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Abstract

In the 1light of the new generation of high energy
(s 80 MeV) neutron therapy facilities currently being tested,
the need for neutron kerma factors in the range from 15 to
80 MeV on carbon and oxygen has become of urgent importance.
Not enough experimental data currently exist or are likely to be
measured soon, so a nuclear iodel is essential for interpolation
or, less satisfactorily, extrapolation of avallable data. The
use of a suitable model, applicable to light nuclei, is shown to
be crucial. Such a model 1is described, and good agreement
between 1its results and the erperimental data in the energy
range of interest is reported. Comparisons between the model
predictions and the ENDF/B-V evaluation of the non-elastic
cross—section for carbon between 15 and 20 MeV indicate that a

re-evaluation of ENDF is required.



Introduction

The use of high energy (S 80 MeV) neutron radiotherapy
facilitles at various centers around the world is beginning to
increase [1]. In order that meaningful intercomparisons be made
between the different neutron facilities, each with a
characteristic neutron energy spectrum, it is essential that the
same estimated dose at different facilities should indeed
correspond, as precisely as possible, to the same energy
deposition per unit mass of tissue. This requlrement in turn
necessitates a precise knowledge of neutron kerma factors and
ratios over the energy range of interest [2].

However, due to lack of nuclear data above 14 MeV, only
kerma factors for hydrogen are known with acceptable precision
(a few percent). The other two elements of importance, carbon
and oxyzen, have considerable uncertainties, due to our lack of
knowledge of detailed cross-sections for the various possible
neutron-induced reactions.

To rectify this situation a large amount of nuclear data is
required. It 1s not sufficlent, for example, to know the total
aross=-section for a particular reaction, for the kerma tactor
refars to the cnargy of emitted secondary particles. Thus,
detalled reaction mechani ums or, equivalently, completa
secondary charged partlcle spectra, muat be known, It 1s not
practlioal to cxpect complete data of thia type to become c¢xperi-
mentally avallable over thue whole conergy ranga of interest
(14 < E, ¢ 80); this ls In part bocause of difficultles in

measurement. techniques and boam avallability, but alao beciuse
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of the -enormous expense that would be f{nvolved. A more
practical possibility, therefore, is to develop model

calculational techniques, which have been validated by whatever

nuclear data are avallable in the energy range of interest, and

serve ideally to interpolate (but sometimes of necessity to
extrapolate) the experimental data that do exist. It is the

purpose of this contribution to describe such a technique,

Appropriate and Inappropriate Approaches

As described above, the calculations must agree with such
experimental data that are available: we are concerned here with

non-elastic neutron cross-sections for the light nuclei carbon

and oxygen. As described in an earlier review [3], the nature
of these 1light nuclides 1is such that their unique nuclear
structures must be taken into account in any model <calculation,
as the effects of their structures are not masked by the statis-
tical behavior caused by a large number of nucleons, In
addition, of course, both carbon and oxygen exhibit considerable
alpha-particle clustering: for example, the calculations of
Kurath (4] and Balashov et al. [5] both indicate large
spectroscopiec factors for alpha particles {n carbon and oxygen;
also, experimentally there io some evidence from alpha transfer
and knockout reactions, in carbon and oxygen, that there {s con-
siderable alpha clustering [6].

These conglderations then, lead us to conclude that a
'general purpose' nuclear reaction modgl--of which several

ex{at--will not WYe appropriate for Light nuclel. Further
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evidence to support this thesis will be given from our own
calculations below, but for the moment, we illustrate the point
by reference to some data from the literature.

