilemma; atoms are displaced at
the proper rate, but helium is generated much too slowly. Nature,
which usually conspires against us, has given us a partial solution
to this problem. Nickel—58 undergoes a two step reaction with
thermal neutrons to produce helium via the sequence

ViNi + n Ifc-'̂ Fe + ''He .

In mixed (fast/thermal) spectrum research reactors currently
available atoms can be displaced by fast neutrons and helium
generated by thermal neutrons (for materials ,1-ontaining nickel).
Cross sections for both processes are high enough that damage
levels close to those given in Table 1 for fusion reactors can be
produced in existing reactors. The situation is complicated by
the two step reaction for the production of helium. As a conse-
quence of this, helium is generated at an accelerating rate, but
displacements are produced by the fast neutrons at a constant rate.
This deficiency can be overcome in some reactors by varying the
ratio of thermal to fast fluxes during the irradiation. For
materials that contain nickel, therefore, an acceptable approach
exists for approximating the damage expected in fusion reactors.
For other materials the situation is far less satisfactory.
There is a possibility that fast reactor irradiations may be use-
ful if the irradiation temperature is maintained below the range
where helium effects are important, but this remains to be demon-
strated by experiments. For a material like vanadium that might
correspond to temperatures below about 600°C and for austenitic
stainless steel to temperatures of 450—500°C or less.

The intent of this discussion is to show that in the near
future only fission reactors can provide the basis for irradiation
testing of structural materials to generate engineering data and
that there is reason to believe that under certain conditions
fission reactors may provide a reasonable approximation of the
effects of the fusion environment. The'program plan prepared by
the Division of Magnetic Fusion Energy to address the alloy devel-
opment task rests on this premise. It recognizes as well that
this by itself is insufficient to guarantee a reliable structural
material. Important considerations such as differences in the
primary recoil spectra and differences in rates of production of
other transmutation products such as hydrogen between the fission
and fusion reactor neutron spectra also must be considered. In
the DMFE program a separate task group on Damage Analysis and
Fundamental Studies has been established to examine quantitatively
the relationships between damage produced in different neutron
sources. The damage analysis technique, which develops energy
dependent damage cross sections, has been used successfully in

- 53 -



fission reactor programs by interpo I .'it ing between known spectra.
Although comb I nuil d i sp I aceraen L and helium effects present a more
complicated situation, there is reason tti believe that such
techniques founded on a 1 undamenta I understanding of the relevant
physical processes can be applied to fusion reactor problems. An
p s w n t J a l requirement Is that data be available from spectra that
overlap the spectrum lor which property estimates are required.
I/or the fusion realtor application fission reactor data alone are
not sufficient. Additional data covering the energy range between
fission reactor energies and IA McV are required. Such a source
nilIKt have a flux high enough to reach the damage levels of inter-
est on .'i I iui.ited number ol spec i mens .* A I.i (d,n) source having
a useful volume ol several hundred cubic cent. iinent ers meets this
need. Such a source also will provide information on the effects
of large amounts of hydrogen on properties and will allow a test
ol the idea that helium effects can be neglected in low tempi1 ra-
turc irradiat1ons. Jt also wiIJ permit flux cycling experiments
that can not be performed easily in fission reactors. It is not'
i lit ended that this type of source will be used to g e n e m t e sta-
tistical engineering dala but rather that it be used for special-
ized experiments that allow interpretation and project ion ol data
generated In fission reactors for fusion environments. Its purpose
is to tell us how t.o use those data. Ol course, high energy cross
section data are needed to tell us how to use the l,i (d,n) source.

• The DMKP' Materials Radiation Kffects Program is orgaui zed
around lour Task Croups as shown in Table- ?.. The Alloy Develop-
ment for Irradiation Performance Task Croup is charged with con-
ducting engineering tests on engineering materials using the fill I
range of met a I Iurgica1 options lo develop an acceptable material.
The llamage Analysis and Fundamental Studies Task f.'roup IK concerned
with developing correlations among the several irradiation test
environments as well as with conducting fundamental experiments
(usually on model materials) directed at uncovering mechanisms of
material behavior under high energy neutron irradiation. The
Plasma-Materials Interaction Task Croup investigates Interactions
between the Itrst wa I I surlace and the plasma, including both
mater 1 a 1 wastage and plasma contain! nat ion processes. The Special
Purpose Materials Task Croup pursues materiaIs problems in other
parts of the reactor system, such as Insulators, magnets, coolant
and breeding materials and ceramics. Although the task groups
are organized around distinct and well identified areas, there is
.'inprecIable overlap and interaction, especially between tin* first
two.

*The approach Is that the very large engineering test matrix
Is conducted in fission reactors with n limited number of tests
in the high energy source to provide the parameters for inter-
polating to tin1 fusion reactor spectrum. Lower flux and exposure
experimental ion In the Ki MoV d-t sources such as RTNS will pro-
vide complementary dala on model materials to help establish the
necessary correlations among the various lest environments.
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Path B alloys contain significantly larger amounts of nickel as
shown in Table A. Commercial materials in this composition range
include the class of so-called Super Alloys. Many of these alloys
offer potential for significantly higher strengths via precipita-
tion reactions. These alloys have been developed for service in
oxidizing atmospheres, which is not a requirement for first wall
applications. By relaxing this requirement many exciting possi-
bilities for alloy development occur. Path C Alloys include both
the refractory and reactive metals as indicated in Table 5.

Table 4

Components of Higher Strength Fe-Ni-Cr Alloys

20-75% Nickel

Major Additions of
Iron and Chromium

Small Additions of

Aluminum
Titanium
Niobium
Molybdenum
Carbon

Table 5

Composition liases for Reactive/Refractory Metal Alloys

Titanium
Zirconium

Vanadium
Niobium

Possibilities are even broader in this class since so few commer-
cial alloys based on these materials are available, but the
details of the approach are less well defined at this time.

In summary, the Division of Magnetic Fusion Energy has
-established the planning and organizational basis for the develop-
ment and testing of alloys for the intense high energy neutron
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flux that will be encountered in the first wall of a fusion
reactor. Because of the lack of fusion testing environment, most
irradiations for obtaining engineering data will have to be
carried out in fission reactors. A Key element of the program is
the Li (d,n) neutron source which will allow relationships to be
established between the fission and fusion environments. Since
such a source supplies a broad spectrum of neutrons extending up
to about 40 MeV, extensive cross section measurements are required
in order for it to be used effectively to develop alloys for
fusion reactors. Specific section needs are discussed by D. G.
Doran in a separate paper at this conference.
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REVIEW OK MAGNETIC FUSION ENERGY NEUTRON
.. CROSS-SECTION NEEDS: NEUTRONICS VIEWPOINT*

Donald J. Dudzlak and I). W. Mulr
Theoretical Division

University of California
Los Alamos Scientific Laboratory, Los Alamos, New Mexico

INTRODUCTION

Our review is principally from ;i fusion device neutronics
requirement viewpoint. That is, a cross-section user's perspec-
tive is taken, in the context of ongoing ERDA Division of Magnetic
Fusion Energy (DMFE) projects and systems studies. We include
then Irradiation facilities as well as fusion reactors. Intense
2.2-pJ (14-MeV) neutron sources (the RTNS at l.ivcrmore and the INS
at Los Alamos) present few unique cross-section needs beyond those
already elicited by reactor studies and designs. However, the neu-
tron emission spectra from high-energy sources such as 6.4-p.J (40-
MeV) deuterons on lithium (D-Li) cause additional concerns regard-
ing nuclear data, among neutronics personnel responsible for spec-
trum, intensity, dosimetry, and shielding calculations. Because
of the paucity of hard information on the requirements for neutron
cross-section data above 2.2 pJ (14 MeV), we can only point to a
few potential problems and speculate on their resolution.

In the overall context of fusion nucleonic analysis most
cross-section deficiencies lie in the energy range 2.2 pJ (J4 Mev)
and below. Perhaps it is appropriate here to sound a note of cau-
tion not to allow our concerns with cross sections above 2.2 pJ
(14 MeV) to distort unduly the projected national programs in sup-
port of fusion reactor requirements. Without in any way denigrat-
ing the D-Li source's usefulness in the magnetic- fusion energy
(MFE) program, we want to bring to your attention the equally im-
portant cross-section needs in other MFE programs that compete for
limited resources. Prominent if not uppermost in our minds during
this Symposium should be an acute awareness of the need to set
priorities among needs, all of which probably cannot be satisfied
in the time frame of the current construction schedules for reac-
tors (TFTR, TNS, EPR) and irradiation facilities. However, the
minimum cross-section requirements for a D-Li facility can be sat-
isfied if a well-planned program is initiated in a timely manner.
One conclusion apparent for high-energy data is that we cannot
affort to duplicate the measurement/model calculation/evaluation/
multigroup processing cycle with the detail and completeness of
fission reactor data in the ENDF system. Consequently, much

Work performed under the auspices of the U. S. Energy Research
and Development Administration.
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greater dependence will heretofore need to be placed on nuclear
model calculations, as opposed lo experiments.

Given the primary thrust of this Symposium toward data above
2.2 p.J (14 MeV), perhaps this review serves best as a counterbal-
ance to the centroid of the discussions to follow; i.e., to deal
not only with new, data requirements generated by current interest
in D-Li sources, but also with the needs o£ conventional nucleonic
studies (i.e., 2.2-p.J source calculations). First we will refer-
ence the many compilations of requirements, and summarize succinct-
ly the current assessment of high priority needs. Then, following
this we give typical methodology and results for quantitative data
assessments of the Tokaraak Fusion Test Reactor (TFTR) and a fusion
Experimental Power Reactor (EPK). Finally, tlie last section sum-
marizes some probings into data above 2.2 pJ, which have potential
applications for D-Li irradiation facilities, D-Be medical therapy
sources, and electronuclear fuel production facilities.

REVIEW OF "REQUEST LISTS"

Without attempting to trace the entire history of fusion-re-
lated neutron cross—section assessments, it is perhaps useful to
describe the genesis of the most recent DMFE request,! a s presented
to the ERDA-NDC.

One of the earliest formal compilations of fusion requirements
was a contribution from W. C. Cough, then of the AEC Division of
Controlled Thermonuclear Research, to the USNDC Request List in
1971. In 1973 a formal CTR Subcommittee of the USNDC was appointed,
and met 1.1-12 September 1973. From this and subsequent meetings
(15 April 1974 and 27 October 1974) evolved a new request list.
The basis for this list was, however, still qualitative judgments
regarding materials of potential importance in what were yet unde-
fined reactor designs and irradiation facilities. A natural tend-
ency to "cover all bases" resulted in the usual lengthy list with
priorities based upon the best consensus judgments possible at
that time. Another very useful by-product of this Committee's ef-
forts was a critical review^ of then extant evaluations relevant
to fusion programs.

At about the same time (ca. June 1975) that the USNDC-CTR
Subcommittee was being disbanded in a reorganization of the basic
USNDC structure, two significant programs were evolving. One was
the gestation of conceptual designs for the TFTR and EPR's, which
provided specific materials and design parameters upon which data
needs could focus. Second was the initiation of quantitative data
assessment programs revolving about these designs, and based upon
a recently maturing sensitivity and uncertainty analysis method-
ology rooted in perturbation theory. The latter gave new and
greater impetus to faltering efforts aimed at providing covariance
data for ENDF evaluations.

After considerable experience with TFTR and EPR nuclear design
calculations, it was possible to narrow the scope of near-term
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cross-section requirements. The design studies provided firmer
in Format ion on material seJection as well as important nuclear
responses (e.g., dpa and nuclear heating in superconducting to-
roidal field coils). Preliminary sensitivity studies^provided
quantitative information concerning partial cross sections and
energy ranges of greatest importance for the identified materials
and responses. Thus, a timely reconsideration of cross-section
needs was held at the DMFE Blanket and Shield Workshop^ in,April
1976. At that time a decision on whether to proceed with a D-Li
facility was still pending, so the Workshop report could only alert
DMFE to potential cross-section needs in support of such a facility.
However, in the area of nuclear data measurement needs for reactor
design and system studies, the Neutronics Study Session report •*
included a concise list, with three priority categories. Table 1
is a reproduction of this measurement requirements list. In the
approximately one year since this list was devised, continuing TTTR,
F.PR, and TNS (the ivuxt step) reactor design efforts have modified
it somewhat, but in genera] it is still considered valid. Table 2
presents the specific modifications proposed by Twining in his 1
April. 1977 presentation1 to the ERDA-NDC. We would comment on
Table 2 that if tungsten is in fact selected as the inner •shield
material for TNS, it will probably become a priority 1 material for
evaluation rind measurements.

SEN.S-ITJ.VrTY AND UNCERTAINTY ANALYSIS

As an illustration of the application of perturbation methods
to quantitative data assessment, we review here the results for
two fusion reactors. The theory has been well described in the
literature, "'" so we forego repeating its development. -

Vast experience in fission programs has amply demonstrated the
need to focus nuclear data efforts early on a limited and achieva-
ble set of goals. Priorities must follow from needs which are well
defined and substantiated in their importance. This implies per-
forming assessments which are as quantitative as possible, prior to
undertaking meus.urement and evaluation programs. Sensitivity and
uncertainty analysis is one such method of quantification, espe-
cially where there is at least a conceptual definition of reactor
designs. Longer range cross -s/ect ion heeds, such as for commercial
power reactor design studies, are more difficult to quantify. Thus,
their definition relies heavily on good engineering "judgment re-
garding materials and responses of importance. Equally vital is a
broad insij'ht into the quality of existing evaluated data and meas-
urements. Tlu::e latter characteristics are reflected in Table 1.
Further judgments on fulfilling these cross section needs are,
pronounced in Kef. 9. •'
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Table-1

ERDA Blanket/Shield Workshop Study Session on Neutronics:
Nuclear Data Measurements Needs

Priority I Recommendations (mainly for EPR (a) )

a. neutron omission spectra (>5 angles, En >500 keV)

7h± „ (0 ',E ') Accuracy = 10%, En = 11, 14 MeVn,Nem n n n

F e < > , - - • " "

b . gas, production . •-...

7Li , (E ) Accuracy = 10%, E = th res . - IS^MeV (1-McV increments)
0~n,n t n tj n

21B a (E )&O ° (E:'• ) Accuracy = 15%, E = 1 4 MeV
n,xp n n,xa v n y n

Priority II Recommendations (mainly for DEMO) <

a. neutron emission spectra (>5 angles, E ' >500tkeV)

6Li a „ (6 'iE ') Accuracy = 10Z, E = 11, U MeV
n,Nem , n n - ' n

Mo ''

h. gas production

A 1 °n W
( E J a n d °l a,^) Accuracy - 15Z, E - 14 MeV'

Mo " " c '! "

Li an t(En) Accuracy -' 152, Efl » 1-15 MeV ,(a few energies)
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Table ]„" (cont)
[\_

Priority III Recommendations '.->, .. ' o °

a. neutron emission spectra for Be, Cu, Ti, V,' Nb

b. gas production cross sections for Be, Cu, Ti, V, Nb

c. proton and alpha spectrum measurements (c) at"Ts"-J' = 14 MeV for

Fe, Ni, Cr - ..-. - ' ; c=

d. selected measurements, on isotopic data (for nuclear heating and

activation calculations) for important elements; e.g., Ni, Cr,

and Mo. ', ...

(a) Although, extensive use of Li is not envisioned for the E^R, it
is sufficiently important to the CTR program that ^Li measure-
ments are listedj under priority I.

(IJ)AJ could' be. priority T if a FERF prbgram is pursued.

(c) These measurements for additional materials., such oas Nb, V, and'."
' Mo might become important as DEMO designs evolve. Q- -̂

* TABLE 2 ' . „ "

New Materials Being Considered by TNS Designers

Material Priority. ^ 'J° Interest ,.

- ___ . _ ., ; ~ = ^r~_ n
low, activation 'shield :i ° l

high efficiency Shield
... = shield material " ':

'' magnet material ' ••_ °

.activation in atmosphere or coolant'
activation in atmosphere or coolant

Tokamak. Fusion Test Reactor (TFTR)

- The.fir,fjt fusion reactor design effort with a potentially sig-
nificant impact upon the CTR input to thcoUSNDC (subsequently ERDA-
eNDC) rei|uest list was the TFTR. Accordingly, a quantitative data
assessment for the TFTR nuclear analysis requirements was under-
taken starting in 1974. Personnel dose equivalent (exposure) irate
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from activation was identified as the principal response of inter-
est. Material radiation heating or damage were eliminated because
of the relatively low neutron source, and thus fluences involved;
e.g., the maximum yearly neutron fluehce on the first wall is
approximately 1.4 x 10^ m~2. J

Activation in the TFTR occurs in the steel vessel walls, steel
structure, lead-borated-polyethylene shielding, and copper coils.
These same materials affect the transport of neutrons in the system,
and hence provide sensitivities of activation rates to all the ma-
terial partial cross sections. A quite detailed sensitivity anal-
ysis to total and some partial cross sections of these materials
was performed.5 Covariance matrices were estimated for 23 of these
reaction cross sections that appeared potentially important to ac-
tivation calculations. Using these matrices, an uncertainty anal-
ysis was performed. Table 3 (from Ref. 5) shows the total uncer-
tainty in two selected activation fates [R\ =, 54Fe(n,p)5^Mn, and
R10 = 65Cu(n,p)65NiJ expected to contribute significantly to =

dose-equivalent rates. Data in this table were then used for
uncertainty analysis of dose equivalent from the induced activity
present at various times after assumed operating histories. Ad- -
ditional uncertainties, ia Che activation cross sections themselves
were also incorporated. The complete theoryiand ca]culational
procedures^hre given in Ref. 5, so suffice it to say here that the
resulting dose-equivalent uncertainties must be compared to allow-
able design uncertainties. A maximum allowable uncertainty (one,
standard deviation) of 50% was assumed for dose equivalent, E, from
all activation sources in the reactor. Table 4 shown the final
results*, where al,l cross-section uncertainties combined give' an •£
uncertainty in:exposure rate (and hence dose equivalent) of 1 41%.
Thus, the "bottom line" for the TFTR is that anticipated cross-
section errors should not beounacceptable from the viewpoint of a
exposure rate during required access after reactor"shutdown. Such
"negative" results may be unsatisfying to cross-section measurers
and evaluators, but they warm the hearts of programmatic funding "
agencies. °

Tokamak Experimental Power Reactor (EPR) (l

Havingfound no fertile ground at the TFTR for new cross-sec-
tion measurement requests, attention was then directed to the EPR,
a reactor considered for operation in the mid-to-late 1980's. The
ANL conceptual design-^ was adopted for the assessment. It is ge-
nerically similar to the other EPR designs and to subsequent TKS
conceptual designs, with many common cross-section requirements.
Sensitivity analyses have been performed for the selected EPR, and
a multigroup coyarisnce data library has been produced for the per-
tinent' materials. Uncertainty evaluations for EPR materials are

• * • :, i r

Even these results are conservative in the sense that, many of the
error estimates in Table 2 are upper limits; cf.J column 2 of Table
3.



; c." o-" r Table 3

Predicted Uncertainties of Selected Activation Rates [R| = 5Z|Fe(n,p)54Mn, and R1

Due to Estimated Errors in Cross Sections

65Cu(n,'p)65Ni]

'-'1'crturbcd"
Transport

Cross
Sections

C
C(ii,H'3a)
Mi
Pb(»,2n)
o
11
F e '
Fc(n.tot)
Fc(».abs)
Fe(«,i'cont)

Fc(n,clas)
Fc(», incl)
Fc(n,2n)
Cr
Ni

Mn
A!
Cu
Cu(n, clas)
Cu(n, incll

Cutn, 2nl
Cu«totJ
Cu(«,absj

Error
Estimates:

or

t¥L,
fit)

r - 25
COV

25
COV

25

, 2
25

COV ...
COV

L COV

COV
COV
COV

25
25

25
25
25

COV
COV

COV
COV
COV

° fi

s
fi per^)

0^87

1.52

0.47

1.08
0.70

•j

• - " —

0.20
0.12

0.021
0.45
0.039

—

.Maximum Integral S»;nsitivity S and
Predicted Activation Kate Uncertainty A«/R

for Rt

21.8
2.4

38.0
18.3
11.8

•2.2
17.5

2.2
0.71

c 4.4

2 . 5 •.-"•

3.5
1.2
5.0
3.0

0.53
11.3
0.98
0.12
0.13

0.04
0.12
0.04

for fiio

S
W per%)

0.66
—

1.12
—

0.36

0:73
0.93

—

—
0.25
0.17

0.027
0.62
2.05

v

-

16.5
" 2.2

28.0
14.8

9.0

1.5
23.3

3.2
1.7
7.4

3.7
6.7
3.6
6.3
4.3

0.68
15.5
51.3

5.0
6.8

9.6
5.1

16.8

COV means Complete Covariancu Matrix.



Table A

Predicted Absolute Uncertainties in Calculated Radiation Kxposure Hates l>ie to
'•. All Cross-Stction Uncertainties—TFTH Design with Steel .Structure

Radionuclide,
i

HMn
M Mn
56Mn
5 'Co

" C u

«°Co
MCu

e N i

313 days

313 days

2.6 h

71 days

9.8 min

5.2 yr

12.7 h

2.6 h

Total exposure fate (1Mb

Production
Mechanism

5 4 Fe (»,/>>
K M n ( « , 2n)

5 6 Fe(» , p)

M Ni(« , W

^Culu, 2n)
wCil(K, n)

^Culw, 2«)
ffiCu(n,p)

lieliletl):

AA" according to Kq. (35)

Production
Hate, R,

(Atoms per
Fusion Xeutron)

1.35 £-3

4.80 £-4

3.32 £-3

2..TO £-3

D.89 K-3

1.03 £-3

9.55 £-3

2.69 £-4

Total personnel exposure rate (shielded):

(£•'' i &EP = 3.45 v 10"3 (/; i A£)

Exposure Hate

1 Pulse

F.,
irem h)

7.05 £-4

2.49 £-4

5.11 £^0

G.1G £-3

6.94 £-1

2.30 £-4

6.6G £-1

1.53 £-1

6.53

rcm/h

22.5

mrem/h

and ? li

(rem h)

3.63 £-4

1.10 £-4

2.2U £*0

2.92 £-3

4.C4 £-2

1.G1 £-4

4.29 £-1

1.13 £-1

3.22

rem/h

U . I

mrem.'h

K, I ^£ , After

1 _vr and 1 <lay

£, /'•'
(rem. fit

4.38 £-1

1.72 £-1

G.31 £-3

1.67 £>0

<£-10

2.19 £-1

4.26 £-1

1.01 £--1

2.00

rein h

10.0

mrem h

AF,
(rem 10

2.2(i F.-\

7.W £-2

2.H2 E-:l

7.112 £-1

..£-10

1.53 £-1

2.75 £-1

1.41 £-4

1.20

rem;h

4.14

mreni h



incomplete, but a brief description of work now in progress is given
in Ref. 11. Also, target accuracies for the selected responses are
being formulated in order to have a basis of comparison and
acceptability for the uncertainties.

Several critical nucleonic responses were selected and Che re-
sponse functions were reduced to multigroup form. Specifically ex-
amined were neutron and gamma-ray kerma in the toroidal field (TF)
coils and Mylar insulation, displacement and transmutation rates in
the copper matrix of the TF coils, and activation of the outboard
dewar. In genera], these responses must be determined after neutron
flux attenuations of approximately 10^, so potentially large sensi-
tivities to various reaction cross-sections can be immediately an-
ticipated. Although target accuracies have not been completely
determined, we do know that a realistic goal is to predice radia-
tion damage and heating in TF coils within at least 10-20%. This
contrasts with normal fission reactor shielding problems, where
radiation damage is only of concern at moderate attenuation (i.e.,
higher flux levels than in the TF coils). At deep penetrations in
fission reactors the only target accuracies are for personnel-
exposure rate, whore "factor of two" errors are acceptable.

Fusion reactor technology, in particular the EPR and TNS de-
signs, has many implications to the cross-section technology ef-
forts worldwide. First, it has introduced new materials and re-
actions of importance for nuclear analysis. Secondly, for materi-
als and reactions also of previous interest in fission programs,
new neutron energy ranges are now emphasized by the fusion require-
ments. Not only are new materials (e.g., Cu, W, Pb mortars), re-
actions, and energy ranges brought, to the fore by the EPR, but also
the sensitivity-based data assessment must address new high-energy
responses and secondary energy/angle distributions.°

Application of sensitivity analysis to the EPR is described in
detail elsewhere, so for our present purpose we illustrate its
application in only one sample case. We choose one of the more
critical responses, nuclear heating in the inner TF coil , where by
"inner" we mean the portion of the torus toward the major axis.
This portion has special thinner shielding in order to, keep the
magnetic field in the plasma as high as possible. Figure 1 shows
a one-dimensional traverse along a minor radius through the inner
shield.

Transport calculations for forward and adjoint flux determina-
tion were performed in S8-P3, using ENDF-IV cross sections, by the
ONETRAN.code.-1-2 Sensitivities were computed with the SENSIT-1D
code, the sensitivity and uncertainty analysis computational mod-
ule of the LASS system.6 Sensitivity profiles, Pv_, were computed
for neutron and gamma-ray interactions,^ as well aslfor gamma-ray
production.

For our sample case — the total neutron and gamma-ray heating
in the inner TF coil — Table 5 shows the integral sensitivities,

' V
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Cor.poaan

,- Table 5

Neutron Integral Sensitivity, S- , of the Inner TFC Nuclear Heating Resonse

To the Total Cross Sections of Stainless Steel Components

Region Total

Cr

th

F«

Ni

Sr0

TOTAL

6-8

-0.501

-0.103

-2.430

-0.526

-0.091

-3.801.

12 V; r
-0.212

-0.034

-0.868

-0.1S2

-0.033

- -1.330

'"^ 14
-0.135

-0.031

-0.767

-0.164

: -0.030

-1.180

16

-C.150

-0.026

-0.602,

-0.140

-0.C24

-0.944

23

-0.014

-0.005

-0.053

-0.010

-0.003

-0.097

-1.163

-0.202

-4.775

-1.032

-0.1S7

-7.375



to stainless stec) (SS) tot.nl cross sections. From this table we
find the region(s) in Fig. 1. which contribute most to the sensitiv-
iLy. From Table 5 it is clear th.it the SS blanket regions 6-8 are
llie most important contributors to the integral sensitivity. Also,
il can be- seen Lhat Fe is the largest contributor to the integral
sensitivity, regard I ess of which region is considered.

Narrowing our example further we show in Table 6 the component
sensitivities for Fo in regions 6-8. Here the sensitivity has been
divided into the gain and loss terms

P.. = I' + ]'

'•i >.^"; >: s c > a t

i > loss i ,gain

MOHL of the net integral sensitivity is clearly due to scattering.
An anomolous appearing result in Table 6 warrants some discussions;
viz, the negative loss term for Y.;i. Because of the idiosyncracies
of the transport codes, the (n,2n) and (n,3n) reactions appear as
• i negative component in the absorption and total cross sections,
and as a positive component in the scattering matrix. Thus, by
using the transport code cross-section sets for scoping sensitivity
analyses, one introduces an artifice in the results. This artifice
is also seen in the fact that the scattering Joss term, computed by
summing diagonals of the scattering matrix, is larger than the total
loss term. In fusion reactor sensitivity analysis we often observe
this errect, in particular when the sensitivity in the top (approx-
imately 2.2 p.I, or 14 MeV) group is manifestly dominant. Such
scoping studies do, however, help narrow the field of partial cross

Table 6 i

Partial and Net Neutron Integral Sensitivities of the
Inner TFC Nuclear Heating Response

To the Fc Component in Stainless Steel Region 6-8

Neutron
Section,

z

Ja

Ia

Cniss

)

;('

1 "

Integral Loss
Term

- 0.17

12.98

12.81

Integral Cain
Term

10.33

10.33

0.014

Integral Net,
Sy

0.17

-2.65

-2.AS

0.014

• ' . / )
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suctions required for detailed sensitivity analysis. Tin- latter,
in turn, narrow the number of covariauce evajuations re-quired for
tiie final uncertainty an;>Iysis. A representative sensitivity pro-
file is .shown in Fiji. 2, where the sensitivity of ihe TF <-<n"J heat-
ing to the He total scattering cross section was selected.* Notice
the high sensitivity in the top two groups, with ;i subsidary peak
below 160 f.) (1 MeV). This general shape is characteristic of .ill
the sensitivity profiles, for all responses and all materials per-
Liininj; to tin's ICPR design. It immediately allows us to delete
fri.m more than casual concern the cross-section data from approxi-
mately 0.5 to 7.9 p.) O . 1 to 12 Mt-V). Referring again to Table 6,
the tow sensitivity to the gamma-ray production cross section, /.'. ,,
is caused by the relatively short mean frei.- path of the gamma rays *
in SS. However, the sensitivity increases rnonotonical ly with
proxunity to the Tl; coil.

Turning now to the B/(C component; of the shield. Table 7 pre-
sents integral sensitivity results fctr !!//.' comparable to those of
Table 5 for SS. He re''we see that >' the .sensitivity is highest for
the outboard regions, where the rui'tittroii spectrum is softened some-
what. However, the spatial variation, is not nearjy as strong as
for SS. Also, the IJ component of .the iî C does not overwhelmingly
dominate the sensitivity as does, for example, Fe in SS. As woujd
be expected, the net integral sensitivity is in all cases negative,
because almost any interaction decreases the probability of a
neutron's transmission to the TT coil.

*
As an aside, it is worth noting that these data also give insight
into the sensitivity of the response to design alterations in

these regions.

Table 7

Neutron Integral Sensitivity, S , of the Inner

TFC Nuclear Heating Response to the
Tota] Cross Sections of B.C Components

Component

ioB

c

TOTAL

-0

-0

-0

11

.221

.166

.387

-0

-0

-0

fi

.268

.190

.459

Region

i

-0.

-0.

-0.

5

375

243

618

-0

-0

-0

17

.543

.196

.739

Total

-1.409

-0.796

-2.206
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Sensitivity profiles for the B and C cross sections show the
saint genera] shape as those for Fe, with a peak in thie top group
and another peak in the 16-160 f.J (J00 keV-1 MeV) reglion. For 10B.
however, the sensitivity to the total cross section is of comparable
magnitude in the two peaks, and the lower peak is much broader.
This high sensitivity at Llie lower energy peak is due in part to
the neutron spectrum, which shows this same peak at all positions
In the .shield regions 8-JO. One can conclude that evejn though neu-
trons in the approximately 160 f.J (1 MeV) energy region have lower
transmission probabilities to the TF coil, they are so prevalent in
the spectrum as to be a major contributor to the flux (reach ing the
TF coil. A more quantitative explanation to this phenomenon can he
gleaned from the X ar"l 'I' functionals in Ref. 14. j

Table 8 shows the individual cross-section integral loss and
gain terms for the ' ̂ B in region 17, the region with highest sensi-
tivity. Here the integral loss terms for T. is positive because
the l^B(n,2n) cross section is very small.

DATA REQUIREMENTS FROM 2.4 TO 6.4 p.l (1 5 to 40 Mejv)

The neutron spectrum to be produced by the propo'sed D-Li
source is bell-shaped, with half of the neutrons beiii)!i generated
above 2.4 p.J (15 MeV). With a few exceptions, such as accelerator
shielding and the use of D-fie neutron sources for radiation therapy,
up to now there has not been much technological activity that re-
quired neutronics data in this high—energy range. This lack of
demand, coupled with the lack of widely available monoenergetic
neutron sources, has severely restricted Lhe amount of1 data now
available in the 2.4 to 6.4 pj (15 to 40 MeV) range. ISee.-iu.se of
resource limitations, it is important that activities intended to
remedy this situation be concentrated where the need i ji greatest.

_J

Table 8 |

Partial and Net Neutron Integral Sensitivities of !the
Inner TFC Nuclear Heating Response to Cross I

Sections of the ̂ B Component in B4C Kegion 17

Cross Section,
>:

X

) , a

y.
s

''(n>y)

Integral Loss
! Term

0.41

0.81

1.22

Integral Cain
Te rm

0.68

0.68

, 0,0009,/
, / '

Integral Net
'• j %

-0.41

-0. 1 3

-0.54

0.0009
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With regard to neutron energy, 4QZ of the- output of a 40-MeV
D-l.i neutron source will be in the 2.4 to 4.0 p.) (15 to 25 MeV)
range, with only about 10X above 4.0 pJ (25 MeV). *-5 ].n view of the
fact that the Important response functions for neutron-induced
damage are only weakly energy-dependent in the high-energy region,
it seems likoly thnt considerably more damage will be produced by
neutrons in the 2.4 to 4.0 p.J (J5 to 25 MeV) range than by neutrons
in the region above 4.0 p.! (2 5 MeV).

To discuss the relative importance of particular nuclides and
data types, we must first describe the neutronics activities which
will probably be conducted in support of a D-Li radiation damage
fac-il i. ty.

The first neutronies ta;;k that comes to mind is facility design.
Since the total source strength will exceed 10'^ neutrons per second,
biological shielding and facility activation will require consider-
abie analysis. Since the I)-Li neutron source energy spectrum is
somewhat harder than a fusion-reactor spectrum, it will be important,
also to evaluate the utility of various reflector and moderator ma-
terials for spectrum tailoring. By this means one may wish, for
example, to reduce the ratio of helium-production to displacement-
damage to realistic reactor levels.

On the time scale of actual facility operation, one will want
to design particular exper inreints so that, for example, one experi-
ment does not unduly "shadow" experiments behind it. Also, it may
bc-'important to predict the activation induced in samples or
apparatus by the intense fluxes of thermal and fast neutrons.

Finally, the analysis of materials irradiation experimental
data wil 1 require tie tailed calculations of the neutron flux dis-
tributions and energy spectra. Dosimctry foils will no doubt be
used to establish absolute flux levels at key locations, but cal-
culations will be required to provide information at intermediate
spatial locations and to provide detailed energy spectra.

The data required for these calculations are summarized in
Table 9. I'or the reasons stated above, the most important neutron
energies are from 2.4 to 4.0 p.I (15 to 25 MeV). At the present
tiBie, it appears to us that most of the needed data can be supplied
without the development of mnior new nuclear model codes and with-
out Lhe construction of new neutron source facilities. Valuable
contributions to this data supply effort can be made using existing
stat isticnl-preequ i I ibrium nuclear model codes. The results of
these calculations should be tested against selected differential
measuroiwnts using existing monoenergetic neutron sources and in-
U-Rrnl measurements (in a 1)-Li type spectrum) of a few important
quantities, such as total helium production in candidate structural
mater i als.
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Table 9

Neutronics Data Required Above 2.4 p.I (lr) Mev)

Crows Sections and Other

Mater_Kil Function Î xnnip I C>K _ Data Recrui red _ _

Facility structure Si, 0, Fe, Al Activation, total

Spectrum tailoring lie, C, I'b, U Secondary spectra, angular
d istribul ions

Kxposure samples Ke, NT, Cr, Nb, Nonclnstic (for damage) ,

Mo, V, lie, C He production (for damage),
activat ion, I ransport

Dosiwetry materials Various thresh- Kxr i t at ior, tunctions
olds and ha 1 f-
1 ivos
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Region
No.

1

2

3

, 4

5

6

7

8

9

10
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12

13

U

]3

16

17

J8

19

20

21

22

23

21,

75

26

27

28

29..

Region Material

PLASMA

VACUUM

1 s t WALL S . S .

1 s t WALL S . S .

1 s t WALL S . S .

BLANKET S . S . .

BLANKET S . S .

BLANKET S . S .

S . S .

s. s!

s . s .

•••. S . S . . i

s. s.
TKC DEWAR S . S .

VACUUM, TUBING, FTC.

THERMAL SHIELD

VACUUM

TFC BOBBIN ( S . S . )

TFC

TFC

TFC

TFC

SUPPORT CYLINDER

OHC

Radius (cm)
0.0

210.0

2 4 0 . 0 . .'••,• .

241.0

242.0

244.0

254.0

264.0

272.0

273.0

276.0

281.0

291.0

297.0

307.0

33 5.0

325.0

333.0

335.0 '

337.0

339.8

340.7

343.2

345.7

350.7 ;

355.7

360.7

416.2

440.0

465.0

Fig. 1. One-dimensional model of the EPR inner blanket/shield.
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L Intense Fast Neiitron Source Reactions o
- '•>

M.A, Lone -• ••' '

Atomic Energy of Canada Limited, Chilk River Nuclear Laboratories,
Chalk River, Ontario, Canada KOJ 1J0 .- " .. O

Abstract

A brief review is given oij the characteristics and experimen-
tal techniques pertaining to charge'd-particle-induced neutron
source reactions,_fpr neutron energies c 40 MeV. O » ft

!.-. " INTRODUCTION ,. ,•

The need for intense sources of high-energy neutrons for
radiotherapy and materials'-radiation damage studies has led to a =
renewed interest in the evaluation of the neutron spectral distri-
butions and yields from (Charged particle"induced -reactions. The
neutron sources for these applications need not be monoenergetic
provided the average neutrore energies are high enough (>10 MeV). n

•= Monoenergetic rnf>utron sources are, howeve)V, needed for ? •• [-/
measuremepts of the associated nuclear data required, e,.g,,,the
neutron-induced eharged-particle spectra and cross sections, anS
the differential elastic and inelastic neutron-scattering across
sections.

In this reyiew we compare the characteristics of various
charged particle reactions capable of giving the desired neutron
intensities with present-day technology. u . .,

REQUIREMENTS - ._

Fusion Materials Program - Radiation damage is expected to^be
m6re -severe in the mateiials used in the first wall .of a fus56n
redactor than of a fission reactor.,, ̂In the D-T fusion reaction
presently" favoured, the energy of the primary neutrons produced is
14.1 MeV, although, because of the backward scattering and modera-
. tion of these neutrons, the walls surrounding the plasma will see
"a neutron spectrum from 14.1 MeV down to thermal range.s Produc-^v
tion of hydrogen and helium by nuclear reactions can0produce
swelling, blistering and embrittlement of' the wall material.
Also, atomic displacements due to recoil, and production of new
elements by transmutation, may affect the mechanical properties of
the materials.

The neutron fluence requirements for this program have
recently been discussed in several reports2"?,. These range from
1016 n*cm"2 for surface studies to >1022 n«cm"- for studies of
mechanical properties. Thus a high-energy neutron-source inten- =
sity of >101H n-s"1 is desired. «
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Cancer Therapy - Recent clinical trials1'"' have indicated sig-
nificant advantages of high energy neutrons over photons in the
treatment of tumors:but the optimum neutron energy for the treat-
ment of cancer is not yet known. • The biological effects of neu-
trons depend6 on the absorbed dose, and the radiation quality which
determines the relative biological effectiveness (KBE) of the radi-
ation. The dose is defined7 as the energy imparted by ionizing
radiation to the matter in a volume element, divided by the mass in
that volume element (the special unit of absorbed dose is the rad
and the SI unit is the gray, 1 Gy = 1 J-kg""1 = 100 rad). The radi-
ation quality can be related to the neutron energy spectrum or to
the linear energy transfer (I,ET) spectrum.

It ii; generally accepted1' 'f"h • g that the neutron energies
should be hiqh enough to provide 50'i of the dorx> at a depth of 10
cm in human tissue. Also the source should \>c able to provide a
dose of 30-50 rad'per minute (0.3 to 0.5 Gymiri"') at a distance of
12b cm from the target. These considerations imply that a source
strength of ^1.6 *101'1 n-s^-sr"1 is required.

Physics - The materials radiation damage and the radiotherapy
programs will require basic neutron nuclear data for the verifica-
tion of techniques, the calibration of instruments* and computer
simulations. These nuclear data, e.g., neutron-induced charged-

1 particle cross sections and spectra, differential elastic and ine-
lastic; neutron scattering cross sections, can best be measured with
monoenerqetic high em rgy neutrons. Thus it is important to study
characteristics of the nuclear reactions which can be used to pro-
duce monoenergetic neutrons. ' :

CKITKKIA AND EXPERIMENTAL TECHNIQUES

The neutron sources required for the three programs outlined
above differ in details, but a source satisfying one need is jikely
to be useful for others. Table 1 gives a brief summary of the in-
formation needed to evaluate the usefuJness of a source for a par-
ticular program. The most fundamental information needed is a
knowledge of the absolute spectral and angular distributions of the
neutrons. From these distributions one can calculate other
properties.

Neutron Spectral Distributions and Yield

Good Geometry - The time-of-flight (T.O.F.) technique is the
best method for measuring neutron spectral distributions. This
technique requires a well-defined geometry, a pulsed neutron source-
and a detector with fast time response. With this technique there
is clean separation in time between y-rays and neutrons reaching
the detector from tl.e target; however, if there is in appreciable
•y-background' from the room, then pulse shape discrimination is
essential in Older to separate r-ray and neutron events. This
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Table 1

Criteria for Evaluation of Neutron Source Reactions

Use
Quantity of
Interest

Environment
Method and
Detectors

Materials
Radiation
Damage

-Neutron fluence
-Spectral
distributions

-Angular
distributions

-Associated y-ray
yield and spec-
tral distribution

-Poor geometry
-High neutron
intensities

-Long exposure
times

-Foil,
activation

Radiobiology
and
Cancer Therapy

-Neutron dose
-Gamma ray dose
-Radiation qual-
ity ie. neutron
energy spectrum
etc.

-Angular
distributions

-Depth dose
distributions
-Isodose
distributions „'

-In situ
eg. in a tissue
equivalent
phantom

-Collimated
neutron beam

-Ionization
chambers
proportional
counters or
calorimeters

Physics -Neutron yield
-Spectral
distribution:;
-Angular .
distributions
-Energy
resolution
-Associated 7-rdy
yield and spec-
tral distribution

-Wt-11 defined
Tf-omeiry

-Controlled
oneratinq

-Time-of-flight
technique

-Scintillators
•̂ Proton1- recoil
telescopes
-Fission
chambers
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limits the- choice of the detectors to NE213, NE218, NE230 scintil-
lators10, stilbone crystals, proton recpU, detsctors'1' •1? .or fis-
sion chambers. :

 ; ,
Background due to scattered neutrons and y-rays can in princi-

ple be reduced by using elaborate collimators. However, if the
source omits neutrons ranging in energy from trie kinematic maximum
down tp the thermal range, as is usually the case with thick tar-
gets, the collimators can perturb the spectral distributions due to
in-scattering of the high energy neutrons. The blocking technique
which has recently been used by the CRWL' ' and the ORNL1^ groups
can, in principle, eliminate such problems and give a reliable
measure of the room background.

1 Figure 1 shows the set-up used by the ORNLi(t group at the ORIC
Cyclotron for measuring tho thick-target neutron yields from Be and
Li targets with 40 MeV douterons. The room background is .measured
by blocking the direct neutron beam with a block placed midway in
the flight path. This location of the block minimizes its effect
on the background events reaching the room walls, the floor and the
beam tubes. The CRNL group1 J used a 60 cm long iron-masonite block
(50?. iron). The block was sufficiently long that the- secondary
radiation from it was essentially isotropic and of energies below
the detector threshold,- consequently its effect on the detector was
negligible. For the direct measurements the block was moved well
away from tho flight path in order to eliminate small-angle scat-
tering events reaching the detector.

The time-of-flinht spectra' shown in fig. 2, from the ^Be+p
reaction at 18 MeV, p̂nionFtrate t n e effectiveness of this blocking
technique in elimin'.-.ing the background events from the time-o.f-
f light spectra. FigiiiC- 2 (a) shows the difference of the T.O.F.
i,spectra of Y-ray events (gated with the y-ray peak in the time-to-
'!amplitude ^ulse-hoight spectra of the pulse-shape-discriminator
circuit, figure 2) recorded with block. cl'Jt and block in. Thp y-ray
events above channel 650 are from (n.ii'y) reactions in materials in
the vicinity of the detector. T.iis demonstrates the importance of
using, pulse-shape discrimination.

The spectrum (d) in figure 2 is the difference between the
dead-time-corrected spectrum v'b) taken with the block out and spec-
trum (c) taken with the block in (note the change in scale). The

/a^fector threshold was f.et at 300 keV neutron energy.
The detector response function is needed to convert the neu-

tron time-of-flight spectra to the neutron spectral distributions.
Several-computer codes are available1&~18 for calculating a scin-
tillator response function. In general the calculated response
functions are accurate16'19 to within ±10% for energies up to 30
MeV. , ... '•' "' i' 1' -1

For better accuracy the response function roust be measured.
Monoenergetic neutrons from.the reactions T(p,n)3He, T(d,n)'4He and
D(d,n)^He can be used to determine the relative response functions
of the detectors. The relative detector efficiency as a function
of the neutron energy can be measured by changing the projectile
energy or by using the well-known20 " angular distributions of the



outgoing neutrons from th'-so re act ion.s. The difficulty in detr-r-
mininq the tarqot thickness fft'.-r. iTi^tcs uncertainties in calcula-
ting^ the absolute officiencio:-;. This ;\i;., inprinci: If, bo over-
come' by'calibratinq at lower or.orqiirK with the known rrnv.s sec-
tion1' ̂  of the 7Li (p,n) ''f-ie re.ici. ion or t.he ii(n,n)H react ion" ''.

: Scintillation detectors and j roton-revoi 1 toli'.m.-opc-s car, not
be used for neutron energies below <i few hundred koV. For measure-
ments of these neutrons, parti ciUarly in the presence of very Iiiqli-
eneirqy neutrons, new detectc>rn will liave to be- developed. A prom-
ising detector for such applications is.j gas-scintillation fission
chamber^ ̂  using ' 'U foils. 1'Jie fission cross section'' ̂  of • U is
shown in fiq. 3. It is known'''" to an accuracy of l-.ot.tor than 3",
for enerqies up to 8 MeV. A fission chamber"' usina w*. q.is as
scintillator can provide a timinq resolution of aioout ?. :JS.

Poor Geometry and,: DC Sources - If a timo-of-f liqht ter-hni ;uo
is not practical then the neutron sxectral distributions can be
determined by unfolding' •''- the pulse-height spectra recorded with
scintillators or by usinq threshold detectors t:oc!mi':ue
v/hich involves foil-activation. A list of nuclei and reactions'"'
ijl-i'* for fo£^ activation is qiven in Table 2. The excitation
functions for these relictions are known '?J' ~ ''* for neutron ener-
gies up to "'20 MeV. For hiqher enerqies the excitation function's
for some of .the reactions have to be calculated.

The foil-activation technique involves calculating the activa-
tion produced by assuming the neutron spectral distribution and
foldiwq it with the excitation function. Simultaneous activation
of foils with different thresholds and excitation function.1; hc!i; s

Table 2

Nuclear Reactions for Foil Activation

Reaction

54 56
Fe(n,p) Mn

Ni(n,p) Co

Co(n,2n) Co

89Y(n,2n)88V

93Nb(n,2n)92mNb
169 , „ ,168m

Tm(n,2n) Tm

Effective
Threshold

(MeV)

1.5

1.0

11.0

11.6

9.5

8.1

E v

0.

0.

0.

0.

0.

0.

(MeV)

.835

,810

810

898

934

820

Branching
ratio

?o

100

99

99

91

99 -

88

Half-
life
(days)

303

71.3

71.3

108

10.16

85

References

31,33

14,33

14,31,33

31,32

14

31,32

Only reactions with long lived products and large \-ray branch-
ing ratios arc listed. For others sen references 31, 33 and 33.
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Ln determining a convergent solution for the spectral distribution.
This method is inherently not very accurate (though it is often the
only practical one in-situ) for measurements of thp spectral dis-
tributions. The activation method does give an accurate measure'1*
of the neutron fluencc provided the spectral distributions are
known.

Dose in Tissue - In biological work the dose in tissue is
measured'" J r" ̂fj with tissue-equivalent (TE) ionization chambers.
Tlic.se are integral measurements and the relative effects of dif-
ferent parts of the spectral distributions cannot be determined
except by introducing absorbers in the beam. Such absorbers affect
the spectral distributions which must be measured or determined by
Monte Carlo calculations.

SOURCE REACTIONS

Monoenergetic Neutrons

The best known reactions for monoenergetic neutron sources are
T(p,n) -''lie, T(d,n)''He, D(d,n)3He and 7Li(p,n)7Be. The cross sec-
tions and Q values for the first three reactions are shown in fig.
4. With projectile energies up to.16 MeV the neutrons under dif-
ferent reaction angles cover the energy region up to 33.5 MeV. The
continuous neutron background, e.g., from break-up processes, is
energetically well separated.

Reviews in this field were made more than fourteen years ago
by Goldberg'7 and Brolley and Fowler38.

T (p,n) Ufu - A comprehensive evaluation of the data available
up to December 1972 for Ep 1 10 MeV is given by Liskien and
Paulson2?. More recent measurements were done by McDaniels et al.?"
and Alias et al.^q, the latter extending to 32.8 MeV proton energy.

Por proton energies up to 16 MeV the absolute uncertainties
quoted''0 for the zero-degree differential cross sections are r"2.3%.
For the anqular distributions the relative uncertainties quoted2"
are about .'2.8%.

One difficulty in the use of this reaction is target prepara-
tion and handling. Both solid (T implanted in metallic foils) and
gas targets are in common use. Solid targets, tritium in Ti or Zr
foils, are commercially available. Several papers have described
the techniques for preparing metallic'10''*1 and gas targets1'2.

