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ABSTRACT 

The organic scintillation detector response code SCINFUL has been used to 
compute secondary-particle energy spectra, da/dE,  following nonelastic neutron 
interactions with ' 'C for incident neutron energies between 15 and 60 MeV. The 
resulting spectra are compared with published similar spectra computed by Bren- 
ner and Prael who used an intranuclear cascade code, including alpha clustering, a 
particle pickup mechanism, and a theoretical approach to sequential decay via in- 
termediate particle-unstable states. The similarities of and the differences between 
the results of the two approaches axe discussed. 

... 
Vlll 



1. INTRODUCTION 

In a recently published paper' Brenner and Prael reported on calculated dif- 
ferential secondary-particle production moss sections following nonelastic neutron 
interactions with l2 C. Their calculations utilized a Monte-Carlo-based intranuclear 
cascade code called INCA including alpha clustering and particle pickup. They 
used a second program called FBRK to compute deexcitation of a highly-excited 
compound nucleus which included a Fermi breakup mechanism2 to account for de- 
cay via intermediate particle-unstable states. Calculated spectra were reported for 
E,, = 15, 20, 25, 30, 35,40, 50 and 60 MeV. 

At about the same time as their paper was published, the present author was 
completing document ation on a Monte-Carlo-based code to compute responses of 
organic scintillators to incident monoenergetic neutrons having energies between 
0.1 and 80 MeV. This p r ~ g r a m , ~  called SCINFUL for SCIMtillator FULl energy 
response, is divided into three, rather distinct, calculational phases. These are: 
(1) computing characteristics of energetic charged particles following neutron inter- 
actions with the carbon and hydrogen constituents of the detecting medium; (2) 
multiple scattering in and geometrical aspects of a finite-sized detector, including 
partial or complete absorption of the energy of the charged particles; and (3) the 
transformation of the total absorbed charged-particle energy into fluorescent light. 

The nuclear data published' by Brenner and Prael are the same type of data 
resulting from the first phase of the SCINFUL calculation. The methods of obtain- 
ing these secondary-particle production cross sections are quite different, however, 
and it is of some interest to compare results of these two programs. 

It should be emphasized at the outset that it is not the purpose of this com- 
parison to enter into any discussion on the validity of the use of the intranuclear 
cascade concept for calculations herein presented. Rather, the point is that the 
data deduced by Brenner and Prael published,' and it is reasonable to inquire 
what effects, if any, might have been observed in the total detector-response out- 
put had the data published by Brenner and Prael been used in the first phase of 
the SCINFUL calculation instead of the data actually generated by the SCINFUL 
programming. 

One way to have done the comparison would have been to replace the first- 
phase SCINFUL results with some method of utilizing the tabular values of the 
Brenner-Prael data of ref. 1. This way would have entailed a considerable amount 
of reprogramming of SCINFUL, and it would have the added disadvantage that if 
differences were observed, the source or sources of those differences probably would 
not be readily apparent. 

The way the comparison was done was to add several arrays to SCINFUL and 
then to save results of what are intermediate calculations in SCINFUL in these 
arrays. At the end of the total calculation the data saved in these arrays were 
output for direct comparison with Brenner-Prael tabulated values. Any source of 
potential calculated response difference is quickly apparent; however, the potential 
calculated detector response difference can be only qualitatively discussed. 

1 



2. COMPARISONS OF THE 
COMPUTATIONAL METHODS 

The basis of the INCA-FBRK code family is primarily theoretical, using mostly 
fundamental physics concepts. In the first stage of the calculation the nuclear 
processes are modeled with an intranuclear cascade code, which, in turn, relies 
on modeling two-body interactions. The carbon nucleus is considered to be made 
up of cy particles, neutrons and protons which interact with the incident neutron. 
Because secondary deuterons are observed experimentally4 a pickup model was de- 
vised and incorporated which complements the intranuclear cascade. Deexcitation 
of a highly-excited compound nucleus is computed using a Fermi-breakup model,2 in 
which channel probabilities depend upon statistical weights generated by the model. 
Decay of highly-excited states is sequential as secondary particles are “boiled” off. 
Coulomb-barrier penetration factors are computed explicitly. U p  to seven-body 
breakups are allowed. The only experimental data used are those for mass excesses 
and nuclear properties of low-lying and ground states of residual nuclei of Li, Be, 
B, and C. 