The de-exclitation by particle emission of excited compound
nuclei 13 wusually calculated using a statistical evaporation
model, first described by Weisskopf [7] in which the probabllity
that an excited nucleus with excltation Ec will emit a particle
with energy E is proportional to Em(Ec- E), where w(E,- E) Is
the density of energy levels of the residual nucleus at

excitation E,- E, The analytic form of the density of levels is

usually taken to be [8]

wle) - exp{2/a(c-8)) , (1)

where a 1s a constant for a given nucleus and § is the pairing
energy. From such considerations, Le Couteur [9] calculated

that the energy spectrum of evapcrated particlns to by propor-

tional to
5 =12F
E11 c 1T , (2)
whers T 1{s the 1initial nuclear ‘'temperature'. Thua, a

logarithmic plot of the production cross-section for low energy
(evaporated) secondary particles, divided by E?T should yleld a
stralght 1line. Such a rej - esentatinn, taken from the work of
Gross L10], for the production of low energy secondary ncutrons

from 190-MeV proton bombardment of various nuclides, i1s shown in
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Figure 1. It can be seen tnhat for the heavier-nuclei, Equation
(2) does seem to apply, but the agreement becomes progressively
worse as the target mass decreases, and is very poor for carbon.
This may be understood by teference to Figure 2, where the
energy levels for a 1light nucleus and a heavy nucleus are
compared. It 1s clear that the use of an analytic form such as
Equation (2) to describe the density of energy levels, whilst
potentially r-casonable for gold, is entirely inappropriate for a
nucieuvs such as carbon, which has 1its own unique, and not-
analytically describable, energy levels.

Having established that whatever model is to be used, it
must speciflcally take into account the special properties of
llght nuclel, we consider what might be an approprlate model.
It has been clear for about U0 years that the angle and energy
of particles coming out of a high energy nuclear reaction result
from a two-step process [11]. In the first ‘'direct' stage, the
incident particle energy 1s shared progressively amongst more
and more degrees of freedom of the system. In other words the
incident particle makes collisions with individual nucleons or
groups of nucleons within the nucleus and these, in turn, have
further collisions 1in the same nucleus, generatling an intra-
nuclear cascade, Some of the products of such collislons may
acquire sufficient energy to escape from the nusleus, these high
energy partlicles being referred to as 'direct' producﬁs. belng
predominantly emitted in the forward dltection. In the second,

‘equilibrium' stage, the remaining energy is statistically
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distributed in a compound nucleus and results in the emission of
lower energy particles, 1sotropic in the center of mass system.

For the first intra-nuclear cascade part of the reaction,
we follow the technique first suggested by Goldberger [12].
Here the target nucleus is treated as a degenerate Fermi gas,
and the nucleon-nucleon or nucleon—cluster collisions within the
nucleus are determined by experimentally determined free (i.e.,
on-shell) differential cross-sections. The path of these
nucleons and clusters ls then traced by Monte-Carlo techniquss,
i.e., sampling distributions based on these on-shell cross-
sections together with assumptions about nuclear density and
nucleon or cluster momenta. All primary and secondary particles
are followed until either they escape from the nucleus or thelr
energy becomes small. |

Qur particular Iimplementation of the Goldberger technique
will be desnribed in the next section. It 1is worthwhile,
however, to mention briet'ly the Inherent assumptions of the
technique.

Firstly, in order to use the two-body Interaction mcdel for
each collision in the cascade, the average intranuclear mean
free path should be larger than the wavelength of the particles
in the cascade, Roughly, this appears to be the case at
particle energies of about 100 MeV and above, though the
rapldity and degree of breakdown of the model below 100 MeV 1s
not known, and can only really be evaluated by detalled
comparison with experiment. Secondly, the use of experimentally

determined nucleon-nucleon and nucleon-cluster cross-sections
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implies that the off-shell interaction matrix elements inside
the nucleus can be approximated by on-shell values: the separa-
tion enefgy of an alpha cluster in carbon or oxygen is only
about 7 MeV; however, for nucleons, It varles from 12 to 19 MeV.
These rather large nucleonic separation energles might imply
that free nucleon—nucleon cross-sections are not completely
appropriate; however, the magnitude of this effect is difficult

to assess a priori.