T(d,n)'lHe - This reaction has been thoroughly investigated- by
McDaniels et al.2) at deuteron energies ranging from 5 to 15.7 MeV,
The uncertainty in the zero-degree cross sections is about ±3.4%
and in the relative angular distributions about ±3.8%. Brill et
al.1*3 have also studied this reaction at deuteron energies between
8 and 17 MeV. Their zero-degree cross-section data agree within
errors with the datavof McDaniels et al.2'. A comprehensive
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evaluation of the data for deuteron energy up to 10 MeV is given by
Liskien and Paulson . ' j

Because of the high Q-value (17.59 MeV) and large cross sec-
tion at 120 keV this reaction is extensively used to make intense
sources of 14 MeV neutrons. The maximum neutron flux attainable1'
L>''f'tH at present,.wi-,th solid TiT targets is <L01:' n-s'^sr"1. This
limitation is due to the target heating which results in thermal
dissociation and migration of tritium. Also molecular and tri-
atomic components of the deuteron beam produce4 ~ ''' rapid destruc-
tion of the targets due to sputtering and radiation damage. These
effects limit the target half-life and the maximum flux attainable.
A,comprehensive review of the existing and proposed (d,t) neutron
generator systems is given in reference 1.

D(d,n)3He - An evaluation of the data for deuteron energy up
to 10 MeV is given by Liskien and Paulsen'''. At higher deuteron
energies this reaction has been investigated by Weaver et al.' J (up
to 20 MeV) , Drosg and Drake')0 (up to 17 MeV), Hegland et al.sl

(17.5 MeV), Van Oers et al." (25.3 MeV) and Roy et al." (83 MeV).

7Li(p,n)7Be - This reaction is widely used as a source of
monoenergetic neutrons in the keV to MeV neutron energy range. At
proton energies afcove!2.4 MeV the first excited state of 7Be at
0.43 MeV is excited producing a second group of neutrons. At
higher proton energies break-up reactions and the excitation of
higher Be states j.>roduce lower-energy neutrons (fig. 5)~ M.

Gibbons and NewsbnJJ had given a comprehensive review of the
data available up to 1960. More recently Liskien and Paulsen5c

have evaluated the data on differential cross sections and the 0°
cross section ratio of the Li(p,n[)7Be and 7Li(p,ng) Be neutron
groups for proton energies up to 7 MeV. Poppe et al.s'' have
recently measured these cross sections over the angular range 3.5°
to 159° and incident bombarding energies of 4.2 to 26 MeV. Their
results are in excellent agreement with the recommended values of
Liskien and Paulson''1'. Table 3 gives the cross sections and the
ratio of u, to n(t neutrons measured by Poppe et al.

For applications where the neutron energy resolution is not
critical the 'Li{p,n)'Be reaction can be a very useful source of
hi qh-eriorgy neutrons since solid Li targets are relatively easy to
make and the forward-angle laboratory cross section approaches ^30
mb-sr"1 at Ep-=29,,MoV.

Low Energy Neutrons from Deuteron Breakup - The ^He and "*He
nuclei do not have low-lying excited states; therefore, the emitted
neutrons are strictly monoenergetic. However, above certain bom-
barding energies neutrons of. lower energies appear (fig. 5) as a
result of tertiary and higher processes, e.g., T(p,pn)D, T;(d,pn)T,
D(d,pn)D and T(p,p2n)H, etc. The neutrons from these break-uj>
reactions are primarily^r' in the direction of motion of the inci-
dent particle. Lefevre et al.5'' have studied the spectral! and
angular distributions of neutrons from deuteron break-up from D, T
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Table 3,

Laboratory differential cross section at 3.5° for the 7Li(p,n)7Be
(0.0 MeV+ 0.43 MeV) reaction and the laboratory ratio of n[ to n 0

neutrons as a function of bombarding energy 5''

a0 + o (mb/sr) R

7.38

E (MeV)

15.
15.
16.

17.
18.
19.

"20.
21.
22.

23.
24.
25.

1
9
9

9
9
9

9
9
9

9
9
q

8.
9.

11.
12.
14.

15.
18.
20.

2
7

1
6
3

9
2
1

22.4
25.5
26.9

0.
0.
0.

0.

30
28
26

27
0.27

0.

0.
0.
0.

0.
0.
0.

27

27
29
30

30
32
35

and ''Me targets at deuteron energies near 9 MeV. For application
of these sources with non-time-of-flight techniques more data is
needed on the cross sections, angular riistributions and energy
spectra of neutrons from break-up reactions at othor deuteron
energies.

Protons on D, Be and other Light Elements - Monoenergetic neu-
tron beams with energies above 30 MeV and intrinsic energy spreads
of 1 to 2 MeV can be^ produced by (p,n) reactions on thin D, T, Li
or Be targets at proton energies above 32 MeV. Several groups'y/~bl

have measured the 0° cross sections from these reactions at proton
energies ranging from 30 MeV to 64 MeV. Figure 6 shows the 0°
cross sectionsJI for the high-energy peak (on] + o ) in the
'Li(p,n)7Be reaction. Figure 7 shows a comparison of the high-
energy portion of the neutron spectra observed1'8 at 0° from D, T,
7Li and 9Be targets bombarded by 30 MeV and 50 MeV protons. At
these energies the cleanest spectra are produced with a tritium gas
target. At both energies a 9Be target gives the worst results
whereas the 7Li target gives considerably better results. Batty et
al. 5 8 have discussed the relative merits of various target mater-
ials. Jurgerman et al. 6 0 have also investigated the i?C(p,n)I3N
and 27AJ.(p,n)z7Si reactions at 30, 40 and 50 MeV proton energies.
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Continuous-Spectrum Neutrons

Intense beams of Tist neutrons with a continuous spectrum are
produced by bombarding th'ck targets of light elements in particu-
lar Li or Bejwith protons or deuterons. Under identical conditions
the spectra from targets of different elements are similar in shape
and change smoothly with' cLango in the projectile energy.

A general feature of the spectra is a decrease in the yield
and the mean neutron onergy with increase in the charge of the tar-
get nucleus and the neutron omission angled'''''. Gamma rays are
also produced in these 'reactions. The ratio of the Y-ray yield to
the neutron yield increases with the charge? of the target nucleus .
So far the /-ray spectral distributions have not been investigated
systematically.

Proton Reactions - The J-v^lues for the '1Re (p,n) r|B,
7Li(p,n) 'Be and 6LiCp,n)r'Bo reactions are -1.9, -1.7 and -5.1 MeV
respectively; however thresholds for several three-body break-up
reactions lie below 10 MeV6'1. Thus with thick Be or Li targets
these reactions produce a considerable number of low energy neu-
trons. At proton energies up to about 30 MeV the spectral distri-
butions show1 '' r''J~f>) essentially a monotonic decrease with increas-
ing neutron energy. Figure B shows the neutron spectral distribu-
tion:; observed11 at 0° from the '*Be + p reaction at 14.fi, 18 and 23
MeV} Figure 9 shows similar distr i but ions observed ' *, at. proton
energies of 25 to 55 MeV. At proton energies above 30 MeV there is
a broad peak in the spectrum at id neutron energy of about 20 MeV.

Similar behaviour if; seen in tJio neutron spectra from the
Li+p reaction. Figure 10 shows the 0° spectra] distributions1"'
from the 7Li+p reaction at 14.8, IB and 23 MeV. At higher proton
energies a broad peak appears in the spectrum at a neutron energy
of about 20 MeV, e.g. at Ej, = 65 MeV the neutron spectral distribu-
tions observed at 0° from the Li target look quite similar to those
from the Be target''!.

Figure 11 gives the 0" neutron yield from thick Be and Li tar-
gets as a function of the proton energy. The data points on the
dotted curve's give intensities of neutrons with Kn -• 0-3 MeV,
whereas the data points on the solid curves give intensities for
neutrons of energies above 5 MeV. The data point for G5 MeV pro-
ton energy gives the neutron intensity for En > 9.1 MeV*'. These;
curves show that there are a considerable number of neutrons pro-
duced at energies below 5 Mev"''1'1'''1'1''''. At proton energies below
34 MeV the neutron yield from thick Be targets is higher than that
from the,Li target while above this energy the yields from the two
targets are comparable.

As shown in figs. 8 and 9 the Li targets produce larger neu-
tron fluxes towards the kinematic energy limits than do the He tar-
gets. This behaviour is also observed at 35 MeVf'7.

The average neutron energy and the total neutron yield from
the Be and Li targets decrease with increasing angle. This is seen
in fig. 12, which shows the results'^ from the Be+p reaction.
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Figure:) 13 gives the average neutron energy at 0° as a function
of the proton energy. The solid curves are for lin .- S MoV

flfl and
the dotted curves for E n .- 6.3 MeV

1'1'6''.

Oeuteron Reactions;. - The Q-values for the C)Be (d,n) ' " B ,
'lji{d,n)'3Bo and the f'Li (d,n)'.Be reactions arc +4.4, +15.0 and +3.38
MeV. Also the thresholds for several three-body break-up reactions
are tat;low 10 MoV deuteron energy''1'. In general these reactions,
plus' the"-.process that involves the deuteron break-up due to the
1onq range Coulomb field, and the neutron decay/to the excited
states in the residual nucleus, give rise to u 'general continuum in
the neutron spectra.

THick-target neutron spectra produced by deutetpns are charac-
terized1 '» '''»''! • '•'' by two components, a broad peak centred at
Hrl " 0.4 KQ] , where Kj is the deuteron energy, and an underlying
continuum which starts at very low neutron energies and falls off
almost exponentially with neutron energy: The intensity of the M
broad peak decreases rapidly with angle while that of the under-
lying continuum varies much more slowly. Kelatively few measure-
ments '' '' '' '' '' have: been made of the low-enerqy component of
the neutron spectra. The primary difficulty is pulse overlap in
time-of-flight measurements carried out with high-frequency accel-
erators. The broad peak has been studied by several groups '' '»'"'

Figure 14 from Daruga and Matusov ioh ' ' and figure 1 ri from
Meulders et al. show neutron .spectra from Be and several higher 7.
targets bombarded with deuteron;;. These show that at edeh deuteron
enerqy the neutron yield decreases with increasinq /,. Figure K>
shows the data of Lone et a 1 . ! ! from thick Li and Be targets for
deuteron energies of 14.8, 18 and -23 MeV and for compari son .the
results of several other groups in the same energy range. Figure
17 shows the results of .Saltmarsh et a 1 . ''' from Be bombarded with
4!) MeV deutcrons. : '-•'

Figure 18 shows the angular distribution of the neutron yield
from thick Be and Li targets observed at deuteron energies of 14.fi,
If* and 23 MeV^. At higher deuteron energies the angular distribu-
tions are peaked even more in the forward direction'1' . The average
energy of the neutron spectra decreases with increasing angle. This
decrease is mainly due to the decrease in the, intensity of the
broad peak at '><0.4 E,.

Figure 19 gives the 0° neutron yield as a function of the deu-,-
tcron energy for thick Be and Li targets. The scale for the Li
curve is on the right hand sj-de. It is evident that the yields for
the two targets are similar. The average energies of the spectra
from the two targets are comparable, i.e., Kn --• 0.4 E^ for E n - 2
MeV.

The angular distribution and the energy dependence of this
broad peak in the neutron spectra are consistent with deuteroh
stripping theory7'1''''. p^ctorially the.,stripping process takes
place when an incoming dcuteron grazes the edge of the nucleus, and
one of the two nucleons strikes the nuc'.eus and is stripped off.
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whiJo the; other misses and continue';; wi th a lmo;;t the velocity of ,
the deuteron. Thus the most ]>robable enerqy of Llie outqo'inq
nuclcon is 1/2 Ec|. The strippinq theory .is formulated by Sorbet' '
predicts that for hiqh-enorqy deulerons t.he croi;s section for neu-
tron-, product ion varies very slowly with tlio tarqet mas;; {<; « A'' ),
the full width at half maximum, i-'WHM, of the neutron enerqy spread,
AK, is equal to=2.2J (Kfj (MeV))

1/2 and t lie FWIIM of the anqular
resolution, A('j/;>, is equal to 2.W (K(1 (MeV))"1/2. "August et
al. ' have recently employed this theory to predict the; shape of
the neutron enerqy spectra for thick targets."

Another process which predicts str'onqjy forward-peaked neut ron
emission from deuteron bombardment is d,euteron break-up-in-fl iqlit
<iue to the Coulomb field near the; tarqe't nucleus"'. In 1his case
the; deuteron never comes within range of the nucloon force. The
cross section i;s proportional to '//• where /• is the tarqet atomic
number. For smaller Z the cross section for this process is pre-
dicted"' to be much lower than th.it (or the strippinq process'''.
The deuteron break-up gives rise to a broad neutron oriel qy spectrum,
but the omission is stronqly forward peaked '.

fiamma-Kay Production - The spectral dist r ibuf i ons of the /-
rays have not been measured from thick tarqets bombarded with pro-
tons or deuterons. Moulders ef al.'"'' have made an estimate of the
Y~ray yields from the Be-Hl reactions by as.suminq a 10';. mean
efficiency for a 'j.l cm diameter and "'.' em thick NKJ11 plasi ic
sci nt i 1 1 ator. Tlie ratio between the'y-ray and neutron yields was
estimated to bo 11'),, 'yi, and 2. V.1. at K(i = ](,, M and SO MoV
respectively.

Wit.h IJeut<-'ronr;'> - I-'iquro ;>o show.s the' val uos of dt)so rat'es
1 m down r;tream from thick farqofs of He, Li anil \), p̂ -r micro-
ampere of incident deuterons or protons. The sol id line throuqhL'
the'Bo + d data points corresponds' to an K,j' relal ionr;liip suqqe'sted
by parnell et al. !"' and the dotted line to an I:,)"9'' dependence-- *
suqqested by the NH1.' qrouj)"/,' ';'. Tlie data points attributed to

I.ono c't al., we're ca!cula.WVl by Crn.'.::;' f rum the observer!I, spVW-t rai
1 \ • \-

d istr ibuf ions' . Below 2') MoV there is a spread of a factor o;'>
about- 1 . S ainonq different tlata P'tj.ints, more recent data tendinq to
qivo liiqher v.ilues. ,

l-'or. Li-d anil D-d reaction;; fin J y the 0° neutron yields are
qiven on the riqht-hund sirle in fiqure 2.0. This was njjce':>sary
because the•• dosu' rates at hiqh <ieuteron onerqies have not been
med'sured and the necessary data needed to convert t;he hiqh-enerqy
yields' tos doses are uncertain. For Ocom{varison with the Ho+d ilata
the solid -;l;ine of the BoRl tiata is also/<irawn throuqh |\he l,i+di
points./ This comparison shows that the difference in tjho output;; -
of the Be and Li tarqets is small. '
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The yield from deuterium qus tarqet.s'-'*, shown by the dashed
line on the riqht. hand side of f j q. 20, exceeds that from Be, the
difference increasi nq"'wi th enerqy. Up to V.^-2'i MeV at least, the
differences in dose rate;; would be somewhat greater than-those
shown for yields, since D+d neutr'bn have a harder spectrum. Deu-
terium in the form of D^O q-ives only about V>% of the dose rates
Trom He at IG'MeV7'1. ' °

Wi th_ Protons - Por proton reactions fewer thick t.arqet data
>,jre avai labie. The slope of the-dose rate vs. V..t curve for" the
t'.i t-ji reaction '(fiq. 20) is the same as that for the; fie+d reaction;
Uie slope of the dose rate vs. V.' curve for the Be+p reaction is
less steep. At proton enorqi.es below •>.IJ0 MeV the dose rate from Be
tarqets is hiqlier than that from the Li torqet. Dose rates from
protons-'are A to 7 times i(jwc;r tlian from deutorons at the same
enerqy.

o
 Vl IIMJ'-IJOSK Dlil'TII

fJuarn e t o].''y/ have r e c e n t l y r e p o r t e d t h e ^dep ths f o r 'iO'f. t i s -
s u e - K e r m u - r a l . e m e a s u r e d wiv.h neut ron; ' , from proVon bombardment of
t f i i ck lii .and iie t a r q e t s and dout e r o n t>n l ie . 'rhr-st;.; me-asur^'ments
wi.'re made u s i n q a 0 .1 cm' (TK) ion r l iamber f i l l e d w i t h a i r and
immersed in a TK f l u i d composed of (,A.'i'f. w.ater,-. 7.'j'f. u r e a , Z'i.H'1.

=qly<;erol and l.H'l. i.-thyJ «r«.—rjJ yco I by weic jh t . The me<jsi:r<;tJ d e n s i t y
of t h e f l u i d was 1.07 q / c m ! . ~}\ " -

T a b l e A q i v e ; ; t h e v a l u e s o j lui 11 - d o s e J l ep t h : ; ' i n e . i : ; u r e d , b y
s e v e r a l q r o u p s ' ' / ' l l / ' ''"'• r w i t h n e u t r o n : ; f r o m t h i c k l.i a n d P." l a r q e t s
bomljiirded v/i iih fjrotonr; arid HeuLerons at va r i ous ("nfrqies . The data*'
for the 10 cm ' 10 cm "field s i z e ,irc plottf- ' l in f i q . 2 1 . At e t ier -
q i es up t-O U) MeV, neut.r-ons from the deuforon r e a c t i o n s , a r e more
p e n e t r a t i nq (liiqher half-do.se de|it h) than those from t h e proton
refact ions . Whereas above JO MeV neu t rons from the p+I,i rear- l ion a r e
more, p e n e t r a t i n q . For proton erx ' rq ies between iO and CO MeV, neu-
t r o n s from the p+-Be reac t ion iirt^ l e s s p e n e t r a t i n q i n , t i s s u e than
those from the p+Li r e a c t ion. 0

ii • .SUMMARY •;, ;i

l-'or calibration of neufrfjn SJK-C) rometers in, tlu; enerqy ranqe
10 to "50 MeV data accurate to a few percent arv available.' on mono-
enerqetic neutron sources. However for measurements of the activa-
tion cross sections more information is needed on the anqular ond"
sjjectral distributions f>f t:h(! accompanyinq low-ene^rqy neutrons as a
function of the charqed-partiele em'.'rqy. "

As a Source of intense neutrons''th<; deiiteron reaction;; en
thick l.i and He tarqets i;'joduee hi<|her yields than do the proton
reactions. As shown in fiqures 11 and 19 the yield of neutrons of
enerqies qreater than 2 M.'?y from the deuteron reactions at 0" is

~ 9 0 "a
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Thick Target Neutron Yields From the d-Be Reaction
at Ed = 15.6, 29.9 and 49.0 MeV*

R.G. Graves, J.B. Smathers, and N. Hertel,** Texas A&M
University, College Station, Texas 77843

and

V.A. Otte, P.R. Almond and W.Grant, The University of Texas
Cancer Center, M.D. Anderson Hospital and Tumor Institute,

Houston, Texas 77025

INTRODUCTION

The d-Be reaction is used at the Texas A&M Variable Energy
Cyclotron (TAMVEC) and other institutions as an intense neutron
source for radiobiological and radiotherapeutic studies. To
use this reaction properly for these applications, it is essential
to know the dosimetric and yield characteristics of the neutrons
produced by the reaction. The purpose of this paper is to pre-
sent the results of the neutron yield measurements; the dosime-
tric measurements have been presented elsewhere.1 The present
data are compared with previous results and discrepancies are
discussed.

EXPERIMENTAL METHOD

The experiment was performed at the TAMVEC 88-inch sector
focusing cyclotron (see Fig. 1). Deuteron ions were first ac-
celerated and then transported to the target area in cave 2, the
treatment room used for cancer therapy by M.D. Anderson Hospital.
Before each run the beam was magnetically deflected for energy
analysis by a 135-degree analyzing magnet located near the be-
ginning of beam line 4. The widths of the entrance and exit
slits to the analyzing magnet were set at 2.5 mm to reduce the
beam divergence and thereby make possible a better determination
of the beam energy. The energies of the energy analyzed beams
used in this experiment were 15.6, 29.9 and 49.0 MeV. The deu-
teron beams were "timed tuned" by off-resonance tuning of the
accelerator such that the time widths (full width at half-
maximum) of the 15.6, 29.9 and 49.0 MeV beams were 2.8, 2.9 and
2.2 nanoseconds, respectively.

*Work supported by Public Health Service Grant CA12542 from
** MCI.

Present address: University of Illinois, Urbana,111inois
61801.
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The target assembly consisted of a 2.0 cm diameter four-
section carbon focus ring followed by a helical wire beam profile
monitor, a 2.0 cm diameter combination electron suppresion ring
and collimator made of carbon, and 3.18 cm diameter beryllium tar-
gets mounted in a copper target wheel. The targets were suf-
ficiently thick to completely stop the incident deuterons: target
thicknesses were 1.14, 3.40 and 8.48 mm for the 15.6, 29.9 and
49.0 MeV beams, respectively. Each target was mounted in the
bottom of a copper well which served both as a Faraday cup and as
a heat sink. A dual aluminum parallel-plate transmission chamber
(TC) used to monitor the neutron flux during therapy treatments
was mounted approximately 4 cm downstream of the target. The
copper well and TC represent an inherent filtration of 4.8 mm Cu +
3.0 mm Al. No attempt was made to eliminate or reduce this fil-
tration because this material is always present during patient
treatments and biology experiments. Neutrons from the reaction
were collimated at zero degrees by a 70 cm long WEP-B-Fe colli-
mator insert (WEP-B-Fe represents water-extended polyester loaded
with 0.3?', boron and the equivalent of 18 cm iron). The neutrons
were detected 350 cm from the target by a cylindrical NE213
liquid scintillator, 3.81 cm in diameter by 7.62 cm in length.
The detector was oriented with its symmetry axis parallel to the
direction of the neutron beam.

The data were acquired in spectral form as well as event-by-
event by an on-line computer. Three parameters were stored for
each event: the pulse height (PH) from the scintillator dynode
(amplified and shaped), the neutron time-of-flight (TOF) relative
to the cyclotron rf and the pulse shape discrimination (PSD)
signal. The PSD signal was derived from a noncommercial PSD
circuit.^ The separation between neutron and gamma ray events
was excellent in spectra obtained at all three incident deuteron
energies. The contamination of gamma ray events in the neutron
spectra was well below Yh. The three parameters viere sorted and
stored into five different spectra: PH (1x512 channels),
TOF (1x512 channels), PSD (1x512 channels), PH vs TOF gated on
gamma ray PSD (64x128 channels) and PH vs TOF gated on neutron
PSD (64x128 channels). The latter spectrum was used in calcu-
lating the neutron yield.

DATA ANALYSIS

The neutron yield, Y(E.), was calculated using the equation
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where E-; and dE- are the mean neutron energy and energy width for
the i-th TOF channel, N(T-j,E-j) are the number of counts detected
above the PH software threshold Ti for the i-th TOF channel in
the PH vs TOF spectra gated on neutron PSD, d::n is the neutron de-
tector solid angle, Io is the total charge collected on target, -
is the dead time and ntT-ĵ E,-) is the detector efficiency calculat-
ed at the neutron energy E-] for the PH threshold Ti. Mean neutron
energies, E-j, were calculated using the peak positions of the
target gamma rays in the PH vs TOF spectra gated on gamma ray PSD
and the time-to-amplitude converter gain as determined in a cali-
bration run with cable delay boxes. Io was measured with a cali-
brated high precision current integrator. Considerable care was
taken to minimize, but not make negative, the target leakage cur-
rent so that it could be -"^tracted accurately from the measured
current. Leakage currents were less than 0.5' of the toal cur-
rents. Beam currents on target had to be kept below 0.1 nano-
amperes to minimize dead times. Dead times were 6.0, 2.8 and
4.5;; for the 15.6, 29.9 and 49.0 MeV data, respectively. No back-
ground was subtrated from N(Tj,E-f) as measurements with a shadow
cons (34 cm of iron placed midway between the target and the de-
tector) showed that room neutron background was negligible.

Detector efficiencies were calculated using an improved ver-
sion of a method prescribed by Northcliffe et al.3 Briefly, the
method calculates the efficiency for detecting neutrons which
scatter only from the hydrogen in the scintillator. Edge effects
and plural scattering to first order have been included. The
technique eliminates the necessity to know accurately the n-carbon
reaction cross sections, which is a common problem in calculating
efficiencies, and the elimination of the necessity to correct for
frame overlap neutrons, as these events are biased out by the
software threshold Ti. Proton response functions which are needed
for this method were determined by finding the end points (EP)
from the PH vs TOF spectra gated on neutron PSD. The response
function then was derived by parameterizing the EP's and their
corresponding neutron energies using the equation

EPi = SCL • f(E.) - ZPH

where SCL and ZPH are scale factors and f(E-j) is Masterson's
response function for NE218. Excellent fits to the end point
data were obtained using this equation even though NE213 was used.
The thresholds, Ti, used in the efficiency calculation and inte-
gration of the spectra were generally (E-j - 10) MeV if E-j was
greater than about 15 MeV and were about 2 to 5 MeV if E-j was less
than 15 MeV. A 10 percent error in calculating the detector ef-
ficiency is assumed.

At each incident deuteron energy neutron yields were mea-
sured for three different collimator sizes to determine if the
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observed neutron yields depend on collimator geometry. The distal
end of the collirnators measured 4.3 cm by 4.5 cm, 6.2 cm by 6.2 cm
and 11.4 cm by 11.4 cm. In all cases the neutron yields showed no
systematic dependence on collimator size, a result which is not
entirely unexpected since the detector was in good geometry. As a
consistency check of our experimental procedure, runs having the
same geometry were repeated with a time lapse of several hours
between pairs of runs. The neutron yields for these pairs of runs
agreed to within ±3% of each other, or approximately twice their
statistical error. Final results were obtained by adding all of
the runs together.

RESULTS AND DISCUSSION

The neutron yields for 15.6, 29.9 and 49.0 MeV deuterons on
thick beryllium are shown in Figs. 2-4. The data have not been
corrected for neutron attenuation due to the inherent filtration.
Integral yields and tne thresholds used in the integration are
given in Table 1. The differential and integral yields are sub-
ject to a 10';' systematic error due to the uncertainty in the detec-
tor efficiency. Statistical errors on the differential yields are
less than VI, for all data bins except for the few bins near the top
of the energy spectra where the errors are somewhat larger. The
data of Lone et al.,5 Meulders et al.,6 and Amols et al.,^ are also
shown for comparison in Figs. 2-4. All three groups used TOF tech-
niques. Lone detected neutrons with a stilbene crystal using PSD
and calculated detector efficiencies with the code DETEFF.8

Erf (MeV}

15
29,
49.

.6
,S
.0

Integral

Target
Thickness (mm)

1.14
3.40
8.48

Table 1

Neutron 'yields

Threshold (MeV)

3.
6.
9.

.9

.9

.5

Neutron
(n/sr

2.37 x
13.0 x
48.0 x

Yield
• nC)

107
10/
10y

Meulders did not use PSD as they used an NE111 scintillator; detec-
tor efficiencies were measured in the 6-14 MeV neutron energy range
and were calculated at other energies using the Stanton code.9
Amols used an NE213 scintillator with PSD and calculated effici-
encies with a modified version of the Stanton code. 1®
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Considering the differences in incident deuteron energy, the pre-
sent data agree well with the results of Lone at 14.8 MeV, A mo Is
at 35 MeV and Meulders at 50 MeV. The spectral Shane obtained by
Meulders at 16 MeV is in good agreement with the present data, but
the absolute values do not agree. Also, the results of Meulders
at 33 MeV seem to be incorrect as they are in gross disagreement
with both the present results and the results of Antols. For
neutron energies below about 18 MeV, it is not known why the pro-
sent data agree well with the results of Meulders at LA = 50 MeV
but disagree with his results at F.<j = 33 MeV and 16 MeV.

Future work with the d-Be reaction includes the extension
of the present measurements to lower neutron energies using the
TAMVEC pulsed deuteron beam. Measurements will be made for both
filtered and unfiltered neutron beans.
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Figure 1. Overall view of Texas ASM Variable Energy Cyclotron,
beam lines and two exper.nental areas.
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Neutron Spectra From Deuteron and
Proton Bombardment of Thick Lithium Targets

C.E. Nelson*, F.O. Purser, P. Von Behren and H.W. Newson
Triangle Universities Nuclear Laboratory and Duke University

Durham, North Carolina 27706, U.S.A.

INTRODUCTION

A possible alternative to the P-T generator for a hospital
based neutron source is a compact medical cyclotron. Table 1
lists the specifications of some of the cyclotrons presently in-
stalled in hospitals in the United States.

Cyclotron
Model No.

•;s 15

CS 22

CS 30

Table

Medical Cyclotron

Particle

P
d

P
d

P
d

1

Specifications

Energy
(MeV)

15
8

22
12

26
15

*

Extracted
Beam
(PA)

100
100

50
50

60
100

Cyclotron Corporation

It is known that at the deuteron energies available to these cyclo-
trons, a thick beryllium target produces an intense neutron flux,
which has an average energy of approximately .4 Ed

2'. The resul-
tant neutron beam is, however, of limited usefulness for radiation
therapy because of its poor penetration into tissue. The Be(d,n)
reaction at £^=16 MeV, for example, has a central axis depth dose
curve which falls to 50% of the surface dose at 9.2 cm for a
10 x 10 cm field at 125 cm TSD3), whereas Brennan has suggested
10 cm as an acceptable depth for 50Z of the surface dose for a
5 x 5 cm fieldA).

The large positive Q-value (+15.03 MeV) of the 7Li(d.n)8Be
reaction suggests that bombarding a thick lithium target with
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deuterons could result in a substantial increase in the average
neutron energy of the resultant neutron yield. Previous measure-
ments of this average neutron energy for these lower energy deu-
terons are in disagreement, indicating an average neulron energy
of .4 r d to .55 Ej for Ed<15 MeV2,5,6).

The 7Li(p-,n)'Be reaction is known to be a prolific source of
high energy neutrons for thin targets, with over 60% of the neu-
trons from this reaction going to the ground or first excited
state of 'Be^). Th. k target spectra have not been measured for
proton energies above Ep=4.0 MeV.

The Triangle Universities Nuclear Laboratory neutron time-
of-flight facility has been used to determine the average neutron
energy and yield of thick lithium (d,n) and (p,n) reactions at
deuteron energies of 8, 12 and 15 MeV and a proton energy of
15 Me".

EXPERIMENTAL

Neutron energy spectra were measured using time-of-flight
techniques. A pulsed beam of protons or deuterons from the
Triangle Universities Nuclear Laboratory Model FN Tandem Van de
Graaff accelerator was used in conjunction with the TUNL neutron
time-of-flight facility. Beam currents of 2-5 nA with a time re-
solution of 1.5 to 2.0 nS were used.

The lithium target was enriched to 99.99% ?Li and was encap-
sulated in an aluminum container under a helium atmosphere. The
upstream face of the lithium was covered with a 3.5 pm molybdenum
foil and the target length was 1.9 cm, sufficient to stop 15 MeV
deuterons.

The charged particle beam passed through a 3.2 mm tantalum
collimator 15 cm upstream of the lithium target. Collimator
currents were kept to less than .1 nA. Beam spot sizes on target
were kept to less than 5 mm diameter. Target beam currents, with
appropriate electron suppression, were integrated to determine
the incident charged particle flux.

The lithium target was mounted at the pivot of the main neu-
tron detector shield at the end of the all metal, wide aperture
neutron time-of-flight beam line. The very small collimator
currents, combined with the extremely well shielded detector made
beam and room associated background measurements unnecessary.

The neutron detector consisted of a 8,89 cm diameter by
5.04 cm thick NE 218 liquid scintillator coupled to a 56 DVP
photomultiplier. Pulse shape discrimination was used to discrim-
inate against gamma ray events. This detector was housed in a
massive (7300 kg) shield to reduce time uncorrelated background
events to a negligible amount^). A smaller detector, located at
a fixed angle to the charged particle beam, monitored the neu-
tron flux.

Standard time-of-flight electronics, including pulse shape
discrimination, were used for all data-taking which was done with
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the TUNL DDP 224 computer. Main detector ADC dead times were kept
to less than 20%. Spectra were measured at 0°, 10°, 20°, 30° and
45°.

The efficiency of the detector as a function of energy must
be known to convert the time-of-flight spectra to energy spectra.
The previous measurements of neutron yield have used a detector
bias level corresponding to 1.6 to 2.5 MeV neutron energy and have
been required to extrapolate the neutron yield to zero neutron
energy. In order to minimize errors introduced by such arbitrary
extrapolations, the low energy cut-off of the main detector for
this work was set at 1/10 the l-^Cs compton edge, corresponding
to a neutron energy of 200-300 keV. Calculations of detector
efficiencies are very unreliable with such low energy thresholds.
Thus the relative efficiency of the main detector was measured
over the range of .7 MeV to 24 MeV, using two different techniques.

For neutrons between .7 MeV and 5 MeV, the angular distribu-
tion of neutrons of 7.5 MeV scattered from hydrogen was measured.
A 6 mm diameter by 2.55 cm high polyethylene scattering sample
was used and spectra were t;iken from 35° to 72° in the laboratory
system. The data, when corrected for finite geometry effects and
normalized to the known H(n,n)H differential cross section, yield
a relative efficiency curve. The efficiency from 4.0 MeV to
24 MeV neutron energy was measured by using the well-known
T(p,n)^He and T(d,n)^He reactions at several charged particle
energies' > •*•"' . The measured yields, normalized to the differen-
tial cross sections, give a family of curves spanning different,
overlapping neutron energy regions. These curves wore overlapped
and normalized to the H(n,n)H measurement to yield the relative
efficiency data shown in fig. 1. The absolute efficiency of the
detector was obtained by normalizing this relative efficiency at
En=4.0 MeV to a monte carlo calculation of the efficiency of our
detector done at Oak Ridge National Laboratory^ ). A least
squares fit was then made to this combined data. This fit was
used to obtain the calculated efficiency as a function of neutron
energy and is shown as the smooth curve in fig. 1.

The time-of-flight spectra, after correction for computer
dead time and relativistic effects, were converted to neutron
energy spectra using this calculated efficiency curve. The steep
slope of thp efficiency curve below En=l.0 MeV precludes an
accurate determination of the neutron yield in this region. All
subsequent calculations of neutron yields and average energy
therefore, use En=1.0 MeV as the low energy cut-off point.

NEUTRON SPECTRA AND YIELDS

The zero degree energy spectra of neutrons obtained with 8,
12 and 15 MeV deuteron bombardment of a thick lithium target are
shown in figs. 2, 3, and 4. These spectra are characterized by
1) a broad peak in the energy distribution at approximately .4 E,,

- 127 -



2) a very small high energy tail and 3) a low energy tail which
appears to be increasing rapidly below En=].O MeV, the low energy
cut off point for these measurements.

Fig. 5 shows the zero degree energy spectrum for 15 MeV pro-
ton bombardment of a thick lithium target. It is charar -rized
by 1) a peak in the energy distribution at En=3.4 MeV . .a 2) a
decrease in yield with nputron energy, varying approximately as
1/En.

The neutron spectra at each angle were integrated to obtain
the yield versus laboratory angle data shown in fig. 6. The
^Li(d,n) data indicate a peak in the yield at zero degrees, which
becomes more pronounced with increasing deuteron energy, while
the 'Li(p.n) data are essentially isotropic.

Table 2 gives the average neutron energies calculated from
these neutron yield data and numerical values of the yields.

Table 2

Thick Target Yields and Average Neutron Energies for En>1.0 MeV

e lab

0
10
20
30
45

E d =8

En
(MeV) (

4
4
4
5
6

.4

.5

. 8
. 7
. 0

MeV

3
3
2
2
0

ncu I.
lic-sr

.8
, 4
.7
. 0
. 8 5

5 .
5.
5 .
5.
5.

[ = J

i

5
7
9
7
3

2 MeV

Yn

12
9
6.
4 .
3 .

.6

.7
,5
.0

DISCUSSION

E

6
6
6
5
5

d =

n

.5

.6

.6

. 9

.4

15 MeV

Yn

2 5 .
2 0 .
1 3 .

8 . 2
5 .8

E

E

4
4
4

4

P"1

n

.7

.6

. 5

. 5

. 5

5

Y

4
4
4
3
3

MeV

n

. 1
. 0
. 0
. 8
.4

There are several earlier measurements of neutron spectra from
thick lithium targets »5,oyt Comparisons of the present data with
these measurements are shown in fig. 7, where both the yield and
average neutron energy are plotted as a function of deuteron
energy. The present data are in substantial agreement x̂ ith the
previous measurements of Weaver et_ a_l_. The discrepancy between
the present work and Weaver for the average neutron energy
(approximately 10%) is consistent with the different low energy
cut off and extrapolation to zero neutron energy used.

The large discrepancies between the present work and that of
Jones et al. and Goiand are likely the result of similar extrap-
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olation or low energy cut oil" point differences.-5'" The present
work, because it extends to a neutron energy of 1.0 MeV, is less
dependent on these differences than the previous measurements.

The present data show that at the deuteron energies available
to the smaller cyclotrons, the 'Li(d,n) reaction is not a practi-
cal source of neutrons for fast neutron therapy. The neutron
yield compares favorably with the neutron yield from thick beryl-
lium targets. However, the average neutron energy is substantial-
ly lower than 10 MeV for all deuteron energies, varying with deu-
teron energy approximately as En=.44 Ej. This is similar to the
relationship found for beryllium targets by Weaver, E"n=.42 Ej .
Both the average neutron energy and yield of the 'Ei(p,n) reaction
indicate that it is not suitable for last neutron therapy at
Ep=15 MeV. The average neutron energy is only 4.7 MeV while the
yield is only .4 x ICr0 n/uC-sr.

To conclude, the present work indicates that neither the deu-
teron induced or the 15 MeV proton induced reactions on thick
lithium produce a suitable fast neutron beam for therapy.
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reac t , ions , ' ^ l o(n , w ) ' j l ( , r ."inrl '>')(.i){t\,?.<\)l>l'(:n, thn c r o s s - s e c t i o n
dat.a' a re not. t OIM|I le t .<: enoij ' jh and they were i n c l u d e d o n l y <)',
a c a ! i bra I. i o n .

lable 7

Nuclear Reacliorr. Used for l.he Spectrum Ijetermina t ion

I f fet. I. i vf f f fective
Reaction threshold (MeV) Reaction threshold (MeV)

1 ' J , , ., , 1 1 m , I I . ' ) /r(n ,'/n) ' IT \?. I
jt { n , / n J if.

/] I fir | t (1 1 f i /
S c ( n , i) Sc 0 [ i n ( n , ' j n ) Itn H J . O

I e ( n , ' / ) ' f.r • 1 ' hn(n , ^n ) ' ' l in f i . I

M . , ',/!,. , , I f / ) , , , 1 / 0 , ,,
I f : ( n , p ) Mn -I . i hn(n, () Ini 0

' ' f ' l e (n ,p ) ' ' f 'M r i 'A 1<>/I\u[rt , 1 n ) ' ' '^Au ?',.•/

f , f ) (n , f ) f>) 0 A U ( N »^n) Au ^ . I

Ihf: f.fo*.'.-•.(•(.I. it iri l o r t.hc If, rfvit. I. iorr. u'.r-rl i n l.lii' rl.il.ii
. i t u i l y . i ' . were 0I1I..1 i tied by cvn lu.it. in<| t.ho diil..i ,IV.I i l . i l i l c in l.hf
I i l .cr . i l .ur f ' .^ - W Mo'.t. of (.lie ddl.ci . i re f rom .1 rr;r.(;nt. r r -por l . liy
I'.iyhur". I. ot. a l . ' v/lio h.ivi1 iii.iflr- wh.) t. a r t ' p rob i i l i l y t.hc niosl. a(.(.ura l.c
(.ro',',-'.(.'(. I. irjn iiit.'a'.ijrf.'iiicril.'. of t .h i ' . t.y|ic in Ihf.1 '/()- t.o i()-Mr'V r.irujc
,ind a tjfjtnpr fhf.Tr. i vc r.'va ln.'i t. ion o l t.h(.- f jxpcr inif.'riUi I d. i l . i up t.o
70 M<;V ( I NDI /H - IV ) by Schi't.l. t ! | . a l . ' 1 Ihf: ^7A1 (n , , J ^N . i t:x(. i L.i l i o n
furir. 1.iOM'J,r> i ' i.hf.1 be',1. krmwn o l Lhf If',.

S ince n. i t .ural e l omen I.', vjerf: used in t.he I\V.UH. l.fir f o i l ' . , tJie
produt . I . ion o f ''^Mn in the i r o n f o i l s : ;ould be due in pa r l . i.o t i ie
h i ' j h energy reac;l . ions J ) l e ( n , " nnp " ) j/>Mn where "r inp" is 7r ip , rid
o r I.. To co r rec t , f o r l . h i s , d u r i t u i a l a l .e r i r rv i f l i . i t . ion of l . e r r ; i l e
:,|)P(. imens, na l .u ra l It.' arid n e a r l y iso t .op ica I l y p u n : ' '1 | f ' rind t)('\ p
f o i l s were p'lriccf) aL ri p o s i t i o n ( ,orresporir l i r i ( | Lo l.ht: f ron t , f o i l
packet. . Ihe resu l ! . s showerl l .hat , at. l.his | ) o s i t . i o n , \?.''>"/., of t.he
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' Mn is produced by the high energy (E-12 MeV) react ions wi th
'Mi'. Above 1? MoV the shape of the neutron spectra at both pos i -
t ions arc n c i r l y i d e n t i c a l . By scal ing the resu l ts obtained at
the front, pos i t ion we estimate that 13.6Z of the Sifin was produced
from 'M e at the pos i t ion of the rear packet.

Rl SUI IS

f o i l Ac t i va t ion Da 11

The r a d i o a c t i v i t y in the detector f o i l s was measured wi th <i
var ie ty of ca 1 i lira ted ( j e ( l i ) det.eel.ors. 13 The SC2O3 and 111703
p las t i c f o i l s were ic jn i ted, and pure Sc^O-j and lui^Oj samples were
weighed and prepared for gamma-ray count ing. Corrections were
made for decay during tfie i r r a d i a t i o n . The f i na l detector re -
su l ts for the f ron t packet arc summarized in Table 3. We used
the relative ac t i va t i on in the three aluminum f o i l s to correct for
the decrease in fluence in the stack of f o i l s ; that i s , the data
for each of the f o i l s were corrected so that, the e f f ec t i ve fluence
would be the same as that in the f ron t aluminum f o i l . These
correct ions are included in Table 3. Assuming the f o i l s are
located 3.6 rnrrt from the neutron source, they in tercept neutrons
at angles up to 0 68".

The f o i l s in the rear packet were cut in to short segments
G.I mm long using an autoradiograph as a guide to f i nd the pos i -
t ion of maximum r a d i o a c t i v i t y . The resu l ts lor three sets of
segments art} given in Table ' I . The set marked A is the centra l
sect ion of the rad ioact ive area. Sets I' and ('. are the next two
(>A min sections to one s ide. The autoradiograph showed that the
maximum ac t i va t i on (the center of segment A) was about 4 mm from
the expected center. The rod holding the two f o i l packets was
apparently at a small angle to the deuteron beam.

The data in Table A have been corrected for the small
(• bt) \/rt> decrease in fluence through the f o i l s tack, assuming
that the f ron t f o i l was 13.6 mm from the source of neutrons. The
angular pos i t ion of the f o i l s w i th respect to the deuteron beam
is also given.

Data Analysis

The f o i l ac t i va t i on data were i n i t i a l l y analyzed wi th
SPLCTRUM, a computer program that performs a weighted leas t -
squares analysis of the data (atoms/gram and cross sect ions) to
obtain the neutron fluence in seven energy groups. The somewhat
unexpected importance of the low energy neutrons revealed by th is
work l i led to an attempt tn improve reso lu t ion at. low energies.
Experimental resu l ts to correct for high energy 54 Mn production
were obtained, and the (n,y) data were recovered from the
counting resu l t s .
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Table 3

Final Detector Activation Results for

the Front Foil Packet ( 0 = 3 ' 68").

The results are given as atoms of product per gram of detector
element.

Product

24Na

44,nSc

46 rSc

5 1Cr

54Mn a

56Mn

58Co

60Co

87y

88V

8 9 Z r

167Tm

168Tn,

170Tm

1 9 4Au

1 9 5Au

1 9 6Au

1 9 8Au

Atoms/gram

1.71 x 10 1 3

6.28 x 10 1 2

5.92 x 101 1

3.86 x 101 1

3.72 x 101 2

7.18 x 10 1 2

3.14 x 10 1 3

6.66 x 101 1

1.28 x 10 1 2

3.09 x 10 1 3

1.39 x 10 1 3

7.23 x 10 1 2

3.12 x 10 1 3

4.37 x 10 1 2

2.45 x 101 1

5.67 x 10 1 2

2.79 x 10 1 3

1.89 x 10 1 2

aThe values given here should

Geometrical

cor rec t ion

1.00

1.49

1.49

i .03

1.03

1.03

1.17

1.17

1.10

1.10

1.05

1.31

1.31

1.31

1.39

1.39

1.39

1.39

be reduced by 12.3%

Corrected

atoms/gram

1.71 x 1013

9.33 x 101 2

8.82 x 1011

3.96 x 1011

3.82 x 101 2

7.38 x 1012

3.68 x 101 3

7.79 x 1011

1 .41 x 1012

3.40 x 1013

1.47 x 101 3

9.44 x 1012

4.08 x 1013

5.72 x 101 2

3.40 x 1011

7.88 x 101 2

3.87 x 101 3

2.63 x 101 2

to correct fo r
production from 56pe (see text).
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Table 4

Final Detector Activation Results for
Three Sections Cut from the Rear Packet.

The results are given as atoms of product per gram of detector
element.

Product

24Na

44mSc

5 1Cr

5 4 M n a

56Mn

87Y

88y

8 9 Z r

167T,n

168Tm

17(JTm

1 9 4 Au

1 9 5Au

196Au

1 9 8Au

(o =

8.09

4.48

1.96

1.48

3.66

5.25

1.87

7.80

4.40

2.04

2.34

1.05

3.67

1.91

1.04

Set A
0 ' 11")

x l O 1 1

x l O 1 1

i n 1 0x 10

x l O 1 1

x l O 1 1

x l O 1 0

x l O 1 2

x l O 1 1

x 10

l n 1 2x 10

l n l lx 10

l n 1 0
x 10

in11

x 10
l n 1 2

x 10

i n l lx 10

Corrected atoms/gram

(" =

6.66

4.00

1.70

1.29

3.16

5.24

1.37

6.68

4.09

1.81

2.35

1.28

3.36

1.64

1.09

Set B
8 > 11")

x 1011

x l O 1 1

x 1O10

x l O 1 1

x 101 1

x l O 1 0

x l O 1 2

x l O 1 1

x 1011

x l O 1 2

x i o "

x 10 1 0

x 1011

x 101 2

x l O 1 1

(<) =

3.44

2.30

9.33

8.00

1.70

3.83

7.17

3.86

2.62

9.60

2.00

1.17

2.24

9.09

1.02

Set C
16 ' 10

x 101 1

x l O 1 1

x 109

x l O 1 0

x l O 1 1

x 10 1 0

x l O 1 1

x 101 1

x 101 1

x 101 1

x l O 1 1

x l O 1 0

x l O 1 1

x 101 1

x l O 1 1

a The values given here for Set A should be reduced by 13.6"' to
correct for production from -"°Fe (see text).



Analyses of the foil data for the front foils and Set A of
the rear foils have been made using the SAND-II spectral unfolding
code. One hundred groups spanned the energy range from 10-9 to
30 MeV. The integral neutron flux above a cutoff energy, E, at
20 uA beam current is given in Table 5 for a number of values of
E. Note that at both positions half the neutrons have energies
less than about 7 MeV.

The differential neutron flux (n/MeV/cm^ - sec) at 20 pA
beam is shown in Fig. 3 for the front foils and in Fig. 4 for the
rear foils (Set A). Bar graphs delineating 5% limits on foil
response functions are shown superimposed on the differential
spectra. The l^Tm (n, y^^Tm reaction was omitted since it is
not yet in the SAND-II library. The 54pe (n, u)51Cr reaction was
rejected by the code and was not used in fitting either spectra.
The 59co(n, 2n)58co reaction is absent for Set A since Co was not
included in the second foil packet.

Only preliminary evaluations for rear sets 8 and C have been
made. Results for Set B are nearly identical to those for Set A.
Set C shows a considerable reduction in neutrons above 6 MeV and
little change below 6 MeV. This illustrates the large difference
in isotropy between high and low energy neutrons.

Error Analysis

Error analysis calculations were performed for the SAND-I I
spectral unfolding code using the routine SANDANL. This program
was written by G. R. Odette (University of California at Santa
Barbara) and modified by L. R. Greenwood (ANL) for general usage.
A Monte Carlo technique is used to determine the effect on the
unfolded spectrum of random changes in foil activities, nuclear
cross sections, and the starting trial flux spectrum. Cross
section errors were taken from reference 15 and activity errors
were estimated from the experimental data. The extent of var-
iations in trial solutions depended on the sensitivity at any
particular energy, i.e., the largest variations were at low
neutron energies where the foil coverage is least.

The results of the analysis are shown in Fig. 5 for the front
foils and in Fig. 6 for Set A. The three curves represent the
mean solution plus or minus one standard deviation. The absolute
errors are, of course, somewhat arbitrary since precise cross
section errors are unavailable. However, relative errors are
believed to accurately represent the ability of SAND-II to unfold
thespectrum from the available foil coverage. The large errors
below 4 MeV are entirely due to variations in the input trial
solution since the foil coverage is poor in this energy region.
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Table 5

with

E (MeV)

1

1

1

5

1

3

6

10
14

20

X

X

X

X

ID" 9

ID " 2

lO"1

IO-1

In tegrated Neutron Flux (n /
Energy Greater than E at 20

Front

4

4

4

4

4

3.

2.

1.

0.

0.