The ba.sic methods used in the nuclear part of SCINFUL have been published.’ 
Some comparisons with data of Subramanian et aL4 are given in that paper; a 
more complete set of comparisons with experimental data is given in a laboratory 
report.6 The nuclear portion of SCINFUL is definitely semi-empirical. An available 
experimental data were utilized in developing the code, for example, published cross 
sections and angular distributions of reaction particles. For some quantities, e.g. 
angular distributions, parametric representations of the data are devised and used 
for ease of interpolation and Monte-Carlo sampling. For cross sections not available 
from experiment, evaluated data from the U. S. ENDF/B evaluation7 for n + 12C 
reactions were used when available for E, 5 20 MeV. Other data,.particularly for 
E,  2 20 MeV, were adapted from calculations using the statistical model code 
TNG.’ Except for the 

reaction assigned as an “instantaneous” breakup of the ‘‘C into three Q particles, 
the initial interaction is treated as a binary system: 

n + 12c -+ n‘ + 3cu (1) 

where 5 represents a light reaction product, n, p ,  d,  t ,  3He, or a,  and Y represents the 
heavy residual particle, Be, B, or C. SCINFUL computes deexcitation of a highly- 
excited Y particle using probabilities available from evaluationsg or experimental 
data where available or statistical-model code calculations’ when experimental data 
are not available. 

Some comparisons of the calculational methods of the Brenner-Prael codes 
INCA-FBRK v2s-a-v25 SCINFUL are given in Table 1. 

2 



COMPARISONS OF TBE COMPUTATIONAL METHODS 3 

Table 1. Comparisons of Two Methods for Calculating Secondary-Particle 
Production Cross Sections after Nonelastic Neutron Interactions with l2 C 

Calculation INCA-FBRK" SCINFUL' 

Primarily t hmre t i cal Overall 

Experimental Cross 
Sect ions 

Direct interactions 

Cont inuum-particle 
spectrum 

Alpha clustering of 12C 

Outgoing nucleon angu- 
lar distributions 

Deexcitation of highly- 
excited residual nucleus 

Number of breakup 
modes 

Two-body interact ions 

Only for (n, d)  re- 
actions, which are 
modeled 

Intranuclear cascade 
model 

Included specifically 

Calculated M part of 
the cascade model 

Fermi breakup model; 
some experimental data 
used; sequential 

Seven 

Semi-empirical 

All n +12C experimental 
data available. 

Implied in all channels 
by use of cross section 
data 

Parametrization of 
statistical model 
calculations 

Not included 

Parametric represen- 
tation of experimen- 
tal data; otherwise 
isotropic in center of 
mass 

Experimental data 
when available; 
parametrized st atis ti- 
cal model estimates; 
sequential, except for 
3a breakup of 12C 

Four charged particles 
and two neutrons 

'Ref. 1. 
'Ref. 3. 

In the next sections, comparisons of differential energy cross sections, da/dE, 
determined by INCA-FBRK and by SCINFUL will be presented. As originally writ- 
ten in the SCINFUL code,3 angular and energy distributions of secondary particles 
were completely internal to the code. However, when the double differential data 
of Subramanian et aL4 were provided" as angle-integrated charged-particle energy 
spectra, SCINFUL was modified to output calculated results of energy spectra (in 
1-MeV-wide bins) for comparison purposes. 

For the present comparisons, the SCINFUL output is compared with the angle- 
integrated data given in the last column of the tables in the Brenner-Prael report.' 
In principle angular distributions could also be extracted from SCINFUL; however, 
there would be a substantial increase in computed uncertainties associated with the 
computed angular distributions. The comparisons that follow are likely sufficient 
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to demonstrate approximate equivalences and/or definite differences in the output 
from the two different programs. 



3. COMPARISONS OF SECONDARY 
PROTON PRODUCTION 

In SCINFUL the secondary proton spectra are very important since it is these 
protons that contribute much of the detector response due to n+12C interactions. 
Initial reactions of the type 

n + ‘‘C -+ p +12 B (3) 

are divided into two groups - those that leave the “B in a bound state and those 
that don’t. Separate excitation functions are included in SCINFUL, and that for 
the bound state group is tailored to give at least moderate agreement with the 
Subramanian et aL4 high-energy response data up to E, = 60 MeV. 

tion as used in an earlier detector response code 055:” 
To represent a proton continuum, SCENFUL uses a parametrized analytic func- 

@(E,) = Ep * EXP(-E,/Temp) * [1.0 - EXP(-K * E p / B ) ]  (4) 

where K = 1.5 and B = 2.9 to apprclximate the effects of Coulomb repulsion, and 
Temp is a “temperature” given by: 

Temp = E, * [0.1245 + 0.001 * ABS(E, - 45)] ( 5 )  

The parametrization of the variable Temp was deduced empirically not only to 
reproduce the data of Subramanian et aL4 but also the data of Lockwood et al l2  
A comparison of this function, Eq. (4), with a statistical model’ calculation is 
exhibited in Fig. 1. 

