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ABSTRACT 

New measurements of e l a s t i c and Ine las t ic scat ter ing of 20-26 MeV 

neutrons from C are presented and analyzed in terms of a deformed opt ica l 

model potent ia l . Results of these analyses have been compared with other 

recent d i f f erent ia l an.' to ta l neutron scattering measurements and with 

proton scattering data in order to develop a cons i s tent representation of 

the energy dependence of the n - 1 2 C interact ion over a broad energy range. 

Appllcatioas of the data and the model to problems in neutron dosimetry are 

discussed. 
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1. Introduction 

The introduction of c l i n i c a l neutron radiotherapy f a c i l i t i e s that 

produce a substant ia l f lux of neutrons with energy greater than 20 MeV has 

focussed much a t tent ion on the general problem of neutron dosimetry in th is 

energy region. Early e f f o r t s to tabulate kerraa factors for neutrons 

incident on car >on, oxygen, e t c . were hindered by the near-total lack of 

the relevant neutron cross sec t ion data. Recently, much e f for t has gone 

into the appl icat ion of nuclear reaction theory In order to ca l cu la te the 

requited, but unmeasured, cross sec t ions , and a few Important experiments 

have been performed that provide crucial t e s t s for these ca lcu la t ions . 

Most of the a t tent ion has been placed on the ca lculat ion and measurement of 

charged-partlcle-production cross sec t ions . The present work deals with 

the scattering of neutrons by nuclei and the contributions that these 

measurements can make to our understanding of neutron dosimetry. 

Compared with the d i f f i c u l t i e s involved in the measurement of (n,xp) 

and (n,xot) reac t ions , neutron scatter ing experiments are re la t ive ly 

straightforward and can be performed with good accuracy. The framework for 

theoretical interpretat ion of the data—the opt ica l potential model—is 

very well es tabl i shed for heavy nuclei and can be successful ly applied to 

the l i gh t nucle i of in teres t in dosimetry provided that a large enough base 

of high quality da ta i s ava i lab le . Measurement of d i f f erent ia l e l a s t i c 

scattering cross sect ions over a wide angular range provides a re l i ab l e 

determination of the reaction cross section at that energy since o ... * 
reaction 

0 - o a n d o . i s well known. Simultaneous measurement of 
tota l e l a s t i c ' t o t a l 

i n e l a s t i c scat ter ing i s a l so important since any of the non-e last ic neutron 
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flux that goes into i n e l a s t i c scat ter ing to p a r t i c l e - s t a b l e s ta tes is not 

avai lable for reaction channels such as (n ,xp) , ( n , x a ) , e t c . Moreover, 

measurement of d i f ferent ia l cross sect ions for e l a s t i c and i n e l a s t i c 

scatter ing provides detai led Information about the heavy-ion-recoi l 

contribution to kerma. This information Is useful in the Interpretation cf 

the very high LET(^ 10 3 kev/u) region of ralcrodosiraetrie spectra. F ina l ly , 

the decay of a highly excited nuclear s ta te is not e n t i r e l y Independent of 

I t s formation; thus, the population of excited s t a t e s by i n e l a s t i c neutron 

scattering can be related to the emission of charged par t i c l e s when these 

s tates decay. 

2 . Experimental Methods 

The Ohio University beam swinger f a c i l i t y [1] provides the opportunity 

to measure low background, high resolut ion neutron t ime-o f - f l i gh t spectra. 

Neutrons in the energy range 18-26 MeV are produced with the T(d,n)'*He 

reaction and are detected—after scat ter ing from the sample of interest—by 

an array of seven large NE213 l iquid s c i n t i l l a t i o n counters positioned in a 

long, wel l-col l lmated t ime-of - f l ight tunnel. In the beam swinger geometry, 

angular distr ibut ions are measured by varying the d irect ion of the Incident 

deuteron beam through mechanical rotat ion of the swinger magnet. This 

arrangement has the s ign i f i cant advantage that the detectors and col l imator 

are fixed in space thus permitting massive, fixed shie lding arrangements. 

Scattering samples are typica l ly right c i rcu lar cylinders approxi­

mately' 2 cm in length and diameter. Time-of- f l ight spectra are taken over 

the widest possible angular range (^ 10°-160°) both with the sample in 
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posi t ion and with the scatter ing sample removed (background). Raw data are 

corrected for a variety of e f f ec t s Including multiple s ca t ter ing , f lux 

attenuation, energy-dependent detector e f f i c i ency , and f i n i t e angular 

geometry. Cross sect ions are normalized by measuring the ra t io of detector 

counting rate to monitor counting rate at 0° with the scat ter ing sample 

removed. 