.539

.535

.494

.310

.090

.250

.449

684

945

284

Fo i l s

i n 1 2
x 10

x l O 1 2

x 10 1 2

l n 12
x 10

x 10

x 10 1 2

x 101 2

x l O 1 2

x 10 1 2

x 101 2

CONCLJSIONS

sec)
/A Beam Current .

Rear

1

1

1

1

1

1

1

0

.970

.969

.955

.885

.789

.336

.040

.850

0.493

0. 125

Fo i l s (Set A)

X

X

X

X

X

X

X

X

X

X

101 1

1O11

1011

101 1

1011

1011

1011

1011

1011

1011

Since accurate neutron cross-section data in the 20-30 MeV
range have not been available until recently,3 this experiment
probably represents the first attempt to measure the shape of a
neutron distribution extending to 3<: MeV using the foil-activa-
tion technique. Several previous measurements have been made
of the 0° neutron spectrum resulting from deuteron bombardment
of thick beryllium targets with deuteron energies in the neigh-
borhood of 30 MeV.16-21 of these, five were performed by the
time-of-flight technique in which the detector is placed in
"good" geometry, i.e., wel1-col 1imated and at a large distance
from the targetJ6-20 in the sixth, foil activation was used,
but the source-sample distance was not given.21 In general,
these previous measurements have yielded a broad peak with a
maximum at about 0.4-0.5 of the deuteron energy, and a full width
at half-maximum of about 0.35-0.45 of the deuteron energy. In
measurements which extended below 4-5 MeV, the neutron intensity
was observed to rise slightly at low energies, showing a minimum
at this energy. The present results show a much greater contri-
bution from lower-energy (-'10 MeV) neutrons, particularly in the
spectrum at a point, just behind the beryllium target, where the
peak is not observed at all.
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It appears from the present data as well as larger-angle
time-of-flight data?2,23 that this difference can be attributed
to the fact that foils placed at a distance from the beryllium
target which is less than or comparable to the lateral dimensions
of the beam spot are able to intercept neutrons emitted at large
angles from the direction of the deuteron beam. These neutrons
generally have lower energies than the forward-directed component
because they arise from compound-nucleus interactions, rather than
from stripping. As foils are moved back from the target, the
lower energy component drops more rapidly than the forward-
directed component because of the geometric effect, and the peaked
distribution is revealed.

At the rear foil position 40 mm back, the total yield and
differential spectra are in reasonably good agreement with time-
of-flight data.24,25 These observations show the importance of
evaluating the neutron spectra near the target if materials are
to be irradiated in this location. Because of the importance of
the low energy neutrons, further work will require greater foil
coverage at low energies.
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DIFF:;-ICH JOJHT—^

1.5mm

DISK CONTAINING C H M L S

Fiq. 1 . Crns'i-section of target system.

Foil arrangement

r Rear packet of
\.detector foils

Mylar cover

Front packet of
detector foils

Fig. 2. Diagram showing the arrangement of the front and rear
packets of detector foils. The front packet was held
against the copper cover plate of the beryllium target
assembly.
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12 18
NEUTRON ENERGY IMEV1

F ig . 3. D i f f e r e n t i a l neutron f l u x (n/MeV/cm -sec) f o r 30 MeV
deuterons on %e a t 20 ;.A beam c u r r e n t . Front f o i l s .
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Error analysis for front foils. The mean spectrum and
those corresponding to plus or minus one standard
deviation are shown.
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Neul ron Spectra and lias I e Data Kequ I rcment s for

(d.l.I) and (d.lie) T.-irf.ft Syslras*

I'. .1. I'crslanl, W. Decker, and .1. Donahue

Areonne National Laboratory, Areonne, I 1 J Inofs

INTKDDUCTIorJ

A primary area ol exper Imcnt a.l study In tin* dcvc I opment ol the

accelerator - (d,J.I) t a r e d system Is the nculronic cliarar ler 1st t cs

of the (d.I.I) and/or (d.lie) reactions. liasic dIfIei entla I

neutronic data (neutron yield, energy K]icrl r.i, and .-lnf.tilar distri-

bution) are required to efTectlvely understand and Interpret the

simulated radiation damage ("Precis f rotn this type ol test In)1,

facility for the purposes relevant to the luslon niat er l;i 1 s pro>',rani.

The Initial attempt In this direction utilizes the experi-

mental ( d , M ) and/or (d,He) neulronlc data which are avallahle hut

most inadi t|uate at present. However, the attempt does allow

art Iculat in;', the exact haslc neutron data needs and the ilellnitlon

ol a measurement program.

Target Yields, Aiij'.nlar Depi'iidence and Knercy 1) 1st. r Ihul Ion

The necessary dlllerential neutron data characteristics ol a

(d,l.i) L;ir;',et system Is currently Inadequate to allow a direct

assessment of the neutron radiation environment In the expel" Iment a I

volume of the accelerator - (d,I,l) target laclllty. However, the

neutron s p e d ra and Intensity available for the material experi-

ments may he Initially scoped by ut II I's.lny, the more extensive (hui

by no means complete) data available on thick beryllium tarj-ets.

The lithium target total yields, the anc.ular dependence of the

yields, and the varying energy spectra at the different angles,

ran be assumed as adequately similar t:o the (d,He) neulronlc

characteristics lor tills preliminary (•valuation ol the lithium

t a r e d system. Ksl lm.il es and extrapolat Ions In f.enerat Int; the

necessary detailed d I f I erent l.i] ilata for the lithium t a r e d .ire

based on Inl erreI atine and coalesclne tin- available experiment la]

rneasurementson heryTIIum and lithium as reported in the

1 11 e r a I u re . ' ' ''

The consistent I lit Inc. of data on the total neutron yields' '

Indicates that the total yields vary approximately as the square ol

the Incident deuteron enerey, I1) , over the deuleron enerey ranf.e ol

interest for both beryllium and' lithium (see, Tie- 1 ) . The data

point for lithium at the deuteron oncrey K '>• 22 MeV, was

estimated from Infeerat Inc. the differential data of Ilarufy' and

Work performed under the auspices

and Development Administration.
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Krasnov,1 and V. K. Daruga, K. S. Matusevich, and K. Narziev.''
The direct total yield measurements of Smith and Kruger,5 and
Crandall Millburn, and Schecter1' utilized the manganese (Mn''^)
activity in the Mn So hath technique. The measurements of
Forges, et al. ,'J on beryllium and lithium were obtained from a
vanadium solution bath at deuteron energies below 7 MeV. The
total yields over a wide range of deuteron energies (15 to 40 MeV)
have been measured by Lucas and Root, using the foil distribution
method in a paraffin moderator. The reported measurements are
approximately 20 to 30% lower than the yields indicated by the
curve representing the beryllium data. The energy dependence of
the total yields appear to be consistent for the beryllium
measurements although the difference will have to be resolved
eventually. The two data points for lithium plot approximately
with the same energy dependence and with a slightly lower (^25%)
total yield in comparison with the beryllium measurements.

The (d,Be) and (d,Li) reactions are comprised of a stripping
reaction, with the neutrons emitted in a highly forward bias, and a
compound nucleus formation reaction with an jsotopic distribution
of neutrons. The relative contributions from each of these pro-
cesses varies for different deuteron energies as can be seen from
the composite polar distribution plot in Fig. 2. The data are
normalized in the "zero" direction.

The Daruga? data for the ^22 MeV incident deuteron extends
the neutron energy distribution measurements to 1 MeV and the
angular distributions at 0°, 45°, 00°, and 135°. The experimental
data are represented as heavy lines in Fig. 3, with the estimated
extrapolations represented as normal lines. The extrapolations
were based on guidance obtained from Kuclmir's'' 16 MeV deuteron
data and Weaver's5 18 MeV deuteron data. As a check on the
estimates, the total yield versus neutron energy curves were
developed and are presented in Fig. 4. The resulting energy
structure curves appear to be consistent with the comparable curves
in the Kuchnir and Weaver studies, at least for the 3 MeV cutoff
spectrum. The neutron yield per deuteron in the forward direction
is presented In Fig. 5 and is found to agree with the Theus et
il., 1 0 data for the 24.5 MeV deuteron to at least the 3 MeV neutron
energy measurement. The solid line represents the experimental
yield data as reported by Daruga'' to the low neutron energy of
1 MeV.

Neutron Spectra and Intensity for Experiments

The Daruga data are more complete in the lower neutron energy
region and in the higher angular distributions. At these higher
angles, the neutron energy spectrum is softer and as a result
contributes significantly to spectra at positions close-in to the
target. The Theus et al., 1 0 and Saltmarsh et al., 1 0' 1 1 data have
been obtained at good-geometry positions (i.e., large distances
from the source) and this results in a much harder spectrum due to
the high forward biased neutrons emitted from the "stripping
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reaction" process. It is this spectrum which is usually
characterized as the (d,Li) or (d,Be) neutrons to be utilized in
simulating radiation damage effects. It is therefore necessary
for the materials investigators to determine the spectra existing
at irradiation positions close-in to the source (poor-geometry
positions).

The preliminary results of a Monte Carlo code developed for
the purpose of investigating the neutron spectra to be expected at
close-in positions and far-distant positions of material samples,
are presented in the set of Figs. 6-12. The 22 MeV deuteron beam
current of 1.00 mA witli a Gaussian distribution is assumed to lie
incident on a cylindrical 10 cm diameter disk source of beryllium.
The zones in the figures identify radial zones on a cylindrical
target placed at 0.5, 5, and 50 cm from the source. The zones are
1.5 cm annular rings. The first two figures display the spectrum
softening variation in placing samples in regions from 3 to 5 cm
adjacent to the centra] zone. Tin's spectrum softening effect is
not as marked at a distance 5 cm from source (Figs. 8 and 9). For
distances of 50 cm from the source (Figs. 10-12), the spectrum
changes are less pronounced, but the flux is decreased by one to
two orders of magnitude from the close-in position.

The comparison indicates that to establish a neutron flux
mapping and spatial dependence of the neutron spectra in the
experimental test region, it is necessary to obtain a more complete
angular distribution and energy distribution data for different
incident deuteron energies.

To demonstrate the importance that the neutron yields must be
measured in the low neutron energy region, the set of Figs. 13 to
19 are included. in this latter set, the Daruga original energy
yield data were "cut-off," i.e., flared from the 3 MeV energy to
zero. This represents the data usually presented with an absence
of information in the energy region below 2 to 3 MeV. A comparison
of the previous figures and the 3 MeV cut-off data, clearly
demonstrates the significant differences in the energy spectrum
that can be expected at all positions from the target.

For higher energy incident deuterons 35 to 40 MeV 1 0 > 1 1' l r

where the neutrons result preeminently from the stripping
reactions with a strong forward bias, and with a more sharply
defined energy distribution, the low energy neutrons would not
contribute as significantly to the spectra at close-in positions
to the source. However, for deuteron energies in the range of
5 to 30 MeV, the spectra at close-in positions will be signifi-
cantly effected by the yield of low energy neutrons at the higher
angular directions.

Differential Data Measurements Program

The experimental data requirements and measurements for (d,Li)
and/or (d,Be) neutron characteristics should include:
1. Total neutron yields;
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2. Neutron spectra at angles ranging from zero to 150 degrees
or higher;

3. Neutron energy spectra should be established over the total
neutron energy range;

4. Items (2) and (3) are to be measured at many positions from
the source;

5. All of the above measurements are to be completed for the
range of deuteron energy between 5 and 40 MeV.
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Fluence Mapping of RTNS-I
by Helium Accumulation and Foil Activation Methods
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Canoga Park, California 91304
and

R. R. Heinrich
Argonne national Laboratory
Argonne, Illinois 60439

INTRODUCTION

The effective use of intense high energy neutron sources for
fusion reactor materials studies and other applications requires
a detailed knowledge of the neutron energy and fluence distribu-
tions in the volume occupied by the irradiated samples. To date,
most of the dosimetry information for a given irradiation experi-
ment has come from the integrated neutron fluences received by a
few thin but relatively large-diameter radiometric foils irradi-
ated with the target materials. This cuarse dosimetry cannot
provide detailed neutron energy and fluence information, and is
generally insufficient for d-Be and d-Li neutron source irradia-
tions, where the fluence gradients and energy spectrum changes
are severe over small dimensions. The problem is further compli-
cated by the need to characterize the neutron environment for each
specific irradiation.

The need to know the neutron fluence variation precisely over
the volume of an experiment in the d-T neutron environment of the
Rotating Target Neutron Source (RTNS-!) at Lawrence Livermore
Laboratory (LLL) led to the design of significantly more detailed
dosimetry procedures for that experiment. The experiment was
conducted as a part of an Atomics International (AI) program to
determine helium generation rates and spectrum-integrated (n,a)
cross sections of a number of materials. The neutron dosimetry in
the AI experiment included the mapping of fluence information both
from segmented radiometric foils and from helium accumulation
fluence dosimetry materials. The results have provided the most
detailed information yet obtained for the innermost fluence vari-
ation of the RTNS-I neutron field, and have demonstrated the
application of helium accumulation fluence dosimetry to M g h
energy neutron fields as a.valuable tool complementary to radio-
metric foils.

While these results describe only one irradiation, they do
provide a check of a more approximate fluence model, and give an
estimate of what can be expected in other similar irradiations.
The resulting procedures can be used to characterize future d-T
irradiations and can be extended to the more complex d-Be and d-Li
neutron environments.
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where Y is the total neutron emission from the source, w is the
radius of the target spot (assumed constant), Z is the axial dis-
tance from the target spot, and R is the radial distance from the
source axis.

Comparisons were made by evaluating the Eq. (3) model at
three points on the fluence map, to determine the parameters Y,
w, and Z, and comparing the resulting curves with the fluence map
profiles generated in this work. While the LLL mathematical
model was found to produce fluence profiles that approximately
characterize the RTNS-I source, a set of parameters could not be
found that accurately reproduced the map. The best match, to
within 9;i over the space occupied by the capsule, was obtained
with an axial source-to-capsule-face distance that was 405' larger
than the assumed 3.5-mm experimental distance.

MAP ADJUSTMENTS USING HELIUM ACCUMULATION FLUENCE DOSIMETRY

Helium accumulation fluence dosimetry is based on the post-
irradiation measurement of the neutron-induced helium production
in segments of a suitable dosimetry material. Detailed fluence
profiles can be determined by mapping the relative helium genera-
tion in the segments. Total neutron fluences can then be obtained
by folding the results with the total helium production cross
sections. While this analysis method i<; generally more time-
consuming than activation analysis, it has several advantages.
These include the ability to use finer segments, the potential for
obtaining neutron energy information by selecting several dosime-
try materials that have helium-generation cross sections with
different neutron energy sensitivities (also applicable to foil
activation), and an absence of the need to know the time-history
of the irradiation. The time-history is usually important for
interpretation of activation analyses, on the other hand, because
corrections must be made for decay during the irradiation, unless
the activation product half-life is much longer than the irradia-
tion period. If the half-life is significantly shorter than the
irradiation period, the residual activity will be dominated by
the neutron flux level during the latter part of the irradiation,
and therefore only this flux will be measured.

The helium accumulation dosimetry analysis in this experiment
was simplified by the fact that the wire rings were essentially
symmetrically placed within the irradiation assembly relative to
the neutron source axis. This meant that the incident neutron
energy, and hence the helium production cross section, could be
assumed constant over the entire extent of each wire ring.
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The Cu, inner Al, outer Al, and Fe wires were cut into 25,
9, 14, and 12 segments, respectively, and have been analyzed for
helium. Pre1iminary information from the Cu and Al segments is
shown in Fig. 4, as a function of anqular orientation about the
capsule center (in the plane perpendicular to the 0° neutron
source axis). The fluence profiles calculated from the dosimetry
foil map [Fq. (2)| for the locations of the wire rings are super-
imposed on Fig. 4 as solid curves.

Comparison of the fluence profiles with the helium results
(normalized in Fig. 4 by dividing the helium results by the
average calculated cross sections, which are based on the dosime-
try map fluences) leads to two observations. First, the esti-
mated offset of the capsul'- from the 0° neutron source axis, as
determined from the radiometric dosimetry foils, is too small.
Increasing the assumed capsule offset in the vertical direction
from 0.6 to 1.0 mm in the fluence calculations (dashed curves in
Fig. 4) gave a better fit +r. the helium data. Second, the
fluence profile is somewhat asymmetrical, reflecting nonuniformi-
ties in the time-averaged deuteron beam profile. Further analysis
of the helium dosinietry data indicates that the beam profile was
slightly elongated, with some additional structure.

The helium accumulation dosinietry data obtained from the wire
rings have not yet been used to adjust the dosimetry foil fluence
map to reflect the integrated neutron field nonuniformities. When
this is completed, the revised map will be combined with the he-
lium data from the irradiated pure element helium generation
specimens, to obtain accurate helium-production cross sections.

IMPLICATIONS FOR FUTURE DOSIMETRY

The present analysis demonstrates the ability to obtain
detailed fluence information from foil activation and helium accu-
mulation fluence dosimetry, and it outlines a possible procedure
for future fusion program irradiations whore accurate fluence
information is required. As used here, the foil activation dosim-
etry has provided an averaged fluence map as a function of
position near the target, and the helium accumulation fluence
dosimetry has provided a considerable amount of further detail.

Helium accumulation dosimetry could also be used to construct
the entire fluence map, with adequate inclusion of dosinietry mate-
rials, but the mass spectrometric sample analysis is more time
consuming than activation analysis, and the helium generation
cross sections are not as well known at present.

The extension of these techniques to the more complex d-Be
and d-Li neutron environments can be made by using simultaneously
several dosimetry foils and helium accumulation materials with
different neutron energy sensitivities. The multiple foil tech-
nique has recently been applied to the initial characterization of
the d-Be source," where both neutron fluences and energy spectra
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were obtained by numerically unfolding the integral yields from
the individual dosiinelry reactions. A more detailed characteri-
zation can be obtained by combining foil activation and helium
accumulation mapping procedures with spectrum unfolding techniques
to calculate the fluence and energy spectrum at each position of
interest. To this end, it is increasingly important to determine
accurately the energy dependences of applicable foil activation
cross section;. It is also important to determine spectrum-
intecjrated total helium generation cross sections for several can-
didate helium accumulation dosimetry materials in a number of
neutron environments with different energy characteristics.
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Neutron Spectra Characteristics for the Intense Neutron Source, INS

M. Battat, R. Dierckx* and C. R. Emigh
University of California, Los Alamos Scientific Laboratory

Los Alamos, NM 87545

INTRODUCTION

The Intense Neutron Source, INS, facility is presently under
construction at the Los Alamos Scientific Laboratory. Its purpose
is to provide a broad base for research work related to the radi-
ation effects produced by 14-MeV neutrons from a D-T burn of a
fusion reactor. The INS facility produces a D-T burn-like reaction
from the collision of an intense tritium-ion beam with a supersonic
jet target of deuterium gas. The reaction produces a typical D-T
14-MeV neutron spectrum. By adding a fission blanket surrounding
the D-T "burn", the neutron spectral shape may be tailored to match
almost perfectly the anticipated first-wall spectra from presently
proposed fusion reactors. With a blanket in place, the total pro-
duction of neutrons can be as large as 3 x 10'f n/s and experimental
volumes of the order of 1000 cm3 can be available at flux levels
greater than 0.6 x 101'4 n/cm2 s.

BASIC REACTION

The INS facility makes use of the basic nuclear reaction

D2
T + (300 keV) + D -+ n(14.1 MeV) + a'H"(3.5 MeV) + D + e + Q.

This is accomplished by accelerating a lA-to 3A- tritium-ion beam
to 300 keV and allowing it to strike a deuterium gas target. The
gas target is a supersonic or transonic stream so as to carry away
the 300-900 kW of power, Q, deposited in the target. The INS
facility has two separate but identical sources, increasing its
diversity to accommodate many different types of experiments.

14-MeV PRIMARY NEUTRON SPECTRUM

The primary spectrum of 14-MeV neutrons is characterized by
the kinetics of the colliding tritium beam with the "essentially"
stationary deuterium target. In this mode of operation, the neutrons
in the forward direction have an energy of ~" 15.7 MeV while those
in the backward direction have an energy of ^12.8 MeV. The 14-

* On assignment to the cooperative research program, I1A/USERDA,
construction of LASL's INS facility. On leave from Euratom, CCR,
Ispra, Italy.

Work performed under the auspices of the U. S. Energy Research

and Development Administration.
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MeV flux of neutrons is essentially isotropic and falls off as r 7

from the approximate point source. The size of the source re-
action volume is ~~ 1 cm' and samples placed next to the source
will receive a primary flux of 2-6 x 10*'4 neutrons/cm? s. Figure
1 shows the primary spectrum in comparison with other spectra often
considered for radiation damage experimental research. The peak
values have been normalized to unity for this presentation.

The pure 14-MeV spectrum will be used primarily for doing
neutron cross section experiments. The very high intensities will
allow determination of neutron activation cross sections of elements
which are intensity limited, that is thp activation products have
very long half-lives, much greater than 100 years. Also the high
intensities will allow cross sections to be measured on rare or
expensive materials using microgram sample techniques. The spec-
ific cross sections for the production of H and He c.-n be accurately
measured, along with other transmutation cross sections of interest
to the fusion materials program.

Another important area of research needed for developing
fusion devices is that of 14-MeV neutron shielding. Very high
intensities of fusion neutrons will require massive shielding
protection, such as concrete walls greater than 10 ft in thickness.
Detailed neutronics is required to thoroughly understand trans-
mission, albedos, and activation of shielding materials.

Surface-physics experiments are important for metals and
insulators. Fusion first-wall erosion and resulting plasma con-
tamination are major problems. Plasma contamination in a fusion
device could cool the plasma and radically perturb the conditions
for optimum thermonuclear burn. Neutron sputtering, radiation
blistering, and release of gaseous particles are some of the
problems to be considered.*

At distances sufficiently far from the source, the flux pat-
tern can be considered a large homogeneous plane source of > 10 9

n/cm* s. Benchmark experiments, equipment mock-ups, and blanket
concepts can be exposed to this plane source so that measured
fluxes and related quantities can be compared with neutron trans-
port and penetration calculations.

TAILORED FIRST WALL SPECTRA

The neutron field present at the first wall of a fusion reactor
consists of two components: Che directed 14-MeV neutron flux coming
from the plasma burn and the backscattered, low-energy (< 14-MeV)
neutrons returning from the blanket surrounding the plasma.

At the INS, the sar.? neutron environment can be obtained by
surrounding the neutron source with a spherical fission blanket.

* M. Kaminsky, "Plasma Contamination and Wall Erosion in Thermo-
nuclear Reactors," IEEE Trans, in Nuclear Sci. V18, 208-217
(1971)
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The enclosed spectra can be tailored to match closely the •'•Irst
wall spectra of fusion reactors. The blanket is formed by i_un-
centric spheres of lithium, uranium, and beryllium. In very
general terms the beryllium outer liner acts both to slow down t;.e
14-MeV primary neutrons and to reflect them back toward the uranium
shell. The uranium (93? enriched U- "') multiplies the number of
neutrons by the fission process and fission neutrons are emitted
isotropically. Moderated fission neutrons are filtered by the
lithium inner liner to suppress the very low energy neutrons to a
desired level, producing in the enclosed space a neutron spectrum
that peaks at ~~ 10"^ MeV. The thickness of the blanket components
are determined by calculations made using the computer code,
ONETRAN-DA, which is a discrete ordinate transport code.

The tailored spectrum inside the encased volume- will consist
of a radial outward flux of primary 14-MeV neutrons- falling off as
r~2 and a near-uniform flux of low energy neutrons, peaking at
about W~J MeV. Different sizes of blankets can be used, depending
on optimal conditions for a particular series of experiments. A
small blanket for experiments desiring high total fluxes, :, at
low volumes, V, and a large blanket for experiments desiring high
volumes at low total fluxes. The conjugate relationship of the
product of 4 . V"1-/ 3 is conserved for a particular facility and is
referred to as the "effective" source strength of the faciiitv.
Figure 2 shows the relationship between the irradiation flux
versus maximum irradiation volume available, .issuming samples of
1 cmJ in size. In practice, the irradiation samples will be placed
at the location within the enclosed volume vhere the flux matches
most nearlv that of the first wall spectra (fr . . /•, , ~~ 4).

^14 14
As an illustration, Fig. 3 shows a typical blanket arrange-

ment surrounding an experimental volume of 33 cm"'. In this case,
the required amount of uranium-235 is 7.3 kg and has a multi-
plication of about 11. The uranium shell has an inner radius of
30 mm and an outer radius of 50 mm. The required Li filter inner
shell is 10-mm thick. Using a primary source strength of 10--L n/s,
the flux levels in the irradiation volume are shown in Figure 4.
The primary 14--MeV flux, c,, , falls off rapidly with the square
of the radius while the low energy component, >?.-l4» is essentially
constant within the volume. Figure 5 shows the total flux, J

T,
and the ratio of i <14/!*)i4- l'ne ratios expected in the j-pinch and
Tokamak designs are indicated and determine the optimum location
for placement of irradiation samples. At this location, the neutron
spectrum is shown in Figs. 6, ", and 8. In each presentation, the
I\'S spectrum is compared with those calculated first-wall spectra
for the 8-pinch and Tokamak reactors. The INS spectrum is a "pry
close match, differing only slightly below the keV region where it
is somewhat harder. This is due to the nature of the fission-
blanket but the differences are irrelevant for radiation damage
and He production effects. A second illustration, shown in Fig. 9,
shows a blanket arrangement surrounding an experimental volume of
268 cm3. The same flux spectra will he generated, but the total
flux level in this case is reduced to 0.5 x 10-1'' -.'em's.
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Review of Neutron "Data: 10 to 40 Me.

Robert C. Haight
Lawrence Livermore Laboratory

Livermore, California

ABSTRACT

Neutron data are reviewed for incident neutron energies
between 10 and 40 MeV. A census of the data shows that there are
many gaps in this range and that the existing data are primorily
for neutron energies around 14 MeV. Aside from total cross
sections, there are few data between 10 and 13 MeV and between 15
and 40 MeV. Examples are presented to show the quality of selected
data for total, elastic, inelastic, activation, and charged-
particle and gamma-ray production cross sections. The spectra of
emitted particles are also discussed.

INTRODUCTION

For over three decades, experimentalists have studied nuclear
reactions induced by neutrons between 10 and 40 MeV. In recent
years the interest in this energy range has intensified because of
the need for data for applied purposes. Much of the interest has
been stimulated by the fusion reactor community which requires
data both in the analysis of the neutronic performance of concep-
tual reactor designs as well as "'•, the interpretation of radiation
damage experiments. Further interest comes from the present use
of neutrons in this range for radiation therapy for cancer.

A comprehensive review of the data in thic energy range is not
intended here. The magnitude of such a task, as indicated in the
next section, is prohibitive. Rather the discussion here will
treat selected areas of the large body of measurements. The
selection is intended to point out agreements as well as discrep-
ancies between the measured quantities. Different experimental
techniques that are used to measure the same quantity will be
indicated. The examples chosen will, I hope, be of interest for
the applied purposes mentioned above.

A CENSUS OF THE DATA

About 83,000 data have been reported for incident neutron
energies between 10 and 40 MeV.' Although this number is very
large, it is small when compared with over 1,600,000 measurements
for neutrons of all energies. About 25,000 of the 83,000 data are

*Work performed under the auspices of the U.S. Energy Research
and Development Administration, W-7405-Eng-48.
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total cross sections and the remainder are spread over the other
measurable quantities.

An indication of where the measurements have been made is
given in Figs. 1-4. The number of data points is plotted against
the atomic number of the target, and no distinction is made in
these figures between targets that are isotopically pure and
targets that contain a mixture of isotopes. The graphs indicate
total cross section data, differential elastic scattering cross
sections, neutron emission data, hydrogen-producing and helium-
producing reaction cross sections and all other non-elastic cross
sections that are energy and angle-integrated (such as (n,v),
(n,n'), (n,2n), (n,3n), (n,f), etc. For the differential elastic
scattering, each point of an angular distribution is counted
separately; the individual points of a neutron emission spectrum
are also considered independent; and reactions that populate
different states in the residual nucleus are counted individually
if they were measured that way. The data points tallied are those
presently compiled in Ref. 1, which is based to a large extent on
data transmitted by the National Neutron Cross Section Center and
on references in CINDA.^

Figures 1 and 3 illustrate data between 10 and 40 MeV whereas
in Fig. 2 and 4 only the data between 15 and 40 MeV are tallied.
The marked difference between these different energy ranges
illustrates that, except for total cross section measurements,
there are few measurements above 15 MeV.

The distribution of measurements ove^ the elements fortunately
agrees to a remarkably large extent with the relative neutronic
importance of the elements for fusion and medical applications.
The only connection here, however, is that the important elements
are abundant and hence readily accessible for experiments.

STANDARD REFERENCE DATA

In the region 10 to 40 MeV, there is one primary standard, n-p
elastic scattering, against which all other cross sections are
measured. The accuracy of the angle-integrated elastic cross
section is known to better than 1'/ according to Hopkins and Breit.3
Usually a flux monitor detects protons recoiling in a certain
angular range, so that the angular distribution of n-p scattering
must be known. The uncertainty in the center-of-mass
angular distribution (a(180")-a(90°) )/o(90°) rises from about 1?'
at 10 MeV to 2.5" at 30 MeV according to Ref. 3 and is indicative
of the errors to be expected in flux monitors from the n-p
differential cross section. More recent measurements, summarized
by Uttley,^ have in general confirmed the values of Hopkins and
Breit.

Secondary standards include many activation cross sections
and fission cross sections, primarily 235|j(n,f). One of the v/idely
used activation standards is ̂ Al(rt,a)^Na. The half-life (15
hours) and decay radiation of ?^Na make it attractive. On the
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other hand the cross section fluctuates fairly rapid,1, ,.,-it/i
neutron enerqy with the amplitude of the fluctuation', I.ring about
4 (peak-to-peak). Aside from the fluctuations, the cross
section is relatively flat from 12 to 14 MeV and decreases above
14 MeV. The ^^Al(n, . )^Na monitor reaction should therefore be
expected to contribute an error of about 5 near 14 FoV and per-
haps more at higher energies unless the enerqy of the source
neutrons is precisely known. The ^ 'Uti(n,Zn)"<' *.'b (t-j /p - 10 days)
cross section is preferred by some as the standard ai.livdt.ion
cross section for neutrons near 14 M P V since its exci t.a i ion
function is much flatter there.

The 23->(j(n,f) c ross section has been used e-Lensively as a
standard fission cross section. Fission cross section ratios <ire
usually measured relative to this standard. The significant dis-
crepancy {10 where the error bars are + 4 ) in the measurements
of this cross section from 14 to 18 MeV have been summarized in
the NEANDC/NEARCP Specialists meeting on Fast Fission f.ross
Sections.

TOTAL CROSS SECTIONS

The extensive development of continuous spectrum or white
neutron sources in the past ten years has made possible total
cross section measurements of high quality. In the range 10 to
40 MeV, white sources based on cyclotrons (e.g. Ref. 7) have pro-
vided much of the new data. Electron linear accelerators have
also been used extensively to produce white neution spectra for
total cross section measurements in this range (e.q. Refs. 8-11).
The cyclotron produced sources have the advantages of a somewhat
shorter initial pulse width, much lower gamma-ray bac!-qround, and
more neutron intensity in the range of 10 to 40 MeV. Nevertheless,
total cross section measurements of good quality have been made up
to 40 MeV with electron linac sources.

Recently a white source based on a tandt1. van de Graaff has
been developed.^? The source reaction is ^Be(d,n). The character-
istics of this source in terms of initial pul.>e width, low gamma-
ray background and neutron spectral shape are similar to the
cyclotron sources. The intensity is somewhat lower, however.

F-or good energy resolution and low background measurements,the
use of a monoenergetic neutron source may still be preferred. An
example of such a measurement is the shape of the total cross
section of 207p5 between 16.3 and 17.1 MeV (Fig. 5). One group
had previously reported a bump at 16.8 MeV which was attributed
to mixing of the compound states with a isobaric analog resonance.
The bump was not confirmed in a more recent measurement. The
significance of these measurements for applied purposes is
probably not in the particular cross section of ^'?b but rather
in the importance or non-importance of analog resonances to total
cross sections in general.
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( n , <) C r o v , Sect. ion1,

The {<>,/) rt-iic '. i on i ' , .1 MIM I 1 f r . i e t i o n of the non-e l.r, t. i<.
<-ro',', '.f;(.f. ion foe rir.'ij l.roir, between 10 .md 10 Mel/. 1 / p e r inif;nt<i I I y
l.hi1. c r o v , s e c t i o n i ' . d i f f i c u l t l.o i i ie . iu j re boe.-iu',e <) '.tu.j I I de t j r . i -
cl.il. ion of the n e u t r o n ',(jf-(.I.rum by the '..wiple o r ol.hi.-r ne. i rby
niii t e r i . i I ', p r o d u c e , neu t ron 1 , of lower' energy where the o p t . u r e
c r o v , '.eel. ion i ' , h i ' | h e r , some I. iui i" , much h i ' j h i - r . T l i i ' . (.ro'.s
'. '-(.I. ion hi)', tiol. been i i i ' ' i i ' ,urwl < i ! /ov IS Mf.'V.

One vMy o( check in') the ( i ) | ) t .urc c ro ' , ' . '.ect. iorr . on / H
l . i r ' i ' - l . - , would hi- I j j iiKM'.ure the (\>,i) c r o ' / , ',e(.t. 1 in (vyhere the
il(")r iiri,it. ion of the i n c i d e n t | j rot.on cr ier ' ) y i s i r r . i ' i n i i i c i i n t ) on
l.nin l.<) r'|<-t.'.. Nc'| l ' ; i . I. i l l ') (,oulonil> e f f ec t . ' , .ind connect, iriq f o r
re 1 , j r lu . i l m.iv, d i f f e r e n c e 1 , , the i.ro1.'. v e f i o r r , ' . hou ld lie e ( | i i . i l .
'he ( n , f ) c ro ' , ' , •,(•(.(. ion t o the m i r r o r r tuc le i r , c o u l d lie i n f e r r e d
I roin the ((),/•) r e s u l t , i i ' . i r i ' ) the d i r e c t - v m t i d i rec t c . i p t u re mor le l . ' '
When ^ " C i f n , c0) d. i t . i . i re conip.iriffl w i t h ^^'. . i ( |) , <,,) d , ) t . ) , / ' J the
o n l y rte(.e',',.jr y c fuiriqe i •, to \ h i f t the n e u t r o n .ind p r o t o n ener ' j y
• ,c . i l i ' ' , hy the m.iv, d i l f e r e r i c e of t f ie r e ' . i d u . i l n u c l e i . The r j ' j ree-
merit i ' , '.0 >)ood u|i l.o 1 ' MeV neul . ron ener ' j y t h . i t one i ' , led t o
' .u ' , | iect t h . i t the d i f f e r e n c e ,11. h i ' j h c r ' T ie r ' ) ! ! " , ( .ould be
e / p f ' r illien I..) 1 .

( n , l . ) .ind ( n , ' l l e ) f . ro ' , ' . ',e<l. ion1.

the ' ro-,1, •,'•(. I. ioti1. U11 f r i . l .J .ind ( n , ' ) l e ) re,i< I jonj , ^ . i ! 11 MeV
h.ive been i rive', I. i i |. i t.ed r e i e n l l y l i / fj.i it« .ind c o - w o r k e r " . 1 1 u ' , i n ' |
<ic t i v.i f. i ori techn i '{l ie-,. At. l . h i \ energy t.hf1 f ro 1 , ' , \ e c t iorr . . i re
',111.1 I I ( 1 0 - 1 0 ( 1 )-b). At t i i ' l l ie r erier<| i e \ , where they h.ive no t been
me.r. i i red in i jener i i I , the cro1 . ' , ' . ec t i on 1 . a re l i k e l y l.o be l . i t<|e>,
. i l l h o i j i j l i i t i1, u n l i k e l y th i l l , they w i l l be .i | . i r i |e l r . i t t i o n of the
t o t . i l non-e l.r.t. ic cro1 . ' . ' .eel ion f o r . i l l but <i few, e . i | . ' 'I i , ' I i ,
' ' l i e , t d rqe l . ' , .

In the \ | )e ( . i , i l (,i ',e o l the ' ' l ie (n ,!. | ) ' l i ( 0 . 1 / f . MeV) re.K. I. ion ,
the ' r i i ' , ' , ' .eel. ion between I ' <md IS MeV w.r, nie.r.ured1 ' ' ' r e c e n t l y liy
de l . ec t i i i ' l the f l . i / f l MeV i|,iiinii.i r . iy w i t h .1 ( ie( l i ) del.ei t o r . lhe-,e
ine.i'.uremenl.', r e s o l v e d ,1 d i '.r.rep.iru.y wh ich Wi)', t r . i c e d l.o the u ' .e ,
in .1 prT'Vio i r . wo rk , of .1 poo re r r e ' . o l u t ion H.i I ( I I ) rlel.et t o r .

(n , I ) ( . r ow ',ei I. iorr ,

neu t ron induced ( i ' . ' . i o n c ro ' , ' , ',ec I. ion1, l i. ive be<'n reviev^erl <il.
l e r i ' i t h in Hie Nl ANI)f,/NI Af.KI' ',pec i.i I i ; , l / , meet inq on I . r . t l i - . ' . i o n
(,rd', ' , ' . e c t i o r r . ' ' f i d , e / t e p t l o r the *̂ **JI1 (11, f ) cro1,1. ' . e i t i o n d i 1 . -
{.u'.'.ed under ' . t .nul . i r r l D. i t . i , w i l l nol be d i ' .cu ' . ' .ed f u r t h e r h e r e .
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HIP sum o f two <"ict i v<ot ion c n r , ' , sec t i o n s " ' shou ld q i v n the s<iitft
resu I f. :

"" lUn .p^V. 6S.I nib

' l i ( r i , n n ' pn i d) V. l ' j . l

'mill HO.? nib at l'i Mi./

whii.h <)<|rees w i t h i n the '(uot.eil e/per imentii 1 e r r o r .

Al (n , / . | i ) Cross Sect ion IJ,il.,i

I r l l.p m in I hit. km.",', ••,(n,/p)
Mctf k-V iiig/t.iii'' ml) Hcf i - rc i i i f MoU1 fi

I4 . I 7.7 I.', Ml) Al l,in(VJ) Imul ' . i im

M . i 7. U.'i \'i\i7l, Ai v.it(f)U) IcIc.Mjpi '1 '

M.f) / . / . I VI~W/\) f i l r iv f ' r ( f i l ) Ii'lev.Oi'O'1

IS.O 0 . / 0./1 l.i) 7A 1O')K,(J (.r imc',('jJ!) rju.irlrupolr-
'.(><•(.l.roiui'l.cr''

cj. li.'|f",i.o|jc i.uir. i'lUvl o( two propuft. ioii i i l / I C.OUIII.IT ••. mirl o
l.',I(T'O '.i. inl. i I l.il.or.

l i . h; Icsr.rjpf' (.on', i ' ,Led u l two ' . u r l i iM - - lMi"r icr dcl. i ' i I.t i i"..

( n , / n ) f .n i ' , ' , Set. I. ion1.

NCJIJI. ron i.'ini',', ion (.rti1.', ',(.•(. I. ion ' , <inil spci. l .r . i d i v e IJCCII f.oinpriri' i l
\iy Han'.i.'ii <>t d\.l}' for 11-Mi-V ini. i d c n t neu t ron r?ncri|y. Hi<'
r'i">ul l . s " ' " " " i icjrcc '|(.Ti<;r<il I y f o r i r o n , where I.hi? mo1,1. c / t e n ' , ive
i.oinpiir i '.on <.'in l>e nwde. l o r A l , Hi rind (,u I. lie r. i l . l i i 'r comple te
'•pec I. rvi o l Hi;f . f)1 i i i j rep wit. t i more Irvifj i i i fn l.«ir y cl.il.,j f rom ol.hei
' j roup ' , . In a d d i t i o n t he re , i re ey t .e i r . i ve tl.if.ci on ' ' ' f , , Nl ; , I 'b, ^ ^''IJ,
</'lKIJ .Hid ' " ' ' J P i i . f | / 1 A I. 10 ,ind I I Mi'V nici ' . i i remeii l . ' , on 1 i i j h t e lement ' .
<ire di',(.u'>'iC(l in l .his Syuipo', him. An e x t e n s i v e s tudy of l.he
n e u t r o n e m i s s i o n I roin the neu t ron bombardment o f 'He hcis been
comple ted in t h i s l. i t. l .er w o r K

Above 1'j-MeV inc. idenl . neu t ron e n e r q y , t h e r e . i re ve ry few
iiif!<j"iurciiierits .is shown in I \t\. '/. Kecen t l y ii w h i t e source; has been
u s e d ' t o measure ' ' ' 'A l ( n , x n ) up to 70 MeV. A l t h o u q h the f l u x o f
source n e u t r o n s cibove H MeV w.is u n i t e l ow , .i ineasurement w.is
p o s s i b l e when the data wi.'re . iverat jed over .i fnvi MeV of i n c i den t ,
n e u t r o n e n e r g y .
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(n,xr) Cross Sections

Die extensive measurements .il. OR! I A ^ " ^ and at Gulf Had i.it ion
Techno lony^ ' have contr ibuted s i q n i f i c a n l l y (.<) (.he data base of
neutron-induced qamma-ray production cross sections and spectra.
The incident neutron erierqy nuqe in these experiment', usual ly
extends to ?0 MeV. In j d d i t i o n there have been measurements wi th
H-McV neutrons, e .q. , kefs. / I and /? .

A comparison of the resu l ts Tor the much studied ^ A l ( n , x , )
react ion i l l u s t r a t e s some typ ica l discrepancies ( M q . 10). The
data have heen qrouped in 1-MeV bins (or ease 01 comparison, and
the white source data have been averaqed (or a centra l incident
neutron enerqy of about M MeV. f i r s t the older work of Tucker
et a l . " d i f f e r s in the to ta l qaiiiiua-ray production sect ion by a
fac tor of two from the other measurements.<'/,(> J , / U , / / Secondly
then: tire non-neql i q i b l e d i f ferences in the spectral shapes. I t
is possiMe that the d i f ference in inc ident neutron energy could
account (or some of these d i f fe rences , althouqh th is possible
explanation is probably not s u f f i c i e n t . It. is surpr is inq tlicit
these discrepancies have not been resolved yet .

CONCLUSIONS

I rom this review ol the existinq neutron data between 10 and
II) MeV, we can draw several conclusions. I irst, there aic very
lev; data, aside from total cross sections, (or neutron enerqies
above I'J MeV arid oven fewer for enerqies above X(l MeV. The ret/ion
between 10 and I'i MeV is also not well invest iqated. Of the types
ol data reviewed, the least measured are those charac ten'/ inq the
emitted particles in non-elastic interactions, i.e., (n,xn),
(n,X|), (n,xp), (n,xn) and so forth. Althouqh several qroups are
invest iqaf inq these anrl other' reaction properties at many enenjic,
between 10 and 10 MeV, much remains to be done before there are
enouqh data to indicate systematic trends.

I hi; second conclusion i1. that, to provide accurate data, the
future1 experimental techniques must avoid the problems encountered
previously near 14 MeV. To this end, the careful experimenter will
use st ite-of -tho-arl. techniques and many cross-checks includinq
comparison of his neutron data with proton-induced reaction data
and nuclear models where applicable. Hie factor-ol-two errors
appearinq in some data clearly tan and should be resolved.

Thirdly we can be pleased with much of the present data near
11 MeV, with the elasl.it: scafferinq cross section data where they
have been measured, and with most of the total cross section data
throughout the ranqe 10 to 40 MeV.

finally for fusion, radiation damaqe, and medical appli-
cations, the picture is hriqht even where the data are sparse
because of the present arsenal of experimental techniques. When
a well-defined need for a particular type of data arises, it can
be satisfied to some reasonable accuracy with a concerted effort
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based on present day technology. Many of the techniques and
efforts for these applied programs are discussed *t this Symposium.
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D i f f e r e n t , i a 1 a n d I n t e g r a l N e u t r o n S t a n d a r d s
f o r H i g h Km r g y N e u t r o n s

Oct'T] A . Was s o n
N a t i o n a l B u r e a u o f S t a n d a r d s , W a s h i n g t o n , D . C

[NTRODL'CTION

T h e r e i s a n e e d f o r s t a n d a r d n e u t r o n f i e I d s n e a r LA MeV
n e u t r o n e n e r g y f o r a p p l i c a t i o n s i n f u s i o n p o w e r e l o s i m e t r y a n d a t
h i g h e r e n e r g i e s f o r m e d i c a l d o s i m e t r y . T h e re- i s a l a r g e u n c e r -
t a i n t y i n t h e c r o s s s e c t i o n f o r I h< N i ( n , | > ) Co r e a c t i o n u s e d
f o r r e a c t o r d o s i m e l r y n e a r 14 MeV w h i l e t h e r e s i i l l r e m a i n s a 107,
u n c e r t a i n t y i n the- ' " U ( n , f ) i r o s s s e c t i o n \ v h i c h i s t h e s t a n d a r d
f o r a l l f i s s i o n rcac t i o n me-a.sure m e n ! s . The a c c i n a c y i n t h e n e u t r o n
s p e c t r u m s h a p e m e a s u r e m e n t s f r o m t h e d c u t e - r o n a n d p r o t o n i n d u c e d
r e a c t i o n s o n l i t h i u m a n d b e r y l iutn u s e f u l l o r m e d i c a l t r e ^ t m e ^ n t i .s
l i m i t e d b y t h e e f f i c i e n c y o f t h e n e u i r o n d e t e - c l o r s . The a v a i l -
a b i l i t y o f a s t a n d a r d n e u t r o n s p e c t r u m f o r c a l i b r a t i o n o f v a r i o u s
n e u t r o n f l u x m o n i t o r s s h o u l d p r o v i d e a u s e f u l c o n t r i b u t i o n t o t h e
s t a n d a r d i z a t i o n o f n e u t r o n m e a s u r e - m e - n t s i n t h e s e l i e I d s . T h i s
p a p e r i s d e v o t e - d t o a n i n v e s t i g a t i o n o f the- s t a n d a r d 14 MeV n e u t r o n
f i e l d s w h i c h c a n be; p r o \ ide-d a t the- 5MV Van de- f i r a a f f f a c i l i t y a t
t h e N a t i o n a l B u r e a u o f S t a n d a r d s .

THE 3 H ( ' H , n ) * He- REACTION

T h e n u c l e a r reaction u s e e ] w i t h a 3 MV V a n ele G r a a f f a r c : c l e ' r -
a r . o r i s the- w e l l k n o w n ' H( ' H , n ) *Ilc p r o c e s s u s i n i ; a d e u U r o n b e a m
i n c i d e n t o n a 1 r i t i a t e j d t i t a n i u m I a r g e - 1 . Th i s twv b o d y r e a c t i o n
h a s a l a r g e Q V a l u e o f 1 7 . >S Me-V w h i c h a t t h r e s h o l d p r o d u c e - s a
1 4 . 1 MeV n e u t r o n a n d a 5 . 5 MeV a l p h a p a r t i c l e - . The c r o s s s e c t i o n
p e a k s a t a p p r o x i m a t e l y "3 b a r n s f o r tin i n c i d e n t d c u U r o n e n e r g y o f
11.0 k e V a n d d e c r e a s e s b y a f a c t o r o f 7 a t r>00 ke-V. The- n e u t r o n
a n g u l a r d i s t r i b u t i o n i s f a i r l y i s o t r o p i e f o r e ]e -u te - ron e n e r g i e s l e - s s
t h a n 3 M e V . As t h e d e u t e r o n E n e r g y i n c r e a s e s , t h e n e u t r o n e n e r g y
v a r i e s g r e a t l y w i t h a n g l e . A t 1 0 0 kt-V d c u L e r o n e n e r g y t h e n e u t r o n
e n e r g y c h a n g e s b y 1 . 3 MeV b e t w e e n 0 a n d 1 8 0 i n t h e l a b . A t
5 0 0 k e V t h i s v a r i a t i o n i n c r e a s e s t o i Me-V.

T h e n e u t r o n e n e r g i e s t h a t c a n b e p r o d u c e d w i t h t h e V a n dc
G r a a f f f o i . v a r i o u s n e u t r o n a n g l e s a r e - s h o w n i n F i g . 1 . T h e s e
e x t e n d f r o m 1 2 t o 1 9 . 5 M e V . I t i s n e c e s s a r y t o w o r k a t s e v e r a l
a n g l e s i n o r d e r t o i n v e s t i g a t e 1 he e n t i r e n e u t r o n e n e r g y r e g i o n
available with this reaction. At the higher neutron energies, one
works in the forward direction where the minimum neutron energy is
controlled by the lowest deuteron energy available' at the Van de
Graaff, which is expected to be approximately 500 keV without the
use of energy degrading foils in the beam. Near 90°in the
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l abo ra to ry sysLetn, the- m uIron energy v a r i a t i o n about 14.1 MeV i s
a minimum. Lower neutron e n e r g i e s r e q u i r e backward a n g l e s .

The neu t ron flux produced in t h i s r e a c t i o n can be measured by
means of the a s s o c i a t e d p a r t i c l e technique-. Since the r e a c t i o n i s
a two-body p r o c e s s , the energy and angle of the emi t ted neu t ron i s
unique ly r e l a t e d to the energy and angle of the a s s o c i a t e d a lpha
p a n i c l e . The coll imaU-d alpha p a r t i c l e s can be d e t e c t e d wi th a
so l id •-late coun te r since the backgrounds produced by neu t ron
i n t e r a c t i o n s in s i l i c o n appear to be manageable . Experience- us ing
'I i-T s o l i d t a rge t s ' " i n d i c a t e s t h a t s c a t t e r i n g of the i n c i d e n t
deuteron beam and m i g r a t i o n of the t r i t i u m in the t a r g e t produce a
minimum spread in the neut ron cone of approximate ly 5 s , FWHM. This
angula r spread i s q u i t e a c c e p t a b l e for c r o s s s e c t i o n measurements
and e le lcctor c a l i b r a t i o n s .