Figures 2 to 8 exhibit comparisons between the calculated data given in the 
Brenner-Prael report’ and the SCINFUL computations. The normalization is ab- 
solute. The agreement for Ep) > 6 MeV and E, > 30 MeV is quite good, being 
different only in the detail that SCINFVL computes more 12B bound-state yield 
than does INCA-FBRK and somewhat less middle- to high-energy continuum. The 
major difference is for the low-energy response EpI < 5 MeV. This difference is 
most likely due to the intranuclear cascade of the continuum, since at E, = 30 
MeV, there is, for practical purposes, insficient energy for reactions leading to a 
find state having two separate protons. 

5 
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(ref. 8). The normalized curve is the analytic function used in the author’s code SCINFIJL (ref. 
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4. COMPARISONS OF SECONDARY 
DEUTERON PRODUCTION 

Secondary deuterons are also important in SCINFUL because, as the experi- 
ment of Subramanian et al.* exhibited, and Brenner and Prae11>4 found they had to 
account for by a separate pickup mechanism not in their intranuclear cascade cal- 
culation, the secondary deuteron spectra are dominated by high energy deuterons. 
This high-energy deuteron group has a distinct light output in the full SCINFUL 
calculation, and the position of this group in the total computed response agrees 
with a similar peak in experimental responsed2 observed for E, from 40 to 75 MeV. 

For the continuum portion of the secondary deuteron spectrum the formula of 
Eq. (4) is used. However, a different ad hoc parametrization of the variable T e m p  
is used: 

0.13 * En for E, > 30 MeV ( 6 4  
12.6 - 1.07 * En + 0.026 * E: for En < 30 MeV ( 6 b )  

T e m p  = 

Because of the domination of the secondary deuteron spectra by the high-energy 
deuterons, detector response calculations are not very sensitive to the variable 
T e m p .  

Comparisons of deuteron calculations are shown in Figs. 9 to 15. The major 
differences are for the high-energy portion of the responses and (similar to the 
secondary proton spectra) the preponderance of low energy deuterons in the INCA- 
FBRK calculation. This feature is also likely due to the intranuclear cascade model 
treatment. Interestingly, for En = 60.7 MeV, the deuteron data of Subramanian 
et al.* exhibit a peak for Ed, 5 5 MeV having a yield about twice the SCINFUL 
calculation (see Fig. 4 of ref. 5 ) .  For Ed' > 7 MeV, the SCINFUL computation 
reproduces the Subramanian et aL4 spectrum at E, = 60.7 MeV quite well. 

14 
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dent neutron energy of 20 MeV. The solid points represent the spectrum computed using 
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reported in ref. 1. The histogram represents the same spectrum computed using the author’s 
SCINFUL code which is described in ref.3. 
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cident neutron energy of 30 MeV. The solid points represent the spectrum computed using 
the intranuclear-cascade model code family INCA-FBRK; the data shown for this spectrum are 
reported in ref. 1. The histogram represents the same spectrum computed using the author's 
SCINFUL code which is described in ref. 3. 
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5. COMPARISONS OF SECONDARY 
TRITON PRODUCTION 

As exhibited in Figs. 16 to 21 agreement between the two calculations is some- 
what poorer than observed above for secondary protons and deuterons. In SCIN- 
FUL the energy distributions and cross sections were guided by the data of Subra- 
manian et aL4 for En between 27.4 and 60.7 MeV. One may note that the production 
cross sections are small. Triton fluorescent light response cannot be distinguished 
from lower-energy proton response in a total experimental detector response, and 
so less effort was expended in the SCINFUL programming of secondary triton pro- 
duction. In SCINFUL, a small portion (5%) of the total 12C(n,t)10B reaction was 
assumed ad hoc to populate the ground state of ]OB; the rest of the triton produc- 
tion was assumed to be continuum governed by the functional relationship give in 
Eq. (4) with the variable T e m p  given by: 

Temp = 0.5 + 0.04 * En (7) 

Comparing the two sets of calculations shows that the intranuclear cascade 
definitely predicts a softer triton spectrum than does SCINFUL. The triton en- 
ergy spectra of Subramanian et aL4 definitely exhibit high-energy tritons, and the 
SCINFUL computation approximates the high-energy portion of the experimen- 
tal spectra reasonably well. However, the continuum portion of the experimental 
spectra are also somewhat softer than the SCINFUL computations which may in- 
dicate that the SCINFUL parametrization of Eq. (4) for secondary tritons should 
be reinvestigated. 
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6. COMPARISONS OF 3He-ION PRODUCTION 

The cross sections for 3He-ion production are s m d ,  very small compared to the 
cross sections for &-particle production. Fluorescent light output due to 3He ions is 
similar to that for a particles, and cannot be distinguished in experimental detector 
responses. The programming in SCINFUL for 3He-ion production in SCINFUL 
was the last to be done. So, as in the case of triton production just discussed, 
mostly what was done for 3He-ion production was to obtain energy spectra which 
approximated the experimental data of Subramanian et ala4 A small fraction (4%) 
of the total 3He-ion production was assumed ad hoc to populate the ground state of 
"Be; the remaining 3He-ion production was assumed to be governed by the proton 
continuum function given in Eq. (4), where T e m p  = 3.0 was set for all neutron 
energies. 