The Intranuclear Cascade Code, INCA1

Our intranuclear cascade code 1s based on the one described
by Chen et al. [13], although without provisicn for pion
production, implying an upper energy limit of around 300 MeV.
It allows for a description of the nucleus in terms of nucleons,
alpha c¢lusters and two-nucleon clusters. (The two-nucleon
clustering is for a description of !“N.) We have taken
spectroscopic factors--the measure of finding a cluster 1In the
nucleus--from the work of Balashoy et al. (5], whose calcula-
tions in turn agree with th2e results of cluster f'knockout'
experiments on carbon and oxygen. For example, the '€0 nuclcus
ls taken to be a time average of 2.52 alpha clusters plus 5.92
nucleons, whilst the '2C nucleus is taken to be represented by
1.64 alpha clusters plus 5.44 nucleons. The nucleus is assumed
to be spherically symmetric and t> consist of a series of 19
annular spherical shells, each with a density obtained from two-
or three-parameter Fermi distributions derived from electron

elastlc acattering'[1u]. In each shell Ferml-momentum dlstrl-
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butions for nucleons are calculated, based on the nucleon
density in that region. For the clusters, which are bosons, a
Fermi momentum distribution appropriate to the density normal-
ized to a single particle 1s used. For nucleon scattering,
Paull bloeking 1is enforced, such that a collision is only
allowed if both nucleons have a final energy greater than their
Ferml energles. Particle emission is restricted by one and two
particle separation energies, which are updated on a
time-dependent basis to take into account prior particle
emissions, and to ensure energy conservation. Finally,
particles are allowed to escape freely wher their radial
position cpproximately exceeds the half-density radius of the
nucleus,

We bhave also included a simple model for nucleon transfer,
in particular, the nucleon pickup reaction ylelding the
deuteron, a Drocess known to contribute significantly to the
charged particle yield [15]. In the spirit of the intra-nuclear
cascade w2 have followed the conceptual approach used 1in
Ref. 15, whereby on-shell transfer cross-sections were success-
fully used. As a first approach, these transfer cross-sections
are estimated using the plane-wave Born approximation as
described by Selove [16].

When no further direct emission 1s energetically possible,
the type, energy and direction of all emitted particles and the
compound nucleus are recorded, and another Incident particle
treated. Typlically 103 incident particles are used for INCAT1,

taking, for oxygen at 20 MeV, around 1 hour on a CRAY X-MP
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computer. The compound nuclei are then allowed to decay by

'Fermi-breakup' as described in the next section.

Ferml Breakup of the Compound Nucleus, INCAZ

As discussed above, the use of an evaporation model to
describe the particle emission from an equilibrium compound
nucleus is not realistic for light nuclei. Therefore, we use an
approach, termed 'Fermil breakup', suggested initially by Fermi
[17], and subsequently used by, arong others, Zhdanuv and
Fedotov [8] and Gradsztajn et al. [19]. Fermi pointed out that
if the energy of the collision is dumped into a small nuclear
volume, it will be rapldly statistically redistributed among the
degrees of freedom of the system. This conclusion will be true
independent of the number of particles in the volume, All
possible final states will then appear with frequencies propor-
tional to their s%atistical welghts which, excluding spin

factors, will be

S, a _H_dQ‘w”’ - ﬁ dd; (3)

for a stave of n non-relativistic particles with momenta 51_
Here Q is the volume of phase space corresponding to the total
energy, Ww. This 1integral, with the constraints of energy and
mcmentum conservation, was calculated analytically--though

incorrectly--by Rozental [20], and subsequently by Brenner [21]:
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where T is the total kinetic energy and uj; the mass of particle
1. Thus, the breakup probabllity for all possible channels may
be computed, and a particular channel chosen by random-number
techniques.

In contrast to earlier implementations of the Fermi breakup
technique, we have recognized that a considerable number of
decays go through particle-unstable intermediate states, and we
have thus allowed multiple, sequential decays.