MEASUREMENTS USING ASSOCIATED PARTICLE TECHNIQUE

C a l i b r a t i o n of Proton Recoi l Telescope

Since two of the' more comme>n ne-utron flux moni to r s for 14 MeV
neut rons a re the a s s o c i a t e d part . i t !<• technique and Ihe proton r e -
t o i l t e l e s c o p e , i t would be us ' ful to compare the two t echn iques
d i r e c t l y . A diagram for t h i s comparison is shown in F ig . 2 . The
alpha p a r t i c l e s from the d , t r e a c t i o n are ce>llimatc'd on to a s o l i d
s t a l e d e t e c t o r . The corre-spejneiing neulrejn cone i s i n c i d e n t upon
the r a d i a t o r of the t e l escope ' . I t i s e s s e n t i a l t h a t the a rea of
the- r a d i a t o r exceed the- dimensions of the' neu t ron beam. The t e l e -
scope- func t ions by d e l e c t i n g the- r e a o i l proton from n-p s c a t t e r i n g
in a t h in po lye thy lene f o i l . The energy of the p r o t o n , E,-,, i s
given by

E = E cos : •>;
P n

where E n is the incident neutron energy and \ is the proton angle
in the laboratory system. A practical film thickness for IU MeV
protons is 20 mg/cm"'' which produces a 1 MeV proton energy loss.*
Since less than \% of the incident neutrons interact in the foil,
and less than 10% of the recoil protons hit the detector, the neu-
tron flux incident on the proton detector is more than 1000 times
the proton flux. In order to reduce the neutron induced background,
several transmission detectors are operated in coincidence with the
proton detector."'

The uncertainty in the efficiency of the telescope monitor
depends on the uncertainty in the hydrogen concentration in the
radiator and the angular distribution of the n-p reaction. Since
both of these quantitites are thought to be known to better than
17» uncertainty, a test of the telescope response by means of the
associated particle technique should help tie together a larger
group of re suits.
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purpose of the shield around the source is Lo reduce the room
background at both the sample and monitor positions. The flux mon-
itor with an efficiency of over 907, at 1 MeV was both calibrated
with the associated particle technique and calculated by Monte-
Carlo programs.

We propose to modify this set up for use at 14 MeV by
redesigning the source shield to obtain additional neutron beams
at 90 and several back angles. The- system is flexible to provide
for different beam sizes and flux monitors. If this geometry is
unsuccessful al 14 MeV we have the option of using open beam geom-
etry and measuring backgrounds by means of .shadow bars.

SUMMARY

A standardized flexible 14 MeV neutron field will be avail-
able at NBS for calibration of various neutron flux monitors. The
avai lability of a common neutron source .should be of value in
inter-laboratory flux rate measurements. This facility will also
be used for mcasurernc nt s of the standard neutron Induced fission
cross sections as will those reactions used for reactor dosimetry.
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NEUTRON ENERGIES USING 3 MV Von de Grooff
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Neutron Cross Section Programs in the Energy1' Re;' ion fro'nr' / )

1 to 24 MeV at the LASL Van de Crnaff Facilities*

G. F. Auehampaugh, D. M. Drake, and L. R. Veeser
University of California, Los Alamos Si1 i -*nt i f i c Laboratory

Los Alamos, New Mexico o75''r>

Neutron measurements relevant to the Los Alamos Scientific
Laboratory's (LASL) programmatic efforts and to the V. S. fission
and fusion energy programs can be divided into four categories:
secondary neutron emission cross sections on I ight elements,
«amma-ray production cross sections,' total cross sections on light
isotopes, nrcl (n,2n) and (n,3n) cross sections.'' Many of these
measurements have been performed using the unusual capabilities of
the LASL's Van de Graaffs. This is especially true for the higli-
encrgy (? 20 MeV) measurements on (n,2n) and (n,3n) cross sections.
The purpose of this paper is to describe briefly the four types of
measurements, to illustrate each measurement with some examples,
and to present any new data that are not as yet available in the
literature. We will also indicate in which programs new measure-
ments are planned for the next year.

SECONDARY NEUTRON KM1SSTON CROSS SECTION PROGRAM

Differential elastic and inelasLic cross sections and double-
differential continuum cross sections have been measured for 5.9-,
10.1-, and 14.2-MoV incident neutrons on beryllium using the LASL
tandem and single-ended Van de Crnaff facilities. Inelastic here
refers collectively to the states at 1.6-, 2.43-, 2.8-, and
3.06-MeV in Be. Data were taken at scattering angles between
25° and 145°.

The H(t,n) reaction was used for the 5.9- and 10.1-MeV measure-
ments instead of the customary inverse reaction because, in princi-
ple, all sources of neutron background can be investigated (the
breakup neutron threshold lies above the energy region of interest
at about 24 MeV) and because the ll(t,n) reaction produces about a
factor of 20 more neutrons in the forward direction than the
inverse reaction. The H(t,n) reaction, however, does produce a
sizeable, but measureable, neutron background in the continuum
region from triton reactions in the entrance and bean: stop
materials. The hollow samples were placed about 164 mm from the
center of the target cell and the scattei;ng angle changed by
rotating the detector about the axis of the sample.

The zH(t,n) reaction was used for the 14.2-MeV measurements.
The triton beam was stopped in the deuterium gas of the target.
The samples were placed in the plane perpendicular to the beam
direction about 100 mm from the target. The scattering angle was

*Work performed under the auspices of the United States
Energy Research and Development Administration.
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:>]>\ir<>:< iti.at el y 'i')0 ]'!•','. I'u I .••.i--.s!iaj,'- d i :>r r imi n.T t ion usinj', t h e z e r o -
i rnr.soyer t r-( iin i'jut'' w a s u s e d in r c d u f e t h e f̂ 'jninu'i-r.'iy IJ;K kj'.round.
'Iln- deierttjr v;.'j'. lor.'Ued a b o u t 2.7 t;i f rni'i tlie :-;atnple i n s i d e o f a
t:ia:.:,ivr n e u t r o n j^hieid t h a t c o n s i s t e d o f par.'iff in iiriprej'ii'ited w i t h
! i 1 ii i ui\ h y d r i f'e .

Tlie :riu 11 i p i e :.r;j I I e r i n;; r o r r e f t i o n w a s c a l c u l a t e d u.sinf, t h e
l.ASI. M o n t e C a r l o r o d e MO.'.'' T h e neutronr-; w e r e t a l l i e d by e m i s s i o n -
• •n.-r;'y a m i -.inj'.le at < o n ! i n;: l<i I lie t'/[if of r e a c t i o n that, c r e a t e d
thefn: e l a s t i c , i n e l a s M ' t , e l a s t i c - e l a s t i c , e 1 <"i.s t i c-i n e 1 nst i c , a n d
i n e i .'i:.t i c ~ i n e i a'.t if. r;,a 1 cul .jt ] o n s //ere luade o n n o r m a l d e n s i t y a n d
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a n d - a n f , I e w a s o b t a i n e d b y takin;', a r a t i o of t h e r e s u l t s f r o m t h e
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T h e b e r y l 1 imrt d a t a w e r e c o n v e r t e d t o c r o s s s e c t i o n by
iiorma 1 \y, i »;• tin- d a t a to t lie h y d r o g e n s c a t t e r i n g d a t a o b t a i n e d f r o m
s a m p l e s of p o I yet. b y 1 " n e ;tnd u s i n j ' t h e H o p k i n s a n d H r e i t n , p
scat t e r in;', c r o s s s e c t i o n . ' At liifh e n e r g i e s a n d s m a l l s c a t t e r i n g
anj'Jes the hydrogen elastic peak was not completely resolved from
the carbon elastic peak and therelore it was necessary to lake
data on a carbon sample to correct tic polyethylene sample data for
the carbon contaminant.

Since the cross section was obtained from a ratio of the
beryllium data to the hydrogen dala it was only necessary to
measure the relative efficiency ol the neutron detector. The
relative efficiency of the detector wa.s measured from O.'J MeV to
20 MeV u.sinj', the 7ll(d,n), 'H(p,.i), and 'll(d,n) reactions and by
el ast ical ly scatter inn neutrons oil' of hydrogen and usinf, tlie n,p
scattering cross section.

As a self-consistency check on the elastic data, data were
taken with the 3H(p,n) reaction at r>.u and 10.1 MeV. The agreement
between the .sets of data was better 1 ban h"l. Since- the statistics
in the continuum region were poor and the background very large, a
meaningful comparison could not be made with the H(t,n) data. At
this time we did not have the benefit of tin' source reaction
studied made at LASI. that showed that the gold beam stop, which
we were using, created several orders of magnitude more background
than either a ? BSi or 5eNi beam stop.

To check the multiple scattering correction we made several
measurement."; on samples of beryllium with different dimensions. The
elastic and inelastic cross sections obtained agreed to within "i7.
and the continuum cross sections to better than 10%.
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The accuracy of the neutron energy .scale in given by
+ 0.070 K A.79K+0.75 with K measured in MeV. This means, for
example, that the energy of the narrow resonance in I2C at
2.077 MeV lias an uncertainty of less than + 260 eV.

The data were corrected for backgrounds that varied from 3% of
the open beam spectrum at 1 . 5 MeV, 0.5% at 4 MeV, to 17,, at 14 MeV.

The systematic uncertainty in the transmission is estimated
to be + 1.77. This uncertainty is determined from a cjuadruture of
the foil owing estimates of Lhe various sources of errors: sample
thickness + 0.7Z, background + \'t,, normalization + \°L, and dead-
t ime + 0.5%. Since the fractional uncertainty in the cross section
is equal to the fractional uncertainty in the transmission multi-
plied by I/no, the systematic uncertainty in the cross section is
somewhat larger because, for our samples, no was generally less
than one.

As an example of the data obtained with the Be(d,n) reaction
we present the total cross section of B from 1.0 to 14 MeV in
Figs. 4-6. The cross section has been corrected for the °B
isotopic impurity present in the sample. The data from 1,0 to
1.5 MeV in Fig. 4 and 4.0 fo 14 MeV in Fig. 6 have been averaged
over five channels. Note the .vappresssed zero origin on the
vertical scale in Fig. 6. This was done to revea] the fine struc-
ture present in the data that could only be seen with high statis-
tical accuracy data. The statistical uncertainty in Che cross
section varies from a few percent at 1.5 MeV to about 0.5 percent
at 9 MeV to about 1 percent at 14 MeV. These data required about
six hours of machine time.

There are no plans to continue the light element total cross
section program at the Van de Craaff because a time-of-flight
facility is being built at the Los Alamos Meson Facility that will
have a potential for much higher energy resolution than the Van de
Graaff facility.

(n,2n) AND (n,3n) CROSS SECTION PROGRAM

(n,2n) and (n,3n) cross sections for 6>7Li, Be, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, and Nb have been measured from 14.7 to 24 MeV using
the LASL Van de Graaff and a large gadolinium-loaded liquid scintil-
lator tank to detect the neutrons.

The neutrons were produced by the 3H(d,n) reaction. The
tleuteron beam was chopped into pulses l-\is wide at a repetition rate
of 25 kHz. The current was adjusted to keep the average number of
(n,xn) reactions per burst much less than one, thus minimizing the
correction for multiple events in any single burst.

The detector was a 75-cm-diam tank filled with 200 I of NE 323
that was loaded with 0.5% by weight gadolinium. The tank was
located 2.6 m from the source in a well-shielded room. It was
viewed by eight photomultiplier tubes (type RCA 4522) divided into
two banks of four tubes each. A coincidence was required between
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p r o t o n . s t o t h e a b s o l u t e d i f I e r e n l i a 1 e l f i c i . n c v n c i s u n i a c n t s o f
V.-rl.i IIK.V- i . ' '"'

T h e iifiitron et ! i c i i M i c y o ; Lite t a n k w a s m e a s u r e d h v a ' '('I
s n u r i i o n a s o l id s t a t e d e t i < t o r jil.icet! al tin- oi-'irer of" t h e t.irtk.
l . o r r e c t i o n s v;ere a p p l i e d t o ( h e m e a s u r e d el f" i c i e n r v t o r d i l l e r e n i - e s
hi'twei-n t h e ('I I i s s i o n n e u t r o n s p c i t r u m s h a ] » - a n d t h e ( n , . ! n ) •tml
( n , U \ ) '".peitra s h a p e s . 'iiu- (n,:-;!!) s h a p e s v%'ete i a l c u ! a t e d u:;inj' a
s t a t i s t i c a l m o d e l t h a t i n c l u d e d p r e e q u i 1 \ h r i u m m . ' U t r o n < T H i r^s i o n .

'Ihe d a l a w e r e c o r r e c t e d l o r b a c k g r o u n d s a m i l o r i'.r^^fs o ! l a n k
p u 1 s. s I h a t e c i ' u r r e d clurinj 1. t h e d e a d t i m e a s s o c i a t e d w i t h e a c h p u l s e .
S i n ' e t h e p r o b a b i I i L'.' l o r t w o s i n r . I e e v e n t s < > c c u r r itij'. durtni'. a i;;i 11 1

w a s n o t iie;\l i)',ihle c o m p a r e d w i t h t h e n u m b e r oi t r u e (n,i_'n) e v e n t s ,
a m u l t i p l . • - e v e n t c o r r e c t i o n w a s a p p l i e d t o e a c h sat:ip I e r u n . A
s i m i l a r c o r r e c t i o n t o t h e ( n , i n ) d a t a w a s n e j ' I i j; ih I e . Tile f i n a l
c o r r e c t i o n , w h i c h v a r i e d w i t h t h e i n c i d e n t n e u t r o n e n o r r . v a n d w i t h
t h e m u l t i p l i c i t y ol t h e ( n , x n ) r e a c t i o n , r e m o v e d t h e e f l o o t s o f
d e t e c t . o r e f t i c i e n c v t o j'.ive t h e m u l t i (i I ic i t ie;-: of ni'iilronx e m i t t e d
( r o m t h e t"a rr.ef .

I're 1 i jii i n a r'.' r e s u l t s e n t h e ( u , ^ n ) c r o s s s e c t i o n s i^\ lie, '1 i , V ,
O r , M n , l ;e. N i , a n d O J a r e l i s t e d in T.'ihlc V . Tile m e a . s u r e i l ( n , 3 n )
c r o s s s e c t i o n s a r e e s s e n t ial Iv ^t^ro u p t o 2] M e V . T b e u n c e r t a i n t y
j'.iven l o r eat'b c r o s s si-ct i o n r e p r e s e n t s a q u a d r u t u r e o( t h e s t a t i s -
l i c a l u n c e r l a i n t v a n d a s y s t e m a t i c ( i n c e r t a i nt \" t h a t v a r i e d f r o m "i t o
6',: . T h e '* Lifn,!'!!) c r o s s s e c t i o n s a r e b o t h about 10(1 nib and
rouj'.h I v c o n s t a n t b e t w e e n 14.7 and .'M M e V except that 'hi d r o p s
o f f to a b o u t HO nib at I h. 1 and I h Mil'. W h e n the' I i na 1 r e s u l t s
b e c o m e a v a i l a b l e , t h e 2 1 - M e V c r o s s s e c t i o n s in the t a b l e w i l l
probably %\o up by about 5 to i 0/, the \ K-MeV ones should remain
unchanged, and the 1 h. 7-MeV ones may JM> down 1 to V.' . Tlie lie data
have already been roughly corrected.

The dat.i on Kb and Co are tabulated in ref. 'i. The (n.^n) and
(n.'Jn) cross sections for Nb are plotted in I'ij;. 7. The data of
frehaut et a l . 1 ' are representcd by the closed circles and our data
by the open circles- (n,2n) and open triangles (n,in). The solid
line represents a calculation of the (n,xn) cross sections usini', a
statistical model that include, prcccpi i 1 ibr iuni neutron emission.

Since we have measured (r.,xn) cross sections for most available
rnn t er i.'il s, no additional measurements are planned lor the next year.
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TABLE V

Prel imiii.'iry (n ,2n) Cross S e r t i o n s

E
(MeV)

6 . 0
14,7
J6
17
18
19
20
21

Be

0.54 5 '0 .042
0.472*0.026
O.47VO.O4I
0.431 ' 0 . 0 3 8
0.42210.035
0.365*0.033
0 . 3 8 9 ' 0 . 0 3 3
0.378 '.0.035

Ti

0 . 3 1 ' 0 . 0 3
0.58*0.04
0 .6310 .03
0.67*0.04
0 .6510 .03
0 . 6 5 ' 0 . 0 3
0 .65*0 .03

V

. 6 6 ' .

. 7 0 ' .

. 77 ' .

. 82 J .
. 7 9 ' .
. 7 4 ' .
. 7 8 1 .

04
06
05
06
05
04
04

Cr

.47' .

.53' .

.65*.

.681.

.651.

. 6 4 ' .

. 6 3 ' .

03
04
03
04
03
03
0 )

Mn

.851.

.89*.

.85*.

.851 .

.811.

.80+.

. 7 5 ' .

0 5
06
04
04
04
04
04

Fe

.50' .04

.561.05

.59*.03

.681.04

.641 .04

.64*.04

.60' .04

E
(MeV) Ni Cu

14.7 .201.02 .741 .04
1.6 .23+.O2 .871 .05
17 .261 .03 .791 .04
18 .261.02 .861.05
19 .251.02 .791.04
20 .271 .02 .821.04
21 .271.02 .761 .04
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10-

100 10
NEUTRON ENERGY (MeV)

too

Fig. 1. Double-di fferential cross sections for 5.9-MeV incident
neutrons on beryllium. The cross sections are given in
the laboratory system. TI>e arrows indicate the positions
of the low-lying states in ''Be., wnich may contribute to
the observed maxima in tha cross sections at the indicated
energies. The low-energy shoulder on the elastic peak
6^ = 125° is due to poor bunching of the charged particle
beam.
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IO°r

IRON GAMMA-RAY PRODUCTION 90°, 120
En»l4.2 MeV

3 4 5 6 7
GAMMA ENERGY (MeV)

10

>Hg. 3. Spectrum jl' gamma rays observed from iron, circles and
crosses representing angles of 90° and 120° respectively,
compared to the ENDF/B-IV file (histogram).
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1.5 2 25 3

NEUTRON ENERGY (MeV)
3.5

Fig. 4. Total cross section of " B from 1.0 MeV to 4 MeV. The data
below 1.5 MeV have been averaged over five channels.
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.. i

Fig. 3 Spectra for 39 MeV neutrons on a 1.8 rag/era^ CH target at
20° lab. a) Energy in detector A vs energy in detector
B» for particles stopping in the latter. Indicated cuts
correspond to alpha particles. b) TOK from detector B
v.s energy in B, for events subject to the particle cut
in a), c) TOF from A vs energy in A for particles
stopping in A. Indicated cut correspond to helium
particles. Scales are arbitrary.
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Energy spectrum for alpha particles produced by 39 MeV
neutrons on C at 20° lab, as obtained from Fig. 3. Ajso
shown is the corresponding data lor a proton beam.
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N e u t r o n Sea 11 or i nq M e a s u r e m e n t s a! O h i o U n i v e r s i t y
in I In- Encr-'iy R.HKie 7 - 7.6 Mel/ ""

J. R a p a p o r t , P..W. T i n l o y , D.E. B a i n u m , J.D. C a r l s o n , '
and T . S . Cheenia

Oh ir, U n i v e r s i t y , A t h e n s , O h i o 45701

I N T R O D U C T I O N

T h e u n d e r s t a n d i n q and the e v a l u a t i o n of the n u c l e o n o p t i c a l
model p o t e n t i a l (OMP) are of e x t r e m e interest s i n c e it is a s s u m e d
that the O M P d e s c r i b e s the i n t e r a c t i o n b e t w e e n an incident n u c l e o n
and n target n u c l e u s . Such an i n t e r a c t i o n , we k n o w , is dn e x -
ceed i nq 1 y c o m p l i c a t e d p r o c e s s . T h u s it is q u i t e r e m a r k a b l e that
h i q h q u a l i t y fits ^rv o b t a i n e d w i t h n u c l e o n O M P w h i c h vary s m o o t h l y
w i t h incident e n e r q y and target i s o s p i n . T h i s indicates that t h e s e
O M P are p h y s i c a l l y m e a n i n g f u l and c o n t a i n , from a p h y s i c a l point of
v i e w , r e l e v a n t i n f o r m a t i o n .

T h e m a i n hulk of the s t u d i e s about the OMP has been o u t a i n e d
e m p i r i c a l l y and m a i n l y throuqh the a n a l y s i s of p r o t o n d a t a , e l a s t i c
s c a t t e r i n q and p o l a r i z a t i o n m e a s u r e m e n t s . Empirical qlobal p o t e n -
tials h a v e been reported by P e r e y 1 and by Becchetti and G r e e n l e e s '
a m o n g o t h e r s . T h e input of n e u t r o n d a t a to the a b o v e a n a l y s e ^
has been very limited b e c a u s e ol the r e l a t i v e l y iow a c c u r a c y ot the
u p - t o - t h e n a v a i l a b l e 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 . T h i s w o r k
tries to remedy this s i t u a t i o n by p r o v i d i n g a c c u r a t e n e u t r o n e l a s -
tic and inelastic s c a t t e r i n q d a t a in the e n e r g y reqion b e t w e e n 7
a n d 26 H e V , for a large n u m b e r of nuclei including several e n r i c h e d
i s o t o p e s a m p l e s .

T h e u n d e r s t a n d i n g of the O M P from a t h e o r e t i c a l point of v i e w
and its r e l a t i o n to the p h e n o m e n o l o g i c a I 1y d e t e r m i n e d O M P has been
the s u b j e c t of recent s t u d i e s . Manweiler' 1 h a s reported on a s u c -
cessful u n i f i e d t r e a t m e n t of u n b o u n d and bound s t a t e s r e l a t i n g the
u n b o u n d s t a t e e f f e c t i v e i n t e r a c t i o n to the s t a n d a r d O M P , u s i n g
H a r t r e e - F o c k theory. T h e real and imaginary part of the e g u i v a l e n t
local p o t e n t i a l s a r e c a l c u l a t e d and their e n e r g y d e p e n d e n c e is
g i v e n . J e u k e n n e , L e j e u n e and Mahau,.1' have d o n e m i c r o s c o p i c c a l c u -
lations o f the OMP using a B r u e c k n e r - H a r I r e e - F o c k a p p r o a c h w i t h
r e a l i s t i c n u c l e o n - n u c l e o n i n t e r a c t i o n s , and c a l c u l a t e d several c o m -
p o n e n t s o f the O M P .

In this talk we will p r e s e n t a brief d e s c r i p t i o n of the e x p e r -
imental f a c i l i t i e s at O h i o U n i v e r s i t y used to o b t a i n the d a t a , and
o u r u n d e r s t a n d i n g of the phenonienolog ica 1 O M P .

'Supported in part by N S F .
T N o w at Lord C o r p o r a t i o n , E r i e , P e n n s y l v a n i a .
N o w at P a n j a b U n i v e r s i t y , C h a n d i g a r h , India.
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EXPERIMENTAL FACILITIES AND RESULTS

During the last 3 years we have been involved at Ohio Univei—
stty in a high energy neutron scattering program.

The Ohio University 11 MeV Tandem is a unique T-shape high
current accelerator. Proton beam currents up to 100 ..amp DC on
target may be achieved. A floor layout is shown in figure 1. A
diode source produces by direct extraction either protons or deu-
terons up to 80 keV of energy, which are injected thrcuqh a 30"
inflection magnet to the low energy extension of the beam transport
system. In this section the beam may be chopped and bunched at a
repetition rate of 5 MHz or lower. After acceleration, the bear-
may again be chopped, if desired, to clip the tails of the bear
pulse to a total width of less than 2 nsec. For neutron wort (he
pulsed beam is focused on a gas cell in the center of a lai'ic run-
that allows a flight path up to 7 [m] between 0° and 160' or to
another location where a flight path up to 1h [m] may be achieved
in the forward angles.

The accelerator provides pulsed protons and deuterons that are
used in the production of monoenergetic neutrons. Pulses of about
700 psec FWHM with a 5 MHz rep rate may be obtained, with currents
up to 5 ;jamp on target. The different reactions used to produce
neutrons and their energy are shown in figure 2.

The 0° yield of the monoenergetic neutrons per sr per yamp per
sec per 10 keV energy loss in the gas cell is presented versus in-
cident energy. A minimum of 2 MeV and a maximum of 11 MeV have
been assumed for the incident particles.

The gas cell system has been described elsewhere.1"
A summary of the experimental setup is presented in table 1.
Elastic scattering data has been taken for over 100 cases with

monoenergetic neutrons at 7, 9, 11, 20, and 26 MeV. Data has been
obtained between 15° and 155° in steps of A0 = 5° for up to 29
points per angular distribution. The average data-taking time was
about 1.5 hr for each experimental point which represents well over
'lOOO hr of data acquisition.

A list of the scattering samples and the energies at which
both elastic and inelastic data were taken is shown in table 2.
The atomic mass is included in those cases where either enriched
samples (about 1/3 ~ 1/2 mole) were used or the element is natural-
ly monoisotopic. A large number of cases were done at II MeV while
the Mo and Pb isotopes were studied at several energies.

Data were accumulated for enough time so as to have yield
statistics better than y/. In the back angles, however, this re-
striction had to be lifted, but yield statistics less than 1 OS; were
achieved. In those cases where inelastic scattering was measured,
the counting statistics for the elastic scattering were generally
much better than y/,. The sample out background which was obtained
in each case was subtracted after monitor normalization from the
sample in spectra. The obtained elastic yields were corrected for
the following factors: dead time, source anisotropy, relative de-
tector efficiency, finite geometry, neutron flux attenuation,
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Table 1

Experimental Setup

Neutron Source Reaction T(p,n) He 7 MeV Neutrons

D(d,n) He 9,11 MeV Neutrons

T(d,n) He 20,26 MeV Neutrons

Sample

Source-Samp 1

Detector

Cyli ndr ica 1

e Distance

Diameter

Height

12 cm

L iaui d Sci nt i

)

1

1lator

• 99
.88

cm

cm

q NE 22A

Size (cm) 5 x 18.5

Very Long Detector VLD

Size (cm) 30 x 18.5

Photomultiplier RCA 4522

Detector Threshold (MeV) 1/2 Neutron Energy

Fi ight Path (m) 5.5 - 10

Beam Time Spread (FWHM) .7 - .9 ns

Overall Time Resolution (FWHM) 1.3 - 2.0 ns

Energy Resolution (FWHM) 550 keV at 26 MeV

180 keV at I 1 MeV

Average Beam (Pulsed) 2 - k jj
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Table 2

Ohio University Neutron Scattering Data

My

: ' 7 A I

Si

S

Ca

'•iv

'• '•Mr.

Ft:

'' ' 'Co

Hi

')'.' , ' I ' , , ' l ' i ,

Neutron energy

Sample 7.0 9 .0 I 1.0 20.0 26.0 o t h e r

11,

1 X

;• o ' . , ? !i

VI)

I n

, i r

'•Ho

'Ta

"Pb

Pb

''Bi

In = I n e l o s t i c rneasureinonts

X

X

X

X

X In

X

X

X

X

X In

X

X In

X

X I n "

X In

X In

X

X

X

X In

X In

X In

X

X

X 111 l ; ' ° S n :

X 3 A '
X 2 2 . 8

X

X I n X X I n

X

X
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V_(rJ represents the Coulomb potential due to a uniformly charged
sphere of total charge Ze and radius FT .

The radial dependence is generally taken to be a Woods-Saxon

f( x.) = (1 + (•*')"' where X = (r - r. A l / 3 ) / a .

which is a shape obtained from electron scattering experiments.
The spin-orbit term is taken to be of the Thomas form.
The imaginary part usually consists of a surface term W and

a volume term W .
The isospin dependence of the OMP is generally written as

sugqested by A. Lane as

U(r,E) = U Q (r,E) + ̂  t » f u, (7,E)

where t and f are the isospin of the incident nucleon and target,
respectively. U is referred to as the isoscalar and U. as the
isovector part oT the OP. This splits the radial part of the
potential in two diagonal terms, one for r̂ , another for p_, and a
non-diaqonal term which is responsible for the (p,n) quasi elastic
scattering. This last is given by

Upn (r'-E} = 2 / I U 1 (r'<E)-
Thus it has been assumed that the knowledge of the proton OMP

and the fit to the (p,n) quasi elastic scattering suffice to de-
termine the neutron OMP. This has been tried by several au-
t h o r s 1 ? > 1 ! with some success. However, several questions still
remain unsolved and we believe that a thorough knowledge of both
(n,n) and (p,p) data are needed to determine the isovector term
U, (r,E).

The central and imaginary potential depths of eq. I may be
written explicitly as:

V(E) F(X R) = V o(E)^(X R) t , V l ( E ) ft, (XR) + AV c (r)

W(E) G(X( ) = W Q(E)g(X |) + ..W, (E) g | (X() + AW c (r)

where the upper sign (+) is valid for protons while the (-) sign
is for neutrons and < = (N-2)/A represents the nuclear asymmetry.

The last term in both above equations corresponds to the so-
called Coulomb correction term. This term arises because the lo-
cal optical potential is energy-dependent and charged particles
lose energy penetrating the Coulomb barrier, thus having smaller
KE inside the nucleus than an uncharged particle. it is the aver-
age kinetic energy of the nucleon inside the nucleus that deter-
mines the strength of the average potential. Thus

MJc(r) = AVc(r) + i AW^r).

The real part AV (r) is generally paranieter i zed as having the
same radial form factor as the isoscalar part, (, (X ) , and its

R
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1 '3s t r e n g t h e s t i m a t e d to be ,-Z/A ' , w i t h :• = 0. k. T h e i m a g i n a r y
term .'.W (r) is u s u a l l y n e q l e c t e d and set equal to z e r o . It i t. a p -
par e n t rrori this e q u a t i o n that a k n o w l e d g e of b o t h t e r n s , ,',V and
.'.W , is i m p o r t a n t in the e v a l u a t i o n o! the i s o v e c t o r p a r t of the
p o t e n t i a l from the a n a l y s i s o f p r o t o n data a l o n e .

In the r e m a i n d e r of this p r e s e n t a t i o n we shall report on our
e f f o r t s to e v a l u a t e the f o l l o w i n q c o m p o n e n t s of the n u c l e o n - n u c I e ~
us O M P and o u r r e s u l t s o n i n e l a s t i c n e u t r o n s c a t t e r i n q :

1; T h e C o u l o m b c o r r e c t i o n tern ;.U (r)
2) T h e i s o s p i n d e p e n d e n c e of the O M P U,(ri
3) A g l o b a l f i t : e n e r q v d e p e n d e n c e
k) I n e l a s t i c n e u t r o n s c a t t e r i n q : the W a a n b i q u i t y .

T h e C o u l o m b C o r r e c t i o n T e r m

The C o u l o m b c o r r e c t i o n term may be d e t e r c i n e d e m p i r i c a l l y by
c o m p a r i n g p r o t o n s and n e u t r o n s O M P a n a l y s e s on T "= 0 nuclei . A
r a t h e r c o m p l e t e O M P a n a l y s i s of p + " Ca e l a s t i c s c a t t e r i n q i ror
10 - 180 MeV has been r e p o r t e d by van O e r s . 1 ' ' An a v e r a g e u e o m e t r y
r e p o r t e d for E • 75 MeV w a s use d in the n e u t r o n a n a l y s e s of C a " +
n at II, 2 0 , and 26 M e V . From the c o m p a r i s o n of the real s t r e n q t h
a v a l u e o f 2.7 - O . ^ MeV w a s o b t a i n e d for the C o u l o m b c o r r e c t i o n
term w h i c h m a y be p a r a m e t e r i z e d as (0.^6 ^ 0.07) Z/h'''. T h i s e m -
p i r i c a l v a l u e o b t a i n e d for the first time is about 15-' laroer than
the c o m m o n l y used O.k Z/A''-' as e v a l u a t e d in r e f . J . R e c e n t l y
J e u k e n n e et a l . ; h a v e p e r f o r m e d m i c r o s c o p i c O M P c a l c u l a t i o n s in
the c a s e of -"^"Pb at 25 M e V . A v a l u e for .'Vc a b o u t 2 5 / larger
than the phenomenoloti i ca 1 v a l u e w a s o b t a i n e d , w h i c h a q r e e s well
w i t h the p r e s e n t i n c r e a s e d e m p i r i c a l v a l u e -

T h e p r e s e n t data w e r e a l s o e x a m i n e d in ^in e f f o r t to d e t e r m i n e
an i m a g i n a r y part to the C o u l o m b c o r r e c t i o n t e r m . N o p o s i t i v e in-
d i c a t i o n w a s found.

T h e Isospin D e p e n d e n c e U , ( r )

S i m u 1 t a n e o u s a n a l y s e ^ of p r o t o n a n d n e u t r o n e l a s t i c s c a t t e r -
inq w e r e u s e d to d e t e r m i n e the real and i m a q i n a r y s t r e n p t h s of U|.
T h i s w a s d o n e at the s a m e n u c l e o n b o m b a r d i n o e n e r g y , 11 M e V , and
a l s o at e n e r q i e s s u c h that E = E + ' V , . T h e r e s u l t s a r e s h o w n

p n c
in fiqures 8 and 9- T h e o b t a i n e d a v e r a q e v a l u e s a r e V] = 22 t 1
M e V (assumes a v o l u m e form f a c t o r ) and W| = 13 - 1.7 MeV ( a s s u m i n u
a s u r f a c e d e r i v a t i v e W o o d s - S a x o n form f a c t o r ) .

A Global F i t : E n e r g y D e p e n d e n c e

A s u b s e t of the total n e u t r o n s c a t t e r i n q data i-.as s e l e c t e d to
do a global fit and s e a r c h for the e n e r g y d e p e n d e n c e of the r e a l ,
i m a g i n a r y , and isospin terms of the O M P . T h e n e u t r o n e l a s t i c scat-
tering on Ca at 1 1 , 2 0 , and 26 M e V and the 7, 9, 11, 2 0 . and 26
MeV n e u t r o n s c a t t e r i n q on the • * * '"',• h o and * "Pb w e r e u s e d ,
r e p r e s e n t i n g a total o f 28 a n q u l a r d i s t r i b u t i o n s . A fixed qeometry
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was imposed. This geometry was obt a i n e d by a v e r a g i n g the indivi-
dual best fit for all c a s e i . The results are shown in T a b l e 3.

T a b l e 3

Results of Global Fits

rR = 1.19 R, = 1.26

aD = 0.68 a = 0.56

V = 5^-7 - O.32E - (22.2 - 0. 18F) ,__

W = 0
V ; E •- 15 MeV

Wn = 5-7 + 0.5E - 1* r

W = 0.4E - 7
V ) E • 15 MeV

W = 21 .? - 0.5^E - 12.3 i-

The following facts should be emphasi?ed: a) For energies
less than 15 MeV the imaginary n a n of the potential W Q increases
with energy. This contradicts the results of Becchetti and Green-
lees' where a decrease of Wp with energy is indicated, b) An en-
ergy dependence of V| is incorporated. c) The energy dependences
of the other potential depths are similar to other global fi t s . ' "

Inelastic Scattering

The extension of the nucleon-nucleus OMP to inelastic scat-
tering is most easily understood in terms of the collective model
according to which low-lying collective states can be populated by
allowing the OMP to deform. In the usual DWBA analysis of differ-
ential cross section measurements, both the real and imaginary
parts of the potential are described by a common deformation para-
meter tn_. Description of polarization data may also require de-
formation of the spin-orbit potential. If the Lane term of the
OMP is also subject to deformation, isospin dependent effects
should be observed in inelastic nucleon scattering. Madsen, Brown,
and Anderson" 1 have recently studied the isospin dependence of
core-polarization effects in inelastic scattering to the first 2 +

states in single-closed-shell nuclei. They show that the usual
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deformation parameter, f'.̂ , for these states is a function of the
external field which produces the transition. Specifically, they
predict that Bnn 1 should be larger than Ppp' for closed-neutron-
shell nuclei, and vice versa for closed proton shell nuclei.

We have studied inelastic neutron scattering on several iso-
topes of Zr and Mo and the relevant results for N = 50 nuclei
( i 0Zr and ''''Ho) are shown in Ficj. 10. Quaclrupolc deformation para-
meters of 0.085 t 0 J 0 ? for <!('2r a n d 0-099 - 0.005 lor ');Mo were
extracted from the data by means of a DWBA analysis. These num-
bers are 10-202; larger than the values of f.2 obtained from (p.p 1)
experiments in aqreement with theoretical expectations. A similar-
study is being performed for the closed-proton-she I 1 nuclei
! 1 H, 170, }?y , l?'tsn

Analysis of inelastic scattering by means of the collective
model is troubled by both ambiguities and insensitivities of the
optical model analysis. Not surprisingly, the inelastic scatter-
ing cross section is more sensitive to small changes in the imagi-
nary part of the optical model than is the shape of the elastic
scattering cross section from which these parameters are derived.
Furthermore, the product of the strength and diffuseness W^a, of
t fie (surface) imaginary term is correlated with the nuclear
deformation parameter. A more careful analysis on inelastic and
reaction cross sections may be required before the imaginary part
of the 0MP is understood with the same confidence as is the real
potent i al .
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Fig. 2. Neutron yield at 0° for the indicated neutron sources.
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agree remarkably well; these data are consistent with the total
cross sect ions previously reported by Bowen et a ) . and Harlow
et al.'° The evaluated total cross section is shown in Fig. 1
for the ener;;y range 8.5-20 MeV; data are given with an accuracy
of 4% below and b'l above 15 MeV.

Radiative Captujc; _(O_=__4_j_9A_7__My{VJ. The radiative capture
cross section., between 0.2 and 20 MeV, was deduced from the
1 *C(y,n) measurement of Cook'1 by using the reciprocity theorem.
The radiative capture cross section from thermal energy up to
20 MeV is very low and does not exceed 0.07% of the total cross
sec t ion.

Elastic Scattering. Below 10 MeV the proposed values for
.elastic scattering cross sections were mainly based upon the
measurements from BKC'"' ' between 8 and 14. 5 MeV; these data are
generally in good agreement with the results Iron TUNL between
') and 15 MeV. Several data from 1A to 15 MeV were also taken into
account (see ref. 2 ) . Above 1 r> MeV we considered the differential
cross .sections of De.connink et al.1'' at 17.27-18.25 and 19.88 MeV
and the integrated cross sections measured by Boreli et al. 1 6 over
the energy range 14-25 MeV. 'fhe evaluated elastic scattering data
arc displayed in Fig. 1; they are given with an accuracy of 77
below and \0Z above 15 MeV. +

Inelastic Scattering From The FJ rŝ _Ĵ x_e_i_UjcW_ _ Jitatc_i_n_^C
(0 = --4_.4_'J_y Mj-'V). We consider here oniy the inelastic scattering
from the first excited state in ' ?C (2+, 4.439 MeV) since most, if
not all, of the higher excited states decay preferentially by
emission of fi-part ic 1 es and contribute to the ' ?C'(n,n' in) cross
section which will be examined below. As a consequence, the 4.439-
Mi'V y-ray production is a direct measure of the yield of the first
excited state by inelastic scattering. Below 15 MeV, the ine-
lastic scatter ing. data from I1RC' ? • ' ̂ and TUN1."' were taken into
account as well as other data between 14 and J5 MeV. The measure-
ments from lii<C1?'1 ' were found to be very consistent, within the
uncertainties, with the (n,n'y) cross sections of Morgan et al. 1 7

at 125", when multiplied by 47'. We may then conclude that the
fourth order coclficienl in the l.ogendre polynomial expansion of
the 4.4'V)-MeV y-ray angular u ist ri but ion is very small between 10
and 15 MeV. Between 15 and 20 MeV a few data have been
reported. ' J~' ' The inelastic (2+) curve was mainly based upon the
(n.n'y) data of Morgan et al. 1' at 125°, assuming that the fourth
order coefI icient is still negligib1e. The evaluated curve is
shown in Fig. 2.

' ?ii(l1>'luj)9li<-' (:;rIls_s SL'Ctjnn (Q = Z 5 . 702 JXIe_V) • Only the (n,uo)
r'.vi. L;'.":'. leaving lie in its ground state is considered as an
absorption reaction. The (n,«) reactions leading to the 9Be
excited spates contribute to the C(n,n'3rx) process. The (n,uo)
cross section was measured between 13.9 and 18.8 MeV. Other
information was obtained front measurenteiits of the Be(cx,no) C
reaction by using the reciprocity theorem (see ref. 2 ) . Thus,
data for the (n,0(o) cross section are proposed from threshold up
to 20 MeV with an accuracy of \2Z to 20Z.
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Table 1

Potential parameters used in the coupled-channel calculations

above S.5 MeV. V '.•.", V s 0, and 1

in MeV. R and a are given in fa.
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 a nd E Uieutron energy) are given
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likely to be isotropic at most other reactor locations, such as
close to core-blanket or core-reflector interfaces or outside
the core proper, i.e., inside or outside reacLor shields.

The assumption of neutron isotropy often produces profound
benefits for both theory and experiment. Many calculations and
measurements would often be totally precluded were it not for
fruitful simplifications which follow directly from such an
assumption. However, no matter how desirable from an experi-
mental or theoretical viewpoint, one cannot arbitrarily postulate
neutron isotropy. Indeed, it is an assumption which should be
tested, preferably by both theory and experiment. Such assess-
ments would hopefully quantify the degree to which this assump-
tion is satisfied and thereby provide a basis for estimating
errors entailed by any deviation from neutron isotropy.

The presert work stresses the utility of nuclear emulsions
in furnishing Jata to characterize fast neutron angular distri-
butions. Beyond assessing assumptions of possible isotropy
introduced in theoretical models, angular distribution data
provide independent tests of the validity of calculations.
Comparisons of theory and experiment to date have almost ex-
clusively relied upon predictions and observations of the
energy-dependent scalar neutron flux at a specified location or
upon the spatial variations of neutron induced reaction rates.
Angular distribution data can provide significant independent
tests of calculational capability, especially considering that
an energy-angle (E,s) matrix of only modest resolution can
possess a very large number of elements. Actually the dimensions
of the energy-angle matrix should be chosen to match experi-
mental conditions, of which the energy and angular resolving
power of the nuclear emulsions are no doubt the most important
considerations.

Comparisons of fast neutron reactor spectrometry methods
have been carried out for some time now. These comparisons
have been extremely fruitful in eliminating systematic biases,
which would otherwise be extremely difficult to uncover.
However, even in the most rigorous of these comparative efforts,1
agreement of no better than 55' has been attained over the
dominant intensity domain of the spectrum. Moreover, the
observed agreement often deteriorates markedly in the low and
high energy wings of the spectrum, where the results of different
spectrometry methods can differ by as much as 20-25%. Very
recent discrepancies underscore such difficulties.'

Placement of a neutron spectrometer in a neutron field
will not actually provide a measurement of if), but rather a
observation of <J> averaged over the dimensions of the detector.
This space and solid-angle averaging, ••>\<-^>-, has already been
stressed in a recent review3 and perhaps bears further elabora-
tion. This averaging process obviously depends on both the
size of the given neutron detector and the specific method of
neutron spectrometry utilized. Each detector size-spectrometry
method will provide a unique spatial and angular average of
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; and thereby give rise to a correspondingly unique scalar
neutron flux, namely that, scalar neutron energy distribution
observed with Lhe given detector size-spectrometry method.

Unfortunately spectrometry intercomparisons tacitly assume
th" "xistence, of a unique in-core scalar neutron spectrum and
th. ?il valid spectrometry methods should ideally produce this
urn . energy distribution. However, it has already been
stressed that the observed scalar spectrum ;, - - depends upon
the detector size-spectrometry method utilized, (feme, different
detector size-spectrometry systems will not produce iaenticvl
scalar neutron energy spectra. Observed differences which
arise in these spectrometry comparisons can therefore be attribu-
ted to the specific interaction between the given detector
size-spectrometry method and the in-core radiation environment.
Data quantifying the spatial and angular variations of the in-
core neutron flux may wel1 play a key role in understanding
these observed eflects.

A direct approach to resolve such difficulties lies in the
I.OIV; true lion of spherically symmetric detectors, perhaps the
most: useful of which have been spherical proportional counters.1'
Apart from the question of whether such detectors truly possess
a spherically symmetric response, one can not assume that such
detectors automatics Ily resolve this uniqueness problem, i.e.,
it is not alone sufficient to assume even truly spherically
symmetric detectors provide unique measurements of the scalar
neutron flux. Since any active spectrometer must, possess
finite sensitive volume, one must also assume that the angular
flux is independent of r. If this is not the case, employing
detectors of different size with the same given spectrometry
method can still produce different results.

Consider the simple case of spectral observations in an
infinite homogeneous medium. In order to conduct measurements,
a void must be created not only for the defector, but the pre-
amplifier, cables and other accessories. The very existence of
the spectrometry system in this void can produce a deviation
from what would otherwise be a uniform isotropic angular flux.
In contrast with active spectrometry methods, emulsions afford
a passive detection technique which in pr inciple introduces
minimal voids in the medium of interest. Conseouently, emulsions
provide the critical advantage of considerably less (and in
most instances, necjl iqible) spectral perturbation.

Inherent differences exist between .u.tive spoctromei.ry
methods and passive nuclear emulsion techniques which ,\ro
perhaps even more profound. Neasurements with active de-
tectors produce electronic signals, which after suitable amplifi-
cation are subsequently processed on-line with sophisticated
pulse analyzing instrumentation. Consequently, the space and
sol id-angle averaging of .|; is an intrinsic aspect of active
spectrometry methods, wherein all information related to neutron
direction (or neutron angular distribution) is lost. !n contrast,
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Neutron-Proton Scattering

Two crucial advantages of proton-recoil emulsions for
angular neutron flux measurements lie in the ability to measure
the recoil angular proton flux and the accurate knowledge of
the scattering kernel. It is therefore not surprising that
proton-recoil emulsions have been applied for angular neutron
flux measurements some time ago.9

In nuclear emulsions, the direction of proton recoil
tracks can be determined with good precision for E <, 2 MeV.
For shorter proton tracks, as E decreases below 2 MeV, the
direction of the proton becomespless certain due to grain density
fluctuations and small angle scattering considerations. Con-
sequently for' E C_2 MeV, one can measure the angular proton
recoil flux R(E^, it) arising in an exposed nuclear emulsion.
Here R(Ep, '!) is just the observed number of recoil protons
possessing energies between E and E +dE that are traveling in
the solid angle direction between U and U+dU.

The angular proton flux R(Ep,fi) is related to 'he angular flux
'i'(E >if') bv the integral equation

/

* (En, cn dfr dEn, (4)

where )'. (En ' tp, U" •• u) is the (n,p) scattering kernel for
protonssin the emulsion, i.e., the probability that neutrons of
energy E traveling in direction tt' give rise to protons of
energy E traveling in direction U.

This scattering kernel is particularly simple for En <. 10
MeV, where (n,p) scattering is isotropic in the center of mass
system. Morever, for m^ '= m , one has the kinematic constraint

En = E p cos' o, (5a)

where

cos o = u • ~r (5b)

is the scattering angle in the laboratory system. Consequently,
one can write for En % 10 MeV

>:s (En * Ep, 5' - u) -

~^~ 6 (a- ir-X^), (6)
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where H is the hydrogen atom density of the emulsion, -..{E )
is the total hydrogen scattering cross section at neutron
energy 1. , and \ is the customary notation for the Dirac delta
function.

This approach is clearly not as straightforward as that
provided by the 'Li(n,t)'H reaction and careful unfolding
calculations will be entailed to provide comparable quantitative
data. The properties of Equations (4) and (6) are currently
under study in an effort to define an efficient unfolding
procedure to extract (E n, .".')• I" addition, deviation frort pure
S-wave scattering should be taken into account above 10 MeV.

The • ;B+n • "He + 'He + 'H Reaction

Nuclear emulsions can be loaded with ;'B for observation
of the !''B + n • "He i "He * H reaction, having a Q of -0.29 MeV.
l:cr E n "' 4 MeV, all three charged particle reaction products have
sufficient range that their respective vector momentum and kinetic
energy can be measured with good accuracy.- ' Both E n and p'n can
be deduced from these measurements. Emulsions can be loaded in
the median plane with specks of glass containing • B. As in the
('Li(n,i) reaction, scanning is simplified and the probability of
a triton or alpha particle leaving the emulsion surface is re-
duced.

For 1 MeV • fn • 10 MeV the reaction does offer a method of
measuring the neutron angular flux in a niediun. For E n • 10 MeV
the situation is complicated by competition with • B(n,n'd2i),
and this problem needs to be carefully evaluated.

DATA NEEDS FOR MEASURING ANGULAR NEUTRON FLUX WITH
NUCLEAR EMULSIONS FOR NEUTRONS 10 MeV

Fortunately, the n-p scattering cross section is well
known in the full energy range of neutrons for fusion-type
reactors, but at the higher enerqies there are competing reactions
with other nuclides in the emulsion that produce ttacks of
charged particles that can be confused with recoil protons.
The principal isotopes together with their atomic densities in
the emulsion are given in Table II. This table also gives
approximate Q values of (n,p) and (n,0 reactions for these
nuclides together with some approximate values of the macroscopic
cross sections for these reactions in the emulsion for 14
MeV neutrons. The last column gives the ratio of the macroscopic
cross section for n,p scattering in hydrogen to the (n,p) or
(n,«) reactions. A ratio of 100 signifies that there would be
a background contribution of 1 . Table II indicates that the
reaction which would be most troublesome is ; >0(n,,). If the
i track were confused with a track of a recoil proton, it
would be at a proton energy four times lower ( . particles and
protons with the same velocity have the same range). Knowledge
of the differential cross section for this reaction as a
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Table II
Atomic Density of Principal Nuclides in Nuclear Emulsions;

Q-Valves, and Macroscopic Cross Sections of Some Neutron Induced Reactions at \.14 MeV

Nuclide

i°7Ag

i°9Ag

79Br

s i B r

12C

IH

i f l0

l"N

* W. H.
A V. J.
+ D. I .