As shown in Figs. 22 to 27, the INCA-FBRK calculations exhibit even fewer 
3He ions than do SCZNFUL calculations, and the energy spectra are much softer 
than those computed using SCINFUL. Other than to indicate the small production 
cross sections for 3He ions, the experimental data of Subramanian et aL4 are no 
help in determining a preference for either set of computed spectra. Very possibly, 
as in the triton production, the use of Ey. (4) to estimate the 3He-ion continuum 
could be reinvestigated. 
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7. COMPARISONS OF ALPHA 
PARTICLE PRODUCTION 

To a considerable extent, the comparisons of the &-particle energy spectra with 
experiment represent the most important challenge of the computing capabilities of 
both INCA-FBRK and SCINFUL. In both codes, some adjustments can be made to 
parameters governing computations of any of the other secondary-particle spectra 
(i.e., those for p, d, t ,  and 3He) without much disturbing the computations of any 
of the others. What must be treated with care are those parameters affecting 
the a-particle portion of the calculation. For the INCA-FBRK code, the important 
parameter is that associated with the fraction of the IZC nucleus as alpha clustering. 
For the SCINFUL code, it is the fraction of the total n + 12C cross section assigned 
to alpha production. 

There are several small adjustments in the SCINFUL code that can be made to 
slightly modify the a-particle energy spectrum at a given incident neutron energy. 
A small, incident-energy dependent fraction of the a production is assumed to 
populate the ground state of 'Be, and hence is treated as a two-body reaction. For 
E, < 20 MeV, the cross section for the ground-state reaction is reasonably well 
known, and angular distributions of the reactions alphas have been measured13 and 
have been included in parametric form in SCINFUL. Indeed, the fluorescent light 
output of the a particles is easily defined in experimental responses measured in 
this incident neutron energy regime. For E, > 20 MeV, the fraction of the reaction 
populating the ground state was estimated from the Subramanian et al.4 data at 
E,, = 27, 40 and 60 MeV, and from the Kellogg datal4 data at 90 MeV. Another 
adjustment in the SCINFUL code is the fraction of the total alpha reaction that 
is treated as a three-body breakup of the excited 12C ion after inelastic neutron 
scattering. For E, up to 35 MeV, the experimental data of Antolkovic et al.15 give 
some indication of this fraction. In SCINFUL this fraction ranges from 0% for the 
lower-energy neutrons to about 55% at the upper end of the neutron range. Indeed, 
during the development of the code use was made of the a-particle spectrum of 
Subramanian et aL4 at E, = 60.7 MeV to aid in determining about how much of 
the reaction should be designated as the three-body breakup portion at this neutron 
energy. It should be pointed out, however, that the effect of including three-body 
breakup has only a moderate effect on the calculated a-particle energy spectrum. 
Other parameters, such as how much of the reaction proceeds through well-known 
highly-excited states of 12C or of 'Be have probably as much effect. However, 
again boundary conditions and experimental knowledge must be satisfied, and so 
adjustments to these parameters are comparatively small and affect the computed 
a-particle spectrum only in detail. 

Comparisons of the two sets of calculations of a-particle spectra are shown 
in Figs. Differences for E, = 15 and 20 MeV are quite small, and 
reflect mostly the amount of 'Be bound state reaction included in SCINFUL. For 
E, = 25, 30 and 35 MeV the differences in the spectra for the upper half of the 
secondary-particle energy are probably due to the cross sections given in SCINFUL 
for the reaction to proceed through a specific intermediate state in either "C or 

28 to 35. 
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'Be. However, already at En = 30 MeV the low-energy response of the INCA- 
FBRK calculation is definitely larger than the SCINFUL-computed response. Very 
definitely, the experimental data of Subramanian et aL4 at E, = 60.7 MeV favor 
the INCA-FBRK calculations at the lowenergy portion of the response. For the 
purpose for which SCINFUL was developed this discrepancy is not very important. 
However, if, in the future, the code is extended to compute responses for En > 80 
MeV, a study of this portion of the program should be made. 
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8. COMPARISONS OF SECONDARY 
NEUTRON PRODUCTION 

To a large extent in SCINFUL, once the charged-particle reactions had been 
developed the secondary neutron characteristics were fixed. The main reason that 
the secondary neutron characteristics were fixed was the boundary condition im- 
posed by the total n + I2C cross section, and the fact that the elastic scattering 
cross section is reasonably well known. 