Some other novel festuies of INCA2 are the use of a Coulomb
barrier penetrat.on factor, derived from Cculomb wave functions,
for two-body breakup (the most common type); for multi-particle
breakup, a simple threshold 1is wused, adjusted for Coulomb
energy. Agaln for the most commonly found two-body breakup,
parily and isospin conservation 1is enforced, as well as a
res.riction of particle emlssion by a neutial-partlcle angular
momentum barrler. For carbon and oxygen ir. the range below
about 100 MeV, elgh.-body brerakup is sufficiently unlikely to
allow restriction of calculating probabilities only up to
seven—-body breakup. If much higher energles are required, the
code could be extended, though with an increase in running time.

Finally, and very lmportantly, up-to-datc cxperimental data

are used as the data-base for mass excesses, excitation
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energies, spins, isospins, and parities of all available nuclear

levels.

Comparison of INCA Results with Experiment

As discussed above, the utility of a nuclear model as an
interpolating or, 1less 1ideally, extrapolating device for
available nuclear data depends on a detailed comparison with
experiment where it is available. By far the most detailed
experimental data available in the energy range of interest are
the results of measurements of double-differential hydrogen and
helium spectra produced by neutron reactions on carbon, nitrogen
and oxygen at 27.4, 39.7 and 60.7 MeV. For carbon, a compariscn
has been published elsewhere [22], so only a few pertinent
details will be discussed here. (For oxygen, similar 2om-
parisons are currently being undertaken, preliminary results
indicating a degree of agreement similar to that for carbon.)
When evaluating these comparisons, it should be born in mind
that the INCA model does not have any free parameters, so the
calculation is in no sense a 'fit’' to the data.

Figures 3 and 4 show some typlcal comparisons for carbon at
27.4 and 60.7 MeV incident neutron energy, at various angles.
Also shown in these figures are the charge~-symmetric proton-
induced data measured by Bertrand and Peel' ¢ [23] at the sam:
energles. Overall, the agreement for all particle types is
quite natisfying.

Figure % {illustrates the effects of not treating the

particular properties of the light nuclel correctly. The short-
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dashed 1lines are the results of INCA runs where a) the
spectroscopic factor for o-clustering was set to zero, and
b) the cross-section for deuteron pickup was set to zero. It is
clear that the yleld of deuterons and alphas~-which together
(see below) are responsible for almost half the total kerma--is
not reproduced in this case.

The results of this comparison give great confidence in the
model at energlies above 27 MeV. Between this energy and
15 MeV--where presumably the model will become increasingly less
realistic--no such complete experimental data are available,
However, a recent emulsion experiment [25] has the potential to
yleld more limited, but in some cases :iore specific, data. This
work involves an incident spectrum of neutron energies impinging
on an emulsion ccntaining curbon, nitrogen, oxygen and silver.
If the final state contains no more than one necutral particle,
the reaction can 1In principle be unlquely identified, and
further Dalitz-plot analysis can also reveal intermediate states
for particular reactions., This approach was used to measure the
cross-sections for the reaction '*C{n,n')3a between 11 and
35 MeV. Circuitously, however, such an approach requlres
corrections for phenomena such as three-pronged events not
caused by three alphas, and rcactions in which an alpha 1is not
detected as it {s below the detection threshold in the emulsion:
such corrections, of course, presuppose the measurements In
question. Our INCA codes appear to be an ldeal cool for such
corrections and when applied to the data, as discussed In

Ref., 26, yleld crosa-sections 10 to 30% lower than originally
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reported, Figure 6 shows a comparison of the revised data with
INCA predictions for the '2C(n,n')3a reaction.

Dalitz-plot analysis of emulsion data can also yield
partial cross-sections, and comparison with calculati 1s then
becomes a particularly sensitive test of the model. Figure 7
shows a comparison of the revis:d emulsion data for the
'2C(n,n")'2C*%(9.63MeV)+3a reaction, with INCA results, and also
with some recent time-of-flight measurements at 20 to 26 MeV
[27].