This f a c i l i t y has been used to measure d i f f erent ia l e l a s t i c and 

i n e l a s t i c scat ter ing cross sections for 18-26 MeV neutrons incident on C, N 

0 and Ca (plus several other target nuclei of l e s s Interest in dosimetry). 

The remainder of the discuss ion w i l l be focussed primarily on the 1 2 C 

nucleus since analys i s of these data i s e s s e n t i a l l y complete. A prelimin­

ary report of this work, which dealt only with the ground s t a t e rotat ional 

band of this permanently deformed nucleus, has been published [ 2 ] . A more 

complete analysis Including scatter ing to other excited s ta t e s has been 

submitted for publication [ 3 ] . 

3 . Analysis 

Elast ic scat ter ing of fas t neutrons from nuclei can be described in 

the framework of an opt ica l model in which the interaction between an 

incident neutron and the nucleus can be represented by a complex potent ia l : 

V(r) - -V R f ( r , R R t a R ) - iWyf (r,Rj ,8 j ) + 14 W ^ -^ ( f U . R ^ a , ) ) 

+ ( ^ (V B r t ~ j - ( f (r ,R ,a ) ) L • 5 
\mc I so r dr ' so so 

where 



5 

f ( r ' R i ' a i ) " 1 + e x p ! ( r - R 1 ) / « 1 J ; R i " r i A l / 3 ' 

For a deformed nucleus such as 1 2 C the R. are potent ia l radi i which 

describe the c o l l e c t i v e motion of the nuclear surface. For the ground 

s ta te rotational band, the R. describe an oblate nuclear surface with 

quadrupole and hexadecapole deformations. Other excited s ta te s in 1 2 C are 

described as octupole v ibrat ions , beta vibrations dlffuseneess o s c i l l a ­

t ions, e t c . of the deformed nuclear surface (the rotat ion-v ibrat ion model). 

Since the s t a t i c deformation of C i s quite large (B~ * - 0 . 6 ) , e l a s t i c and 

Ine las t ic scatter ing channels are strongly coupled, so a l l scat ter ing 

calculations were performed with the coupled channel code EC1S79 [ 4 ] . New 

formalisms were developed in order to ca lcu late the e f f e c t s of potent ia l 

depth and diffuseness o s c i l l a t i o n s around an equilibrium shape with 

permanent deformation [ 5 ] . 

An i l l u s t r a t i o n of the success of the deformed potent ia l model i s 

given in f i g . 1 where the ca lculat ions for e l a s t i c scat ter ing are compared 

with tha data for 20-26 MeV neutrons (present work) and 40 MeV neutrons 

[ 6 ] . The energy dependences of the neutron opt ica l potent ia l parameters 

are given in table 1. I t was shown in ref. 2 that this deformed potential 

model provides a good descript ion of the neutron to ta l cross sec t ion and 

reaction cross sec t ion ircm 20 to 100 MeV. The parameters in table 1 

d i f fer s l i gh t ly from those given in ref . 2: in the present work 84 «as 

reduced and 6 2 s l i g h t l y increased as suggested by De Leo e t a l . [ 7 ] . VL 

was adjusted to compensate for these changes. Predict ions for the to ta l 

and reaction cross sect ions are e s s e n t i a l l y the same for both p o t e n t i a l s . 
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I t should be emphasized that the potential parameters of table 1 are 

Intended to describe the n+ J 2 C Interaction for 20 < ER < 100 MeV. Below 20 

MeV, th is Interaction Is characterized, by many strong resonances, and the 

opt ica l model can be expected, a t bes t , to give only a rough representation 

of average scattering propert ies . 

One other Improvement over the work of ref . 2 should be mentioned. In 

that report, only the ground s ta te rotational band was considered and the 

calculat ions were performed with a coupling scheme that included the ground 

s t a t e , the 2+ s t a t e a t 4.44 MeV and the 4 + s ta te a t 14.1 MeV. More 

recently the calculat ions were expanded and the 3~ s t a t e at 9.64 MeV was 

Included In the coupling scheme [ 3 ] . The e f r e c t of this change was to 

improve the f i t to the 2 d i f f e r e n t i a l cross sect ion at large angles and, 

consequently, to bring the model predictions for reco i l kerma for th is 

s ta te into better agreement with the experimental va lues . Above 30 MeV, 

the resu l t s were e s s e n t i a l l y unchanged from ref . 2 . Table 2 contains the 

revised r e s u l t s . 