For the INCA-FBRK intranuclear cascade calculations, the “missing” ingredient 
is apparently the lack of a “direct-interaction” component to the inelastic-scat tering 
channels. This code includes, however, compound-elastic scattering, and these re- 
sults are shown in the figures to be discussed. The SCINFUL code includes elastic 
scattering via the elastic-scattering cross section and does not differentiate between 
compound-elastic scattering and shape-elastic scattering. For the purposes of com- 
parison in this report, the results attributed to SCINFUL computations simply 
omitted all elastic scattering contributions. 

The two sets of computed secondary-neutron energy spectra are shown in Figs. 
36 to 43. For the lowest incident-neutron energies the differences are not too 
great, but as the incident neutron energy increases the differences become more 
pronounced. For the portion of the energy distribution corresponding to the lower 
half of the outgoing neutron energy, the observed differences could be related to 
the parametrized function used by SCINFUL for distribution of kinetic energies of 
outgoing continuum neutrons. In this code, this distribution is given a rather simple 
description taken from the code 05s:” 

@(E,) = EXP(-E,/Temp) * EA.5 

where 
T e m p  = 0.065 * E,, + 0.001 * E: (9) 

However, as noted in the document describing the code6 as well as in ref. 5, and 
as exhibited in Fig. 44, this relation does not reproduce the continuum neutron 
calculation of the statistical-model code TNG8 as well as, say, the formula given 
in Eq. (4) reproduces the continuum proton calculation of TNG as exhibited in 
Fig. 1. Except for the very lowest portion of the outgoing neutron energy spectra 
at E,  = 50 and 60 MeV, the SCINFUL computation is larger than the INCA- 
FBRK computation in the region where the SCINFUL computation is larger than 
the TNG-computed distribution. What this observation suggests is that the INCA- 
FBRK code, which uses an intranuclear cascade treatment, gives results similar to 
the TNG code, which uses a statistical-model treatment, for low-energy secondary 
neutrons. 

The differences between the upper portions of the energy spectra computed us- 
ing the INCA-FBRK code and those using the SCINFUL code are due to the use 
of explicitly included cross sections in SCINFUL for neutron excitation of levels in 
I2C up to 18 MeV, whereas the INCA-FBRK code is, in effect, computing these 
cross sections. For incident neutron energies E, 5 30 MeV, the inelastic scattering 
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cross sections in SCINFUL have an experimental basis.16 At higher neutron ener- 
gies, inelastic-scattering cross sections were estimated by extrapolation within the 
boundary condition provided by the total n+12C cross section. Lacking directly 
comparable experimental secondary neutron spectra for comparison with the cd- 
culated spectra it is difficult to be unequivocally in favor of one calculational result 
over the other. About all that can be said is that the harder neutron spectra com- 
puted using the INCA-FBRK code for E, = 50 and 60 MeV are consistent with 
the softer secondary charged-particle spectra also computed using this code. For 
E, = 60.7 MeV, as shown in ref. 5, the charged-particle energy spectra computed us- 
ing SCINFUL are in reasonable agreement with the data of Subramanian et aL4 The 
agreement of the SCINFUL calculations with these data is, however, imperfect. A 
conservative conclusion would be that, should SCINFUL be further extended, some 
consideration should be given to the computation of the secondary neutron scat- 
tering. In particular, perhaps a parametrized formula giving a better reproduction 
of the continuum portion of the secondary neutron energy spectra computed using 
either the statistical model or the intranuclear cascade model should be determined 
to replace the current formula given in Eq. (8). 
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Fig. 36. Comparison of outgoing secondary-neutron energy spectra for an inci- 

dent neutron energy of 15 MeV. The solid points represent the spectrum computed using 
the intranuclear-cascade model code family INCA-FBRK; the data shown for this spectrum are 
reported in ref. 1. The histogram represents the same spectrum computed using the author's 
SCINFUL code which is described in ref. 3. 
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Fig. 37. Comparison of outgoing secondary-neutron energy spectra for an inci- 
dent neutron energy of 20 MeV. The solid points represent the spectrum computed using 
the intranuclear-cascade model code family INCA-FBRK; the data shown for this spectrum are 
reported in ref. 1. The histogram represents the same spectrum computed using the author's 
SCINFUL code which is described in ref. 3. 
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Fig. 38. Comparison of outgoing secondary-neutron energy spectra for an inei- 