This latter time-of~flight exneriment aisv reported
cross-sections for the '2C(n,n')'*C*(4,43MeV) reaction, which
;re compared with INCA predictions in Table I.

Overall, then, 1t appears that satisfactory agireement
between theory and experiment ex.sts in the 14 to 65 MeV range.
One exception is the recent time-of-flight measurement of the
'2C(n,n')3a cross-section at 14 Mev [28], yielding 110 + 15 mb.
This 1is 1in total disagreement with other experimental measure-
ments at this energy (230, 287, 230 mb) and with our cal-
culations (262 mb). The discrepancy 1s extremely large and

should be investigated further.

Predicted Reaction Mechanisms at 20 MeV

There is currently much debate over not only the reaction
croass-sections for neutron interactions on light nuclei, but
also the recaction mechanisms. In this secotion, we show sSome
predictions for carbon and oxygen at 20 MaV. In the light of

the comparisons tn’ the previous section, those results are
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clearly predictivé of the basic reaction mechanism features
though, based on those comparisons, the actual branching ratios
are estimated to have an uncertainty, due to the model, of up to
about 25%.

Table II shows the yleld of compound nuclei, at the point
where all direct emission has ceased, but no breakup of compound
nuclei has occurred. It can be seen that the most common
outcome of the direct reaction is the emission of one neutron,
or no emission at all; however, as seen in Figure 5, the direct
emission of charged particles is certainly significant and in-~
c¢reasingly so with increasing energy. The mechanisms for the
breakup of '2C* and !'*C* are shown in Figures 8 and 9. The
lowest excited state of '2C simply decays by gamma emission, but
the higher states mostly decay by sequential two-body decays to
yield 3a. The decay of !'*C is much more complex; for clarity,
decays leading to 3a + n (the majority) have been displayed
separately from those leading to other final states. Table III
sums up those mechanisms that lead to the '2C(n,n')3a reaction
at 20 MeV. Only those channels with crosa~sections more than 1%
of the total are shown, but even with this restriction there are
13 distinct mechanisma--a difflcult situation for an analytie
calculation! As the cnergy increascs, 80 the number of channels
increases.

Table IV shows the yleld of compound nuclel at the
equilibrium stage after 20-MeV noutrons are incident on oxygen.

Figures 10 and 11 then show the machanisms for the decey of the
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predominant compound nuclei '®0* and '70%. Again, the diversity
of reactions is notable.

Perusal of these figures reveals an interesting contrast
between carbon and oxygen at 20 MeV. Whilst for carbon, almost
all (99%) the yield of alphas is from multiple alpha emission,
85% of the alpha yield of oxygen is from single alpha emission,
As more channels open at higher energies, this contrast
decreases, and at 35 MeV, only 35% of the alpha yleld is from
single alphas. Such considerations are, of course, of consider-

able microdosimetric importance.

Comparisons with ENDF for Carbon

The latest evaluation of neutron croas-sections in carbon
was undertaken in 1978 by Fu and Perey for ENDF/B-V [29]. The
non-elastic cross~section above 14 MeV was estimated by
subtracting the elastic from the total cross-section; avaluation
of the predoninant alpha-production cross-section was apparently
guided by this and by the old emulsion data of Frye et al. [30]
and Vasilev et al. [31], {llustrated in Flgure 6. The
evaluated alpha produétion is shown in Figure 12, tog cher with
the INCA prediction. Comparison with Figure 6 illustrates that
the large rise in the evaluated alpha-production cross-sectlon
appeuars to be based on two data points by Vasilev et al. [31],
at 17 and 18 MeV, each wlith over 30% error bars, and which have
had rather uncertain corrections made for low—energy alphas that

were not detectable in the emulsion.