The neutron opt ical potential can be transformed into a proton opt ica l 

potent ial by the addition of a real Coulomb correction term given by [8) 

AV - 0.46 Z / A 1 / 3 (MeV). 
c 

With no further changes in the parameters of table 1, the model g ives an 

exce l l en t description of proton e l a s t i c scatter ing from 30 to 65 MeV and a 

descript ion of proton Ine las t ic scattering in this region that i s generally 

quite sa t i s fac tory . F i t s to the proton data were not improved by the 

inclusion of an imaginary Coulomb correct ion, so th is term was omitted. 

Deta i l s of the analys is are presented In ref. 3 . 
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4 . Ine las t ic Scattering and the J 2 C(n,n*)3a Reaction 

With the exception of the 2 s ta te at 4.44 MeV, a l l of the c o l l e c t i v e 

s ta t e s in 1 2 C populated in I n e l a s t i c scat ter ing can decay, in one or more 

s teps , into three alpha p a r t i c l e s . For E > 20 MeV, the larges t contribu-
n. 

Clon to kerma for 1 2 C comes from these alpha p a r t i c l e s so i t i s Important 

to consider this process in some d e t a i l . In a recent nuclear emulsion 

experiment, Antolkovic ec a l . [9] measured Che to ta l c ros s sect ion for 

1 2 C ( n , n ' ) 3 a from threshold co 35 MeV. In chat kineraatlcally complete 

experiment, i t was possible to determine the part ia l c ros s sect ion for 3a 

events result ing from the decay of the 9.64 MeV s ta te in 1 2 C . In the 

present experiment, the cross sec t ion for formation of th i s s t a t e by 

i n e l a s t i c scattering Is d irec t ly determined. Since the 9.64 MeV state 

decays over 99Z of the time into three alpha p a r t i c l e s , these two cross 

sect ions should be d irec t ly comparable. 

Results for i n e l a s t i c scatter ing of 20-26 MeV neutrons to the 9.64 MeV 

s ta te are shown in f i g . 2 . The so l id l ines represent Legendre polynomial 

f i t s to the data, and Che dot-dash l ines are the re su l t s of coupled-channel 

calculat ions for which the s tate is assumed to be the head of a K » 3" 

octupole vibrational band. The rapid changes in shape of the d i f f erent ia l 

cross sect ion for this s ta te between 20 and 26 MeV might be evidence for 

some resonance phenomena in the e x i t channel. Even s o , the model provides 

a fa ir ly good description of the data espec ia l ly a t 26 MeV. The Coulomb-

corrected potential gives a very good description of proton i n e l a s t i c 

scatter ing [7 ,10,11] to this s ta te in the range 30 < E < 65 MeV ( f i g . 3 ) . 
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The comparison of proton sca t t er ing , neutron s c a t t e r i n g , nuclear 

emulsion experiments, and model ca lcu lat ions is shown In f i g . 4 . Diamonds 

are the data of Antolkovlc e t a l . [9] , f i l l e d c i r c l e s and squares are the 

angle-integrated cross sect ions from neutron and proton scat ter ing , respec­

t i v e l y , and the so l id l i n e is the predict ion from the deformed potent ia l 

model (table 1) with constant vibrat ion amplitude. Although some of the 

spec i f i c f luctuations in the Antolkovlc e t a l . data are not confirmed by 

the scattering data, i t Béeras c l ear that the scat ter ing data and the 

deformed potential model ca lculat ion are in very good general agreement 

with the Antolkovlc r e s u l t s . 

The measurements of the 1 2 C ( n , n ' ) 3 a cross sec t ion by Antolkovic e t a l . 

[9] have been recently reanalyzed by Brenner and Prael [12] who use the 

intranuclear cascade model with Ferrai breakup (INC/PB) to simulate some of 

the e f f ec t s that should be seen in the emulsion experiment. Brenner and 

Prael also ca lculate the part ia l cross sect ion for the 1 2 C ( n , n ' ) 1 2 C 9 frA**) 

react ion, and their re su l t s are shown as the dashed l ine in f i g . 4 . I t 

would appear that the scatter ing data a».e In better agreement with the 

or ig inal Antolkovic resu l t s [9] than with th is recent réévaluation [ 1 2 ] . 