dent neutron energy of 25 MeV. The solid points represent the spectrum computed using 
the intranuclear-cascade model code family INCA-FBRK; the data shown for this spectrum are 
reported in ref. 1. The histogram represents the same spectrum computed using the author’s 
SCINFUL code which is described in ref. 3. 
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Fig. 39. Comparison of outgoing secondary-neutron energy spectra for an inci- 

dent neutron energy of 30 MeV. The solid points represent the spectrum computed using 
the intranuclear-cascade model code family INCA-FBRK; the data shown for this spectrum are 
reported in ref. 1. The histograin represents the same spectrum computed using the author's 
SCINFUL code which is described in ref. 3. 
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Fig. 40. Comparison of outgoing secondary-neutron energy spectra for an inci- 
dent neutron energy of 35 MeV. The solid points represent the spectrum computed using 
the intranuclear-cascade model code family INCA-FBRK; the data shown for this spectrum are 
reported in ref. 1. The histogram represents the same spectrum computed using the author’s 
SCINFUL code which is described in ref. 3. 
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Fig. 41. Comparison of outgoing secondary-neutron energy spectra for an inci- 

dent neutron energy of 40 MeV. The solid points represent the spectrum computed using 
the intranuclear-cascade model code family INCA-FBRK; the data shown for this spectrum are 
reported in ref. 1. The histogram represents the same spectrum computed using the author's 
SCINFUL code which is described in ref. 3. 
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Fig. 42. Comparison of outgoing secondary-neutron energy spectra for an inci- 

dent neutron energy of 50 MeV. The solid points represent the spectrum computed using 
the intranuclear-cascade model code family INCA-FBRK; the data shown for this spectrum are 
reported in ref. 1. The histogram represents the same spectrum computed using the author's 
SCINFUL code which is described in ref. 3. 
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Fig. 43. Comparison of outgoing secondary-neutron energy spectra for an inci- 
dent neutron energy of 60 MeV. The solid points represent the spectrum computed using 
the intranuclear-cascade model code family INCA-F3RK; the data shown for this spectrum are 
reported in ref. 1. The histogram represents the same spectrum computed using the author’s 
SCINFUL code which is described in ref. 3. 
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Fig. 44. Distribution of kinetic energies of the outgoing secondary neutron in a 
12C(n,n')12C reaction for En =40 MeV and for the residual 12C in a highly excited 
continuum state.. The histogram was computed using the statistical-model code TNG (ref. 8). 
The normalized curve represents the analytic function used in the author's code SCINFUT, (ref. 
3) and is the function given in Eqs. (8) and (9) in the text. 



9. COMPARISONS OF TOTAL PARTICLE 
PRODUCTION CROSS SECTIONS 

The report by Brenner and Praell also gives double differential spectra for 
secondary particles of masses 6 through 12. In principle, the sitme information 
could be output from SCINFUL. However, for the practical purpose of SCINFUL, 
detailed knowledge of the energy spectra of these heavier mass secondary particles 
is not very important. 

At least as meaningful a comparison is the total particle production cross sec- 
tion. The cross sections are given in the Brenner-Prael report’ and they were 
extracted from the SCINFUL calculations. The comparisons of these cross sections 
is given in Table 2. The uncertainties given for both sets of data are “typical” 
statistical one-standard-deviation uncertainties. For the INCA-FBRK output, typ- 
ical uncertainties are given only for E, = 15 MeV. Brenner and Prael state’ that 
production cross sections errors are less than 1%. 

Qualitatively the two sets of integral secondary-particle production cross sec- 
tions are in good agreement. Studying this table in some detail, however, reveals 
important differences. In particular, as the incident neutron energy increases the 
differences in the integral yields for secondary neutrons and secondary a-particles 
diverge; the INCA-FBRK program predicts h o s t  twice as many a-particles as 
does SCINFUL for E, = 60 MeV. Most of this difference, as indicated in Fig. 35, is 
for small outgoing a-particle energies. The differences in mass 12 must be related to 
the inclusion of compound-elastic scattering in INCA-FBRK which is not included 
in SCINFUL. The differences in masses 9 and 10 must be related to the inclusion 
in SCINFUL of small percentage requirements, as already discussed, of ground- 
state reactions in the (n ,  t )  + (n ,  3He) and (n ,  a )  channels, requirements which are 
not in the INCA-FBRK codes. Reducing these small percentage requirements in 
SCINFUL would result in increasing the integral secondary a-particle production 
cross section by, perhaps, 75 mb at E, == 60 MeV. The discrepancy in secondary 
a-particle production at this 23, would be reduced but it would still be rather large. 
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Table 2. Integral production cross sections (mb) for n + 12C 
reactions: comparisons of INCA-FBRK d u e s  with SCINFUL 

results grouped by incident neutron energy. 