Table V i{llustrates that such a massive rise {n the a-pro=-
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duction and thus the non-elastic cross-section is not neces-
sarily implied by the most recently available elastic [27,32]
and total [33] cross-sections. Both at 14 and 20 MeV, the INCA
predictions are consistent with the avallable data, This,
together with the results of the more recent emulsion experi-
ment, indicate that the non-elasti¢ cross-gsection 1is probably

continuously decreasing above 15 MeV,

Kerma Factors

The INCA codes are capable of predicting only non-elastic
and compound-elastic cross-sections. Shape-~elastic crosgs-
sections, which, at 14 MeV, contribute about 30% and 20% to the
total kerma for carbon and oxygen respectively (decreasing to
about 5% at 60 MeV), must be estimated separately. Above
14 MeV, appropriate datn are sparse and optical model analyses
of available data such as those reported in Refs, 27 and 34 must
of necessity be considered rather uncertain. For example, in
Ref. 27 at U0 MeV, the kerma factor for elastic scattering of
carbon derived directly from the data, and derived from the best
optical model it to the same data, differ by about 10%! In part
this is due to the fact that, because of the epergy welghting in
the definition of kerma, middle and back angles which have
smaller cross-sections and tend not to be measured so well (if
at all), make the largest contribution to the kerma factor. The
situation appears cveh worge for oxygen, where it seems to be
the case that (cf Ref. 3%), at least in the energy range from 20

to 26 MeV, there {5 a deep back-angle minimum at around 120°
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that cannot be reproduced by any conventional parameterisation
of the spherical optical poteantial.
With these caveats, Equation (5) and Table VI show fits to
our oalculated kerma factors, included our best estimate of
elastic scattering. Further details and comparisons with other

works can be found in Ref. 34,
K(E) = py + p E - P3 exp(-pyE) , (5)

where E is the neutron energy in MeV, and K is the kerma factor
in 107'® Gy m?*., The formula was fitted to our predictions

between 16 anc¢ 80 MeV.

Conclusions

We conclude firstly that a nuclear model is essential to
interpolate what experimental data that do exist, iIn order to
caloulate non-elastic¢ kerma factors for carbon and oxygen.
Secondly, we have argued that a nuclear model must be specific
to 1light nuclei. Such a model has been described and fits well
with experimental double-differential secondary charged particle
spectra for inclident neutrons between 27 and 60 MeV on carbecn
and oxygen. The model has ussentially no free parameters. It
also flits reasonably well with the 1limited data avallable
between 15 and 27 MeV.

Given that the model has been 3hown to be reasonably
reliable, we have aigued that the ENDF/B~V _valuation of non-

elastle crosn-sectlions and a-production cross-sectlons for

»
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carbon must be 1iIn .considerable error between 15 and 20 MeV,
perhaps by as much as 30% at some energles. It is 1in urgent
need of re-evaluation.
Finally, kerma factors based on our model calculations are
given for carbon and oxygen and tissue. !llore elastic scattering
data and modelling, particularly for oxygen between 15 and

'5 MeV, are, however, required to lmprove these predictions.
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Table I. Cross Sections for *2C(n,n')!'2C(2*) 20-26 MeV.

Energy Experiment [27] INCA/FB
MeV mb mb
20 92 96
24 79 79
26 73 63
Table II.

Intermediace Yield of Compound Nuclei (20-MeV Neutrons on Carbon).

n + '2C » 13CH 11 7mb 2642
+ 12C% 4+ n 279mb €1%
+ 12B% 4+ p 18mb ug
+ 11B* 4 ¢ 2Umb 5%
> SBe* + ¢ 6mb 1%
+ %Be* + g + n 12mb 3%
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Table III
Mechanisms of '2C(n,n')3a at 20 MeV.

n+'2C -+n ¢+ '%C*s g+ ®Be » 2a 58%
+ 13C*% 5 SHe + ®Be + n + a + 2a 13%
+ 13C#% a2 n + 12C% 3 g + PBe + 2a 6%
+ 13C* » g + ®Be* » n + ®Be + 2a 5%
+n+a+ "Be » 2a 5%
+ 13C% » o + ®°Be* » g+ "He * a *+ n 4z
- 13C% 5> g + °Be* + n + 2a 2%
+ 13C* > 20 + *He * n + a 2%
- n + 12C* 5 3 19
+ 13C*¥ » n + g+ ®Be » 2a 1%
+ g + ®Be* » n + ®°Be * 2a 1%
+ q + °Be* + a + SHe * o +n 1%
» g + %Be* » n + 2a 1%