To some extent, this l a s t statement depends on the appropriateness of 

including ( p , p ' ) measurements in f i g , 4 . Since the Coulomb correction for 

protons on 1"C i s only about 1.2 MeV, this inc lus ion seems to be va l id . 

Moreover, the success of the deformed potent ia l model in describing a broad 

range of neutron and proton scat ter ing data [3] lends support to this 

approach. 
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U. Conclusions 

Analysis of e l a s t i c and i n e l a s t i c scat ter ing of high energy neutrons 

from l i g h t nuclei in terms of an optical, potential model has been success ­

fu l ly demonstrated in the case of l 2 C . Similar work on ^ N , 160 and """Ca 

i s in progress. The contribution to kerraa of reco i l ing target nuclei 

following e l a s t i c and i n e l a s t i c scattering i s measured a t several energies 

and i s in good agreement with the model predict ions . Di f ferent ia l s c a t t e r ­

ing cross sect ions can be transformed direct ly Into reco i l - i on energy 

spectra for comparison with microdosimetrie spectra. 

The study of the population and decay of the 3~ (9 .64 MeV) s t a t e in 
1 2 

C demonstrates how the re la t ive ly high accuracy of neutron (and proton) 

scat t ter ing experiments can be used to provide benchmarks for the much more 

d i f f i c u l t experimental problem of determining neutron-Induced charged-

part ic le production d i r e c t l y . 
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Table 1. Neutron Optical Potential (Eq. (1)) Parameters. Strengths 

and Incident Energies in MeV; Radii and Diffusenesses in fm. 

Relativistic Kinematics Used Throughout. 

V(E) * 50.78 - 0.34 E 

/ 0 

V E > 

W D(E) 

15.5 1 
k L 1 +-
exp(0.094 E) 

10.29 - 0.145 E 

W)r 
E £ 20 MeV 

E > 20 MeV 

E £ 21 MeV> 

21 MeV £ E < 71 MeV 

E > 71 MeV 

VSO " 6 ' 2 0 

r y = 1.22 r D = 1.25 rso = K 0 5 

a v = 0.478 + 0.0043 E a D = 0.27 a S Q = 0.55 

e 2 - -0.61 8, - 0.05 
4 



T a b l e 2 

KERMA FACTORS FOR ELASTICALLY AND INELASTICALLY RECOILING 

CARBON NUCLEI—MODEL PREDICTION 

I n e l a s t i c 

E E las t i c (2 , 4.44 MeV) 
n 

(MeV) (Gy m2 x 10~") (Gy m2 x 1 0 " ) 
.2 „ l f t - 1 5 , ,„ . . , . . - 1 5 , 

20 0.495 0.143 

22 0.460 0.120 

24 0.448 0.105 

25 0.441 0.096 

26 0.434 0.091 

30 0.401 0.077 

35 0.356 0.065 

40 0.321 0.054 

45 0.282 0.047 

50 0.251 0.041 

55 0.226 0.036 

60 0.206 0.033 

65 0.185 0.030 



FIGURE CAPTIONS 

Fig. 1 Elast ic scattering of 20-40 HeV neutrons from 1 2 C . Solid l ines 

are the resul ts of ca lculat ions made with the deformed opt ica l 

potent ia l model of table 1. 

Fig. 2 I n e l a s t i c neutron scat ter ing to the 3~ s t a t e at 9.64 MeV in 1 2 C . 

Solid l ines are f i t s to the data obtained from a Legend re 

polynomial expansion. Dash-dot l ines are calculat ions made with 

the rotat ion-vibrat ion model and the deformed opt ica l potent ia l . 

Fig. 3 Ine las t i c proton scatter ing to the 3~ s ta te at 9.64 MeV in 1 2 C . 

Solid l ines are ca lculat ions made with the rotat ion-vibrat ion 

model. 

Fig. 4 Excitation function for the 3 s tate in 1 2 C . ^ : Antolkovié e t 

a l . , réf. 9; # : present work; • : proton scat ter ing , r e f s . 7, 

10, 11. The so l id l ine i s the prediction of the rotat ion-

vibration model. The dashed curve shows the recommended values 

for th is cross sect ion by Brenner and Prael (ref. 12) . 
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