Particle SCINFUL" INCA-FBRK~ 
Identification Values Values 
A. Incident neutron energy = 15 MeV: 

Neutrons 
Protons 
Alphas 

Mass 9 
Mass 12 

483.32 f 4.56 
0.86 f 0.19 

962.04 f 6.43 
63.04 f 1.65 

184.51 f 2.82 

B. Incident neutron energy = 20 MeV: 

Neutrons 
Protons 
Deuterons 
Alphas= 

Mass 9 
Mass 11 
Mass 12 

406.77 f 2.87 
28.91 f 0.77 
53.19 f 1.04 

799.03 f 4.03 
23.83 f 0.70 
69.63 f 1.19 

144.39 f 1.71 

C. Incident neutron energy = 25 MeV: 

Neutrons 316.07 f 2.33 
Protons 50.52 f 0.93 
Deuterons 47.85 f 0.91 
Tritons 3.73 f 0.25 
3-He ions 0.84 f 0.12 
Alphas 555.32 f 3.09 

Mass 6 0.0 
Mass 7 0.0 
Mass 9 12.69 f 0.47 
Mass 10 4.58 f 0.28 
Mass 11 97.63 f 1.30 
Mass 12 86.15 f 1.22 

D. Incident neutron energy = 30 MeV 

Neutrons 279.79 f 2.10 
Protons 66.94 f 1.03 
Deuterons 49.08 f 0.88 
Tritons 10.30 f 0.40 
3-He ions 3.01 f 0.22 
Alphas 386.11 f 2.46 

Mass 6 1.76 f 0.17 
Mass 7 6.41 f 0.32 
Mass 8 2.81 f 0.21 
Mass 9 10.57 f 0.41 
Mass 10 11.84 f 0.43 
Mass 11 114.23 f 1.34 
Mass 12 71.56 f 1.06 

446.0 f 1.8 
1.8 f 0.1 

890.5 f 1.4 
17.9 f 0.2 

156.9 f 0.8 

405.8 
35.9 
30.0 

795.2 
5.9 

49.7 
139.2 

380.5 
63.1 
56.1 
4.0 
0.3 

635.4 
0.8 
0.8 
2.9 
4.2 

115.5 
114.0 

366.3 
81.6 
64.7 
7.2 
1.1 

534.4 
5.7 

18.6 
3.9 
1.8 
6.4 

131.3 
99.2 
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Table 2. Continued 

SCIN FUL" INCA-FBRK~ Particle 
Identification Values Values 
E. Incident neutron energy = 35 MeV: 

Neutrons 
Protons 
Deuterons 
Tritons 
3-He ions 
Alphas 

Mass 6 
Mass 7 
Mass 8 
Mass 9 
Mass 10 
Mass 11 
Mass 12 

263.25 f 1.94 
77.51 f 1.05 
51.54 f 0.86 
16.65 f. 0.49 
6.38 f 0.30 

305.61 f 2.09 
3.23 f 0.21 
9.30 f 0.36 
4.65 f 0.26 

15.88 f 0.48 
21.38 f 0.55 

105.27 f 1.23 
59.28 f 0.92 

F. Incident neutron energy = 40 MeV: 

Neutrons 266.13 f 1.88 
Protons 94.17 f 1.12 
Deuterons 52.30 f 0.83 
Tritons 22.99 f 0.55 
3-He ions 11.02 f 0.38 
Alphas 263.50 f 1.87 

Mass 6 3.98 f 0.23 
Mass 7 11.38 f 0.39 
Mass 8 5.33 f 0.27 
Mass 9 17.25 f 0.48 
Mass 10 34.44 f 0.67 
Mass 11 94.03 f 1.12 
Mass 12 49.08 f 0.81 

G. Incident neutron energy = 50 MeV: 

Neutrons 269.62 f 1.72 
Protons 108.68 f 1.09 
Deuterons 56.70 f 0.79 
Tritons 31.37 f 0.59 
3-He ions 15.02 f 0.41 
Alphas 231.04 f 1.59 

Mass 6 4.51 f 0.22 
Mass 7 8.79 f 0.31 
Mass 8 2.77 =t 0.17 
Mass 9 14.22 f 0.40 
Mass 10 45.49 f 0.71 
Mass 11 77.32 f 0.92 
Mass 12 36.83 f 0.64 

372.5 
103.4 
63.9 
11.7 
3.0 

461.5 
5.7 

42.3 
4.8 
4.0 

11.7 
118.9 
97.8 

381.4 
116.6 
62.7 
19.1 
5.9 

433.2 
10.0 
47.2 
3.9 
4.2 

15.5 
102.3 
94.8 

398.1 
136.0 
65.0 
24.4 
8.8 

402.2 
16.5 
40.9 
2.4 
5.1 

16.9 
79.4 
93.2 
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Table 2. Continued 
Particle SCINFUL” IN c A- FB RK * 