Table IV

Intermediate Yield of Compound Nuclel (20-MeV Neutrons on Oxygen).

n + 50 = 170* 150mb 25%
+ 150% + n 310mb 52%
+ 1E8N® 4+ p 31mb 5%
» 15N% + d 67mb 1%
+ I3N*® + np 9mb 29
+ 13C* + g 17mb 3%

+ 12cH 4+ gn 14mb 2%



Tahie VI. Parameters for Equation (5). The results are valid from
16 to 80 MeV and yleld kerma per unlt fluence values in 107'°% Gy m?.

P
Pa
P,
Pa

_25_

Table V
Evaluated Experimental Total and Elasatic¢ Cross-Sectlions

(1n Barns) for Neutrons on Carbon, Compared with
INCA Non-Elastic Predictions.

INCA
Total Elastic Non-Elastic
14 MeV 1.32 £ .02 .86 + .06 LUT
20 MeV 1.48 + .06 95 + .10 46

ICRU
H 1z¢c VAN 180 muscle
51.79 2.355° 12.082 2.730 6.587
-0.2563 0.03886 ~0.02656 0.03085 0.V1877
-0.0U4246 7.990 11.325 3.532 4.683

-0.06 0.1445 0.0t21 0.05828 0.1314
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Figure Captions

Low Energy Neutrons enitted after bombardment of various
targets by 190-MeV protons [10]). In this representation,
if Equation (2) is valid, the data should fall on straight

lines.

Energy levels of the compound nuclel of '2C and !*‘Au.
Note the energy scale for !®®Au has been expanded by about

25 compared with that of '3C.

Yield of hydrogen and helium isotopes after bombardment of
carbon by 27.4-MeVv neutrons. The rows A,B,C,D,E
correspond to production angles of 15°, 35°, 65°, 90° and
130°. The points are results of a measurement ([22], the
histograms are the predictions of the INCA code and the
smooth curves are the results of a measurement of Lhe

charge-symmetric proton-induced reaction [231.

As Fig. 3, for 60.7-MeV incldent neutrons. The rows
A,B,C,D,E corraespond to production angles of 20°, Uugo,

65°, 90° and 150°.

Comparison of predictions for incident 60.7-MaV neutrons
(at 20°) whon a-clustering and deuteron pickup are
includod (full histograms) and when exoluded (dashed

hlstograma).z Tho moasured data are shownh as points,



6)

7

8)

9)

10)

1)

12)
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Cross-section for the !2C(n,n')3a reéction. The open
circles are the results of an emulsion experiment [25], as
revised in Ref. [26]. The squares and crosses are,
respectively, the results of the emulsion experiments
reported in Refs. [30] and [31). The curve 1Is the

prediction of the INCA oode.

Crosa-section for the '2C(n,n')'?C*(9.63MeV)+3a reaction.
The tricngles are the results of the emulsion experiment
[25] as revised in Ref. [26]. The circles are the results
of a recent time-of-flight measurement [27]. The curve is

the prediction of the INCA code.

Predicted decay scheme for '3C* formed by bombardment of

carbon by 20-MeV neutrons,

As ¢#ig. B for '3C*, The numbers are cross-seotions in mb.
Predioted decay scheme for '®0* formed by bombardment of
oxygen by 20-MeV noutrons. The numbers are cross-sections
in mb.

As Fig. 10 for '70%,

Alpha nroduction crosa=-section for neutrons incident on

carbon, The full ourve Is the prediotion of tha INCA

coda; the dashed curve is the ENDF/B-V evaluation [M].
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