Atoms*/cm3

5.3x1021

4.8xl021

5.15x1021

4.9x1021

1.4xlO22

3.2xl022

9.3x1021

3.2x1021

Barkas, Nuclear
Ashby and H. C.
Garber and R. R.

n,

Q(MeV)A

+0.75

-0.33

-0.62

-0.65

-12.6

p Reactions

'.7.2xlO's

-.2.8xlO"5

(Elastic 2 n 1 0 - ;
Scattering)

-9.6

0.63

Research
Catron, '

Kinsey,

^ ^ x l O " 1 *

X2.5X10-1*

O l . 5xlO"u

for (n,np)]

Emulsions, Vol. 1,
'Tables of Nuclear

n,a Reactions

Q(MeV)a

+4.6

+3.6

+1.8

+0.63

-5.7

-2.2

-0.16

p. 70, Academic
Reaction Q-Valves

; , £ n,
i(cm ) E n,x

^1.8x10"''

1.6.7xl0-5

•v5 xlO""

.2.8xlO-:<

-.3.2x10""

Press (1963).
, " UCRL-5419 (1959).

"Neutron Cross Sections," Vol. 2, BNL-325 (1976).

p in iH
in nuclide

-.290
-.120

1.310

•v 40

.750

1

-. 45
% 8

x 85

xl40

x 66



function of neutron energy in the region of 14 MeV and higher
is needed.

Table II is intended as a guide to the problem of using
n,p scattering in emulsions to evaluate the neutron angular
flux up to i. 20 MeV or even higher. Very little data for any
of these reactions at the required accuracy is available to
properly assess emulsion background problems in the energy
region from 10 to 40 MeV.

As stated in Paragraph 3 above, the i0B(n,t2a) and the
10B(n,n'd2a) reactions need to be much better understood before
the feasibility of using the 10B(n,t2a) reaction to give know-
ledge of the neutron angular flux above 10 MeV can be evaulated.

CONCLUSIONS

If radiation damage to fusion reactor components is to be
properly understood, materials must be tested in environments
where neutron fluences in the energy region above 10 MeV can be
measured. Due to scattering in the materials making up the
environment, in-situ methods of measuring neutron angular flux
are needed. Nuclear emulsions offer a promising approach for
neutrons up to ̂  20 MeV or higher, but various neutron induced
reactions occuring in the emulsion need to be more accurately
known so that background corrections can be properly applied.
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Development of a Spectrometer for the Measurement of (n,xp),
(n,xd), and (n,x.<) Cross Sections, Angular
Distributions and Spectra at E = 1 5 MeV*

S. M. Grimes, R. C. Haight and J. D. Anderson
Lawrence Livennore Laboratory, Livermore, California

and

K. R. Alvar and R. R. Borchers
University of Wisconsin, Madison, Wisconsin

ABSTRACT

A spectrometer to measure neutron-induced charqed-particle
producing reactions has been developed and yields data with greatly
improved signal-to-background ratios. It consists of a magnetic
quadrupole lens which focusses the charged particles onto a silicon
surface barrier detector or a two-detector telescope which is more
than 2 meters from the sample being irradiated. The efficiency of
the spectrometer is calibrated experimentally and depends only on
values for the (n,p) elastic cross section and the stopping power
of polyethylene. Further development is underway to replace the
surface-barrier :E counter with a proportional counter of larger
area. This detector, combined with a larger E counter (surface
barrier) could increase the effective solid angle by a factor of
five.

The results for (n,xp), (n,xd) and (n,x.) cross sections are
summarized for the eight target materials studied so far. Measure-
ments of the charged particle spectra have established that cross
sections for production of protons below 2.5 MeV are significant
for some targets; in fact protons as low as 800 keV have been
detected from aluminum. These low energy protons would be quite
difficult to measure with conventional countet telescooe
spectrometers.

INTRODUCTION

Cross sections and spectra for neutron-induced charqed-
particle producing reactions are important in estimating materials
damage effects from neutron bombardments. Two aspects of this
damage, nuclear transmutation and hydroyen and helium production,
are direct functions of the cross sections for (n,xp), (n.xd) and
(n,xa.) reactions. An additional factor in damage estimates, the
enerqy distribution of primary recoil atoms from the lattice, is
related to the spectra and angular distributions of particles
emitted in neutron-induced reactions. In this context, alpha-

*Work performed under the auspices of the U.S. Energy Research
and Development Administration, W-7405-Eng-48.
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particle angular distributions and spectra are important because
the large alpha particle mass causes more energetic recoil atoms
than neutron or proton emissions.

Radiochemical measurements can supply angle- and emission-
energy integrated cross sections for many of these reactions.
Because not all of the nuclei reached by charged particle emission
are unstable, however, some cross sections must be measured using
another technique. In addition, the radiochemical measurements
are less useful in determining cross section systematics for
neighboring nuclei, since without data differential in angle or
energy, it is more difficult to determine the reaction mechanism
involved.

Farrar and co-workers^ have developed a technique to measure
the helium produced in (n,xu) reactions. After a period of
irradiation, the samples are analyzed for helium content by a mass
spectrometer. This method appears not feasible for measuring
hydroqen production, however.

Direct measurement of the charged particles produced is an
alternative procedure. If such measurements are to extend to low
emission energies, however, thin targets are required. Backgrounds
caused by the interaction of neutrons or gamma rays with the
detector or reaction chamber may then overwhelm the signal pro-
duced by the target of interest. Moving the detector farther from
the neutron source permits additional shielding to be placed
between detector and neutron source, but the solid angle is reduced
at the same time.

EXPERIMENTAL TECHNIQUES

To reduce the background we move the solid state detectors
2 to 4 meters away from the target and the source. Then to
increase the solid angle for detecting charged particles, we inter-
pose a magnetic quadrupole lens between the target and the de-
tectors. Considerable shielding can be placed between the neutron
source and the detector in this arrangement. An additional advan-
tage of the quadrupole lens is its directionality; that is, when
it is adjusted to bring particles produced in the target to a
focus on the detector, particles of the same energy produced in
the reaction chamber are focussed away from the detector.

The original version of this spectrometer^ utilized a quadru-
pole doublet, but this lens has now been replaced by a quadrupole
triplet,3 which has better transport properties and a higher field
gradient.

Neutrons were produced by the Lawrence Livermore Laboratory
rotating target neutron source. Beam currents of between 15 and
20 mA of 400 keV deuterons impinged on a rotating tritiated-
titanium disc to produce 15-MeV neutrons with the T(d,n) reaction.
Because of the thin targets used in these measurements, a high
source strength was required. Typical intensities were about
3 x 10^2 neutrons/sec into 4TI steradians.
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f i g u r e 1 is ij diaqrai1! .V ! hi' speet roneti-r a n d n e u t r o n s o u r c e .
T h e l a r g e m a s s of tho q u a d r u p o l e din! assoc i i fed s n i e l d i n c •! ..do it
c o n v e n i e n t to chariot; r e a c t i o n a n c l e s \> / slidiii'! the e n t i r e
a s s e m b l y on a track rather than r o t a t i n g if a b o u t the s o u r c e ;
t h u s , the c e n t r a l a/is o f the s p e c t r o m e t e r is l o c a t e d J e n fr o m
the p o s i t i o n o f the n e u t r o n s o u r c e , d e n o t e d !)•/ the c i r c l e d n u m b e r s
on the ficjure, and is o r i e n t e d p e r p e n d i c u l a r :o ! he bean: d i r e c t i o n .
C h a n g e s in r e a c t i o n a n g l e a r e m a d e by s l i d i n g the a s s e m b l y r e l a t i v e
lo the n e u t r o n s o u r c e so that the r a d i a t o r foil is at v a r i o u s •
a n g l e s b e t w e e n 0 ° a n d 78"' to the d e u t e r o n bean,, w h i c h c o r r e s p o n d
to r e a c t i o n anqle 0, 90 < •• for t h e (n, < h.irqer! j a r t i ( l e ) r e a c t i o n .

For n e u t r o n s p r o d u c e d frnip the * ' d , n ) r e a c t i o n i n d u c e d by 4 0 0
keV d e u t e r o n s , s u c h c h a n q e s r e s u l t in a c h a n q e in a v e r a g e n e u t r o n
e n e r q y b e t w e e n 15.1 and 1 4 . 6 MeV as the r e a c t i o n a n g l e is . h a n g e d .

The q u a d r u p o l e t r a n s p o r t s p a r t i c l e s of a n i v e n moiient.uiii f r o m
•i s p e c i f i c (joint on the- t a r g e t to a s p e c i f i c point on the d e t e c t o r .
I n t e q r a t i n q o v e r b o t h t h e s e a r e a s g i v e s an e f f i c i e n c y l u m t i n n w i t h
a ' i n i t e e n e r g y w i d t h . F o r (he t a r g e t s a n d riftc tor' u s e d in the
p r e s e n t measurenien t s , the peal' had a w i d t h T / l o f about, 'ih , f u l l -
w i d t h at. hdl t-i-iax iniuiii.

Absolute values for the efficiency funi tinn at each Gradient
settin(| were determined b/ ineasurinr] tfie proton spei t.rijin 1 rom a
stoppinq tarqet of polyethylene. This specfrun1 ')iay tie calculated
froii the incident neutron flux, the n-p elastic scatterinn cross
section and the stoppirxi pownr of pol yetliylene. Comparison of the
observed srjectruin with the calculated one yields the efficiency of
the spectrometer.

In principle, the efficiency for other particles could be
deduced from that for protons, since the trajectories in the mag-
netic fields will he functions of 7^/Ml, where / is the charge and
M and F the mass and enerqy of the particle. Thus, the efficiency
for deuterons should peak at an enerqy half as larqe as that for
protons and that for alpha particles at the same enerqy as that
for protons. To check this, efficiency measurements were carried
out with a CD? target as well as a CH^ target. Over most of the
enerqy ranqe, the two measurements yielded consistent results.
For high energy protons, the small pulse height in the \F counter
caused some loss of coincidence efficiency [20 ) in the counter
telescope. For this reason, the deuteron efficiency measurement
was shifted in energy and used in analyzing alpha particle data,
while proton and deuteron data were reduced using the measured
proton or deuteron efficiency, respectively.

To cover the charged-particle energy range 1 to 14 MeV,
measurements at nine field gradient settings are usually required.
Figure 2 shows the result of one such measurement for the
^ A l ( n , x p ) reaction. The open circles denote the results of the
measurement with the aluminum target in place; the x's show the
results of a background measurement. Each of these two measure-
ments was made in about forty minutes. The solid line marked
"acceptance" gives the measured efficiency (= product of counter
efficiency and the effective solid angle of the quadrupole). Note
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figure 3. Proton and deuteron spectra from lb-MeV neutron
bombardment of 51\j. The data are integrated over the
oncjular distribution of emitted particle. The curves
are statistical model calculations described in Ref. 5.
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Cross Sections for the Nb(n,xn) and Nl>(n,x . ) Reactions
Between 1 and 20 MeV*

G. L. Morgan and F. G. Perey
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

INTRODUCTION

In recent years considerable interest has been shown in using
niobium as a structural material in practical fusion reactors.
Most conceptual design studies (see, for example, Ref. 1) use the
evaluated nuclear data files (e.g., ENDI7B) as the source of basic
microscopic cross section data.

The accuracy of the prediction of design criteria such as
tritium breeding ratios, radiation damage, and neution-induced
heating is dependent on the accuracy of the evaluated data for
energies up to the primary energy of 14 MeV.

The existing experimental data on niobium cross sections have
been assembled, evaluated, and supplemented with model calculations
by Smith, Guenther, and Whalen-'1 to for.;1 ':he most recent data file
for this nuclide (ENDF/B-IV, MAT 1189). The purpose of the measure-
ments reported here was to provide data to test some aspects of
this evaluated cross-section file in the MeV region. The technique
used here has the global testing power of an integral experiment,
yet retains a sufficiently differential character to allow locali-
zation of discrepancies. Differential cross sections are presented
for the Nb(n,xn) and Nb(n,x,) reactions as a function of the inci-
dent, neutron energy at an average scattering angle of 129 deg.
(lab). The data cover the incident neutron energy range from 1 to
20 MeV. Comparisons are presented with cross sections obtained
from the eva 1 uation.

EXPERIMENTAL PROCEDURE

The experimental procedure used in this work has been
described in detail elsewhere''' and is only oriel ly outlined here.
The Oak Ridge Electron Linear Accelerator (ORELA) was used as a
white neutron source. The scattering sample was located 47.8 in
from the neutron source and consisted of 2678 g of niobium.
Details of the sample-detector geometry are shown in Fig. 1.
Secondary radiation from the sample was detected by an NE-213
scintillation counter located on the axis of the ring at. a position
corresponding to an average scattering angle of 129 deg. A shadow
bar shielded the detector from the direct neutron b<sam.

Research sponsored by the U.S. Energy Research and Development
Administration under contract with Union Carbide Corporation.
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The nne.ro, y of the iric i fieri I. neutron w<r> determined by the t imi '
a f t e r the e lec t ron pulse .)(. which the ncut run- indui ed r . id i . i t ion
from the sample, w.is delec led l.ich event, in the del.ee tor was
ident i f ied o', e i t he r .) neutron or q.innii.f r i y by pulse-sh.ipc
discri inin. i t . ion techniques. Ihr* event W.JS then recorded in .) two-
p.ir.imef.er ,irriiy of pulse heiqht V ITMI ' , t.ime-of - I I iqht. (one e.if.h for
scf.on'J.iry neutron', tiruJ '."(.ond.jry 'jrimiiw r . j y , ) . li.if.k'jroijixl'. were
fJotcrntined by HKM'.urerdf.'n'. w i th t.he '..iiiipl" removed. 1 he nr-utron
f lux incident, on 'Jie '.dtuplf w»ip> nie.r.ured rel . i t . ive t.fj ,i moriil.or
counter wi th the N f - ? H detector u", iri'j one-|j.ir\iniel.er t ime-oi -1 I i ' jh l
techri ifjiiL").

UAtA HI.DUfniON

Tv/o method', of d . i t ' i r e d u c t i o n were i.Miip l o y e f l , e.ich in1.en<1erl t o
make UM.1 of the . ) V j i l < i h l e r.ount. in ' j ' . t<il. i ' . l . i ' '. to | i r o v i d e .1 mux iiuuiri
of i r i f o rc iw t ion t ibout .1 p . i r t i cu K i r . r . pec t of the r o v , •,(•<.(. i o n . In
the f i r s t , the n e u t r o n or fj.ii!i»,.i-r.iy pu l ' . e -he i ' jh l . .per t r . i wro i n t e -
' j r . i t e d over i n t e r v i i l ' . of n u u t r o n I. ime-of - f I i<jht !.•< fo rm p u l s e -
h e i ' | h t ' . pec t r . i f o r %| )ec i f i c i n c i d e n t n e u t r o n ener ' j y r .m' je ' , . lhe-,e
i n t . e r v d l ' j r.iru|e(l i n w i d t h f rom /,l j n , ( ) .? ' ; MeV . i t i j , 1 ( 1 MeV t o
/.I i m ?.'> MeV . i t I j m '/() MeV. the p n l - , e - h e i . | h t ' . p e c t m so
formed were then c o n v e r t e d t o n e u t r o n o r i).iiiiiii.i-r.iy energy d i ' . t . r i h u -
t i o n ' j by u n f o l d inq w i t h the I I l<() code' i r . in') the me.iMjred n e u t r o n
or cj.iiiiin<i-r.iy response f u n c t i o n s o1 the n\-?\', d e f e c t o r . Ihese
d i s t r i b u t i o n s v/ere then r onit.i I i / e d to 1 ross s e c t i o n s u s i 1 " J i •
iiK.'.isuri.'d n e u t r o n f l u / , . jver . jqe v i m p l e - to-d'- t .e(. t o r d i s t . i , • . I
si iniple t h i c k n e s s .

[f ie n e u t r o n d. i t . i v;erc' ( .orrect.ed f o r f i n i t e s.imple e ! ' . - i ' .
( m u l t i p l e scti I. ter in<] .ind <i t t e n u . i t i o n ) . I fie q>iniiii<i-r<iy ' l . i t . i were
c o r r e c t e d f o r se l f - . i l i s o r p t ion in the s.imple .irif) f o r . i t l.enu.i t ion
of the inc i d e n t n e u t r o n be.jm.

I fie u n f o l d e d d.i t.i des(.r i l je<l .ibove p r o v i d e de l . . t i l ed in form. i t . irjn
. ibout the secondary n e u t r o n <md i|.jiiun.i-r.iy s p e c t r . i , bu t bet .iuse th i 1

u n f o l d i n q te f .hn i i |ue r ' equ i rcs ' jood s t . i t i s t . i c . i l . i c cu r . i c y , the d.it<i
must be b inned over- r.it.her l . i r ' je i n c i i l e n t energy i n te r v . ) I s . I h e r e -
f o r e , ,i second type '/f d. i t . i r e d i K . t i o n , pu Ise -he iq f i t weiqht. i m j , ' - vj.r,
. i l so used . T fus t e c h n i q u e p r o v i d e d o n l y int.ecjr . i l iu f ( ini i . i t ion . ibout
the sei.tirid.ir y spec l.r.i ( i . e . , t o t . i l y i e l d .ind .iver.Hje e n e r ' j y ) , bu t
bei ,JIJM; the dem.mds on st . i t. is t ic. i I . iccur . i ' .y . i re less s e v e r e , it.
.11 lowed b e t t e r ' r e s o l u t i o n in the i n c i d e n t n e u t r o n e n e r ' j y . I tic
f i n i t e S'Hiiple e f f e c t s d e s c r i b e d .ibove v/ere o l s o . i p p l i e d I.;, t tiese
d,i t . i .

I tie will' r e p o r t e d here p r o v i d e s d.i t.i t o t e s t the ev . i l u . i t ed
secondary ' . ross s e c t i o n s over .1 wide r>mqe of e n e r q i e s . I he
exper iment . ) I r e s o l u t i o n in the i n c i d e n t ener ' j y i s l i m i t e d o n l y

- • ) ( > < , -
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spectra generally agree except at the low gamma-ray energies where
the differences are pronounced. These comparisons pretty well
explain the variation between the total yields (Figs. 2 and 3) as
due to discrete gamma-ray transitions at about 0.95 and 1.5 MeV.
Reference to the evaluation : indicates that for E n < 100 keV the
gamma-ra_ Auction is based on calculations using the formalism
of Howertu. and Plechaty' as modified by Perkins, Haight and
Howerton.1' This is an empirical formalism based on systematics for
A • 20. As such, it appears to do a rather good job of estimating
the continuum components of the gamma-ray spectra in Figs. 4 and 5.
However, the inclusion of discrete gamma-ray transitions would
improve the evaluation.

Examples of comparisons between the measured and evaluated
neutron emission data are shown in Figs. 6-9. In general, the
evaluated neutron emission spectra are in fairly good agreement
with the measurements. The worst disagreements are above E-jnc =
6 MeV (see Figs. 8 and 9) and occur in the region of low secondary
energies where the evaluated spectra are systematically low and
decrease with energy more rapidly than the measured spectra.

Since the evaluation was prepared several new sets of data"'"11

on emission spectra have been reported. Figs. 10 and 11 show com-
parisons between the present results, ENDF/B-IV, and curves taken
from Refs. 9, 10 a.-:d 11. Note that our data and the evaluated
curve are averages over broad incident energy ranges whilr- the data
of Refs. 9, 10 and 11 have small spreads on the incident energies.
In spite of these differences, the comparisons are informative.
The measured data sets are generally consistent and show slopes for
the non-elastic emission spectra which are distinctly different
from the evaluation.

CONCLUSIONS

The evaluation for niobium in ENDF/B-IV has been founu Ui give
generally satisfactory agreement with the measurement. Some
improvements a~e suggested by the present wor<. The gamma-ray
production cross sections could be improved by the inclusion of
discrete lines. At the higher neutron enemies a less pronounced
slope and larger magnitude on the non-elastic emission spectra
would better represent existing measurements. For the reasons
listed previously, the ptesent data do not provide a valid test of
the elastic scattering.

Numerical values of the differential cross sections measured
in this work a given in the tables of Ref. 12.
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in this and succeeding figures do not include a 105; uncertainty in
absolute normalization.
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Fig. 4. Secondary gairma-ray spectra for incident neutron
energies between 5 and 10 HeV.
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ABSTRACT

Nuclear data needs for the ERDA-DMFE Damage Analysis and
Fundamental Studies program fall into three categories:
1) reaction cross sections for dosimetry. 2) cross sections for
transmutation reactions, especially those producing helium and
hydrogen, and 3) differential scattering cross sections and
emitted particle angular and energy distributions for calculating
primary recoil spectra. The ENDF/B Dosimetry File must be
expanded and extended to 30-40 MeV (specific reactions are given);
integral testing of cross sections in high energy fields is
especially needed. Gas production files must also be extended to
30-40 MeV although hiqh accuracy is not generally needed. Direct
measurements of acrurulated helium can be made. Cross sections
must be adequate in the 15-40 MeV range to estimate solid trans-
mutant concentrations as well. Sensitivity studies are desirable
to assess needed accuracies of cross sections and emission spectra
for damage calculations. For this application, it may be that
theoretical calculations, supplemented by a limited experimental
program, will suffice.

Work supported by United States Energy Research and
Development Administration.
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INTRODUCTION

The ERDA Division of Magnetic Fusion Energy (DMFE) damage
analysis program is to be coordinated by a recently established
Task Group on Damage Analysis and Fundamental Studies (DAFS). Thr
scope of this program includes:

a) development of procedures for characterizing neutron
environments of test facilities and fusion reactors,

b) theoretical and experimental investigations of the
influence of irradiation environment on damage produc-
tion, damage microstructure evolution, and mechanical
and physical property changes,

c) identification and, where appropriate, development of
essential nuclear and materials data,

d) development of a methodology based on damage mechanisms
for correlating the mechanical behavior of materials
exposed to diverse test environments and projecting this
behavior to MFR environments.

This task group, formed in October 1976, is currently developing a
long range program plan, one segment of which recognizes that a
responsible definition of nuclear data needs must rest on reason-
able sensitivity analyses. Such analyses have not yet been per-
formed, generally speaking, hence this paper must necessarily
lack specificity.

A word about the task group is in order. It comprises four
subtask groups in the areas of environmental characterization,
damage production, damage microstructure evolution, and mechani-
cal behavior. Task group members and subtask group chairmen are
presented in Table 1. The task group has just completed a first
draft of the aforementioned program plan, which is now under
review by the Fusion Materials Coordinating Committee.

This paper is focused on nuclear data needs in the damage
analysis program. The scope of the program includes charged
particle as well as neutron irradiation test facilities and some
data needs relative to the former will be discussed.

A sometimes convenient dichotomy exists between neutron data
below and above r 1̂5 MeV. Only data below 15 MeV are needed for
currently projected fusion reactors. If a suitable materials
test facility were available now or would be available in the near
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Table 1

QMFE Task Group on Damage Analysis and
Fundamental Studies

Tajk

D. G. Doran, HEDL, Chairman D. M. Parkin, LASL
H. Frirrar, IV, AI T. C. Reuther, Jr., ERDA-DMFE
A. N. Goland, BNL M. T. Robinson, ORNL
R. R. Heinrich, ANL F. A. Smidt, Jr., NRL
F. V. Nolfi, ANL R. R. Vandervoort, LLL
G. R. Odette, UC Santa Barbara P. Wilkes, Univ. Wisconsin

S u bta_sk_Grou£s_

A. Environmental Characterization, R. R. Heinrich, Chairman
B. Damage Production, M. T. Robinson, Chairman
C. Damage Microstructure Evolution, G. R. Odette, Chairman
D. Mechanical Behavior, R. R. Vandervoort, Chairman

Joint subtask group -- links Damage Analysis and Fundamental
Studies task group with Alloy Development and Irradiation
Performance task groups; F. V. Nolfi, Chairman

future, higher energy data would not be needed. A "suitable"
facility utilizing the D-T reaction would have a flux above 10 MeV
exceeding lO^n/cm2 sec over a volume of at least several liters.
In the absence of such a facility it is considered imperative to
make use of existing high energy sources. Highest fluxes are
currently obtainable from 30-40 MeV deuteron beams incident on Be
targets. Furthermore, the major proposed materials irradiation
test facility, featuring a relatively high flux of high energy
neutrons in a relatively large test volume, will utilize a 35 MeV
deuteron beam incident on a flowing lithium target. These so-
called stripping sources produce a broad neutron spectrum which
peaks in the neighborhood of 40 of the deuteron energy but ex-
tends to about the deuteron energy. Hence certain nuclear data
are needed by the MFE program in the 15-30 MeV range but only,
strictly speaking, on an interim basis until a fusion materials
test reactor is built.

ENVIRONMENTAL CHARACTERIZATION

The subtask on environmental characterization includes in
its scope both theoretical and experimental determinations of
neutron fields. Data needs for neutronics calculations were
reviewed earlier by Dudziak,1 so only the latter will be
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emphasized here.

The objective of neutron dosimetry development in the DMFf
program is to provide the capability of characterizing a variety
of test and fusion reactor neutron environments in terms of 'lur.
fluence, and the neutron energy distribution averaged over the
duration of the irradiation. This capability is required for
1) the analysis of radiation effects data, and 2) the evaluation
of neutron irradiation facilities for DMFE applications. The
initial emphasis is on characterizing those test envi>"onrents
currently being used for bu". k and surface radiation eff.'cts
studies. Neutron fluences in the former ranue from 10- to
lO^'n/cm7, while in the latter they may be as low as 10'".

Multiple foil fluence-spectrum unfolding techniques' are
expected to provide the bulk of the dosinetry data fo>" near-term
MFE applications. The term "multiple foil analysis" (MFA) v;ill
be used generically for the procedure in which a number of identi-
fiable reaction products are detected; the products may be radio-
active or stable and may be detected by ganma counting, n.â s
spectrometry, track recording, etc. From the unique energy
dependence of each reaction cross section, the fluence and enerqy
spectrum can be unfolded. The fluence results are the most
accurate because they are derived from spectrum-averaned cross
sections. Spectrum definition, on the other hand, depends upon
the accuracy of the energy dependent cross sections, the number
and sensitivity spread of the reactions used, and the appropriate-
ness of the initial estimate of the spectrum to be treasured. The
advantages of MFA are 1) it is adaptable to fluxes ranging from
109 to 10"n/cm ;s and to fluences from 1 0 K to 10- 'n/crr ,
2) geometry constraints are minimal, and 3) it can be made com-
patible with hostile chemical and thermal environments.

The energy resolution of MFA is not great, hence instrumental
dosimetry techniques such as time-of-f1ight (T-O-F) and 'Li
spectrometry are also used, where applicable, to aid in charac-
terizing neutron fields. The T-O-F method requires accurate
scattering and reaction cross sections of carbon in order to
calculate detector efficiencies above 15 MeV; however, accurate
calibrations can be obtained from the well known hydrogen
scattering cross section. The 6Li coincidence spectrometry
technique requires accurate knowledge of the Li(n, • )T reaction.
This cross section is also well known in the enerqy ,-nnuc over
which the technique is applicable.

Current MFA procedures emphasize radiometric analysis of
activated foils. Most of the reactions of current interest for
DMFE application are given in Table 2. As indicated, data are
available for some of the reactions up to 30 MeV, but the accuracy
is insufficient in many cases. However, almost no data exist
above 30 MeV. Reactions currently included in the ENDF/B-IV
Dosimetry Cross Section file3 are included here for convenience
in Table 3. It is important to recognize that this file was
evaluated primarily for fission reactor applications for which
the emphasis is below 10 MeV (although limited data testing has
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Table 2

Status of Cross Sections Used for MFE Dosimetry

React ion

? " T h ( n , f ) F P
J 3 5 U ( n , f ) F P
2 3 7 N p ( n , f ) F P
2 3 B U ( n , f ) F P
* 5 Sc: (n .v ) ' l 6 Sc
5 8 F e ( n , Y ) 5 9 F e
5 9 Co(n ) Y ) 6 ( ! Co
1 9 7 A u ( n . Y ) ! 9 8 A u
2 3 8 U ( n , 7 ) ? 3 9 N p
^TUn.pJ-'Sc
5 " F e ( n , p ) 5 " M n
5 6 Fe (n ,p ) 5 6 Mn
5 9 C o ( n , p ) 5 9 F e
" l 8 N i ( n , p ) 5 S C o
6 0 N i ( n , p ) 6 0 C o
27A1(n,c0?*Na
s "Fe(n ,a) 5 1 Cr
59Co(n,a)5eMn
6 3Cu(n,a)6 0Co
l t 5Sc(n,2n)'""nSc
5 8 Ni (n ,2n) 5 7 Ni

(n,3n) 5 6Ni
59Co(n,2n)58Co

(n,3n)57Co
(n,4n)56Co

" Y ( n , 2 n ) 9 e Y
(n,3n)8 7Y

9 0 Zr (n ,2n ) 8 9 Zr
(n ,3n) 8 8 Zr

93Nb(n,2n)92mNb
I 0 7Ag(n,2n)1 0 6mAg

(n,3n)1 0 5Ag
169Tm(n,2n)16eTni

(n,3n)167Tm
(n,4n)166Tm

1 9 1 I r ( n , 2 n ) 1 9 0 I r
( n , 3n ) ' 8 9 I r
( n ,4n ) I 8 e I r

1 9 3 I r ( n , 2 n ) 1 9 2 I r

Estimated
Energy

Response
(MeV)

6 50
0-50

0.5-50
1.5-50

0-10
0-10
0-10
0-10
0-6
4-25
3-23
4-20
5-20
2-20
3-25
8-20
1-20
5-25
6-25

12-30
12-35
22-50
10-30
20-40
30-50
12-30
22-40
12-30
22-40
9-20

10-30
18-40
8-30

15-35
26-50
8-30

14-40
24-50
8-30

Half-Life
of

Reaction
Product

T
T
T
T

«3.8 d
44.6 d
5.27 y
64.8 h
2.35 d
83.8 d
312 d

2.58 h
44.6 d

71 d
5.27 y
15.0 h
27.7 d
2.58 h
5.27 y
2.44 d

36 h
6.1 d
71 d

272 d
77.3 d

106.6 d
80 h

78.4 h
82.6 d

10.13 d
8.3 d

40.8 d
93 d

9.3 d
7.9 h

11.8 d
13.1 d
41.5 h
74.2 d

Desired
Energy

(5-8%)
0-14 MeV

A*
A*
A*
A*
A*
A*
A*
A*
A*
A*
A*
A*
A
A*
A*
A*
A
A*
A*
A
A*
-
A*
-

A
-
A
_
A
A
-
A

_
A
-

A

Accuracy/
Range

(10-20%)
14-30 MeV

A
A
A
A
-
-
-

-
X
X
X
X
X
X
X
X
X
X
A
X
X
X
X
_
A
A
X
X
X
A
A
A
A
A
A
A
A
A
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Table 2 (Continued)

Reaction

197Au(n,2n)19GAu
(n,3n)195Au
(n,4n)19"Au
(n,5n)193Au

203Tl(n,2n)202Tl
(n,3n)201Tl
(n,4n)200Tl

?18U(n,2n)?37U

Estimated
Energy

Response
(MeV)

8-30
15-35
23-^5
35-50
8.5-30
16-40
23-50
6.5-25

Half-Life
of

Reaction
Product

6.2 d
183 d
39 h
18 h

12.5 d
3.0 d
26.1 h
6.75 d

Desired
Energy

(5-8%)
0-14 MeV

A
-
-
-
A
-
-
X

Accuracy/
Range

(10-20%)
14-30 MeV

A
A
A
-
A
A
A
X

T) I%oBa(12.8 d), 95Zr(6b d), >37Cs(30.0 y) are typical monitors.
A} Denotes data available; asterisk indicates reaction currently

included in ENDF/B Dosimetry File.
X) Denotes data not available.

Table 3

Contents of ENDF/B-IV Dosimetry File

Isotope/Reaction
6Li(n,total He)
10B(n,total He)
23Na(n,Y)27Al(n,p)
27Al(n,a)
32S(n,p)
*5Sc(n,Y)
"6Ti(n,p)
*7Ti(n,np)
*7Ti(n,p)
"8Ti(n,np)
**Ti(n,p)
"Mn(n,2n)
v'Fe(n,p)
r>6Fe(n,p)
^Fe(n,Y)
')9Co(n,Y)
"Co(n,2n)

MAT

6271
6273
6156
6193
6193
6407
6415
6421
6422
6422
6423
6423
6197
6417
6410
641R
6199
6199

Isotope/Reaction
S9Co(n,u)
'l8Ni(n,2n)
58Ni(n,p)
60Ni(n,p)
63Cu(n,Y)
"Cu(n,a)
65Cu(n,2n)
115In(n,n')
115In(n,Y)
127I(n,2n)
197Au(n,Y)
232Th(n,f)
23?Th(n,Y)
"5U(n,f)
238U(n,f)
'••"U(n,Y)
?37Np(n,f)
219Pu(n,f)

MAT

6199
6419
6419
6420
6411
6411
6412
6406
6416
6414
6283
6296
6296
6261
6262
6262
6263
6264
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been performed above 10 MeV1"'). In Table 4 are listed the
reactions proposed recently by the Cross Section Evaluation
Working Group (CSEWG) Dosimetry Task Group for addition to the
ENDF/B Dosimetry Cross Section file. They are divided into
immediate and long-range needs; some are intended only for high
energy fusion applications while others are for application to
fission reactor spectra.

MFA is a well developed technique for breeder reactor spectra,
with present emphasis on decreasing uncertainties. Uncertainties
are currently 10-30% in broad group energy spectra for the energy
regions of greatest interest, and 5-15% in flux and fluence for
in- and near-core locations. The uncertainty is greater in softer
out-of-core spectra because of the lack of reaction sensitivity in
the 0.01-0.5 MeV range. The primary problem in MFA is to achieve
a reasonable reaction sensitivity over the energy range of
interest. For high energy applications, many more reactions
become possible but care must be taken to evaluate competing
reactions leading to the same product. Such considerations, along
with criteria such as appropriate half-life, adequate specific
activity, availability of material in desired purity, etc., result
in a large inventory of reactions in order to optimize the MFA
procedure in a variety of spectra.

An important point must be made concerning data needs asso-
ciated with the reactions to be used in MFA. For differential
cross sections 'j(E) to be useful for spectrum unfolding, they
must be consistent with integral cross sections. Integral data
testing, in which a reaction rate is measured in a known neutron
field •;.(E) for comparison with/;.(EJ o(E) dE, is considered to be
a primary data requirement for dosimetry applications. Differ-
ential data that are not consistent with integral measurements
should be reevaluated to seek a rational basis for adjustment.
The status of integral data testing of the ENDF/B-IV dosimetry
cross section files in selected benchmark fields was the subject
of a recent IAEA Consultants meeting."

So far we have stressed radicwtric MFA. Other possibilities
exist -- indeed it is likely that high energy neutron fields,
because of their directional properties and steep gradients, will
provide fertile ground for the development of new and improved
dosimetry techniques. MFA using stable reaction products is
currently under development in the breeder program. In particular,
helium accumulation fluence monitors (HAFMs) are being used; the
total helium content is measured by high sensitivity gas mass
spectronietry. The application of the technique to fusion neutron
dosimetry is described in another symposium paper''; included is a
list of materials on which measurements have been made at 14 MeV.

Another possible MFA technique for low power applications
would be to use appropriate nuclear emulsions or solid state
track recorders as reaction product detectors. Materials are now
available to permit absolute measurements of helium and hydrogen
production. It is likely that emulsions and track recorders will
be useful for direct low power neutron field measurements.
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TABLE 4A

Reactions Proposed for Dosimetry File - Immediate Needs

Reaction

Principal

Application

Current

Status

T(n,?n) : -F

'A1(R,total He)

i(n,total He)

' Sc (n,2n)'* 'I;iSc

:Cr(n,,)''Cr
"Fe(n, , ) ' :Cr

Fe(n,total He)

'Co(n,p)'sFe

Hi(n,total He)

'Cu(n,2n)''Cu

Cu(n,total He)

-7r(n.,2n);';Zr

•!.b(n,2n)')nr,'b
•Jb(n,n' )r' 'nlNb

~ 'Rh(n,n' )]r' ' mRh
y;Ag(n,,);;'mAg

1' Au(n,2n)• " Au

' Au(n ,3n ) ' ' Au

c

b

a

d

b

a

b

a,b

b

a,b

c

b

b

b,c

b,c

c

a,c

a

b

b

1,2

2

I

2

1,2

1

1

TABLE 4B

Reactions Proposed for Dosimetry File - Future Needs
Prim, inal" Current

Reaction Application Status

''N'a(n,2n);';Ua
"Mg(n,p) ; "Na
"' P (n, p) '' S i"

'Mn(n,,):'Mn
"Fe(n,y)"Fe
'•Fe(n,x)"-Mn

"Zn(n,p)' 'Cu

- 329 -



li'ttl i 'U'. ' ' . on ' miji ' i))

i ' " A i i ( n , t . o l . i l Me; b

• ' " A m ( n , ' f ) <

A p p I i r . <it. i o n : ,) ) I i ' . ' . i o n I ' e . i ' . f . o r D o ' . >n>"t.r •/ ' ' ) . ' , . )

b ) I u ' , i o n I ' c i r t . o r l i o ' . i m c l . r / (>!.',.)

i.) | i i r o p e < m / i p p l i ' . ' j t . i o n ' ,

d) (H.hi-r
',(..) t.ir.: 1} l ' r i " ,ent . I y on ' . . i ' , ( 'rof)ij i 1.1 on I l i e

7} !o be i n ' l i j ' le i l in '<.r. I'r futijf. t. ion I I I (_'.

H i e i r . > • o f n i l ' W ' . i r e r a ) I ' , I o n ' , t .o m e , ; ' , u r c i i m g i i )>)'* v<tr t , i t . i o n ' , i n

l l u / - •,])<•! t . f . i r , •! r . f i r . ' . f l i r i . j n o t . h e r ( L i p i - r m ( . h i 1 . ' , y m ] i O ' . i u n i .

r O l i ' l -. t , i I. c I. f,\i i i f f n r r l c r ' . , f i'<j f .U f i n ' ) I I < " ) I i ' ) i t i l <• ' ( r i t i i l i i i i '.<'t\: I

t. i v i I . 1 / , f <in ' i I ' . ' ) ! ) ' • i r . w ) .

tli'/l. l e t . i r . ' O n ' , ! ' ! < ' ! I j r i i ' f l / ' . ' J I W <!')•. i i ' n - t r / r n " " ] \ , j l •,\n-i i f i '

t . y i>» " . Of 1-1' i I 1 1 . 1 ' " . . f . u r r f n l . 1 / t i n - i : i ' ) - . l ' i l i l t / ' - ' t d n i l i t y f o r

UMI ( 11 r . i ' l i , i ! i o n ' , r . ! h< ' l ' o t . < i l i n < ( I r j / ' | i - l ( I c i i t r o n ' . o u r ' ' • f f ' t f J ' . 1 }

ri t. ! .h< - l . i w r i ' n i " 1 I i v c r f i i o r c I . i b ' i r . ) I Or / M i l j , w d t ' h | i f O ' J i i ' . i " , . i

n i ' f i r f y f f i o n o ' ' n ' i r <\f\ ] i . l , - ' . in i o f M . ' * ' M ' 'V n i ' u t r o n ' . . M i n i i t u i i u f lui'tt'.f

i l o ' . i i i i f t r y r <jn l i f .H f f ; ; ' i | ; l i ' , h < - ' l u ' . i n ' i I h i ' ' ' U l i ' n ,'/><) '' ' " I l l i r I - . I > . I i o n . "

I h r , r i ' . i ' J i o n v / . r , r h O ' . i ' n tn '< ' l U ' . i ' o f i t ' , i o n V ' r i n - n t h. i I f l i f e , l . i r q r

• i n d r !• l i i I i v i ' I •/ < o n ' . l . i i n f . i n r , 1 . \ i " t i o i i , i r o u n ' i l ' i H < - V , i ' . r , i I y

l o u n t i ' i l ' | . I / I » ! I . I ' . , ,1011 l i i t k o f l o i i i p f l t ct > f I ' . o t o p i " . o r m l i - r f i - r i t i ' |

r I ' . i t t i o r r . . A h ' . o 1 n I <• ,j< M j r •!< y r . r c p o r t ' • ' ) I o l i ' ' • / . ' / , i m I I I ' ) m ' |

.1 ' i n i l ' f r ' l .I i n l y i n H M ' I M H I < r o ' . ' . •.<•< I i o n r f l . i l i v i ' t o I h ' '

• ' A l ( f i , i)' " U . i ( r o " . ' . • . ( • ' l i o n . ' ' I h c v . i r i . i l w i n o f < ) o ' , i - o v i - r t h«*

1 ' i t . t ' r . i l ' I ittii'tw i o r i o f e v e n <i ' ,nt ' i I I ' . , i m | i i i - , h o v i ' * V f r , ' , u i » • / ' c i - ' f

/ . ' . .

I h c i i ' l ' l i I. i n n o f n u h ' l , i n ' l ' | O l ' l ' l o \ n n c t '•» ', p r o v i ' l i " . ' . p i ' i f r . i 1

i n ' l i ' i " , , r , v v I 1 •!', ,i f | ( " . i r . i l i l ' ' i ' ' ' l u n d , I I H y i n t i n 1 ( l i n ' r u c I I I I M M U ' '

m e n ! . . ihc ' . p e i t . r < i l n i ' l i ' f " . , n c I h r ' r ' ' . n I i o n c i t e r .i I i o ' . " T J i ( r t , [ i ) /

' ' " H i ( n ^ J ' r i ) , i n i | ' ' ' A u ( r i , , ) / ' A i i f n ^ r i ) . I h e f ' j i i ' i e r | » r ' i v i ' l ( " , h i ' | h

' . ( ' f i ' . 11 i v i ( y i n t t t c ! 4 . J ' , M i 'V p e d k r e ' p o n ; t h i - |»r i n i , H y p u r { i o ' . e r i f

I h e l r i l . t . i ' r i ' . l ' i m o n i t o r p i r . ' . i i i l c \<M c n i ' i i | y n i ' i i l . r o n ' , ' , r , i t . l . c r i'<\

I r o u i , i ' l ) ' ( ' e n I <i p|t<i r a I u ' . > f t ' . I Uf.f M ' . i ' I i f u r . * i r e ' u r r ' ' i t M y

i ) m o r u | t h o ' . i ' o n t h e I f l i / l / l ! d t r , i m e t r y I I I ' - l h . i l h . i v e h e c r i

r e i r i m i n e n ' l f ' l f o r r c e v i i i i i . i l . i o n , o r , i n H i e f , i ' . e o l N t i , l o r < i ' l ' l i t i f i f i

t .o t h e f i l e . I t r , , m l i < i p . i l . r ' t l I h<i I . ir r i i r i l t . i f " , o f '> o r h e l l e r

w i l l h e ' l ' " . i r e r | e v e n I i i i i I 1 y f o r I h e t h r ' " . h ( ) l ' l r e - i ' t i o n ' . i n t h e

M - I ' i MeV r e i | i o n , b u t . I " ' . ' . • , t r i r n | e n l r e ' | i i i r e i i i e n f •, w i l l i i p p l y . i t

l f i w r I ' l U ' t " ' / 1 ' " , .

I h e I ' l l ) ' , - ! r . i " , ' . e n I i . i I I y >i p o m ! \ o u n i " ' , o f h . i ) n e u t r o n

f l u / V ' i r i f " , r , i ( i i ( | | y v; i l.h p o ' . i l i o n . l\ f i i ' j l i r i " . o ) u t . i o n ) l i i c ? i i e

» I , I | I ' w o ' , r e t e n l . i y o h f . l i n e d i r . l n ' l h o t h ' o n v n I i o n . i 1 r . i d i o m e f r H

i l o s i m c t . r y ' o i l ' , . i r i r l h e l i u m •)(.< u m u l i i f . I O N l l u e n i . c ; m o n i t o r w i r e 1 . .

- 1 iO



U i ni • n i < I-, r I , n i o b i N;;I , <:iid i j d I d , In*, l ine t r / I n i I ' . '. )iii<. r i ! w i t h i n ,i

•.in,) I I U T i i i l i i i 1 i n n <i •.-,< •!!•:> 1 v ' I i i ' . c t o I he I'd I , i t i i h ] t l I , in l inn I I1 i I i uni

l i i f ' K ' l w e r e 1 . e ( | m r n l e i l l o r i n d i v i d u a l r o d i n i i i r t r i i ( d i l u t i n g

t d l l d w i n i ] , i i i f i d h o u r i r r o d i o l i o n I ' r c i r . o < I < • t r r m i n , : t I o r r . i>< t h e

he I I K I I I p r o d u i c d , i f n i / i n e r o i r . l o i . i l i n n - , i n ,i 1 urn i i i i i i n . l i d i i , o n d

i o p p e r w u r M i n i 1 , ' . m i ' d i m d i t n | I l ie M i . n t i . i l i n n o w e i n l i l y p r o v i d e d

( I I J I M K c f l r , 11 i l i i t l i o n d e t a i l m i l ol>f o m o M e l i o n I h r r o d lo ine t r i<

f o i l ' . . I h r r r w . r . <|ood i m r e I ,i t i nn h e t w e e r i t i n 1 l ie I nun p r o d i u t i n n

o n d f f i r i \ i d i nine I i tt d, i I . i .

Neil t M i l l t <i< I I 1 t I (" . i n wli 11 h < V I d I t o n ,i( i r I r i a t ed d e u t c n m 1 .

'. f r i ko ,) I.Ii I ( (• h e r y I I i t i ' f i ( o r I 11 i11uni) I o r i j e t o r e be i o in i IMJ of i n

i r i M ' . 11|(| i n t e n " . I 11) Ml I e v pe l i men I e i ' . . I he on .i •• i •. u n j t c o n

\ p r i f t<\ peol- , i f 40 o f f l i c d r ' i i I r r < m e n e r g y w I Mi t y p i i o l e n e r g y

' . p r i ' . i d 1 . ( I WIIH) ( i t M l 10(1 . A '.111111(11,1111 l o w e n e m y • o i n p i o i r n t i ' .

n ' .u, i I I y ,! ' . ' .()( i ,i t c d vv t I h I h ( " , r \ p r < I t ,f. ! f i r p / v i k r d ' . | ) r i I l u m

I r , i n \ f o t pr. ( ( f i i d i i i i I I y i n t o ,irt , i p p i (i > i IM.I t r 1 y c.vpoi icM t i ,t I I y d r

i r i M ' . i t K i '.piM I r u m , r . I l i e o f ! < i >: i ' . . if i< 11 < • i \ m< t c . r . c d . A nui h

l i i r < | r r n u i i i h i ' f i l l IIK in 11 ov t r . i i t i i n r . . i n 1 r e q u i r e d i n <|i'M<'t •• I t o

pe l h u m , i d e ( | u , i l e d i r , u i i e l i y ( o r ' . i n Ii " . n u n c . f t i . i f i l o t f f ie K I N ' . .

I l u x l e v e l 1 , ,i<r I d ' t o 1(1' ' ?i/< nr' '. , l i i 'M ' e r e l . i l i y e l y ' . l l d i t ho 1 I

I i v i " , o r e r e ( | i i n e d f i n l o d i o . K I i v e n u i M i l o f fc - .u I K i t e , i n o r d e r l o

,n h l e v e o de i | no I e ',pe< 11 Ic ,n I I v 11 y . A l l t l i e r e o i t i o i r . i n I oh l e '<'

W l l l i t h i e ' . h d I d ' . ( r i n | i | h l y I h e fdV(er v o l u e f o r I f ie e n e t i fy r e ' . p n i r . e

i l l ( i i l i i i m i '.') l i e l o w I . ' MeV o n d w i t h ho I I l i v e ' , l e w 111,in /(111 (01)

d , t y . ,i»'e i r . e f i i l i n i h o r . i i l e r i / m i j I f K ^ . e ' . o u r i e 1 . . d o o d d d ' . l i n e l r y

v;ou I d r e i p j 11 e i i n 1 , 1 , ' , n I H I M oi i i n ,u i <". o I '• Ji i :i I IK 1 e n e ) ' i ) y

t iM] i o n i ) | p i 11,1,11 v i e ' . p o i r . e .

(I l l t h e ( i l h e i h . n x l , , I ( I I I t r i m ! o p p r n . K l i I l . l • . l i e e n l . i h ' l l l o r

'.dine in,it e i l.l I ' , T i t < i r l i , i t i o i l * , p e r I d r i l l e d .11 t h e C.ik l \ ' i d i |e [ \(i< h r o i l d i r .

I y i l o l r o n I I ' . I I H I I I ) MeV d i M l t c i ' D i i ' . on o I Ii t < I- He t o r i | e l . ' I h e

n e i i l r d i i y i e l d V(0'. d e l e r i n i n e d h y O V I M O I I I I K I f d i i r i n e o ' . i i r e i i l e l i t ' .

l i ne vj,e, I I) I o n d t h e d l l i e r ' , we i e t o i l ,u I I vo I l o l l ' . n \ l l l ' l I h e

' " I I I ( n . p ) ' " ( o , ' •''( n ( n , ; ' i i ) ' "( d , o l i d • " N ! i ( n . ; ' i i ) ' ' - 1 " l N l i r e . u t i n n - . .

I h e i v I i o p d l o l i d i r . ( i l I H i l l / H IV i i n 1 . ' . \rt I i d i r . o h o v e i'O MeV. , r .

' . l i dwn i n I i ( | i i r e I , w e r e h o ' . e d dt i I h e Wdll-. o f I ' e o r I ' . I e 11l. ' " I h e

i " . 1 ini . i t e d l i v e r , i 1 I i nn e r I o i l l t 11" . i n ( o l i i i l o l e d ' . | i e i I r u m o v e r o q e d

i n r , 1 . -.i •< I i n n ' , w e r e 10 I i n (.o .m i l Nh o n d IS1 l o r N i . I h e n e n l r o n

' . pe i I r u m ( o l i i ) v e / MeV) wo1, d e d u i e d I r o m I he I 0 I d o l o . I h e he1 ,1

e ' . l i m o t e l i t n i ' i i l r n n y i e l d W,r. I l i e n ( i imli i n i ' d w i t h i |dod <|ei)lile I r y

( i . e . , l o r I rd t i i t h e I'.e l o r i | e | ) m e . r . i i r e i n e n l •• d l t h e , i ( l n ) / n ( N i )

r o I 1 o I n d e t e r i n I l i e I he o in|U I o r de p e l i d e m e o f I h i 1 r o t i o o t i d I o

i n l e i i m p i d v e d v o l u e 1 , l o t " ( ( ( ) ) o n d n ( N i ) 0 ' , o l u n i t i o n ( i t o n ( | l c .

I he p r o i e d i i r e t i n ( h o i o i l . e r i / i i i ' i H i e ( l o ' . e i n i i e u l i i i n 1 i ( - l ( l t o n —

• . i ' . l e d d l n i c r o i r i t n | t i n 1 n ( ( < i ) / n ( N i ) r o l i o , i n l e r r i r i ( | f r o m i t . n i l

e l t e i t i v e o i i ( | l e , o l i d t h e n m l c r r i r i ( | I r o n i t h e o t K | l e t h e o p p r o p i ' i . i t . o

v . i l u e <il i - . ( N i ) \ or n ( l . r i ) J . l o ' . l l y , ,i o n d I.he m e o ' . i i r e d < K . t . i v i t . y

K i - i i ( (iiuli i t i r i ! I d d e l e r m i n e t h e M i i e n i e . A l o t c r o l m o p p i i u ] ot .

10 IIIIII I ro in l.he ( e n t e r d l t h e l ie t o n | e l i - . ' .hnwr i i n I i c j u r i ' <'.

( I c i i r l y ' . p o l . l o 1 r e ' . o l u t . i o n o l t h e o r d e r o l I mm i ' . n e f d e d . I h c

o v e r o I I b i n c r l . o i n l y i n l.he n c i i t j o n l l u e r u e i \ c . I i i n j t c d t o h e

' I D 1 . . , d u e p r i m o r i l y t o . in <".t. imo t e d ' / <. i nn e r l o i n l y i n n e u t r o n

- I l l -



l l l h . l ) D t p , \ / , J , | . i l | | I ) ' | | M ' . | l l . l . l HIM 1

. 4 r i rj u in i ' . o i i w A \ ' . i i ) | j o I / ' . I J I I O I . i i | ( u / ' ( \ j i1 |<i in u i . i t i e m i ' p < * ) | ' ( M 1 [

ON . r . n i ' i o j p . n u n ' . 1 , i ' j M i r M g t . t j . j i j ( I J . J A I I J A\i t o l l . ) p i l l 1 ( l ( Af i .J . . i l l> i

• i l i i ' i i i i ' p ^ . i i | | ) M H O 111 o | u . i A j f i All.1.111.> <| J . I I I I 4 I I . ( . J M ( . ) ( | p . m o ) J I l i e d

' . I ( l ) A l i J . l l i i ) \j.i,\ . l l | | |M 11(11 | I ' l l | ' . ' . I [ I . M ( | MOI) | O IKJ j J I ' U I H U . J | . ) p ( /

pu r * * u i r i . i j I . M I ' , ( y , ) , ) ) UK J 11* n o t i o n - | A . I I ' H I I c l . n ( | j o u o i J P I J I u u . r j . j p ( |

: ' . ' l . i | ' . OM'j \ . i.i i n t i . t i . i n 11 | c | f i i [ c i < I • it j j ' M J O I j >•>'> v . o . i i

A l l I.111.I . l l l l ' l l l l ' p A l | | i . M | I I ) ' . . l |> ' . I -. | I • ( I l l , | f i< ' t l l l ' | J (U . IUM I I ' I ( I1 ,1 (]

' . n o . i in.1)1 AM, . i l i i ' i i i c ( | i u . i i i i . ) i i ' l d ' . i (|

• M I D I j I I ' . U

i u i 11-j n i i i ' . i n ' 1 1 i | l > n n i q i ' . I I I I I I I ' u l > i . i . i o | | i i U ( n | m p o i | i n , i i ) | p n e
".-I J I ' . . > J I | J I' j ] I ' l l l . lOl t 1 I . l l j J UK M I '.1110 ( I' )M 111. Il l l. I IT [ ( I 1 . I p . ' . [ ( ' | .11(1

u i . d i i ' i i i i ' p i j o i | i ' ) p r i j o ..> i u u i ' . | r i l l n i l 1(1 M M | . i l l ' . I I . M { [

fJOl I'JIHID.I'i I'

{ i f i i i I.I'X / - • . H I M I M J O I j i i ' . i , | i n n 1 1 ' ( i m r . m ' . i | , I , I \ ) ] ' , t | ] , > | . M ( |

t •• p u i ' M A I ' I ] i f i i ( | ' " | I 1 ' ! ' • » ' . ' w l / - i . n | | | i M p n i ' p . m l u ' , . i p i i , i . i i | . I A I ' 1 |

' . . i l i I ' ^ iee l n o I 11' l p i ' l l I I . I / I J I ' I j l l i j < i ' | n ; ) l •. u M | M I D j | I ' l p i M 11 | ' , N | >|

t ' . i i | . i i | | in i I | p . H I i i ' ( t | ( i ' . | | n ' , . M f i i i i I I I I I N I I . j i i i . i n | | , n | ) p n i ' r | i ' p

H IM | I ' I . I I M l l U i n i l . l l ) . l l ) | I l l l l ' . ( | • . l l l l ' l ' , l / l l l U l l l ' l l | . l l j I I I I M ' . (11 I I 111)111

n o I 11* I r i im i i i i 1 inn i j . H J I>u i ' . n | u . I I I M i •!'! />i l / i i i i j f l i ' u i . i j i i . i h j j y

' l i l l l 1.) J M 1 I I I I I ' .M|

11 j j p . r . n . i | n p . i i ) >', . i i { ) n o ' . p i j . h l . i p | i ' i { i f i i i i \i f t-tA f | I ' j o f j i u . i j i ' i j * , | [»

J l l l | .1 I H I M ' . .1 | I I I I | .11) | JO ' . | I I I Ml] '| I I . 1.1.1 | | I | ' HIM I | p.) | j I lll.y I'.I | J . l /P . .11) J

JO I ' l l 1 1111.1.1 A 1' I I ' | M l i l l l ' 111' A 1 HO ( M i l UI.1O J l . l l t ' . 10 ( ' . I | - I p ( I O J - I ' , O | I I I I

. i i j l | i ' m p . r j i i n . « | p i n o i j 1 . j l ' ( ' , h i i . ) . r . j ' . I I O I 11' i p e t 11 u | - . r , i ) | )

' " I ' ' I 1 ' ! 1 I 1 ) ' 1 ! I t I ' 1 ' i n i l l ) 0 A ' n ' h l i . i p i ' i i i . i i | j ( H I I | ' . . i d f i r r , ' \ u o ; j I \<i<\

O M J . » i f | ( i 1 A | | i ' i J U ' T - ' I " ' ' ' ' ' ( i l P f ) I | > i i ' > " I •! I . I M < ' i | j . i i p . . i i j i ( j . i ' . n

, M . ( M /1,-lĵ J //t
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Clearly some further investigation of the effect of nuclear models
on calculations at yet higher energies is warranted.

As has already been made clear, damage energy calculations
rust bv e/tended to the neighborhood of 40 MeV for potential
fusion reactor structural materials. Current calculations have
been carried to 20 MeV because they are based on ENDF/B-IV.
However the materials community has been warned repeatedly not
to t-^st the files above 15 MeV, so we assume some revising in
the 15-20 MeV range can be anticipated. At higher energies the
multiplicity of energetically possible reactions complicates the
calculations. Accuracy needs will drop however because the
spectra of interest fall off above 15 MeV.

One materials experiment utilizing a broad energy spectrum
peaking near 16 MeV [Be(40 MeV d,n)] has been analyzed using
theoretical cross sections.1'' Nuclear reactions were divided
into four groups: elastic scattering and nonelastic interactions
in which the first particle emitted was a neutron, proton, or
alpha particle. Particle emission was assumed to be isotropic
in the center-of-mass system. Subsequent particle emission was
ignored. Damage energy calculations for copper are illustrated
in Figure 11. The increased importance of nonelastic reactions
i-j clear. No estimates of calculational accuracy were made.
Such calculations, combined with a few corroborative experiments,
may be adequate for the region above 20 MeV.

Displacement Damage by Charged Particles

Although this is a neutron cross section symposium, a word
should be said here about charged particle reactions. There is
increasing use of light charged particles for studying irradiation
effects in bulk specimens. This means that the total energy loss
should be small over specimen thicknesses of '-ICOum or larger,
e.g. , proton energies of '16 MeV and i. energies of 60 MeV have
been used. Increasing the particle energy carries a penalty of
a decreased ratio of displacement rate to total energy dissipa-
tion rate (unless one goes to energies of hundreds of MeV); the
maximum useable displacement rate is generally limited by heat
transfer requirements. Although the energy loss is dominated by
electronic interactions, our interest is in nuclear reactions
that can cause atomic displacements. Elastic scattering data
seem to be relatively well known and they can be supplemented by
optical model calculations. Nonelastic processes are also
important at the energies being used but they have not yet
received adequate treatment. Logan et al estimated the non-
elastic contribution for 16 MeV protons incident on niobium by
lumping together reactions producing a single proton or neutron
(and ignoring the rest). A small ( 1 0 ) contribution from pre-
equilibrium emission was included. This approach may be the only
practical one. Attempting to determine all the partial reaction
cross sections, as has been done generally for neutron calcula-
tions, can be frustrating in the absence of a convenient charged
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particle analog to the l.NOP/R files. (Certain partial cross
sections arc of intrinsic interest, however, as discussed in the
following Section. ) The authors ire undwdrr- of any published
damage cd Iculat tons for deuterons or alphas which include non-
el.istic interact ions. There is a clear need for work in this
a red.

Transnutati on Reactions

' rans" utat ion reactions <irtt of intrinsic interest beyond the
f.ii t that they result in atomic displacements. This is because
the product nuclei may strongly influence the development of the
darane i:iicrostructure that ledds to property chdnges. The
production of helium, in particular, is < 'irrent.ly one of the
major damage mechanisns expected in fusion reactors. Hence there
is a strong need to determine total helium production cross
'cctions. A heliuri production file -- one of the special appl ica-
tions files under the Cross Section Lvaludtion Working r)roup
'f^LWG) -- was begun to i-ieet breeder reac.tor program needs (see
Tdble b ) ; it must be extended 'o 30-10 Me'J. Ai curacies of
^O - ' J O are sufficient for c h a r a e t e r i / ing helium production in
structural materials irradiated in high energy fields. Higher
accurdc ie s are needed in the development of HAI Ms for dosinefry.

fAiil .1 b
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Figure 1A. Unfolded spec t run (neutmn/cr" j-sec- i- ' .eV) at 4 nip1 from
midrange o f 30 MeV deuterons in Be t a r g e t . The h o r i -
zon ta l bars i n d i c a t e the 95 s e n s i t i v i t y range fo r the
reac t i ons used i n the u n f o ' d i n g (see t e x t 1 .
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Figure 3B. Unfolded spectrum (neutron/ci'" -sec-MeVv at J-l nr fr-o1-
midrange of 30 MeV deuterons in Re tarqet. The hori-
zontal bars indicate the 95 sensitivity rdnqe for the
reactions used in the unfoldina (see text).
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figure b. PKA spectra for iron. See caption for figure 4.
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Neutron Dosiroetry at the Intense Neutron Source (J.'.'S) ^

*
Ronald Dierckx

University of California, Los Alamos Scientific Laboratory

Los Alamos, New Mix ico 875A5

INTRODUCTION

Radiation damage occurs whenever a material is irradiated in a
neutron field for a certain time. Different neutron fields can be
used to study the effect of neutron irradiation on the material ' •;
properties. Whatever the neutron field is, a correlation must be
established between a property change and its primary cause.

The radiation effects depend fundamentally on the primary JLim
recoil energy spectrum. The recoil energy spectrum is defined by
the energy of the neutron which hits the atom. Thus the neutron
spectrum determines unequivocally the recoil energy spectrum and
with the neutron fluence the resultant radiation effects. There-
fore an accurate determination of the neutron spectrum as well as
the fluence is required for each radiation damage experiment.

Even if today's knowledge of radiation damage cross-sections is
rather poor, an accurate measurement of the neutronic environment
is useful. It will permit one to reevaluate the results of today's
experiments in the future, when more accurate knowledge of radiation
damage cross-sections is available. Radiation damage experiments
will always be done in a few typical neutron spectra. Data obtained
in these few spectra will have to be interpreted in order to cal-
culate the irradiation effects in the neutronir environment of
future power plants.

MFF NEUTRONIC ENVIRONMENT

Up to now most radiation damage experiments are done in fission
reactor spectra. At low fluence levels, irradiations are also
performed in 14-MeV neutron spectra at the RTNS-I facility of
LLL (Lawrence Livermore Laboratory). The neutron spectra encountered
in the Magnetic Fusion Energy field (MFF.) are different from tin-
fission reactor spectra. In these spectra, the high energy neutrons
above 10 MeV, notably those in the 14 MeV neutron peak, are missing.

*
On assignment to the cooperative research program, 1EA/USERDA,
construction of LASL's INS facility. On leave 1 rom Furatom, CCR,
lspra, Italy.

Work performed under the auspices of the I .S. Energy and Research

Administration.
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In the MFK program for radiation damage, two types of neutron
sources may be used, based on either the D-T reaction (14 + 0 . 6 MeV
neutrons) or the D-Li stripping reaction (14 + 11 MeV neutrons).
Thi; D-T source target can be surrounded by composite lithium-uranium
235-beryllium blankets giving rise to tailored neutron spectra in
the irradiation volume similar to fusion reactor spectra at the
first wall.'

Because of the nature- of the sources and their typical spectra,
fission reactor dosimetry can nut be applied as such. Fortunately,
dosiraetry needs at these sources are recognized, and the design and
construction may be implemented for these dosimetry requirements.

NEUTRON MONITORING

The neutron monitoring consists of two parts: the spectral
characterization and the fluence determination. The experimental
measurements are combined with theoretical calculations.

Spectral Character!zation

Several methods are proposed for measuring the neutron spec-
trum. Simultaneous use of these methods produces a reliable
picture of the neutron spectrum. A computer code "KADAK" developed
at Winfrith-UKAEA permits a simultaneous analysis of the measured
data coming from different spectrometers.'

The following methods are proposed for determining the spectra:
a telescope (np) spectrometer, a telescope I.if|(n'i)T spectrometer,
spectrometers needing unfolding, tirae-of-flight technique, and
multiple foil technique.

ZtllilSii£lMl_?i!P-L sPiLcJLEi™£ttLr • With •'' telescope counter con-
sisting of a radiator foil, two proportional chambers, and a
scintiiiation or solid state detector, the neutron spectrum may be
measured using triple coincidence techniques. !t is characterized
by good resolution, low background but low efficiency. The tel-
escope counter will be placed so that only protons emitted at a
certain angle 0 will be counted. Figure 1 gives a schematic view
of the counter and its setup.

Such a spectrometer may result in a resolution of f.F./E ••• 521,
an efficiency of , = 6 x 10 '"' counts/n era -' at !4-MeV, and it may
be used down to about 5 MeV. By using a combination of radiator
foil thicknesses, high efficiency response for both high energy
as well as low energy neutrons can be obtained. Thinner radiator
foils will permit the spectrometer performance to extend to lower
energies ( -• 1 MeV). Thicker radiator foils will increase the
efficiency for the 14-MeV neuttons, at the cost of resolution.

*
The use of solid state detectors may be limited due to their short
life caused by radiation damage.
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Telescope Li/J(na)T spectrometer. The use of the Li'(na)T
reaction is proposed for measuring the lower energy part of the
spectrum. The triton (T) and alpha (a) particles are detected
with a solid state detector or Csl crystal. The Lif| radiator will
be placed inside the neutron beam ; ad the charged particle detectors
shielded outside the beam, in an arrangement similar to the (np)
counter.

With solid state detectors, the lowest energy neutron detect-
able with a good resolution is ~~ 10 keV; with a Csl crystal, this
lowest energy will increase at least by an order of magnitude.

In principle there is no upper energy limit, 14-MeV neutron
spectrometry is possible with this system. However, the cross
section and angular distribution of the charged particles are not
well known, especially at higher energies. Therefore, its
solitary use is not recommended.

General .Spectrometry. Other spectrometers which measured
data unfolded to obtain the neutron spectrum can be utilized inside
the source cell. They will measure the flux at special positions.
With some of these spectrometers, special measurement runs at INS
will be needed, some of them at low power. Some of the direct
spectrometers available are the following: gas proton-recoil
counters with different gas pressures, lie' sandwich spectrometer,
Lifj sandwich spectrometer, and scintillation-proton recoil counters.

Measuring with several of these spectrometers, the energy
range can extend from 10 keV to 14 MeV.

Time-of-Flight Technique (T-O-F). The telescope counter and
spectrometers can not be used to measure the lower energy range of
a tailored spectrum; therefore a T-O-F technique is necessary to
measure the lower energy tail of the spectrum accurately. With
T-O-F it is also possible to measure the fast neutron spectrum,
which provides a check of the telescope counter results and gives
more confidence in the measured spectrum and its absolute value.

INS is a continuous source; so a mechanical device, or fast
chopper3 must be used to create a pulse with a 600-ns width at a
frequency of 400 p/s. The fast chopper may be used at full power
of the source or at a reduced power level of about 10%, with the
INS source pulsed at 20-30 us pulses. The latter operation results
in a lower background. Convenient locations for the measuring
stations are at 200 m, 50 m, and 25 m.

Multiple Foil Method. Both the telescope and T-O-F techniques
measure a directiorr.1 spectrum which can deviate from the flux
spectrum at the loctiLxon of sample irradiation. Foils placed in
the beam and at the irradiation position will monitor the difference
between the beam aud the irradiation spectrum, then comparisons
may be made by calculations.

With the use of unfolding codes, the multiple foil activities
may be analyzed. A mean spectrum without much detail will be
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obtained. Evidence for resonance structure has to be obtained
out of the telescope and T-O-K results.

In order to make multiple foil techniques a potent instrument,
use of the reference or standard spectra is necessary as a com-
parison for all measurements.1' These standard spectra may be
calculated and measured by refined method. Two standard spectra
are necessary: (JL) The pure 14-MeV spectrum, from the INS source,
(2) A degraded, first-wall fusion-like spectrum.

Foil and detection chains are calibrated by means of the stan
dard spectra. Further, only relative measurements versus these
standard spectra need to be used. Figure 2 demonstrates the
effect of intercalibration in standard spectra on the errors in
the measured neutron spectra. Peak errors of up to 60% are
reduced to + 5Z usir,g the intercalibration technique.

Fluence Determination

Each sample irradiated by the INS source has to be monitored
for the neutron spectrum in which it has been irradiated and for
the time-integrated neutron flux or neutron fluence.

The fluence may be determined by two means: by the telescope
counters, and by multiple foil method with a limited set of foils.

Telescope Counters. The telescope couni'irs will function
continuously and register as a function of time the source strength
and mean neutron spectrum. Connected to the process computer, an
exact picture of the neutron output and its characterization could
always be available.

Multiple Foil Method. In the multiple foil method, a limited
set of foils will accompany the samples to be irradiated, exper-
iencing the same conditions (time, neutron spectrum, and temper-
ature) .

The foils will occupy a minimum space in small tube assemblies
(2 mm of diameter, 20 mm of length), which will contain up to 12
foil materials all having a long half-life. This is a technique
developed by McElroy.J In this way, the neutron fluence may be
determined as a function of irradiation position for all samples
irradiated.

Calculations

Extended two- or three-dimensional Sn and Monte-Carlo calcul-
ations will be necessary. Comparison of the theoretical results
with the experimental measurements will j>ive a high degree of
confidence in the neutron fluence and mean neutron spectrum.
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Multiple foil technique is Lhe only way to monitor the neutron
spectrum and the fluence at the irradiation position in the pre-
sence of the samples. They permit a spectrum and flucnce mapping
oi the entire irradiation volume.

The neutron spectrum below 1] MeV can he determined quite
easily. Possibilities and limitations in this energy range need
nut be emphasized here.

New problems arise in the energy range ol 10- to 15-MeV for
the I)-T source spectra which we have at INS. The presence of a
'sigh 14-MeV peak i :; our additional suurce of difficulties.

A good coverage with detectors, specially around 14-MeV, is
needed to obtain a separation of Lhe 14-MeV peak and the degraded
.pectrum in the range of 10- to l'i-Mi'V. Table I ' gives a pre-
liminary list of possible reactions to be used. A sensitivity
study is necessary to define the possibilities and limitations of
Ibe multiple foil technique in fusion reactor first-wall spectra
;u view of radiation damage dosimetrv.

Table 1

Possible Reactions in t lie 10- to 1 5-MeV Range

I hresliohl JlaJ i -liie
(MeVJ

" [ lin, .'ni i' '). 17 ()./'; d

: U ' 1JJ(W,:-:IO ' 7/'l.u /./(I \U2 d (m)

'•• ' !', .'I.) '\--': H. 1 1 ') i d

1''/ . | 'id

An( n ,.'n; An K. 1.' d . 1 8 d

<).<>.', H..?7 d

] 1 .(. l()h.6 d

\:i. \; 7K.-'. h

1 ..'.•'< 1 ib- 1 1 h

i - i • > • ! *

':.i(i>,2n)""'.i.i U'.dd 2.d01 v

'1 i (n,;!n) Ti 1 i. 2 J . 08 h

I 'J 7 1 "•) 'J
An (n, in) An 14. HJ 1 Hi d

*Possible use as fluence monitors.
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PRACTICAL SOLUTION FOR INS

For each neutron source, three permanent set-ups are possible
for telescope counter placements and one permanent set-up for
later installation of a T-O-F channel.

Three beams, M-l, M-2, and M-3 could .'ie equipped for neutron
source monitoring with telescope counter set-ups, so that at
least two will always be functioning. (See Figs. 3 and A ) .
Figure 5 shows a typical set-up for a telescope counter.

Channel M-l is located at the west side of the source cell.
(See Figs. 3 and 4 ) . It is a horizontal channel looking through
the ion-beam tube directly into the source.

With the detector located at M-l, the pure 14-MeV source may
be monitored independently from any experiment in the source cell.

Channel M-2 may be located in the southeast corner of the
source cell, looking towards the source? and spectrum modifio'.
The channel will be at an angle of about 30° above the horizontal
so that the detector may be placed near the ceiling leaving the
space below free. The detector will measure the 14-MeV source
and the backscattered spectrum from a spectrum modifier.

Channel M-3 may bo located at the north side of the source
cell, and is identical to channel M-2. In Figs. '> and 4, the
T-O-F set-up is shown at channel NM-1.
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I n i t i a l Damage R a t e s i n l i b , V, rind Mo
from 'id MeV }f-Hc N e u t r o n s

M. W. Guirian and C. I . V io le t .
Lawrence I. i vennore I a b o r a t o r y

ABSFWU.l

Changes in elci.t.ri(.(il resistivity tit liquid helium tempera-
ture have been used to monitor the production of damage in dilute
alloy, of Mb, V, and Mo irradiated with high energy neutrons. The
neutrons were produced .it the University of California, Davis cy-
clotron by the reaction of 30 MeV deuterons on a thick beryllium
target. Damage rate, are compared to those produced at the Liver-
more rotating target neutron source. The relative damage production
rates .ire in agreement with predictions based on damage energy
calculations.

HITRODIK.nOM

The measurement of damage rates at. low temperatures using
resistivity or other I.eehnigues can provide a basis for comparison
of total defect production in a variety of irradiation sources.
Ixperiments covering a wide rang'/ of materials in diverse but. well-
character i/ed sources will produce a firm data base against which
models of the displacement process can be compared.

This work is part of an interlaboratory program to study low-
temperature damage rates in dilute alloys of niobium, vanadium,
arul molybdenum wi th electrons, protons, fission neutrons arid high
energy neutrons. The samples were prepared by R. [ . Reed of Oak
Ridge National laboratory. A list of participants and a detailed
description of alloy preparation are given elsewhere. 1

Dilute alloys rather than high purity materials were chosen
for two reasons: first, to supress transient variations in the
damage rates observed at low dose in high purity bec materials;
second, to suppress the strong texturing t.hat. develops on anneal-
ing high purity foils. This is necessary due to the strong ani-
sotropy of displacement rates in bec metals.' All three alloys
contained 300 appm IT. Jung and tucki' have previously published
the results of fast electron irradiation of identical alloys.

CXPCRIMCNTAI. W TAILS

Samples were received from ORML in the form of foils 28-35
microns in thickness, 100 mm in length and 10 mm wide. Ribbon
specimens 100 mm x 150 urn were cut from the foils using a precision
shear. Three ribbons, one of each alloy, were wound onto a sample
holder to form a helix 3.3 nm in diameter by G mm long. Potential
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and current leads wore spot, welded to the samples and the assembly
secured by varnish. A set of samples mounted on a sample holder
is shown in Fig. I(a).

To supress the superconductivity of vanadium and niobium at
4.2K the sample holder was inserted in a superconducting solenoid
with a critical current of 12.35 amperes at about 10 kOe. During
irradiations the assembly was immersed in liquid helium. Fields
of 2.3 kOe and 9.2 kOe respectively were applied to the vanadium
and niobium during measurement. A photograph of the superconduct-
ing solenoid with the sample holder partially inserted is shown in
Firj. l(b). The sample holder and solenoid were placed in a con-
ventional upright cryostat with a specially designed 1" diameter
irradiation thimble. The small scale of the entire experiment was
required to allow the samples to be positioned close enough to the
neutron sources to intercept reasonable fluxes. To ensure unifor-
mity of flux, the samples and solenoid were continuously oscillated
360'' about their axis during irradiation.

Conventional DC potentiometric techniques were employed with
a sensitivity of -10 nV. The measuring current was 100 ma. Noise
levels were typically 30-50 nV. at both neutron sources. Typical
sample resistances at 4.2K were fJb(45nv ), V(35nt.), and Mo(20ma)
respectively. Resistivities, ., and room temperature resistivity
ratios for a typical set of samples are given in Table 1. All
sets were within 2 of these values.

Sample

.•4_ j n - c m )

'296K / n4.2K

Table 1

i n i t i a l Sample Resis t i vi t i e :

Nb(Zr)a

217.31

68

a 9.2 kOe transverse f i e l d bZ.3

V(Zr ) b

186.46

111

Mo(Zr)

71.70

78

kOe transverse f i e l d

IRRADIATIONS

Irradiations were performed at both the Livermore rotating
target neutron source (RTNS)'' and at the University of California,
Davis cyclotron using 30 MeV deuterons on a thick beryllium target''

At the RTNS the cryostat was positioned as close as possible
to the neutron source, which located the sample axis 16 mm away.
At this position the neutron flux is of the order of 4-6 x 10 1 0

n/cm^-sec with an average energy of 14.8 MeV. An initial run of
11 hours was made to check operation in which only the vanadium
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and molybdenum were measured. In a later run of 55 hours all three
samples were measured. The relative fluence received by the sam-
ples during the runs was monitored by the use of a proton recoil
counter. Absolute fluences were determined from the activation of
the niobium samples thru the Nb ' '(n ,2n)Nb '• reaction for which a
cross-section of 458 mb was used'. Corrections v/en- made for de-
cay during the runs.

At the Davis cyclotron the cryostat was positioned so the
sample axis was located 40 mm behind the beryllium target where
the neutron spectrum had been previously determined". This spec-
trum was corrected for attenuation thru the cryostat and a room
temperature experiment located closer to the target by using the
total cross-sections given in ENDL'\ The resulting spectrum is
shown in rig. ?. by the solid lines. For comparison the differen-
tia! spectrwh at RTNS is given by the dashed lines. One run of
IJ.'j hour', was made at a deuteron energy of 30 MeV. The average
in-.!'" current was ?6 .a. At the sample position the neutron flux
'i .1 Mt-V) was 1. H x 1 0 l ! n/civ-sec. The relative fluence during
thf run w<r, nr,n i to rod bv the integrated beam current. The absolute
fluent.e was c,t.II:Mted to be ].?5 x 10'r n/cur from the spectrum
given in fi'i. '/ ,»)<•) the integrated beam current of 1.809 C. This
i'. iibciut. 6 lev, than that, deter-ii nod from the activity of the Nb
•,ariiple us inn a spectrir averaged cross-section for Nb ' ' (n ,2n)Nb'""'
of 169 IT M . A '.uni'Mry nt all three <?/.per ircnts is given below in
Table ?.

Suini'iary of I r r a d i a t i o n s

Source Flux(10' n/car-s ) Fluence(10''n/cnr ) •(mb)'

RTNS(run 1)

RTNS(run ?)

D-Be(3O MeV)

aNb'1 '(n,2n)Nb''

5.

4.

17.

. ni

9

4

8

2.

8.

13.

34

63

13

458

458

169

RESULTS

The results of the three experiments are summarized in Table
3. For each experiment, the total observed change in resistivity,
.'., , and the damage production rate, d./d:, are given for each
alloy. The damage production rates ere least squares fits to all
the data taken in the run. The data for vanadium and molybdenum
exhibit a small but definate decrease in rate in the two longer
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irradiations. In both cases however, the change is less than 3%
over the total range of i.u covered. Niobium exhibits no measur-
able change in slope in either experiment. The data for Mo-.OS^Z
shown in Fig. 3, is typical of all three alloys.

Table 3

Experimental Damage Production Results

Source

RTNS(l)

RTNS(2)

D-Be

a / . r ,(10"9 '.

Nb(zr)

9.69 1.126

9.49 0.726

V(zr)
At- dr

4.63 1.

16.45 1.

19.91 1.

>A U-cm3/n)

974

906

516

I.I'

2.35

8.65

3.53

Mo(zr)

1.007

0.998

0.651

Relative uncertainties in di./df, are Nb(6X), V(3X), and Mo(lX)
respectively. The absolute uncertainty in till cases is dominated
by the fluence determination, 7.5% for RTNS and 15? for D-Be.

DISCUSSION

We will first compare the relative damage production from
the two high energy neutron sources to that predicted from
damage energy calculations. We will then consider the question
of absolute defect production rates.

The experimental damage rates d:/d;. can be expressed as

d.-./d: = f.f^ (1)

where i f is the resistivity increment per atomic fraction of
Frenkel pairs and ^ is the displacement cross-section. If we
assume that the numoer of defects produced in energetic cascades
is proportional to the damage energy, i.e., the energy of the
primary recoil less the energy lost from all generations of
recoils to electron excitation, then the ratio of two experi-
mental damage rates should be equal to the ratio of the corres-
ponding damage energy cross-sections, ' w -
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for niobium and molybdenum the theory predicts ratios dbout 10'
higher than experiment, while for vanadium, theory predicts a
value 8" lower. In all cases, the comparison is within the
uncertainty in either experiment or theory.

Roberto et al ' have irradiated Cu, Nb and Pt with 40 MeV D-Be
neutrons and compared experimental damage production with pure
fission neutron damage. Again the measured damage ratios <irp
within ".10' of those predicted by theory. It appears that
within uncertainties damage production scales with damage energy
at least over the recoil energy range of from below 10 KeV to
above 200 KeV.

Damage Production Efficiency

To convert damage energy cross-sect ions to the displacement
cross-sect ions needed to evaluate Eq. 1 , we must specify the con-
stant of p r o p o r t i o n a l i t y . Fol lowing Robinson1 ' we can w r i t e

" d = K '••UL/2 T d { 2 ]

where K is the displacement efficiency and T, is an effective dis-
placement energy which accounts for the anisotropy of the displace-
ment threshold. If K - 1 and Tj - T o, the measured thre'.iold
displacement energy, we have the Kinchin and Pease model '.
lucasson'' has reviewed both experimental and computer data on
the anisotropy of di splaceimnt thresholds in fee, bec, and hep
metals and for bec metals finds Td - ?.? Jo. Values of T o for
these alloys have been measured by Jung and Lucki '. Once (f is
specified, the displacement efficiency can be obtained for a
given experiment by substituting Eq. 7 in Eq. 1 and solving for
K, i.e.

K - (d. /d:)*2 Td/-DEi.f (3)

for fib, V and Mo we have used values of f.f from Benedek' ' based on
melting point resistivities. We note that this brings the molybde-
num alloy displacement function' more in line with that for other
bec materials. We also note that for niobium and molybdenum,
Benedek's values are in agreement with those recommended by
Lucasson.;':'

In Table 7, we list values for Tg, Tj and ;f for each of the
three materials. Values for the displacement efficiency, K, in
each source are calculated from these values, the experimental
d(i/d: in Table 3 and the damage energy cross-sections of Gabriel
et al in Tables 4 and 5.



Damage Energy Cross-Sections

Damage energy cross-sect ions at or near 14 MeV (RTNS) have
been reported for a number of y e a r s 9 " 1 7 . In Table 4 we have
tabulated four recent values for each a l l o y , both the ENDF/B-IV
and the 1976 ENDL evaluated neutron cross-sect ion f i l e s have been
used. A l l used the LSS model fo r e lec t ron i c stopping.

Table 4

Damage Energy Cross-Sectionsa a t RTNS

Reference

Gabriel et al (15)

Doran and Graves (17)

Logan and Russell (16)

Parkin (18)

Nb

294

274

263b

285b

V

274

265

247b

260

Mo

284

263

246b

332b

aDamage energy cross-sections in b-KeV

bValues using 1976 ENDL, others used ENDF/B-IV.

Both Gabriel et al and Doran and Graves have tabulated
damage cross-sections as a function of neutron energy up to
20 MeV. Their values were extrapolated to 30 MeV and damage
cross-sections obtained for the D-Be spectra of Fig. 2. For
this spectra, less than 15' of the damage results from neutrons
above 20 MeV so that the total cross-sections are not sensitive
to the extrapolation. By comparison, neutrons below 5 MeV con-
tr ibute 20-25" of the damage. The results are given in Table 5,
again in units of b-KeV.



Table 5

Damage Energy Cross-Sections for D-Be (30 MeV)

Reference Nb V Mo

Gabriel et al (15) 205 204 205

Doran and Graves (17) 190 196 183

Doran and Graves estimate that errors in damage energy cross-
sections will be of the order of + 20°'. in the energy ranges con-
sidered here. For all the materials, and particularly vanadium,
the values will be systematically high by up to 10" due to the
use of LSS electronic stopping as discussed by Robinson1'.
However, when ratios are taken the uncertainty will probably be
of the order cf 10% or less.

Damage Ratios

The experimental ratios of damage from 30 MeV D-Be neutrons
to that from 14.8 MeV D-T neutrons (Table 3) are given in Table 6.
They are compared to the ratios of damage energy cross-sections
from tables 4 and 5. Only one theoretical damage ratio is given,
since ratios obtained from Gabriel et al and Doran and Graves
were within 1%.

Mater ia l

Nb(zr)

V(zr)

Mo(zr)

Table (

Damage Ratios (D-Be(30 Mev)/RTNS)

Experiment

.65 +

.80 +

.65 +

.12

.14

.11

.69

.74

.71

Theory

+ .07

+ .07

+ .07
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Sample

Nb(zr)

V(zr)

Mo(zr)

TQ(eV)

28

25

34

Table 7

Damage Efficiency

Td[eV)

62

55

75

pf(10'4:!-cm)

16.1

18.0

14.2

K(RTNS)

.29

.43

.37

K(D-Be)

.27

.45

.34

The damage efficiencies vary from 27% to 45% and are comparable
to those calculated for fission neutrons.'7 From both binary
computer simulations'1* and analytic cascade calculations75,
efficiencies of about 80% are expected. The values here and those
for fission neutrons are a factor of two to three lower. Merkle
et al?6 have recently reported efficiencies in silver of 80% for
recoils below 3 KeV and values of 15 - 25% for recoils in the
10-200 KeV range. Robinson's observation19 that thermal neutrons
are 1.7 ;+ 0.8 times as effective as fission neutrons would also
support the conclusion that damage efficiencies decrease rapidly
in the low KeV range and change much slower as the recoil energy
increases.

CONCLUSIONS

Resistivity damage rates from neutrons produced by 30 MeV
deuterons on a thick Be taraet in dilute alloys of Nb, v, and Mo
are about 2/3 those produced by 14.8 MeV neutrons. This ratio is
in agreement with predictions based on damage energy calculations.
On an absolute basis, high energy neutrons are a factor of two
to three less effective than one would expect on a modified
Kinchin-Pease model.
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I n t e g r a l h x p e r i int-n 1 • f o r ' C'f P N u r ] e n r J ' a t a

P r o f e s s o r C h a r l e s W. M a y n a r d

N u c l e a r !:nj',i n e e r i nj', h e p a r t meri t , ijn i v e r s i 1 y o f tv'i ' A

I n t e g r a l e x p e r i m e n t : , h a v e p l a y e d a n i m p o r t a n t r o l e i n t h e

d e v e l o p m e n t o f d a t a a n d e a l e u I .'it i o n a J m o d e l s for f i s s i o n r e a c t o r - ' - .

It i s r e a s o n . ! M e t o e x p e c t t h e m t o p l a y a n i m p o r t a n t r o l e f o r I n

s i o n , a l t h o u g h t h e a n a l o g y r a n n o t h e c a r r i e d t i i o f a r a s t h e r e i s

not . h i n j ; c o m p a r a h l e t o t l ie c r i t i c.i I i 1 y p r o b l e m i n f u s i o n . T in ; d a t a
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C (x,jj

TIVJ vector x lias component s which a n 1 the variables of the sys
over which the designer or experimenter has control, hence the
arc control variables. The components •;: of ; are physical p
rameters with fixed lint unknown values.

Our interest here is in the "j and the vector x will be
pressed and I treated as an index represent in); the experiment
reactor response of interest. However, in the desifjn of exper
ments, the sensitivity and uncertainty due to a particular cho
of the value of x should be studied.

The development will be simplified by 1 inea r i:: i n j»

(I )

t em
X ;

sup-
and

the quantity (.' about the reference value of

l:i =

= (',

= (I .

(2)
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status of the data including all experiments good or bad which may
have been carried out. It allows for some comparison of experi-
ments. It does not as it stands tell us how much an improvement
in data is worth, what it will cost, or what to do if you don't
know what reactor to plan for. Further, it is a formalism which
is difficult to apply i'or lack of input data and calculat iona]
costs may be a burden, < ,,;ecially if the theory must be modified
to account for correlations. ft will tell us to choose w very
large (u' small J and (', equal to S , i.e. the best experiment is to
build the reactor itself and measure the required response which
in the absence of economic information is the correct answer.

A more direct comparison of different experiments requires a
basis for comparison which in turn requires an economic analysis
of the benefits resulting from an error reduction. A simple
approach is to recognize that the cost of electricity from a plant
or of thermal power from a reactor is a function of many variables,
but in particular of the nuclear responses l< calculated during

design. Yor a set of changes AR , the cost'changes by
a

Now i f specified performance is U • R and there is an uncer-

tainty presumably one must design to R •• ">& ami an uncertainty
o

reduct ion a 1 lows a ret]net i on

in the design basis. The benefit of the reduction due to the
(NQ+ lj.il! experiment is then

2

CtN +
O

On setting

L d R ^K
a a
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l u / u l i o n a l ' , o ( I I n - i h i > . . i n T i n - r a - . e o f b v l n i d • . v - . t ' - i i i 1 . h i i i i u - . i t
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o i t h e m t l . i l M l ) ; I ' < " " I ' 1 ' 1 ] ' " I ' > • ' < ' - ' ' I h e - a - . t n - I i -.1 e d t a d i i M i i i h i - r t d

< I w o n o l o j : K a I ) y u i t 11 I h e J a h o r a t m y a n d I h e m i m l i e f . o l I e-, - - l e i

i - i i n - , i n I a h i e I . l a h l e \ \ , I c - . { r i h r \ h r u - i I v I h« - e x p e r i i i i i - n I a I

f . n j J i I v- a n d I h e i j t u n ! i ! n - . n n - , r . u i v i l . I a h I e i l l * o i t t a i n - M i l m
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e r a l o r ("<>r t l i e d e n t e j o i r . I n a I r i t i a t e d m e t a l f a r i ' . e i . I I n

M I I I j - i i - i n t e n •• i t i e - . a r e o I t e i i n o I m e n r i o n e i l . l - n n r a r e m* 1 a i i 11

1,11 h i i J I I I . - I ' / . C I I I I I I i ( • • . , «• i t h e r ' . p h e r e - , o r e y 1 i i u l e r 1 . , o n e i • a 1.1 I 1

\ p h e r e . T h r e e e i n p J o y j ' _ r a p h i I e a •. I h e HK'd. 11 m i , a n i r o n ' . p i n M ' a n d
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a met a H i e U r a n i u m p i J e r o u n d o u t t he j ' . r o u p . They a l J mat e \ e i j

o u s a t t ernpt s a t k e e p i n g t hf j '/.-omel ry s i wp J e . l o r ex amp I e f i v e o f

t h e e x p e r i m e n t s e m p l o y e d s p h e r i r a I j y o m c t ry .

None o f t h e s e ex p e r i meat s i s i n t e n d e d t u be a mock u p o f ;i

r e a c t o r b l a n k e t , a 3 t h o u g h t he l a r j » e met a ] 1 i e L i t h i u m a s s e m b l y w i t h

t h e j ; r a p h i t e r e f I ex t o r s h o u 1 d p r o d u * e :i s j i e i t rum m o d e r a i '• I y c 1 o s e

To t hat. o f a j > r a p b i 1 e r e f 1 c d e d L i t h i um c o o l e d b l a n k e t . Most

m e a s u r e d r j u a n t i t i e s a r c r a t h e r m i l i 1"* t he r e a r t o r r e s p o n s e . r-/< e p t

f o r t h e t r J t i um p r o d u c t i on , Thus t h e c x p e r i rnent -, 1 e n d t o f a l l i n

t h e c a t e>'.i>ry o f l i ' -m hma r (• ex p e r iment s wh i r h a r e r e a s o n a b l y e a s y t o

i a I r u l a t e ,and t e s t d a r a i n a J M * I H T ; I I w a y . The \»i) s e d s p h e r e e /

p e r i m e r i t s a r e an e/< ep t i o n i n Tha t t h e y f o c u s a t t r-nt i o n on SOUK- o f

t h e h i j'.h e n e r g y da t a w h e r e u m e r t a i n t i e \ may he 1 a r ; ;e . T h i s w i l l

r e ' . u 11 i n a 1 a rj'.e s e n s i t i v i t y l o r e n e r g y ! f : i h i j < e a n d hr-1 i um p r o

due t i o n wh i f h a r e s e n s i t i v e t o t h i s da t a .

A w i de v a r i e t y o f d e t e c t o r s a r e enip 1 o y e ( j . The Nl : M', I ' r o t on

k e e n i J Sy st e.rn i s u s e d i n e / p i - r j nient nutnher" . o , H > ' ) , a n d 1 0 . T h e s e

a r e a 1 1 r e c e n t e x p e r i merit s a n d t Ji i s wa s t l ie on I y d e t ec t o r i n

se ve r a 1 < a s e s . I;xj)e r i ment s v> a n d '< u s e a w i d e ya r i e t y o I f o i I •..

T h e s e a r c < a pa f J 1 e o | <•?, t r a c J i n; ; a ; ; r e ; i t i |e; i 1 o f i n f o rma T i o n .

Pa r I f < u l a r i y when t h e y de t ec 1 ;<-a i I i on - . <• .< \n-< \ >•<) j ; , ;\ ) ( r , i -,i i i e.n

l o r . l - .xpcr i m c n t s ' a n d '/ u s e J j s s i o n and b r e e d i nj', r e a c r i o n s a n d

s h o i i i d y i e l d i n f o r m a l i o n o f va l u e i n h y b r i d s . '<pe< t r a 1 m c i s u r e

men t s w i t h ( r a c V d e t <•< t o r s p r o d u c e 1 a rj>/- amount s o f da t a .

H o w e v e r , t h i s i *, no t d i ret 1 e d t o a spe< j f j ( r e s p o n s e and t h i s r e

(ju l r e s some t a r e a n d e f f o r t i n d e t e nn i n i n j ; i t " , t j uan f i t a t i vt : r e J ••

v a n e - t o o u r n e e d s ,

Mejsi r d \\\yt t h e u s e o f a I l u x i i ua s i i r ement , i f t h e t h e o r y o u t

I i t i ed e . u l i e r i •. t o In- u\»-<|, ( h e e x p e r i m e n t s s e n s i t i v i t y t o t he

f la t a must be ( a If t i l a t ed . I h i s i s no rma I 1 y d o n e w i t h p e r t u r h a l i o n

{ h e o r y a n d an a d j o i n t f o r t h e pe r t u r b . i t i on i a 11 n 1 a t i o n must be

d e t e rrn i n e d . I f t h e f l u . ' ; i n a na r row e i i e i j ' y i an yt- a t a \>t> i l i t i s

iiic.'i s u r e r ] , t h e a d j o i n t sou r; e i s a d e I I a f i j u e l i o n • n hot h po 1 . i t i < m

a n d e n e r g y . The \ rrn) w( S I) f i ) " i n I he e r r o r i m p r o v e m e n t d«-

p e n d s (/ti (i ha v i nj», a I a rcpe •;c;i ! a r p r o d u c I v;i I h

wlje r e o n e m I y\\\ c a l l N t h e " n e e d " vec t o r a -. i I i n o r p o r a 1 e \ The

r e s p o n s e s e n s i t i v i t y a n d t h e u m e r t a i nt y i n t h e da J a . O X J i c i - o i

; j p p r o j ) r i a 1 e f l u x n i casu rente n t s t o ma k c (\ a n d w 1 a rj'.e wi ie r e N i •.

l a r j ' . e i s d i f f i c u ) ! . hue t o t h e e A p e n s e o f a n a l y s i s a l e a c h p o i n t ,

i t i s p r o b a b l y a p p r o p r i a t e t o cn iu l i i ne e x p e r i m e n t a I d a t a i n f o a

new pa r l 1 y e / p e r i merit a 1 a n d pa r t ! y nume r i < a 1 i n t ej> r a ] r e s u l t

'•Ail t e d t o I he u s e r 1 s n e e d s .

MosI o I he r e f e r e n c e s r e p o r t e x p e r im< n t a 1 a e c u r a c i e s , a n d

t h e n t c s 1 d a t a by c a l r u l a ? i n / ; t h e m e a s u r e d q u a n t i t i e s a n d com

p a r i n j ' , CM J e u l a I c d a n d e x p e r i m e n t a I r e s u l t s . Th i s i s o i l c , d o n e

w i t h m o r e t b a n o n - da I a se t . T h e da t a d i f f e r e r i c e b e t ween se t s

a n d ( h e r e 1 a t i ve a g r e e m e n t s w i t h ex p e r i merit a r e 1 h e n u s e d t o js'i i n

i n s i j 'J i t i n t o t he d a t a a d j u s t men ! s l i k e l y t o j»i ve he t f e r a j».r cement .
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Experiment
Number

8

9

Experimental

Table II

Facility

76 cm diameter iron
sphere

244 cm cube
graphite

of

(cont.)

NE 213

NE 213
metry

Measurements

neutron spectrometry

proton-recoil spectro-

10 Spheres of carbon,
oxygen, aluminum,
titanium, and iron.
1-5 mean free paths
in radius.

Time of flight NE 213 detector
measurement of leakage spectra
at two angles. Flight paths
of 766 and 97S cm.

- 388 -



Table i n

Appropriate Experimental Error

Experiment Data and and Experiment-Calculation
Number Calculational Basis Discrepancies

1 ENDF/B-III, IV; N.IOY; Experimental 5",, volume intr-
DTF-IV; ALVIN grated results -• 12"n spaiiai

Discrepancies from Figure 3 •
2"", of the reference c;ise.

ENUF/B-IV, ENDL,
CLYDE, TART

Experimental 3-b". except for
[1-238 (n,3n.) reaction rate .
Discrepancies >.-10",.

Experimental: total tritium
production < .">",. Spatial scatter
in excess of 10'i,.

4 ENDF/B-I, III;
SUPERTOC; ANISN,
DOT-II, MORSE

Not given quantitatively but
figures indicate large experi-
mental errors and discrepancies
with calculat jems

5 I:NDF/B-III,ETOG,
ANISN, TWOTRAN

ENIHVB-III, l)TK(SN) 1 ()'!i mean e r r o r > spcc t r ; i !
e r r o r . 5-10'!.. Pi screpanc i es
around 30"..

7 ENUF/B-III,
SUPERTOG, ANISN

8 ENDF/B-III, TV; UNA;
DLC-2D, 27C, ANISN

l:.xpe'-imental Ratio 6-7°.
Di screpanc i es 1 0-5(1",.

9 ENDF/B-IV, SUPERTOG-
III, DLC-2D, ANISN

10 ENDF/B-III,IV;
ENDL, CLYDE, TART

Discrepancies as large as 73"..

Experimen il error- -f 7",..
Discrepancies gcr'rally 10-20"
but as high as 5 »
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Integral Testing of Neutron Activation Cross Sections
Using the 9Be(d,n) Reaction at 14-16 MeV*

L. R. Greenwood and R. R. Heinrich
Argonne National Laboratory, Argonne, Illinois

ABSTRACT

Integral measurements have been made for 22 neutron activa-
tion cross sections using the ''jJeCd.n) source at 14-16 MeV at the
Argonne Tandem Accelerator. The differential neutron flux and
spectra were measured in the angular range from 0-25° by the time-
of-flight technique. Comparison of the integral and differential
results allows an evaluation of accuracy and consistency of dif-
ferential neutron cross section data.

DIFFERENTIAL MEASUREMENTS

The 14 and 16 MeV deuteron beams from the Argonne Tandem
Accelerator were stopped in a thick (6.4 mm) beryllium target
backed by 1.6 mm of brass. Beam currents up to 2 uA produced
neutron fluxes as higli as 3 x 1010 neutrons/cnr'-sec immediately
behind the beam stop. The flux at 5-10 cm distances frcm the
source was in the range of 108-109 neutrons/cm?-sec which is
quite adequate for testing dosimetry data in the 1-20 MeV energy
range with irradiation times of 6-12 hr.

Time-of-flight measurements were made with a pulsed beam
from the accelerator with a time resolution of about 4 ns at
flight paths of 2.0 and 3.7 meters. Neutrons were detected by
a cylindrical NE213 liquid scintillator measuring 4.7 cm in dia-
meter by 4.6 cm in length. Pulse shape discrimination was used
to suppress the gamma background which was less than 1% of the
neutron flux. The detector efficiencies were computed with a
Monte Carlo code1 and were checked by measuring the spectra from
a ^52Cf source (5.9 ng) using the tlme-of-flight technique. The
measurements and calculations were found to agree within 10% in
the energy range 1-10 MeV.

Figure 1 shows the measured differential neutron spectra at
16 MeV at angles from 0-25° and illustrates how rapidly the spec-
tral shape changes with angle. The integrated flux, shown with
various lower energy limits in Fig. 2, drops rapidly with in-
creasing angle, decreasing by a factor of two from 0° to 20°.
Note that the low energy flux steadily declines with angle, where-
as the flux above 14 MeV actually increases out to an angle of 15°
and then declines at larger angles. Obviously, these rapid

Work performed under the auspices of the U.S. Energy Research
and Development Administration.
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changes in the flux and spectra with angle, coupled with the de-
cline in flux with distance from the source, necessitated that
geometric corrections be made for samples placed close to the
.source.

INTEGRAL MEASUREMENTS

Thirteen foil materials'' were irradiated under three differ-
ent conditions, as listed in Table I. Gold and aluminum foils
were placed at several positions in the package in order to pro-
vide a check on the geometry and absorption corrections. The
circular foil.s measured 0.953 cm in diameter, which corresponded
to an average angle of about 5° at a distance of 5 cm from the
source. Weights were chosen to obtain adequate activities for
Ge(Li) gamma counting for an irradiation of approximately 12 hr
duration.

Table 1

Irradiation Parameters and Foil Specifications

Run Label:

Deuteron Energy (MeV):
Distance from Source (cm):
A'/or age Beam Current (wA):
Length of Irradiation (hr):

A
16

4.88
0.61

12.42

B
14

4.88
0.96

11.42

C
16

2.01
1.02
6.52

Foil Material Thickness (mm)

Au 0.051
Al 0.127
Ni 1.524

? 3 5U 0.224
Ti 1.016

?38U 0.457
Sc 0.508
Au 0.051
Al 0.127
Fc 0.127
Zr 0.762
Cu 0.635
Co 0.762
In 0.127
Nb 0.508
Au 0.051
Al 0.127

Total 7.183
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The 13 dilu-rent :• > i ! s provided twenty-lWO separate re ar t inns

lor testing as listed in J.ibU ..'. I .'if 43, sensitivity I m i l s uf

t_ lit- various nv-jri ions are shown ,' r.ipli i i a I 1 v in Fig. '!. Al least

!'•> additional reactions were also seen, however, no cross section

data is generally known for these reactions j- . ;. , ' Cu(n,p.)' Ni,

'"•NJ.(n,np)''/(;o, ''''ScCn, <)"'K, ' V.r (n, p) ' *InY, and • ' V.(n,2n)- ' ' U J .

The p'Cu(n,,) and ' Cu(n,2rO reactions both lead to "CM and induce

cannot be resolved. This problem also occurs in zirconium and

ind ium.

Table 2 .1 1 so lists the ha 1 f-1 , ves, gamma-ray energies, and

branching ratios which we used in this study. All loils were

counted on one of three Ce(l,i) garmua detectors at least three

times in order to establish good counting precision and to check

the accuracy of ha I f-1 i ve.s . The ca] ibr.it ion ot our detectors has

been checked against other laboratories in the I I.RK program and

found to be in agreement within \.r>7.

The saturated foil activities were calculated from the

activity rate at the- end of irradiation ('N()̂  ! ror.i the relalion-

sh ip:

.".- _ 'N°
'T " m ITA rs

where m = number of target atoms
A = isotopic abundance
V = fission yield for lission foils
S = gamina st'1 f-absorpt ion in foil
li = correction for di'cay during irradiation

For a steady state flux, B = 1 - e , where t is the total
length of the irradiation. For our irradiations, an accurate
record of the beam current was recorded versus time, and IS was
computed by integrating over each time segment .

The calculated saturated activities were then corrected to
the common geometry of the front foil position. This was clone
by fitting the t in'n—of-f 1 ight fluxes to simple polynomials as a
function of neutron energy and anglo and integrating over the
.specific foil geometry for each of the 22 reactions. Absorption
corrections were also made by calculating the average absorption
due to each foil and these corrections were checked experimen-
tally by the gold and aluminum reactions at three locations in
the foil stack. An Nli.S-type' fission chamber was also used to
check both corrections by first moving the chamber along the
beam axis and then measuring with and without foil packets in
front of the chamber.

COMPARISON OF INTEGRAL AND DIFFERENTIAL RESULTS

The final saturated activities which we have measured should
be directly calculable by integrating the measured time-of-flight

- 393 -



Table

Activation Reactions

Reaction

-7Al(n>a)
2'*Na

'*'JSc(n,2n)ll')Sc
't6Ti(n,p)K6
<)5Sc(n,Y)/

 S C

't7Ti(n,p)'t7Sc

"8Tl(n,p)"8Sc

51*Fe(nJa)'-'
1Cr

5ItFe(r.,?)5ttMn
56Fe(n,p) :'f'Mn\
59Co(n,a) 56MnJ
59Co(n,p)S9Fe

"Co(n,2n)53Co|
saNi(n,p)53Co (
58Ni(n,2n)57Ni

30Zr(n,2n)892r

U(n,f)95Zr

93Nb(n,2n)92raNb
U(n,f)103Ru

n5In(n,n')U5mIn
UCn>f)

1't0Eac

U(n,f)11<0Lac
197Au(n,2n)196Au
197Au(n,Y)198Au
238U(n,y)23%pd

H = hour, D = day

,. , a
tl/2

15.00 H

2.44 D

O J. y U

3.40 D
1.83 D

27.7 D
312.5 D

2.58 H

44.6 D

70.85 D

36.0 H

78.5 H
64.1 D

10.13 D
39.43 D
4.486 H
12.789 D
40.26 H
6.1 D

2.6956 D
2.355 D

2

and Nuclear Data

EY,
keV

1368.599
2753.965

270.9
889.253
1120.521
159.381
983.4
1037.4
1311.8
320.076
834.827

846.6

1099.228
1291.568

810.75J

1377.6

1919.6
909.2

724.179
756.710

934.46
497.08
336.23
537.35

1596.18
355.73

411.794
277.60

Branch,
%

99.993
99.873
98.6

99.984
99.987
69.0

99.987
97.5

99.992
9.83
99.97

99.0

56.1
43.6

99.44

84.9
14.9
100.0
44.1
54.6

99.15
89.0
45.9
24.4
95.4
87.7

95.52
14.3

bA = R. G. Helmer and R. C. Greenwood, Nucl. Technol. 25,

Data
Source

A

B

A
A

A
A

B

A

A

B

B
A

B
A
A
A
A
A
A
A

258
(1975), as updated to the ILRR Program in February 1977.

B = Nuclear Data Tables 13, 2-3 (19 74).

*jilf0Ba decays to 1'*()La - products are counted in equilibrium.
239U decays to 239Np with a half-life of 23.5 minutes.
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neutron ypt'clf'i times the d i i f tTen t la I rear t i IMI cross sections
over neutron energy. Due Lo the finite .i.;gular si;;e of the foils,
the t i me - o f- f 1 i gh t spectra as a function of angle must be averaged
over the area of the foils. The resulting averaged spectra were
close to tlie spectra obtained at 5°.

All neutron cross sections were taken either 1 roni the E.\T)F/B-
JV' library or from the resuLts oi iinyhnrst • ' .• '. ' at i.os Alamos.
The latter include the ' 'Al(n, 0 , "S<j(n,2n), "N i (n, 2n) ,
IJZr(n,2n), and • ''Au(n,2nJ reactions. Tile 'Co(n,p) and
' !Nb (n, 2nj reactions were taken from the general KNI)F/B-!V files.
The Ci'Fe(n,i) cross sections were taken from RN!-).?']. The THRESH"
code was used to extrapolate several cross sections into energy
regions where data were not available.

The integral and differential measurements arc compared in
Tai ie 3 which lists the ratio of the measured-to-ta 1cu1 atud satu-
rated activities. As can be seen, the ratios obtained for the
three independent experiments agree quite well. Absolute values
of the ratio are estimated to be accurate within • 10'" except for
the (n,y) and •' ' 'U (n, f) reactions. These reactions are :".cre
uncertain since our t ime-of-flight measurements did not extend
below 1 MeV.

CONCLUS[ONS CONCERNING NUCLEAR DATA

The activity ratios shown in Table 'i are grouped according
to reaction type for easy comparison. Several reactions show
large discrepancies, notably the 'Co(n,p), u"Ti(n,p), "'Sc(n,2n),
''.\'L (n, 2n) , and L )7Au (n, 2n) . The ratios for reactions sensitive

below 1 MeV are hard to evaluate since we do not know the spectra
in this region and (n,v) data is generally unreliable for high
energy neutrons. For example, the 1:'Au(n,Y) cross section will
apparently be lowered about a factor of five above 6 MeV in
ENDF/B-V.'1

The errors in the ratios due to uncertainties in the neutron
spectra are believed to be small. in order to test the relia-
bility of the differential spectral data, we have used the
SAi\'D-li ' spectral unfolding code to see if changes in the spectra
noticeably improve the overall fit to the integral data. We found
that only minor improvements could be made ano that the Co(n,p),
""Ti(n,p), and 4'Sc(n,2n) reactions were consistently rejected as
being outside of the normal standard deviation limits. This re-
sult is easily understood by examining the ratios for reactions
with similar energy dependence listed in Table 3. That is, if two
(n,p) or (n,2n) reactions with similar thresholds badly disagree,
then no change in the spectra will improve the situation since
both will be changed by about the same amount.

We thus conclude that the reaction cross sections which show
the largest discrepancies in the ratio must be in error. In
several discrepant cases, recently obtained cross-section data
agrees much better with our observations. Data from D. L. Smith
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Kd, MeV
OiKLanct;

Table 'j

Tandem Act iv i t ies

Ratio of Measured ^
(ENDIO (TOF)

4.

0
0
0

0
0

16A
88 cm

. 9 3

.88

.86

.92

. 9 8

2.

0
0
0

0
0

]6C
0.1. cm

.90

.86

.94

.9 3

.98

4 . H 8 cm

AU19 7G
KC45C
U238C

U2 35F
U238F

IN1J.5N

CO59I'"1

FK54I1

NT5KP
T146J'
T 1.4 71'
TI48I'
FE56P

bAL27A
CO59A

AU19 72
CO 59 2
NT 582,

ZR9O2
NIS932''

Std . Dev.

1.05

0.
0 .
1.
1.
0 .
I .
1 .

1.
] . .

0.

l .
i .
0 .
1 .
0 .
1 .

,64
.96
02
1.0
89
4 5
1.1

07

n
89

21
12
74
24
99
0 5

18.7

0.98

0
0
1
!
0
1
1

1
1.
0

1
1
0
1
0
1

-61
.94
.01
. 1J
.90
.14
.07

.05

.12

.VI

. 16

.12

.77

.27

.97

.00

1.6.2

0.83
0.8.1
0.81.

0.79
0.82

0. H4

0 .
0 .
0 .
0 .
0 .
I .
1 .

1 .
1 .
0 .

1.
1 .
0 .
1 .
] . .
1 .

58
86
8 7
99
78
50
0 2

()•>

OK
9 7

"12
i0
91
55
15
15

25.9

'Da ta from general. KNDJ'/B-1 Vs or BNI.-325.7

bDat;i from B. 1>. Uayhurst oi ul. , Phya. Itev. C1.2, 451 (1975) .
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ABSTRACT

I he conceptua l des ign o f f u s i o n r e a c t o r s and f u s i o n - f i s s i o n
h / b r i d r e a c t o r s b r i n g s i n t o focus a l a r g e numbor o f problems
d e a l i n g w i t h the i n t e r d i c t i o n o f 11-MeV neu t rons w i t h m a t e r i a l s
l.o be used in l.fif! des ign o f the d i f f e r e n t components of the
r e a c t o r . These components i n c l u d e the f i r s t , w.i 1 1 . the b l a i n e t ,
the magne I.:, <;nd the s h i e i d i i u ) sys tem. The ii-'.unuy o f the des i f jn
c i l c u l . i ! i ins r.rin b(> dssured p r o v i d i n g the i.r<insport codes
c o r r e ( . t l y rl"s< r i h o the i n t.ercic t ion r i f M MeV neu t rons w i t h these
rii<i t o r i t i l s . As n o r l o f the Pulsed Sphere Proqrjim f i t t i v e r m o r p ,
iiiedsureincT!ts o ' i.-V ne ; i t ron rind 'jriiniiw em iss i on s p e c t r a f rom a
Icinje number of V":h ^ i t i l s rvirif j ir i ' i f rom I i t o Pu have been c a r r i e d
'•;'•' i j s i i i ' i the spherv t r.:"si i i i ss ion .jnd t i m e - o f - f I i ()h t t e c h n i q u e s .
I ' I " ' f n'i| iri t • ison of l.hesi- me." uremen I s w i t h c a l c u l a t i o n s has p r o -
v irii-iI .i power fu l t oo l i n t e s t the accuracy o f the c ross s e c t i o n s
.s' •' in t l ie c . j l c u i r i t i o n s , the ".w them.it i r.,i I assumpt ions and

• ::ipv •'.- i " i . i ' io' is in l rodur .ec i in s o l v i n q the t r a n s p o r t ec|i/.i f ions .irid
In ' » :i I- : i j r p o s s i b l e e r r o r s in the r.odinq s ta ' .e of tf ie c a l c u l a -
l i o n s . '.oiiif s p e r i i i ' cases v/i 11 be d i scussed !o i l l u s t r a t e the
va I l i e i> I '• he i i i eas i j n ' i i K ' l i f s .

iNTi joniir;Ttni j

A i a rqo numbef of ' e a s i b i l i t y s t u d i e s and opt imum des iqn
s t u d i e s of f u s i o n and f i r - i o n - I is", ion h y b r i d re,it l o r s have been
c a r r i e d o u t in the las t r o u p l e nl y e , u s . ' Ihese s t u d i e s have
employed n e u t r o n and photon l i b r a r i e s s M i as the I N b T / B - I l I
( R e l . ? ) , the n j l l f / l i - I V ( i -V f . ' i ) , ^><\ the ! N|)l <\'«\. 1 ) , ind
Monte C a r l o a n d / o r d i s c r e t e o r d i n a l e t r a n s p o r t i odes a v a i l i b l e
a t d i f f e r e n t l a b o r a t o r i e s . Ques t ions ml . i f .e r l (n the r a d i a t i o n
daniaqo of the f i r s t w a l l , n e u t r o n ernno i , . / , enerqy d e p o s i t i o n in
the b l a n k e t , s h i p l d i n q o f the supercondiu I in ' i inaqnets, p:T,e|.r.i
t i o n s h i e l d s and b i o l o q i c a l s h i e l d s can on l y be r e s o l v e d i f the
t r a n s p o r t o f neu t rons and photons i n the m a t e r i a s ' l e i n q used in
these r e a c t o r s can be c o r r e c t l y c a l c u l a t e d . The accuracy o f
these c a l c u l a t i o n s can be e s t i m a t e d by f i n d i n g o u t how w e l l t he
n e u t r o n - p h o t o n l i b r a r i e s and t r a n s p o r t codes con rep roduce i n t e -
g r a l measureinen ts o f the n e u t r o n and photon s p e c t r a f rom the
i n t e r a c t i o n o f 14-MeV neu t rons w i t h these m a t e r i a l s . Pu lsed
Sphere Measurements c a r r i e d o u t w i t h good r e s o l u t i o n f o r a s i m p l e
geometry and roinposi t i o n p r o v i d e a s t r i n g e n t t e s t o f i n p u t c ross
s e c t i o n s and t r a n s p o r t codes.

* W o r k | > c r T o r n i e d u n d e r L b c a t i s p j c c s s o f ( f i e U . S . K R 1 M .
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EXPERIMENTAL METHOD

The nominal 14-MeV neutrons are produced by the Livermore
insulated-core-transformer (ICT) accelerator. The neutron and
gamma spectra are measured using the sphere transmission and
t ime -o f - f l i gh t techniques. F l ight paths between 1 and 10 m are
used in these measurements. Measurements of the emitted neutron
spectra are carr ied out for two d i f fe ren t energy regions: a)
neutrons between 15 and 2-MeV, (high energy spectra) and b)
neutrons between 1-MeV and a few keV (low en^gy spectra). The
gamma spectra are measured between 250-keV and 10-MeV. The high
energy neutron spectra and the gamma spectra are detected using
NE213 l i q u i d sc in t i l l a t o r s {5.08 cm diam., 5.08 cm long). The
swept and bunched deuteron beam {2.5 or 0.5 H z and t i ns width)
is used for the high energy neutron measurements. The low energy
measurements employ j us t a swept beam (1 or 10 KHz and -vlCO ns to
10 v% w id th) . The deuteron beam impinges upon a t r i t i u m - t i t a n i u m
target mounted at the end o f a low mass assembly and centered at
the spherical targets. The 2.06 cm diameter t i tan ium layer is
evaporated on a tungsten backing 0.051 cm th ick . The neutron
production is monitored by counting the recoi l alpha par t ic les
with a th in (£ 50 v) l i t h i u m - d r i f t e d s i l i c o n s o l i d state detector
set at 174° wi th respect to the deuteron beam l i n e . A schematic
drawing of the experimental set-up is shown in Fig. 1. The
targets , so l id spheres of the materials to be s tud ied, have a
truncated cone opening into which the low mass t r i t i u m assembly
is inser ted.

CALCULATIONAL METHOD

The neutron t i m e - o f - f l i g h t {TOF) spectra and the electron
recoi l spectra are calculated using a coupled neutron-photon
Monte Carlo Transport Code, TARTNP. The var ia t ion in energy and
in tens i ty of the neutrons from the T(d,n)u reaction wi th angle
is taken in to account in the ca lcu la t ions. The low mass target
assembly, the neutron detector co l l imator , and the a i r between
the spheres and the detector have been programmed in to the Monte
Carlo ca lcu lat ions.

The neutron TOF spectra are converted to energy spectra to
f a c i l i t a t e the comparison wi th energy spectra calculated by the
time-independent t ransport method. The transformation is done
r e l a t i v i s t i c a l l y assuming a f l i g h t path equal to the distance
between the detector and t r i t i u m target . Since the f l i g h t path
is much larger than the sphere r a d i i , th is approximation is
j u s t i f i e d , except for near c r i t i c a l systems.

The gamma measurements are presented as recoi l e lectron
spectra in the NE213 s c i n t i l l a t o r s . The unfolding of the elec-
tron reco i l spectra to obtain gamma spectra has not been attempt-
ed p r imar i l y because i t is easier to f o l d in the detector re-
sponse to obtain reco i l e lectron spectra for comparison wi th
measurements.
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COMPARISON BETWEEN MEASUREMENTS AND CALCULATIONS

The Pulsed Sphere in tegra l measurements have been cal led
D i f f e r e n t i a l - I n t e g r a l measurements in th is paper in order to ca l l
a t tent ion to the fact that fo r l i g h t elements where several MeV
separation exists between the f i r s t excited level and the ground
s ta te , the measurements are sens i t ive to d i f f e r e n t i a l e l as t i c and
ine las t i c angular d i s t r i b u t i o n s . Typical cases are carbon and
oxygen. Fig. 2 shows the TOF and energy spectra from 1.3 mfp
carbon (10 cm) measured at 120° and the calculat ions with the
ENDF/B-IV l i b r a r y . The energy spectrum shows s t ructure dependent
upon the d i f f e r e n t i a l e l as t i c and 4.4-MeV ine las t i c angular d is -
t r i b u t i o n s . This is possible since there is a good separation
between i n e l a s t i c neutrons from the 4.43-MeV l e v e l , e l as t i c
neutrons, and transmit ted 14-MeV neutrons. In Fig. 2 the e l a s t i c
neutrons contr ibute mainly between 15 and 10-MeV whi le the 4.43-
MeV level i ne las t i c neutrons extend mainly from 10 to 6-MeV. I t
is an in tegra l experiment in the sense that the neutron spectrum
is integrated over the 4n geometry. The disagreement in the
energy spectra in the region of the transmitted peak in Fig. 2
resul ts from the absence of the appropriate resolut ion funct ion
in the ca lcu la t ions .

Carbon, nitrogen and oxygen were the f i r s t materials measur-
ed and compared with ca lcu la t ions.5 In 1971 a deta i led descr ip t -
ion of the experimental method, together wi th the measurements
for a large number of materials from Li to Pu was presented^ in
UCRL-51144, Rev. I . D i f fe rent laborator ies used these measure-
ments to tes t t he i r codes and input cross sect ions.7*8 As a
resu l t o f these comparisons, the fo l lowing important revisions
were carr ied out in the Monte Carlo transport Code: 1) A new
code TART was wr i t t en at th is laboratory to replace the o ld SORS
code. SORS used a temperature model f o r the secondary neutrons,
whi le TART uses d i r ec t l y the evaluated secondary neutron d i s t r i -
but ions. 2) Angular d i s t r i bu t i ons and cross sections were re-
vised in the ENDL l i b r a r y , and 3) The number of energy groups was
increased from 60 to 176 in order to bet ter represent the energy
dependence of the cross sect ions.

Calculat ions9 wi th the ENDF/B-111 ex is t ing at that time show-
ed discrepancies of as much as a fac tor of 2. In 1974 th is l i -
brary was superseded by the ENDF/B-IV. Table I shows a comparison
between the measured and calculated integrals fo r 1.3 and 2.9 mfp
of carbon; for three neutron energy i n te rva l s : 15 to 10, 10 to 5
and 5 to 2-MeV. The disagreement in the energy spectra observed
in the region of the transmitted peak in Fig. 2 does not a f fec t
the magnitude of the high energy in tegra l since the in tegra l from
10 to 15-MeV is s u f f i c i e n t l y broad to be insens i t ive to the
omission o f the pert inent resolut ion funct ions.

I t is surpr is ing that the agreement found is so poor fo r the
region between 2-10-MeV since carbon presumably is a material
where a large number o f cross sect ion measurements are ava i lab le .

- 405 -



The high energy in tegra ls from 10-15-MeV are in good agreement
which suggests that ENDF/B-IV has the cor rect t o t a l non-e last ic
cross sect ion.

Table 1

Measured and calculated in tegra ls using ENDF/B-IV f o r
1.3 and 2.9 mfp of carbon. The in tegra ls are given
as emitted neutrons/source neutron.

Thickness
{mfp)

1.3

2.9

Energy In terva l
(MeV)

15-10
10-5
5-2

Total

15-10
10-5
5-2

Total

Experiment
+ 7%

4.473-02
0.808-02
0.829-02

6.110-02

2.394-02
0.994-02
1.148-02

4.536-02

TART
ENDF/B-IV

4.444-02
0.939-02
0.520-02

5.903-02

2.254-02
1.092-02
0.710-02

4.056-02

Ratio
%

1
10
59

4

6
10
62

12

From s im i l a r comparisons^ f o r oxygen, aluminum, t i t an ium,
and i ron i t was concluded tha t ENDF/B-IV was a c lear improvement
over version I I I . The t c t a l in tegra ls calculated wi th the ver-
sion IV are cons is tent ly larger than those obtained wi th I I I , and
in good agreement w i th the experimental values f o r a l l the 1 mfp
spheres. However the discrepancies become larger than the 7%
er ro r quoted fo r the measurements as the number o f mean free paths
increases. For 2.6 mfp aluminum (24.8 cm), 3.5 mfp t i tan ium
(24.8 cm) and 4.8 mfp i ron (21.7 cm) the calculated values w i th
the ENDF/B-IV l i b r a r y are respect ive ly 16, 9 and 20% lower than
the measured values fo r the t o t a l in tegra ls between 15 to 2-MeV.
The discrepancy is even larger in the i n te rva l 5 to 2-MeV. A l -
though super ior to ENDF/B-II I , ENDF/B-IV s t i l l i s not adequate to
completely describe the measurement, p a r t i c u l a r l y that f o r the
larger spheres.

The comparison^ »12 fo r the measured e lect ron reco i l spectra
wi th ca lcu la t ions has been car r ied out only f o r a few materials
of i n te res t to a i r t ransport and to sh ie ld ing app l i ca t ions . These
especia l ly re levant materials include n i t rogen , water, concrete
and i r o n . These studies are for low Z materials since the gamma
cont r ibu t ion to the dose becomes dominant at large mfp. Calcu-
la t ions car r ied out by Bat ta t and Dudziak^ have shown tha t fo r
3.5 m of concrete (^50 mfp) the gamma con t r ibu t ion to the t o t a l
dose is 90%. The ca lcu la t ions car r ied out w i th the ENDL and
ENDF/B-IV give s i m i l a r resul ts f o r n i t rogen w i t h discrepancies
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between measurements and calculations'^ no larger than 10%.
Table II gives the measured and calculated integrals for water,
concrete and iron for two electron recoil intervals: 10-5 and
5-1 MeV. ENDF/B-IV gives excellent agreement in the total inte-
grals for water and concrete. For iron discrepancies increasing
from ^ 5% at 0.9 mfp up to 60% at 4.8 mfp are encountered. Fig. 3
shows graphically this disagreement as a function of mfp for Fe.

Recently neutron measurements have been repeated for Be, °Li,
7|_i and teflon with better time resolution. Preliminary measure-
ments for other materials of interest to magnetic confinement
fusion reactors, such as Nb, Cu and Sn have also been done. The
comparison of these data with calculations has proceeded slowly
since no support exists for this effort. Fig. 4 shows the com-
parison between the measurements for 1.1 mfp 6|_i and 7|_i and the
calculations carried out with the ENDF/B-IV. Overall, the agree-
ment is good. However, the calculations do not reproduce too well
the neutrons emitted between 11 and 7 MeV and underestimate the
low energy neutrons, 6-2 MeV. It would be very interesting to
extend the comparisons to larger numbers of mfp. Gamma emission
spectra studies are also relevant for shielding and radiation dam-
age studies in fusion reactors.

CONCLUSIONS

The different measurements presented in this paper were
selected to illustrate the following points:

(1) Pulsed Sphere integrals experiments are sensitive to
differential neutron elastic and inelastic scattering
angular distributions. The 14-MeV component of the
snectrum is directly affected by the non-elastic cross
section.

(2) Comparisons between measurements and calculations have
resulted in improvements in existing neutron transport
codes and have provided checks on the input cross
sections.

(3) Measurements of neutron and gamma spectra on materials
of interest to the MFE community are very relevant
since they provide a check on the codes and cross
sections used in the design of conceptual fusion reac-
tors. Agreement in the above comparisons would give
us added confidence in the more complex fusion reactor
calculations. The experiments are deliberately simple
in design to allow close examination and criticism so
that broad community attention is encouraged. By such
means, discrepancies among calculations from different
institutions may be more rapidly resolved.
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Material

Water

1.1 mfp

1.9 mfp

Concrete

2~.0~mTp

3.8 mfp

Iron
[(, = 7.85 3/crn3)
0.9 fiff p

2.9 mfp

4.8 mfp

*0,° same as 10"8

Table

Energy In terva l
(MeV)

10-5
5-1
' Total

10-5
5-1
Total

10-5
5-1
Total

10-5
5-1
Total

10-5
5-1
Total

10-5
5-1
Total

10-5
5-1
Total

I I

Experiment
+ It

.192-08*
2.618-08
f . 810-08

.220-08
2.793-08
3.1)13-08

.254-08
5.001-08
5.255-08

.174-08
3.465-08
3.639-08

.157-08
4.729-08
4.886-08

.089-08
2.920-08
3.009-08

.031-08
1.073-08
1.104-08

TART
ENDF/B-IV

.298-08
2.504-08
2.802-08

.355-08
2.931-08
3". 286-08

.405-08
4.910-08
5.315-08

.280-08
3.606-08
3.886-08

.209-08
4.822 08
5.031-08

.126-08
3.872-08
3.998-08

.041-08
1.728-08
1.769-08

Rat

55
5

.3

61
5

"9

59
2
1

61
4
7

33
2
3

42
33
33

32
61
60

Measured and calculated integrals using the ENDF/B-IV for 0.9 29
and 4.8 mfp of Iron. The integrals are given in electron pulses/
source neutron.
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Detector assembly -

• D' beam q_

Low mass
assembly
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120' 975.2 cm

Figure 1. Schematic drawing of the experimental set-up.
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Figure 2. Measured and calculated neutron t ime-of - f l ight
and energy spectra for 1.3 mfp of carbon. The
calculations employed ENDF/B-IV cross sections.
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3. Measured and c a l c u l a t e d r e c o i l e l e c t i o n "nerqv
spectra us ing ENOf/B-IV f o r 0 .9 and 4.H mfp o f
i ron .
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Figure 4. Measured and ca l cu l a ted neutron enerqy spectra
using CNDF/B-1V i o r 1 mfp " L i and L i .
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An Integral Measurement t.o Test fvaluated Neutron
Cross Sections for Carbon*

G. I.. Morgan
Oak Ridge National Laboratory, Oak Ridtje, Tennessee '7'r'AO

INTRODUCTION

Measurements have been made o1 the spectra of scattered
neutrons from a thick carbon sample \rir incident neutron energies
from 1 to ?0 MeV. This experiment was performed as part of a
program1" ''' at ORNI. to provide data suitable for testinq the
evaluated neutron data files for those elements which are
important in I.ho analysis of radiation transport problems for
thennonuc lear neutron sources.

The experimental technique is ca^ible of sufficient resolution
in the enerqy and anqle of both incident and secondary neutrons to
provide data with localized sensitivity. Thus, although if is
necessary to compare the evaluated cross-section file to the
experiment by means of a calculation to include the finite-sample
effects, there i-, still an essenfia I ly direct di f I erential rela-
tion between the calculated secondary spectra and the cross-
secl.ion data.

This technique offers the additional advantage of testimj the
cross-section sets in the same conl.e/t as they are used in applied
transport problems. That is, the process by which microscopic
evaluated cross sections are converted t.o tailored group constants
is also checked.

Results of measuremonL and calculation based on the current
evaluation, I.NIJI/li-IV MAI ]y'/4,n are pre.ented in graphical form.

I.XIM RIMfNTAI 1'ROCI DURI

The; experimental procedure used in this work has been
described in detail elsewhere1 ' and will be only briefly outlined
here. The Oak Ridqe Electron linear Accelerator was used as the
neutron source. An electron beam pulse width of !j MS at a repeti-
tion rate of 800 sec"1 was employed.

The scattering sample was located 47.fi m from the neutron
source and consisted of W)H qrams of reactor grade graphite formed
in an annular cylinder. The cylinder was ?5.4O cm in Outer
diameter, 15. ?A cm in inner diameter, with a length of 15.30 cm
(see Fig. I for details of the sample-defector geometry).

Secondary neutrons from the sample were detected by an Nf-213
scintillation counter located on the axis of the ring at a position
corresponding to scattering angles between about ?5" and 75". A
shadow bar shielded the detector from the direct neutron beam.

*Research sponsored by the U.S. Lnergy Research and Development
Administration under contract with Union Carbide Corporation.



The energy of the incident neutron was determined by the time
after the electron pulse at which the secondary neutron from the
sample was detected, Lach event in the detector was identified as
either a neutron or gamma ray by pulse-shape discrimination tech-
niques. Neutron events were then recorded in a two-parameter array
of pulse-height versus time-of-fl i'jht.

Backgrounds were due to air scattering in the region near the
detector and were determined by measurement with the sample removed.
Overall background was less than 10/'.

The neutron flu/ incident on the sample was determined using
the same detector employed for the secondary radiation. This
measurement was made with the sample and shadow bar removed and
utilized one-parameter time-of-flight techniques. The incident
flux is shown in Tig. 2.

The spectra of secondary neutrons were obtained by unfolding
the background-corrected pulse-height distributions resulting from
integration of the two-parameter data over ranges of time-of-fl icjhl.
The extent of these time-of-flight intervals was determined by the
need to get adequate statistical accuracy in the pulse-height spec-
tra. The widths of the corresponding incident energy intervals
range from /.L I MeV for L i n c 10 MeV to I.I 2.5 MeV at Li,l(; -•=
?<•) MeV. Thus while these data provide detailed information about
l.he energy distribution of the secondary radiation, they represent
averages over rather wide intervals of the incident energy.

The resulting secondary neutron spectra still retain the
effects of the finite pulse-height resolution of the detector. The
resolution of the detector is a gaussian function whose width is a
function of energy and follows the relation

R /250 V 670/L

where R - FWHM in percent and I is neutron energy.
Units for the secondary spectra are neutrons/cm-/MeV averaged

over the detector. These results have been normalized to unit
incident neutron using the integral of the measured incident flux
over the same incident energy range from which the pulse-height
distribution was formed. The results have been tabulated in Ref.
14 and are shi.;wn in Figs. 3-14. The uncertainties shown in the
figures do not include a 1 OX uncertainty in overall normalization.

CALCULATIONS

As a test of the current evaluation for carbon (ENDF/B 1274)
the experimentally determined secondary spectra were compared to
the iesults of a simple Monte Carlo calculation using the evaluated
dat<j. This calculation used group cross sections generated with
the AMPX code1 ! system. The group structure was as follows:
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Energy Rantje Group Width

0.1-4.0 MeV 0.100 MeV

4.0-6.0 0.125

6.0-10.0 0.200

10.0-20.0 0.6:.'!)

A Pp, expansion of the angular dependence was used.
For a given incident energy range, the neutrons were started

randomly from the energy groups covering that range, each group
being assigned a relative weight determined by the measured inci-
dent flux in that group (see Tig. 2 ) .

In tracking through a given history, if the neutron spent
sufficient time in the sample that its time-of-arrival at. the
detector would cause it to be assigned to a lower incident energy,
it was flagged to be included in the calculation for the next lower-
incident energy bin rather than the bin in which it originated.
Simple estimates based on the 4!i-m flight path show thai, the proba-
bility of remaining in the sample long enough to be assigned to tiny
but the next lowest incident energy bin was negligible. This type
of time slewing was largest at the high incident energies where it
was about 10...

After completion of the calculation for a given incident energy
range, the resulting secondary spectra were smeared by the energy
resolution of the detector. In each case sufficient histories were
run that the statistical standard deviation (as calculated by the
batch method) was less than 10™ for any neutron group. Smoothing
by the instrumental resolution further reduces statistical varia-
tions. Because of the difficulty in propagating the statistical
error through the resolution smearing, no uncertainties <\ro indi-
cated for the final result of the calculation; however, the uncer-
tainty should be less than 10'/ for the smoothed curves shown in
Pigs. 3-14. Results are not shown for the 17.5-20.0 MeV group since
the evaluated data do not go beyond 20 MeV and the effects of time
slewing cannot be calculated correctly (or this incident energy bin.

RFSUtTS

The comparison between calculafion and experiment is shown in
Figs. 3-14. Several aspects of the interaction of neutrons with
carbon are relevant: below 5 MeV only elastic scattering can occur.
Above 5 MeV inelastic scattering to the '1.43-MeV level becomes pos-
sible and above about 8 MeV there is inelastic scattering to various
levels which decay by alpha particle breakup.

Insight into the extent to which the experiment can be con-
sidered to have a differential nature can be gained from the calcu-
lation. For instance, in Fig. 3 [E]nc = 1-2 MeV) the peak in the
secondary spectrum (::; 1 MeV) is about 50% first collided events, the
rest multiple scattering. At E. = 4-5 MeV (Fig. 6) the elastic
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peak {> 4.2 MeV) is about 70% first collided; however, the secondary
peak at 2.4 MeV is all multiple scattering. For E-jnc = 8-9 MeV
(Fig. 10) the elastic peak (k 8.1 MeV) is 75% single scattering, the
inelastic peak (> 3.7 MeV) is 65ft first collided while the small
peak at 2 MeV is 100? multiple scattering. In Fig. 13, E-jnc =
12.5-15.0 MeV, the percentage of first collided events varies from
25" near 1 MeV to about 75t for the elastic peak.

The comparisons indicate the evaluated data for elastic scat-
tering are very good up to incident energies of about 8 MeV. Above
8 MeV there are discrepancies of the order of 20-40%. For the
angular range of this measurement, the evaluated inelastic scatter-
ing to the 4.43-MeV level appears to be 10-20% too low for E-jnc <
10 MeV, but rather good above E^ n c = 10 MeV. This conclusion agrees
with a comparison presented in Ref. 12 for backangle scattering from
a thin carbon ring.

Figure 12, E-jnc = 10-12.5 MeV, indicates the evaluated data for
the (n,n'3a) reaction may be somewhat too low, but agreement is
reasonably good for higher incident energies.

SUMMARY

The results reported here indicate that the current evaluation
for carbon is generally good, with small improvements possible in
the higher energy region. The conclusions reached in this work are
generally in agreement with the results of a similar experiment
given in Ref. 7. The major difference is that in Ref. 7, the
evaluated inelastic scattering was found to be high rather than low.
However, this work covers a somewhat different angular range which
may explain this difference.
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Fig. 2. Energy dependence of the neutron flux incident on the
scattering sample.
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Neutron Evaluation at High Energies -- Problems and Prospects

Leona Stewart and Edward D. Arthur
Los Alamos Scientific Laboratory, University of California

Theoretical Division
Los Alamos, New Mexico 87545

INTRODUCTION

Although the near-term fusion reactor is designed to operate
on the T(d,n) reaction, which has a maximum neutron energy slightly
ab >ve 14 MeV, the d-Li reaction has excellent potential for bulk
radiation damage experiment.1-: and analyses. For high-energy deu-
terons stopped in a thick-lithium target, the maximum neutron ener-
gy for a significantly high flux compares closely to the injected-
deuteron energy. The first-wall spectrum1 for a fusion reactor is
compared with the d-l.i spectrum for 40-MeV incident deuterons in
Fig. 1. Tlie 14-MeV peak will be reduced and the number of low-
onergy neutrons increased as the neutrons traverse various blanket
and structural materials. In addition, the multiplication effects
due to (n,2n) and (n,3n) reactions will contribute to the build up
of the spectrum at low energies. It is obvious, therefore, that
the operating fusion reactor will be considered a degraded 14-MeV
neutron source. The nuclear data needs for an operating fusion
reactor, listed in Table 1, have been described in detail by vari-
ous authors2 in the past.

Table 1

Nuclear Data Needs for an Operating
Fusion Reactor Energy Range up to 14 ̂ feV

1. The Fuel Cycle
2. Tritium Breeding
3. Nuclear Heating
4. Radiation Damage Kffccts
5. Induced Activity
6. Radiation Shielding
7. Hybrid Concepts
8. Neutron Dosimetry

For the d-Li source, however, which is designed primarily for
radiation damage studies, more than half the neutrons may have
mergies above 14 MeV, depending upon the incident deuteron energy

''Work performed under the auspices of the United States Energy
tesearch and Development Administration.
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and any special "tailoring" of the output spectrum. With the ex-
tension of nuclear data requirements to high-neutron energies, the
need to understand the specific evaluation requests becomes crucial
due to the fact that the complexity of the reaction mechanisms in-
creases with increasing neutron bombarding energy. Some of the
problems which beset the evaluator in this high-energy region and
some "probable" solutions for a near-term data base are briefly
described.

PROBLEM AREAS

Experimental

Since the evaluator serves as liaison for the experimentalist
and user, both experimental and user problems reflect directly upon
the evaluation programs. Table 2 outlines a few basic experimental
problems, which when combined with lead-times and cost, may place
extensive measurement programs outside the realm of possibility.
The experimental programs have been addressed elsewhere in this
Symposium; therefore, only one point need be made here. The ex-
perimentalist should measure the cross sections which are important
to the user programs. Since the evaluator must provide the data
for the user, he may be able to provide input into the measurement
programs. Where measurements are undertaken, they should be di-
rected toward improving the reliability of the user-oriented input
data, which are, in turn, generated by the evaluator.

Evaluation

The evaluator's life is one of decision making; on the one
hand, experimental data may exist that show large discrepancies
and, on the other hand, the measurements provided are not exactly
those requested by the user. One of the worst offenders with re-
spect to discrepant measurements is shown in Fig. 2. While the
Ni(n,p) reaction near 14 MeV is not a typical case, it is an

important one chosen for the ENDF/B special purpose dosimetry file.
More importantly, perhaps, the points on the figure come from sev-
eral experimental groups, cover an important energy region, and
date from the early 1960's to 1973; therefore, discarding them on
the basis of age and innocence is not necessarily justified. The
energy region near 14 MeV was chosen since absolute fluxes, and
therefore absolute cross sections, can be obtained using the asso-
ciated particle technique. Other general problems are outlined in
Table 3.

At high-neutron energies, multiplication effects become im-
portant in neutron transport in addition to the increasing number
and complexity of the reaction channels themselves. Therefore, it
becomes correspondingly more important for the evaluator to cor-
rectly interpret the user needs and also the available experimen-
tal information. Figure 3 shows typical reaction mechanisms
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TABLE 2

Experimental Problems Pertinent to the Evaluation Effort
for Incident Neutron Energies 10-13 and 15-40 MeV

1. Few differential experiments have been undertaken on
the structural materials of interest.

2. Clean monoenergetic neutron sources are difficult to
develop from 8-13 MeV. They are essentially non-
existent above 20 MeV.

3. Available neutron sources have low fluxes at high
energies and resolution must often be sacrificed.

4. White neutron sources cannot generally be used for many
important differential measurements such as:

Elastic Scattering
Gas Production
Activation
Local Heat Deposition
Angular Dependence, o(6 ,)

Non-elastic Processes
Dosimetry
Transmutation
Multiple Particle Processes
Energy dependence r?(E ,)

5. Even with available sources many experiments are dif-
ficult, if not impossible, to implement with reason-
able accuracy such as 3- and 4-body studies [a(B ,,E ,)].

n n

expected for (n,2n), (n,3n), and (n,4n) reactions on 56Fe. Using
the (n,2n) as an example, the total (n,2n) would be needed for
transport while the (n,2np) contributes to the hydrogen production
and the (n,2nra) is part of the helium production cross section.
Each, individually, may be required for the study of radiation
efects and/or dosimetry applications. The various components that
make up the hydrogen and helium production cross sections for S6Fe
at high energies are shown in Table 4. Isotope-versus-elemental
evaluations further complicate the problems. Sometimes all are
needed, at least on the important isotopes.

Niobium has been chosen to show some of the different breakup
cross sections for neutrons above 10 MeV. Even though Nb has a
high Coulomb barrier for charged-particle emission, note that the
total proton production cross section (Fig. 4) and total alpha
particle production cross section (Fig. 5) continue to rise for
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the highest energy shown here (24 MeV). The curves are calculated
with the preequilibrium statistical code GNASH' but they agree
rather well with available experimental measurements, especially
for the alpha production. It is obvious from both figures that
the most important components of these cross sections at the higher
energies are due to the 3-body reactions.

The transmutation products resulting from (n,2n), (n,3n), and
(n,4n) reactions on 93Nb are outlined in Fig. 6, while cross sec-
tions for the respective reactions are shown in Fig. 7. The solid
lines are again the GNASH calculations, and the dashed lines are
estimates of the cross sections -- used as trends. The experimen-
tal data shown are for the total (n,2n) and (n,3n) cross sections
measured by Frehaut et a I.4 and Veeser et sl.= with large liquid
scintillators using coincidence techniques. Note that the value
of the (n,2n) cross section leading to the 10.15-day isomeric .'.Late
in 9?Nb is less than half of the total (n,2n) cross section. While
the cross section for the production of the metastable state would
be required for dosimetry nnd/or residual activity determinations,
the total (n,2n) cross section is required for all neutron trans-
port calculations.

The cross sections in Fig. 7 are large and so is the multi-
plication factor above 1.1 MeV; therefore, a calculation was per-
formed to point out another problem area — that of determining
the complex spectra of individual neutrons resulting from each of
these reactions. For 24-Mev incident neutrons, the emitted neutron
spectra were calculated using ONASH as shown in Fig. 8. Non-
elastic events have been shown6 to be very important in damage an-
alyses; therefore it might be most informative to determine whether
spectral information is a sensitive parameter in the radiation
effects program. Certainly these nonelastic neutrons are emitted
with significant cross sections and with very high energies, con-
trary to the usual ENDF/B evaluations, which give practically all
the nonelastic neutrons very low energies. If neutron transport is
to be carried out, as it must be at energies below 14 MeV, then a
wealth of information is required in each evaluation to improve the
the files above 8-10 MeV. It would also be useful to compare cal-
culations among different laboratory programs to ensure that the
predicted spectra are the most reasonable estimates available.

Finally, it must be appreciated that for activation and do-
simetry data, elemental evaluations have no meaning. Also, if ac-
tivation cross sections are needed, then the decay information is
also necessary. If this type of information is required up to the
40-MeV range, it would be a tremendous undertaking.

PROSPECTS

The general needs for radiation damage analyses have usually
emphasized helium production and heavy-particle recoil spectra.7
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Table 3

General Problems for the Evaluator

1. Experiments exist but they are significantly discrepant.

2. Experiments exist but the measurements may or may not
provide the specific data required by the user.

3. Experiments do not exist; how can the relevant data
be obtained?

A. Experiments exist on the elemental target but isotopic
evaluations are required.

5. A few reactions have been measured for one isotope but
an elemental evaluation is required.

6. Difficulty in satisfying individual users; everyone
seems to need something different, with a lead time
of the week before last.

7. To understand and be able to provide the specific
details required.

Table

Major Hydrogen and Helium Production
Reactions Induced by Neutrons on 6Fe

Fe n,p + n.n'p + n,pn' + n,npn'
26

+ n,2np + n.p^ + n,2p + ...

a Production

n + _.Fe n,a + n,n'a + n,an' + n,ncm' +• n.
2b

+ n,2na + n,2a + ...
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Tf this is so, then the model code calcuiational programs, described
in the: following papers in this Symposium, will probably suffice.
An attempt has been made in this paper, however, to indicate that
high-energy neutron transport through the bulk media may be required
to ensure, at least for a few important elements or isotopes, that
the simulation of low-energy damage functions from high-energy
sources is reasonably correct. With this idea in mind, some sug-
gestions are offered for a possible evaluation program and pros-
pects, perhaps, for providing some of the necessary data.

The general evaluation needs for the fusion programs are out-
lined in Table 5. The term "SUPPORT OPERATING MFE SYSTEMS" covers
a large area of nuclear data that has been the subject of tns.r.y ex-
cellent review papers. It should be pointed out that Steiner,'
Doran,6 Parkin,8 Abdou,' and others agree that many of the EKDF/B
files require significant extensions and improvements above 8-10
MeV before they can be reliably employed in the majority of MFE
applications.

Table 5

General Evaluation Needs for Fusion

1. Cross Sections: o(E ,) and o(9 ,)
n n

a. E •=• 15 MeV; support operating MFE systems
n —

b. E > 15 MeV; only for materials testing activities
n

c. For charged particles (>8 MeV/amu)

2. Transmutation cross sections for selected products
for neutrons and energetic charged particles.

3. Atomic data.

An evaluation effort is suggested in Table 6 that may provide
some insight for setting up guidelines and priorities for fusion
evaluation programs. In many cases, special purpose files should
be generated rather than the complete EKDF general purpose evalua-
tions. This suggestion may he particularly important for activa-
tion and dosimetry, where the evaluations are required isotope-by-
isotope.
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Table 6

Suggested Evaluation Effort
("ear Term)

1. Improve ENDF/B in the 10-20 KeV range,
important.

2. Add special purpose ENDF/B files for important
reactions on specific isotopes up to 20 MeV.
For example:

a. Hydrogen Production
b. Helium Production
c. Activation Cross Sections
d. Dosimetry (needs to be determined)
e. Heavy Particle Recoil Data (methods and

formats to be determined)

3. Set up a specific but small request list of user needs
for the near term and a dialogue with users on long
term needs.

4. Extend the data to 40 MeV (methods and formats to be
determined).

Finally, Table 7 gives a limited prospectus. Although model
calculations are expected to carry the heaviest burden in providing
most of the data at high energies, it would be very useful to have
total cross-section measurements on a few of the most important
isotopes and/or elements. Such experiments are the least expensive
in time and money, and they can be performed with presently avail-
able white sources by implementing time of flight. In addition,
certain activation,(n,2n), (n,3n) and gas production cro^s section
measurements might be undertaken at a few selected energies. Acti-
vation and gas production may also be determined in an integral
sense although differential data must be generated for simulation.
Admittedly, the total cross section is not the important cross sec-
tion for radiation damage, but the nonelastic cross section is im-
portant. If we are to accept the model predictions for the elastic,
it would be useful to know whether that same model predicts correctly
the total and the nonelastic. In addition, broad structure has been
obser >ed in several total cross sections for structural materials
in Liie region above 10-15 MeV. The elastic would be expected to
have similar structure, hopefully reproduced by the nodel.
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Table 7

I'rospeets

1. Hear term wi ) 1 depend on mode) f.il eiil ;il ions .

2. I) i \ ferer,t i a ] exper i rnenf. s (limit to most important
i.'iut opes) .

i. Interpret .it i i)n ii r integral results to lit; lp determine
re 1 iabi 1 i ty of d i fir- rent in] data.

/*. Above 20 MeV, I)Mlrr'. Is the only customer except for
mcf] i r-a 1 ."ijjpl fc-at ions on II, C, M, and O, Thcrr.' f orcj

thu dala will not be available from other sinirrcs.

In evaluating iuiiitrr)n 'l.'ita, it is sometimes possible 1o ub^ain
relevant information From proton- i ivluced reaction measurements al-
ready a va j 1 /ib 1 *'. 1'or example, (p,p') 's often very similar to
{n^ri'), o.s|iec i a] 1 y wiicro the energy is liij'Ji enouj',h to reduce the
effect of I he Coulomb barrier. Similarly, many breakup cross sec-
tions mij'.lil be simulated from experiment ;il am! theoretical data al-
ready aval* 1 ab 1 e on proton scattering exper i ments . Such data should
be used in future evaluation programs where applicable and available

Finally, the need for close cooperation between t lie user, ex-
perimental, and the evaluation rommunitius is an important aspect
in obtaining maximum input for evaluation programs combined with a
minimum of lead time and costs. This aspect is very important in
the hi)»,li-enerj',y ratine where data iveds are complex and may often
vary from isotope to isotope.
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— d-Li(<J=40MeV)
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Fi j ; . ] . A comparison of the f i r s l w,i31 spectra for a fusion
re;irtor with tii.it fro-m d-Li source employing ^0-MeV
inc. ident dcvitcron.s.
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Fig. 2. Kxperimcnt.il values for the 5nNi(n,p) crn.s.s scctinn in
the energy range from 11 to I1) Mc-V.
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(1) 2n

(2) 2np

F 2-7 Y r >

d)

[ ( 3 ) 2nr< + ^ C r ( 2 7 . 7 d )

Cr* + y

V* + Y

V

Un + 26
(2.53 m)

(8.53 m)— (106 Yr)

Fig. 3. Reaction mechanisms for (n,2n)» (n,3n), and (n,A
react ions on 6Fe.
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8'
o

10"

93
Nbln.xa)

(n.a)
(n,na)t-tn,ari)
TOTAL a

10 12 14 16 IB
En,MeV

22 24

Fig. 5. Calculated alpha production cross sections induced by
neutrons on Nb.
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2n + ̂ Nb* (10 d) "%Zr* + V

2n + ̂ Nb (108 yr)

12 d ) 40Zr* + Y

3n + ̂ Nb (long)

8.8 s)

90,

Fig. 6. TransmuCaCion products resulting from (n,2n), (n,3n),
and (n»4n) reactions on Nb.
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I . » , . , , I , , . I ,̂ -:' .

Fig. 7. Calculated (solid curves) and estimated (dashed curves)
(n,2n), (n,3n), and (n,4n) reaction cross sections
for Nb.
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20 24 0
Ep'.MeV

Fig. 8. Calculated complex spectra of neutrons resulting from
(ntn

f), (n,2n), and (n,3n) processes on Nb for 24—Mev
incident neutrons.
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Multi-Step Hauser-Feshbach Codes with Pre-Compound Effects:
A Brief Review of Current and Required Developments and

Applications up to 40 MeV*

C. Y. Fu
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

Mainly for applications to fusion energy research, several
multi-step Hauser-Feshbach codes with pre-compound effects were
developed. '"'* An effort to intercompare these codes by their
authors is in progress.'' Because extensive reviews on the rele-
vant theories have recently become available,''"' we will discuss
only a few points of interest with respect to the developments
and applications of these codes.

DEVELOPMENTS

Multi-Step Hauser-Feshbach Model

Table 1 lists a segment of calculated 14-MeV r'"'Cu(n,n<0 and
2-MeV fl?Cu(n,u) level-excitation cross sections. The average

Table 1

Calculated fjiCu(n,nu) and l'-'Cu(n,1) Cross-Section Variations

with Residual-Level Spins

" C o

Eex(MeV)

1.48

1.46

1.43

Levels

J"

5 /2 '

9/2"

1/2"

14 MeV
<'!Cu(n,n«)

ri(mb)

0.56

1.21

0.16

2 Me

,(mb

1.09

0.63

0.71

alpha-particle energies are nearly the same in both cases and the
three residual levels shown are close, thus the variations in the
excitation cross sections are mainly due to differences in level

*
Research sponsored by the U.S. Energy Research and Development
Administration under contract with Union Carbide Corporation.
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spins. The variations in the excitation cross sections in the
(n,n-i) case are much larger than in the (n,u) case. The most
favored spin is 9/2 for (n,nu), but 5/2 for (n,«). While this
result is expected, we emphasize with this example that explicit
inclusion of the residual-level spins in the second step is even
more important than in the first step.

An indication as to how well the two-step Hauser-Feshbach
model works was given before,8 from where we reproduce in Fig. 1
the 18.5-MeV 'l0Ca(n,x,-) data and calculation. In "°Ca(n,np)
reaction, the 7/2" level in " K is much more strongly excited than
its neighboring levels with smaller spins, and there is good
agreement with the available data.''

From the above we know that spin distributions in excited
states in intermediate nuclides must be calculated carefully.
This is not trivial if pre-compound effects are included, as
explained below.

Pre-Compound Model

Near 14 MeV the pre-compound component is small and may be
treated as a correction to the spectum calculated by the Hauser-
Feshbach model. The various components of the neutron-production
cross sections of stFe near 14 MeV, taken from Ref. 3, are shown
in Fig. 2. The pre-conpound fraction was adjusted to fit the
data10 for outgoing neutron energies from 5 to 9 MeV, thus
bridging the gap between the compound-nucleus and direct com-
ponents. The direct component was based on DWBA calculations for
16 of the 26 discrete levels.

As the incident neutron energy increases, the pre-compound
component may become dominant. Pre-compound fractions for Cu and
Nb up to 40 MeV, calculated with the code PRECOA,11 are shown in
Fig. 3. Because the pre-compound calculation does not explicitly
include spin and parity effects, these larger pre-compound com-
ponents can no longer be treated as corrections to the Hauser-
Feshbach calculations. To see this point somewhat quantitatively
we did a "synthetic" Hauser-Feshbach calculation for 14.5-MeV
Ij''Fe(n,n') reaction in which densities of Ip-lh states12 were
used for the residual nuclides. The resulting spin distribution
for 13-MeV excited states in 1)6Fe is compared in Fig. 4 with that
of the compound-nucleus calculation. The true spin distribution
is of course somewhere in between the two extremes. The differ-
ence between the true spin distribution and that of the compound-
nucleus will increase with increasing incident neutron energy,
and using the latter may cause significant errors in second-step
and third-step calculations.

Brute-force solution of the pre-compound decays in the
Hauser-Feshbach model is straightforward and is similar to what
we did for the lp-lh case, but the computer time required will be
excessive.
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We propose a simple method, described below, for combining
the pre-compound and Hauser-Feshbach calculations with approximate
conservation of angular momentum.

Defining

fi(I,p,h,Ev) = the density for levels having spin I, particle
n
E
number p, hole number h, and excitation energy

x
f(p,h,E) = the pre-compound fraction of a given reaction for

exciting residual levels having p particles
and h holes, and for incident neutron energy
E, and

p(I,E ) = the conventional level density,
then after a pre-compound calculation that determines f(p,h,E), we
use in the Hauser-Feshbach calculation the following effective
level density:

Peff(I,E,Ex) = [l-f(E)] o(I,Ex)

+ V f(p,h,E) ;i(I,p,h,Ex) ,
P

where f(E) = \ f(p,h,E).
P

This method is being executed in the code TNG3 by adopting
the pre-compound code PRECOA11 as a subroutine. Discrete levels
in the Hauser-Feshbach calculation will carry the weight
..eff(I,E,E(j)/p(I,Ecj) where I is now the spin of a given discrete
level and E, its excitation energy.

APPLICATIONS

Sputtering and Displacement

Elastic scattering and reaction cross sections, along with
the first outgoing particle spectra, are required for calculating
the primary recoil distributions and specific damage energies.1-'1"
Above 15 MeV, where experimental data are generally unavailable,
the required cross sections may be generated from theories.
Figures 5 and 6 display calculated cross sections and first out-
going particle spectra for C u . n The specific damage energies for
Cu, Nb, and Au up to 32 MeV calculated from the theoretical cross
sections are shown in Fig. 7.)5 The damage energy is that part of
the recoil energy that is ultimately available for producing
atomic displacements, and is also useful for the description of
sputtering. Retained damage and projected ranges for sputtered
particles calculated from the theoretical specific damage energies
agree reasonably well with the available measurements.iu> !h This
seems to indicate that calculated neutron cross sections in the
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above form are adequate for analyzing forward sputtering and bulk
effects. However, neutron cross-section requirements for studying
backward sputtering may be much more stringent and angular dis-
tributions as we!1 as second- and third-particle spectra may be
needed.

Gas Production and Transmutation

Reactions such as (n,p) and (n,n.t) in potential structural
materials for fusion reactors are also important for radiation
damage studies because these reactions produce both gases and
transmutations. Below 20 MeV, the helium production cross section
is mainly composed of (n,*x) and (n,n-i) reactions. An example for
•' 'Cu is shown in Fiy. 8. ; ' Above 20 MeV, (n,2n-i) reaction may
become important. However, inclusion of the pre-compound com-
ponent "correctly" in the Hauser-Feshbach calculation to conserve
angular momentum is necessary before (n,2nu) cross sections can be
calculated adequately.

High-Energy Neutron Dosimetry

'''Co has been chosen by the authors of several codes and
their users1" ' as a target for intercomparison. The s'Co(n,2n)
reaction is widely used in fission reactor dositnetry works. We
show in Fig. 9 our calculated v'Co(n,2n) and (n,3n) cross sections
up to 30 MeV, along with ENDF/B-IV"' and more recent datai7''i;

taken with the scintillation-tank method. It is seen from both
the data and the calculation that this (n,2n) cross section does
not drop very fast above the (n,3n) threshold. Thus for high-
energy neutron dosimetry applications, such as involved in
deuteron-breakup neutron sources with deuteron energies of 35 MeV
or higher, the upper energy limit uf the dosimetry cross sections
should be extended to at least 30 MeV. For the evaluation of
(n,nx) and (n,2nx) cross sections, which are good candidates for
high-energy dosimetry applications, the multi-step Hauser-Feshbach
codes with pre-compound effects will be very useful.

CONCLUSION

We have illustrated the usefulness of the multi-step Hauser-
Feshbach codes for a few important applications to fusion energy
research below 40 MeV. A method is proposed to combine the pre-
compound and Hauser-Feshbach calculations with approximate con-
servation of angular momentum, thus permitting reliable calcula-
tions for complex reaction cross sections above 20 MeV. The model
will not give correct angular distributions for high-energy out-
going particles, for which multi-step direct or intranuclear
cascade models can do a better job.
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' A0Ca(n,n'i I
j £r = 3.90 MeV

4 0Ca{n
f v = 3.74 MeV
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n = 17.1 - 20.1 MeV
y = 125 deg
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• EVALUATION (DNA-4152)

40Ca(^.«a)36ArL
f r = 1.97 MeV I

A°Ca(n,p)A0K £y = 1.62 MeV 1 —
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EY = 0.77 M e V J *
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DIFI ERENTIAL CROSS SECTION (mb/sr-MeV) LEVEL STRUCTURE OF

Fig. I . Gamma-ray production cross sect ons in ''°Ca, calculated
and experimental, for incident neutron energies from 17 to 20 MeV.
In 'lfJCa(n,np) reaction, the 2.817-MeV 7/2" level in 39K, which
decays to the ground state, is much more strongly excited than
i t s neighboring levels with smaller spins (reproduced from Ref. 8).
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A MATH JR et al. 14.7 MeV 90°
• CLAYEUX et al. 14 MeV 90°

COMPOUND

2 4 6 8 10 12

ENERGY OF THE EMITTED NEUTRONS (MeV)

14

Fig. 2. Near 14 MeV, the pre-compound component is small and may
be treated as a correction to the neutron spectrum calculated with
the Hauser-Feshbach model {reproduced from Ref. 3).
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Fuj. 3. Above 20 MeV, the pre-cotnpound fractions become large and
arid can no longer be treated as a correction to the Hauser-Feshbach
cal cul at ion.
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of pre-compound decay (1p—1h) and by compound-nucleus decay are
quite d i f ferent . The true d is t r ibu t ion , somewhere in between the
two extremes, should be estimated careful ly for use in second-step
and third-step Haus=r-Feshbach calculations.
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Titj. 6. Calculated f i r s t outt/oim; part ic le spectra for Cu as
used in the calculation of specific damaqo energies shown in
Tirj. 7. Curves arc labelled by (par t ic le , Mel/), indfciitirm
outyoiny-particle type and incident neutron pnerijy (ro|>roducf(i
from Ref. 13).
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Fig. 7. Specific damage energies for Cu, Nb, and Au calculated
from theoretical cross sections. For An, the components due to
elastic and inelastic scatterings are shown (reproduced from
Ref. 15).
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INCIDENT ENERGY (MeV)

16 20

Fig. 8. Calculated helium-production cross sections for ' Cu.
Depending on residual-level densities and spins, the (n,nO
component may be rather large near 20 MeV, suggesting the possible
importance of (n,2ni) cross sections above 20 MeV. The dots
represent "synthetic" calculations for (n,n.<) in which spins of
the lowest 8 residual levels are set equal to 1/2 instead of their
correct values of 7/2, 3/2, 5/2, 3/2, 1/2, 9/2, 5/2. and 7/2
(reproduced from Ref. 13).
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Fig. 9. Calculated and experimental 59Co(n,2n) and (n,3n) cross
sections. Application of the 59Co(n,2n) cross sections to high-
energy dosimetry, such as involved in deuteron-breakup sources
with deuteron energies greater than 35 MeV, requires extending
the upper energy l im i t of ENDF/B dosimetry f i l e to at least
30 MeV.
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Cross Sections in the Energy Range from 10 to 40 MeV
Calculated with the GNASH Code*

E. D. Arthur and P. G. Young
Los Alamos Scientific Laboratory, University of California

Theoretical Division
Los Alamos, New Mexico 87545

ABSTRACT

A brief description of the preequilibrium-statis-
tical model code GNASH is given. Features which make
the code applicable to the calculation of cross sections
induced by nucleons of energy 40 MeV or less are described.
Finally, examples of calculations of neutron- and proton-
induced reaction cross sections, activation cross sections,
and secondary f;pectra made with global input parameters
are given.

Nuclear model calculations will be important in helping meet
neutron cross sections and data needs up to 40 MeV prompted by
radiation damage facilities using 35-40 MeV deuteron beams or. light
production targets. We describe in this paper calculations of
cross sections in the energy range from 10 to 40 MeV made with the
preequilibrium-statistical nuclear model code GNASH developed at
Los Alamos Scientific Laboratory.

The statistical portion of the code includes angular momentum
and parity effects explicitly and follows closely the formalism de-
scribed by Uhl.1 Preequilibrium corrections to cross sections,
level populations, and spectra are made with a simplified preequi-
librium form similar to that of Braga-Marcazzan. Previous re-
ports3 and papers'*'5 have described in detail the theoretical ba-
sis and workings of the GNASH code so no detailed description will
DC presented here. Instead, the general characteristics of the
Lode, the quantities calculated by the code, and special features
//hich lend the code to calculations of higher energy particle-
induced cross sections and spectra will be briefly presented.
Fable 1 lists some general characteristics of the GNASH code,
•ihile Fig. 1 illustrates input features (as they fist at Lcs Ala-
nos) and ouput capabilities. Features which aid in problem calcu-
Lations are a level data file containing energies, spins, parities,
and transition probabilities for approximately 200 nuclei and a
nass table based on the Wapstra and Gove results which provides
automatic computation of masses and separation energies as well as

'•Work performed under the auspices of the United States Energy
Research and Development Administration.
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ground stab- spin and parity values for nos t nuclei in the peri-

odic table. 7 ran.smi ss j on r o e f f i ci r-nt data files are generated

usinj; external optical mode] routines, while card input provides

inforrafion lo the code concerning reaction chains, target and

pro ]ect i 1 '• type, f,amma-ray fit ren;;ths , etc. A.s output, one receives

rr-act ion and activation cross sections, i sorrier ratios, spectra Cpar-

1 icle and j;ar:ma- ray) from ind i '/i dii.'ii reactions, and cornposi te spec-

tra obtained from all reactions. Decay chains involving up to ten

:onpound nuclei, each of which can emit up (o six types of radia-

t ion f,",an<ma-rays, neutrons, protons, ni •JI.'JK , e t c . ) , can be handled

i: on'- ' oi.-iput a t. i on . This feature provides cons idf-rab J e fiexibil-

it • i:: tin- ca! I D ] at ion of complicated reactions induced by hijdier

• n<-r;',v particles. Figure / shows a decay ciiain for the n + ''Co

ri-.r ! ion •..'iiich was used in a )0-"oV j^as-prodiict ion raltuJation,

V'ilh Mii1; brief introduction '-omplete, v:e '.-;i 1 1 describe; r.al cu-

latioMs a:?:;i-d .-it verification of I he applicability of the code to

wr-ivi d i w,\ < }'(>':'; ' f-tt ions at hij'her cnf-rj'j'ps. '.-'e have been attenpt-

in;- to determine how we I 1 en !; r; I a t ions with yjobnl input p;jrariet ers

r»-]'roriu(e ava i ! ah i e exp*-r i r.it-nt a ! results since reliance upon values

<:e! i-n-.i ued froij '.-.'sLern.-it i cs will he important for cases wliere

! i I t ! '• i-xper i:;ienl a] rlata <•?. ist .

i'ecen' !y >• i-::.::rtrr.!:r:ts havt been r.ade at Lawrence I,iverrr?ore

Laboratory of charged particle .';pectra resulting from 10-HeV neu-

tron bombardment of various materials of f'.TK interest. 1 These

i::easiire:-ent s were renerally niade v;i th lov; detector thresholds so

that reasonablv .M curate integrated r:ross sectifjns for proton,

deuteron, and alplia production coujd be determined. V.'e have. nade.

several c.il ™ i at i nn.s in whicli "j'J'ibal" sets of optical nod«l paran-

eters were used to j-c-nerate neutron, proton, and /ilpha particle

transmission crx-f f i c i ents . flene.rally these consisted of r.-.ri ] rnore-

Hodj',S'>n'' parameters for neutrons, the values of Perey 3 for protons,

and the alpha pararue tors of Mclvidden-Sn tclil er or those appearing

in 3'ef. 11 for the particular nucleus of interest. bevel densi-

ties usinji the Hi There-Cameron formalism1'' were computed with

Table 1

flMASIl Characteristics

(A) Conservation of angular momentum ,in<} parity

(B) Handles deexcitatlon of up to 10 nuclei.
(C) Allows emission of up to 6 types of

radiation from each nucleus.
(I)) Up to 50 discrete levels can be included

for each nucleus
(K) Freequilibrium particle emission effects

included
(F) Complex reaction chains can be handled

easily in one computation
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4. Calculated curves versus experimental values for protons
nnd alpha spectra produced by 15-MeV neutrons on stainless
steel 316. The dotted portion of the calculated curve for
protons is described in the text.
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Calculated and experimental values for ' Bi(n,xn) reactions.
At higher energies the solid curve was calculated using a
preequilibriuni component normalized to mass and energy. The
short dashed curve included a preequi]ibvivm component whose
normalization depended only on mass, while the long dashed
curve was made with no preequilibrium component.
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Fig. ft. Total calculated proton and alpli:; production cross sections
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Fig. 9. CDC 7600 computer cental processor time (in seconds) required
for GNASH calculations from 20 to 40 MeV for n + 59Co.
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Srookhaven National Laboratory

\ "•; = ABSTRACT t >
 3 -- 'J

£ * •• c" -.•'•

•\V;tr->r., :>r<-t-;ft -ir.i. I tuuro i i . induced e x c i t a t i o n functions
: ? r ' s | ' / t r j l t . irret n i> !e i ' = - V , C-Ti, '-':;!, -5Cu, } : Z r , J :'Sb, and
n'"Ta)'were" >..»ltulate«: e -r l . 'v inr t h t c ^ H pre-equi l ibr lur . r.odel of
Hlanr. Vinil tfi» nctsski-; : - r i in . - evaporation ~x>del in the 10-40 MeV
rat!.*-. Ir. >,.•-•• insi.ir..«.-s . - i lrul . i t ions were ..xtemied beyond U0
Me".. Ai;ree.^«nt h<'t«»-tT. tho< rv ,jnd expcrir*nt i s f a i r t c ^ooJ in

&vi5it .if tht i .iscs inve.stii;(jfti.S ;r. s; i t c pf the s i r p l o nature of
ihe^.the* r o t i . .tl -<>del e-pif . f i ! . • ' L i r i t . i t i o n s of the nuclear oodel

Interest ir l5n:"« r-tir̂ y i .in.-i "i I0-i0 >!eV has intensified
beciust:-»! t:-.«" :-.».«• J 9->r or iss. s f i i i . ^ i in f;sior. rt.irtor design
.inci r.iJi.itii-r. :.i-.»^<- tx;>eri-ents-, ":•, ,iusfilion,,t?:c fabrication
.•>:' intense re'Urvr. s r j r . t , .1 to; i. .•( current interest, requires
the r̂ Rvwledr.e i<f ai-jtriT, ;>r.<t.'i:i .ir.ddeuter.ir. ir.du:ed < ross sec-
tiuns in the hi,;!, encrgv re.:i«ii.'a in the- absenct .if the desired
experlnent il dat.: one c.in -cet' tiit-sf rc)uire-«nis by f s t i :a t !»..•
cross sections b.ised n̂ .1 theTet ic i i rsi<lc-l. S< •» levt-1 of rtn-
fiJencc could be expei te !̂ ii. -ipplvin.- tht- tiicoretical rrxlel <iis-
. ussc ' below, if »;ooJ .i^reerent is Sound between thc>.vry,.ind ex-
periment for nost of the ext it.it ioi-. functions .nvest

Several nuclear node! coJes .ire available for rhe estir.ition
of reaction cross sectinns.' Host of t \e codes .ire Hrjted to low
er.er'i;y projectile ener,;y Snd can handle only ftow residual nuclei
in a Reaction sequence. Ir. addition, sore sophisticateJ codes
take-cnornous £onputer t irve even on lar&e computers. For the pur-
porse at hand Blann's code ALICE1 running on the NSDC POP-10 cor.-
puter was use.!. :>et.;iis of the aodel uml the cede description
are tjlven belrw. ' ,3 "

•Supported by the t ' .S. Knvr«/ and Research Development Agency.
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(p.in) aal ifo.iajt^oth of-these excitation functions arm fairly
'the Btwel calculations.

* qfp.pn). a(p.pan). q{p.p3n , o<p,p4n)- The predicted shapes .'or a l l
<>f t'teae etr i tat ion functions are similar to the corresponding ex-

° jx-riwratal data. However, theory under-prcdicts In each case. Tlic
reason lor under—predict ion has1 bcert°pointed out before-absentc of
direct interaction coaponent.

" '
•= ° = :- *f*Itt «>as Production

.'i gai> production < rovs sections iy,r neutron and proton projec-
t i l e s are displayed in Fi}{. 12. There is no experimental data be-
yond 20 MeV to Bake any comparison with the predictions. Note 'hat
proton and i-prixluclion cross section.1* are nuBeriially larger than
dfiiteron, triton and nelion production i ross sect ions . Triton and
;Hi- pr««lurtioii truss sections di> m>t include the actual JII and Jlle

i-t»l>.;,li»n f< f Flu. H caption).

III . int» run Induced Hew tinn; a *

k-utcroi Induced reaction •x t i l a t l on lime l ions atasurcd by
Sispl :nf.lM>li, r l . . t l . , «if )Hi1n mp to Ml MeV art- considered lor co»-
;>.irfson with the MKICI calculated «ro'.s Hfitions <J Flt;s. 13 4 14)

As ntvlcil t ir l ler I lie in i t i a l i-x< i t.tt ion miiebvr fur nuclcon i s
». IkMff-MT, lor di-utf'ron i t is not a well studied quantity. Cal-
' iil.il ><IIIS w»-r«- |M-rfor«-d for. three di l f frcnl v. i lws of n *2,1 and t,
'n-nsi t i vi (y <>l Ihf c.ilf ul.ited rc.-.'jli:. for ditferent values •>' n i s
•.|...vn Diii I ..;. I S. (or tlK- rest <>' I lie < .it.es, theoretical re:iul?s'
tor ii ' i ir<- roni'.ired with i-X|MTicn-ni . °

U« -til oi the cj l tul . i t ions t'w result Inj: esc i tat ion functions
•.t.irl .it s«i«e° wjt»t lower enercicT th.in wli.it i s suvxvsted by the. ex-
IH-ri?x-nt.il data, an cxtvptlon IM-III»: tin (d(p4n) cross sect ion.
However, tlit-orv in the (d,p4n) • .i.s< devi.ilej. Iroa the experimental
tr<-m! beyond 60 MeV. To wh.i{° f xt<-nt tin- liivered threshold behav-
iour !•-. .ilfrlbut.ihlf io tlie ixiss-l.in.lfnr. pr«-st ripl ioir'or l«> the
•>pti(.il nixlvl par.iiwlers is m»t%< Ic ir . \ Tills .•« ",•?$;£ wi l l be
ti );•!*«'' in I he near ivture. \ yf

01 :.«.l:sNli»r; K.H
•- c ' " x - • ' " " ' '< "' "

In suHurv, AI.M'i; tude does predict < ross sections up to and
beyond *<• HeV incident energy fi.r neutron, proton aiid dcuteron In-
duced re-Ktinnh. Iven thoiif.h -the ar>del «sed i s a s t a p l e o i |e , .iDout
J'l? ol the VI (wl '.ill 'lls< OH.scd) < ;i lrul.it fd e x c i t a t i o n ."unctions
agree with l lw ti>rres(M>ndin>: d<it.i f a i r l v w e l t . In S O K C. ses. when
d i r e c t i n t e r a c t i o n <oAi-onent i s i-^|>ecled to be s i g n i f i c a n t
at-nl with CKiwriwtil i.-. not n>ixl. 'in p.ir.iaMter var ia t ion Was
enter ta ined to iaprovn- the t i t s . «
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f u i t v f ' . i : j-tr ••',' ' . t r i ' N i ' i . n *,f u ' . o ' j r * ( ; r - . t 1«* ' . . t i n « rf.iM o t < -

J r " • * n , i - " I , -» l . r n l 'Ji- r ! . • • ? , » ' I ' . i " * I ' i ! / » • ! • -ft. 'J ' . » r -

; i r i v i f . ' ! - ! r f < - « r . i < • . ! ' ' / ! I , i • • •; , , : • < I ' . : * ' . i r:<f < - » ; . « r i - « r . t d l ' r ' i ' ' ,

• i » i - i t i «t i* .r« i i ' . r« • • < i . t c ! . ; • • • • i - i i ; : : ? ! . > • • . ; . ' t r ? ^ I ' - J L I ' I M I

; ; . ';<( IN:>/."« M : r-^-'.tV.i.foi - • ;.*•? '..w.: ; • / .

A . ' ; ' f . c r i i I i o c fi< ' h ' " ^

* i , • m f i -tfiii'. l ' - i ) r - i r (..i'lf- f j i l ' l ) ' , I i '.<>'' '>i ' • ! • • '>•.' Hi': ' i

r >.f- r c i f i i i t i - rjf t r i f . vJ ' i i * [ i r * i ' I f ' , w i l l ' i ( * ; ! . • < » I U ' 1 « M ( d n

ri-{ fr«- \ i - i t f f l J . / ) •,»-'i<jfnt«* o f f f c f i - l d r l i - )> • in t fT . ic l i o n - . th- ) l

t.rir-f >)i'-.f.ri;»fi'.n o' '

If-t.ni'. ':iv«.*n ' • 1 '.ewhoi'• "

!lw iiif > u r i', a ..urifd to t f> '.;"iif-ru.dH/ './i-«:*-'rir:, (Of. •',t ui'i

of a (Jpn'.e 'Wra\ (.ore. 'ijrrounrl'-'i t./ .m'u).>r rc'j'on' of d i ' i m -

•,»>iivj d««n'>-i,'. the dorr.it/ within OJC'I r'-'ijon is av>uTU-<i to ! . ' •

< on'itant. '<"- enprq/ di ' .trit iutioo o* tM- t>ound nut.lPO'.'. in tni*

fi'jf.l'-j.* we' taltpn to t'- •• / e i o - ' w f ' f ' J ' u r i fen i rti ' .tri l iutioii.

Thf? r<t«it<'ur ( inet i r «-fK'r•)!<•', r,f th»- irroton*. and neutrons in



rt-.i-- ir« thtreby determined frorcUheir densities in each region.
'•• i ;!<--!article potential for tfte protons, and similar ly for
f.. >...•<• .-», in each region was taken to be -{If * 7) HeV, wher«?
tf •% ''<• :'<jtrir Ferr-i er,pr<f, in the reqion and the 7 MeV is an
dK-ro«i otiofi *.o the separation ejierij/ of the neutrons and protons
*r > *V.1 nuclei.

it th* rodcl an "'ciJent t«jrt"ic \t- i'. r̂ d<- to enttr the nuc-
!<-'iS. . I ' . I . :f u ccl 4de*: » t t i one -f the"target lucleons, i t is
.i •» • •: thai tn^Uon r-. ion. car he described as a f /ee-part ic le
• f . . l i - . i'.r,. f f«-«T-j'arr!tle total ar.l d i f ferent ia l -scatter ing cros>
><• t i ' i i . . in conjunction « i th "r'nt*-0 Carlo techniques, are used to
;< t f r- in.- 'jn- interact'on ^rnt-»t, t i i ty anj the scatter^'T? an-;lei,

- i - ! ^ " . ' <; .oi H w r i H i K ar» used *.o determine the vector nones^a
• • '*• .<-•?,' '.frcri -ir'i r«"O!l nu ' leon ' . ' r th" laboratc"/ s/ster . An
i:; i ; • : • : . i'i- '<-. "<• e*< 1-^'tor j,rinc>;l<- i'> jn»o*ed by cor-parin'j
•>, , ,vt ,-,<•. (,- ri,.. 'i«,j*Pin and i./o^ons after ivf-r/ col l is ion
»•*• *••- •,«--.»?f''f. or . I'JTO' ! e r " cncr'i/ of the region in which t'-e
• ; I •• I M . ••:- »,$•"•• ;!-«'••. i^ •.•,<; tnerjv of <itn<r part ic le is ,
:• ' ' , . ( »»>i ••••T »••„.<•»,,, •»><• r«-^r.tjor i'. "forij 'dden,' the col l is ion

t j f f - 1 , . l i .: •.*"«• nji ini i " r - i * in i t .''»tf*! the f' i l , l ision is a l -""
'f.wfOot' . I'M ••••<% V >' t\' ' »-'.• l-**.*?*-«l ' .o' '!MOn 'T te .

'•y ; ty ".f i-v'. 'me ifjr. Srv an liiowpfl n," i°i<jr. it-Ofol-
\mfl ;o ir- 'r . i - / ,1 .'.;'. iii'or • i•«• «ner" f w icTor.'1 '̂, is ret«rixVd,
t»,.", O'/cloi IP . t '.-.• t'Hf-. ' • • l i s t p r / n* each nucleon :r-
.••,)/..(] •-. !••.•- ' ,i < ,»ij«. i«, "ribed j n t ' l Htif*3 "uci'-or either escapes
or j n t i ! ;•• t-rn-f£i f a i l ' , below, a cutoff r-nf-r'jy '-f_u for nei»trnn,

^i,pii,for protor»i,'thereafter if ^'.^S'.uf^d ••/< ^e trapped within the
nJicfejs '.)u(.- to the-" hr,U-' fir'xi'Jr'-'l in f.*ie nucleus as a result
tf» the ca/ rade and to tn« cfittture u* t i e loV-en^r-jy par t ic les ,
the residual n-ickus af ter a l l "cav.ade" t a r t i c k - . 'ia?e been bn-itted
>' °usiidll/ in an e*cited state. ° in tn»- -od^I this e/cited res i -
iual nucleus is allowed to e^it furth'-r partici^s, 'nei.trcns, pro-
tons, deuterons, t r i t i o n s , e t c . ; by ^earis '>* -»fi ev*por«i*.ion
theory - •. A» part o? thr pva; '•» -s* i'i» •.'.alrulat io!n the type of
• esldual nu< ]«-JS and the h i i i t ' i ••i.er-:/ of T-CO; 1 ot this residual
nuclej^ tor each "hi-jtorv" \-p ,i\\o obtained. A record is kept of
the inioi- rat'on yertinen* to *'a'*i <-v.a;. t»-. iMrficlv.i 'xiCh as thV

°t/pe of-f-articl.r neufr(.n, ;<roton, e t c . , . i ts vector Wmentuiri, etc.
Hany in<:ident-:4rti-.1e and indu'.cd-ca".a<K => istories W
in orde,r to qenerate s t a t i s t i c a l ! / sitjnifieant result !

The ICU* has been ir.ptie-*nt/O by Bertini - in
Mtf.C-7 and f.. Chen . *ap of the results
were obtained usinT the Bertini model, but * few ex
cooparisons between the two models and i-xp,eriirental data are in-
cluded. The code HLCC-7 is available frty me Radiation Shielding
Information Center, and, as far as the user is concerned is para-
meter free. - That is , the user need specify only the type and
eneiw of !.he incident particle and the A and Z of'the target nuc-
leus to obtain in absolute units a l l of tne differential cross
section data available from the -odel.



t o t a l n o n e l a s t i t c o < < - ^ e t i o r s " Ana e«:«-»w >r'>! >J -J * I
e l e n e n t s i n t h e e n e r i / r a n a e c ' ^ v , • " * v ; :r»- • • • , . <

u "he a g r e e m e n t i s Q u i t e w i anc •"••.J-: ••"• ' ' : " • ' • •
j r r e l i a b l e i n th^'> o n e r ? / ran-.t-.

I n F i g s . ?»•£ 0 3 1 C J I a te ' . ! » " ' - ' j l * - ' " £ • " » • • • *,»•". 1!;
! : • ! • f o r n e u t r o n r r o d u c t i o n fr<>- I . - V r . ; ; r o r o f •» • •
i ' * 2>hp( ^ r e s p e t T x e l y , ar<- ; r n ( - " ' i i »•-,: . , ; r> : ..-
?>-•• - , r « r t . i ) d a t a o f / f ^ r t i r . v * ' ir.d •. , r > ^ . .'., • ° r.<
' w > . a^fr c a l c u l a t e d *v*v\'.\ rr',:\r,: , •• . . ; , • • .

* h | * I C[ M r e u l * '•> *ir«' i f •'*"* ' t ! " » t . » ' • " # - » * •% • • • ' •

••'{£yi-1 « i t » t ' • t-iJtir.' •' ' < <1«' ' : • „ • : : • • • • ' • '

i i ; r » « M r « > n " o l t f • > ! • • ( l a t d f '

o j - » i r , - ' . - : • r a t e t d r > r i ' < ? • • n t i » " * \ \ *.•••• « • • . « • • " • „ • « • * • ' . - ' . * • ? * ••

r > ) f . a - ; r * . » j t \ \ l l

>•*•• j ! f a t ' h o l o w
• » » - , f - - ^ o d * ' ' • ! , " . t ? t - j ' , » < *

Ir Fi'j. t> w w ' V ' ;«*«n*:' cdi.̂ latprf i i
- i'«.V , ; r ...

• • • • ' . ! ; ^ !

I n * T J . 6 CO : -^r * ' - o r ' t<p*»»*>*>r J * ' * * i * » * > r ' ! • Mi s*'
•lip

;, t r i f ) ^ * I O ^ S o f I'ro^'.'in", A ' t*- P ^ ' M ». 7 **••. , »'" T . • -T ' »

c a s c a d e . £ * c e i ' t a? w*<i«- a i . l r ' t i f - • ' • . >* »*•'.•!;»• o r v ^ s
T M ^ n i t u d e of cro*>*; S f c * ior. r > r t t f * r t^cs r 2o*** t^c* •**%, i< ,?
w i d e a n g l e ' i , w f . e r e t i f - nurt>pr r>f e - i t t e d ; : a r t i « •»•" " •• .!
c a l c u l a t i o n s u n d o e s ' t - a t*- '"*> - « > a ' > u r f j ;rc ••- s< i . * - .^ : - : .
large factor.



1 It should be kept in mind while reviewing Figs. 1 to 6 that
" " „ absolute comparisons are shown and no attempt has been made to ad-

just iny of the data in the Bertini model to obtain better agree-
ment". All of the comparisons are for incident protons rather than

t neutrons, but there is no very good theoretical reason to expect
the aodel to be any less, valid for incident protons than for:
incidentoiteutrons. y§

ill. TRANSPORT CALCULATIONS AND COMPARISON
° WITH EXPERIKENTAl W T A °

9- A. Biewedical Appl ications

The I€EH of Bertini has been incorporated into a Monte Carlo
transport code, HETC-, and the code has been used to obtain a
variety of results of biomedical interest. ~ & «
Theus ...• • " have measured the absorbed dose as a function of

3 „ depth along the axis of a tissue-equivalent phantom when the neu-
., tron spec trow produced by 35-MeV 'H on Be is incident on, the ^J

phantom. Measurements were carried out with sev«rii?,l conical col-
/P' liaators that produce circular fields of radius R at the phantocs
(?' surface that was 125 cm from the source. The experimental ab-

sorbed doses ire shown by the solid curves in Fig. 7 for R values
of 17, 13, 9, 5, and 3 en. Calculated results •• that were ob-
tained using the same geometry and tissue-equivalent composition
as those used in the experiment, are shown by the histogram values

= in Fig. 7. In carrying out the calculations, the energy distri-
bution of neutrons from 35-HeV ?H on Be as measured by
theus • • .'. • " was used, the neutrons were assumed to be
emitted isqtropically from a point source, and perfect coiiimation
wai assumed; i.e., no scattered neutron contribution from the col-
timator or photon cotamtnation was considered. The radial inter-
vals over w M c h the calculations were averaged to obtain an
estimate of the center-line absorbed dose are specified in the
figure for each col lima tor size. The error bars shown on the
histograms are statistical and represent one standard deviation,

the absolute normalization of the experimental data was not
know:!, hut all of the data have the same normalization. To make
the comparisons shown in Tig. 7 the normalization was established

„ by making the calculated and experimental values agree at a depth
of 5 cm for the R - 9 cm case. The agreement between the calcu-
lated and experimental data in all cases is very good.

For neutrons from 35-HeV ?H on Be, Theus < t al.™*7* have also
measured the absorbed dose as a function of depth along the
center line of the tissue-equivalent phantom when a c o l l i w t o r
that produces a square 10-by-lO-cm field is used. A comparison
between the calculated and experimental data for this case is
shown in Fig. 8. To obtain an estimate of the center-line ab-
sorbed dose, the calculated results have been averaged over a „

: ' 6-by-6-cm square about the ceater line. The calculated results

V
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3 ,,

given in the figure have an absolute normalization. The experi-
mental results have an unknown normalization and have therefore
been «ade to agree with the calculated absorbed dose at a depth
of 5 cm. the agreement between the calculated and experimental
center-line absorbed d&se in the case of a square f ie ld (Fia. F.J"
is approximately the %ame as that obtained fe the case of o r -
cuJar fields (Fig. 7 ) . ° c o \

In the case of the crolliaator discussed in the previous para-
graph, Todd - .•:.- : : have Measured the absorbed, dose as a function
of distance from the beam center, l ine at depths of S angLve^cfc TO
the phantom. In Fig. 9 the calculated absorbed doses are compared
with these experimental data. The calculated results are given
«ith absolute wnits and tne experimental results haviPbee^normal-o
ized to agree with the calculations at the point shown in the '
figure. The distance fror; t*ie center line (abscissa in f i<j. Q> is
•measured parallel to the sswll dimension of t*e M * i->-.jtor;:-°*i#l '
is, at the surface of the phantom wher£ tfte Held is 1 cr tt i"
cr, the distance from the center line to tf"» pd.f> < ' *i« ' ' e ld •«•
', e- . The calculated results at depth-, b? S arjd 1 •> c* sro«r i-,o
|i«; figure were obtained by averaginq over the dei th vntervalv of
4^to 6 cm and 9 to 11 c»,B respectively. *fre= agreement betweer the
. (flulated and experimental absorbed doses is auite good even at
distances from the center line that are well b£yand the collimator
' " I d , I . e . , at distances from the tenter 1J«<& thst are frradiated
'nly b/ scattered radiation. ' >• B " ' °

•.. MF£ Radiation Damage: Calculated Spatial Variation of the
Ja-nage0 energy in the [xper inatal Volume of a Lifft.n} Source^

• in-; nonf-ij-^tic differenfciajl cross section data, for neutron
':r.vf<n J^Xei1. ottdined frtw r ĵhe ICEK nodel of Bert ini , calcu-

X! = l^tpd results of t'he spatial variation of the damage ener^ in the?
•••i.c-rioental voluc* ofj a Li{0,n|, source when this volume is par-

„ ? id i i f f i l l ed with e»;eri(nental samples SSve Nn*r obtained.
J»)e ictvelr, used in the calculations is shown in Fig. J'O. °

'•iv energy distribution of the neutron source was taken fro«t the
-*j5»sarenents of SaltrSapsh • . ' . •' The calculations were carried
-it with the dis ' rMe ordinates code T>OT.\,» 0 "

Ukulat ions werp carried out for no absorber, a 5-cr - jh ig^
' >ron absorber, and a 10-cm-thkk cart»n absorber i^e Fie. 10!.S

\T. ?|Sj. 11 the dar^gfo energy in copoer arnj in niobiur is shown as D

•» 'jnction of i .foi several value' of r. Thf results n Fig. 2 '' »
)« for an incident current of 100 mA of 4 0 ^ V deuten-ns and are
(-•tended o*er an experimental volume of. 6000 cm . » The plotteo
;r-nr-. in Fig. I I have no significance iither than to distinguish,,
t^tween the various" curves. At "the swalrer radii ther» is a very
u!)stanti<al variation as a function of depth of the damage energy

ip. both copper and niobiur. for a l l absorbers considered. At the
larger r a d i i , however, the variation of the damage energy, with
depth j s only of the order of a factor of two for the cases con-
sidered. On the other hand, for a fixed depth the danage energy



,/»

I
in bolls copper and niobium decreases rapidly tilt* increasing
radii. [The rese ts in fig. »1 are dependent on the fact that both
« 4 MagtfUtud^f tne neutron flux and the spectral shape of the
neutron flu* varies with position **J *ith the absorber used. The
fact that the damage energy changes -atHier slowly with depth at
the larger r values is presumably ^«e to compensations between the
changes in the magnitude of the neutrot flux and t!ie changes in
the spectral shape of the neutron flux. At a given position in
the experimental volume for either coppe." or niobium, the ratio
of "the damage wsergy with no absorber to che damage Energy with
the iron or carbon absorbers is never greater than three and in
-aost positions is l e s t than two. Calculated^ results for the hy-
drogen and neiiiiB production in copper and niobium as a function
of position in the«e^o«»ri«ientdl volume have olso been obtained and
are $i*eft in Ref. 2h.

It is impossible in a short fumnary paper such as this to
«>ver all facets of the intranucVear-cascade-evaporatiow model.
The comparisons with experimental data that have been presented, "
however, are, hopefully, sufficient to indicate that the model is
nofc completely unreliable in the energy region of interest here
(•, SO MeV) and to U,ai<,a\e that transport calculations of interest
in biomedical and magnetic fusion energy applications can, at the"
present time, be°cart'ted out. y
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r ig. a. Center-line absorbed dose *•> dept)> f<?r neutrors
fro* JS*He¥ ?H on Be incident on i Ussue-equiviieni phtntoc.
The coDiwtor used produced t squire 10-by-IO-cn f ield i t the
surfice of the phinto*. ^ '
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-f ! lciir.L-. for t h<- transi t'irxr,y. fror ' :.•
in pl<ic«- >;! the prop'-r transmission '•o-

«•; : . 2-n!.-; for th»- • rir.:;i t ion;; fror th<- rr. si dual r»>=~''
'.•!: ;os. ".'jrrt ,.ar'- o'hor approxiratjons in GPOO/f^h.it
• !• ».-itt. • fJuf- to oversights or purposeful and ner-d not

:"'• tili:;c-.. serf h.er«-. TJi'-ir «»f'*•(;•. i s not prec i se ly known
. •» art • ot <j;,f.ar' n< 1/ loo ni<:nifrjcant. 0TKc, value of

program, though, has b'-'-r. <i'i<-<:uatcly cJ'tinoRStratod,
• ., U E J - I " - * h« u,conv<ni'r,ci , it i s in'j-iso in yar IOUJ;
i .: .rdtori ' . -s . ° „ \ .

.'ir.c* i» JK u Haus'-r-fv,shbach ^ro'iratn^-^ROGI 'ioor,
' ,if.> in': :-,lir iir̂ rw-nl ti.T; into accojrit. However t Hjt 'loos
:.• • ;f.'« fniornat ior abti>St. th»- in«ular Jistributl^yis of
•.'.» !.r'*-JWf:'-s. To ':o th is ni^f-ly i'. in necessary tb^^^qn-

=v. r#. ; ' ?', i J*--r»t»—Cirlo pr6'jr-in. A rr-cent>ly writton'^ss
;.r-. :r»ir>,'i !":i.!.TT , i s J Xon»'—C.irlo vt-rsion of fJHOGI.
rr.for* ur.i'j 1> »• i s v r y sl^jw. Another re^vnt program,9

-\i.lCf., i-: :ir;iJ«ir f.o OFF", and pur[jortsa to take -inqular
mforfn*.ur. ;n!>. loco-ijit in J .•;tran^t•eway. To wi t , the ro-
i'in ion.il '-w/r':/ i:> subtract«•': from the exc i ta t ion oner-
-ly. :>inf> AIJC" <jiv«.>s wha|, i s dr>scrib«.-'l ds "rt-asonable"
rc-:>uler:, and, s»nc«- i* Has other intorestinq features ,
such JS [•! ••-'"juil ibr iun> fJf-cay, i* has bocor.r- quite popu-
1-iri. This, in our opinion, i s a jristako. 3

In Fi<?ur'.- 2 i s an i l l u s t r a t i o n of what i s wrong
with th«.- method use! by ALICE to account for .angular mo-
rrnntuin. If tht- •xc i tod nuc'i i«J«- has j spiii th.itois along
the yrast l ine , thrn Ai>ICK sayjyj t.'hiit t h«> f-ffr>ctive ex-
citation" energy i s z e r o . / Coijjst-qur-ntly 'h«' r.ucli'ir could
not '-yaj>orat.^ any p a r t i c l e s , nor could i ' cr j t ,iny • an>ir.a

4 rayii e;xcept to the ground st<it<-. Thin i s j.at'-nt Jy jn-
corr"ct, Analojous argupif-nts '••in bo i llus*.r«it«.-J for
oth«-r sp ins . There i s nt* physical basir for vli* pf.-tho'l
usci in AbfCK- The "rea::onabl<-" agref>mcrnt that has bcr-n
re}K>rt«»-J must be considerrti to bo an a r t i f a c t , ar.d the
program .should be ignored. I off'-r th i s i s a ~aveat,
not =as a discovery,. sincQ1 th i s f.ic* i s increasingly
known, and ALtC'R i s aĵ j>arer)t ly no> longrr considered use-
ful even by the original Juttioru. °

Two new programs have- bei-n introduced ir. ih<- past
year. The second w i l l be discussfd ir. d e t a i l . The
f i r s t , CASCADE,10 i s a super-version of OHOCI. Taking
advantage of th< v«-ry lar<«»- modern conf-ut'TS, the pro-
gram follows a l l of the r-vapor.it ior p.ith::. It obtains
transmission c o e f f i c i e n t s fror. ,,a l ibrary, an<! i s , there-
fore , not Tesj,r-fcted by..the apt-Vox:na! ions used by
GRO0J2. Tfie" Lang* ̂  formula with Ui l'i-Von<ich^2 param-
e t e r s are used by CASCADK lor !<-v<1 d e n s i t i e s . However,,
sonK- adjustment of the "spir.-cu;-of f" parameter has been
reported to be necessary to"obtain «ooi r e s u l t s . Detai ls
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