Identification Values Values 
H. Incident neutron energy = 60 MeV: 

Neutrons 253.29 f 1.53 406.3 
Protons 113.12 f 1.02 150.6 
Deuterons 57.04 f 0.73 60.7 
Tritons 30.87 f 0.54 24.3 
3-He ions 15.99 f 0.39 9.7 
Alphas 196.32 f 1.35 380.9 

Mass 6 4.77 f 0.21 17.0 
Mass 7 5.94 f 0.23 33.3 
Mass 8 1.68 f 0.12 2.2 
Mass 9 14.53 f 0.37 5.4 
Mass 10 43.19 f 0.63 15.0 
Mass 11 71.08 f 0.81 65.8 
Mass 12 27.00 f 0.50 90.5 

a Ref. 3. ‘ Ref. 1. 



10. CONCLUSIONS AND RECOMMENDATIONS 

The computational results of secondary particle energy spectra and integral 
production cross sections obtained by two rather different calculational methods 
have been compared. Qualitatively the agreement is quite good; both methods lead 
to small yields of tritons and 3He ions, intermediate yields of deuterons and protons, 
and large yields of neutrons and Q particles. Comparable qualitative agreement is 
good for integral production cross sections of mass-6 to mass-12 secondary particles. 

Quantitatively, the agreement for bath secondary-particle energy spectra and 
integral production cross sections is quite good for E, = 15 and 20 MeV; moderate 
differences are observed in both spectra and integral cross sections for E, = 25 MeV, 
and the differences increase as the incident neutron energy increases. The existing 
experimental data of Subramanian et aL4 are in reasonably good agreement with 
the SCINFUL computations, but they are also in reasonably good agreement with 
the INCA-FBFtK computations. 

For the purpose for which SCINFUL was written, namely computing organic 
scintillator responses to incident neutron detection, the present comparisons provide 
a good corroboration of the SCINFUL program. Listing the secondary charged 
particles in order of importance,  CY,.^, d, t ,  and 3He, one may observe that for the 
first two the principle important dfferences from a nuclear physics point of view 
are for the smallest -15% of maximum energy of the energy spectra, where the 
INCA-FBRK code predicts a significantly larger yield at larger incident neutron 
energies than does SCINFUL. However, these low-energy particles have very low 
fluorescent light amplitudes, and so at most would have only a minor effect on the 
total response calculation. The last two secondary charged particles in the list, t and 
3He, have such small yields as to hardly matter in the total response calculation. 

For the secondary deuterons, the different predicted energy distributions of the 
INCA-FBRK code could be significant, especially for the larger incident neutron 
energies. In SCINFUL total deuteron yields and energy distributions were tailored 
to approximately reproduce not only the Subramanian et al.4 data but also the 
response data of Lockwood et d.I2 for E, up to 75 MeV. One should not con- 
strue that these comparisons of secondary-deuteron energy spectra in some fashion 
imply an inadequacy in the intranuclear cascade method. In the first place, as men- 
tioned in the Introduction, such is not the purpose of this study; and in the second 
place, much, if not most, of the secondary-deuteron production in INC.4-FBRK is 
computed using a pickup model added to the intranuclear cascade program. 

The only differences between INCA-FBRK and SCINFUL calculations that 
might be of concern are those exhibited for the secondary neutron spectra, espe- 
cially for the larger incident neutron energies. These differences become important 
for the multiple scattering and geometrical aspects of the total response calculation 
problem, i.e., the second phase of the total SCINFUL calculation mentioned in the 
second paragraph of the Introduction. For a small detector, these differences in 
calculated neutron spectra would be of little concern; the higher-energy neutrons 
would simply escape the detector. However, for a large detector, wherein the to- 
tal response involves multiple interactions of the incident neutron with the nuclear 
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constituents of the detector, the differences in the yields of the higher-energy sec- 
ondary neutrons could be important, perhaps as much as 10 to 15% for a very large 
detector in the largest-amplitude portion of detector response for En N 60 MeV. 
Present-day experimental response data are not sufficiently accurate to discriminate 
between a response computed using the secondary neutron spectrum for E n  = 60 
MeV computed using INCA-FBRK from a response computed using SCINFUL. In- 
deed, a bet ter experimental determination would be a secondary-neutron spectrum 
similar to the secondary-charged-particle spectra of Subramanian, et aL4 

As presently written, SCINFUL provides a good tool for computing organic 
scintillator responses to incident monoenergetic neutrons for the incident neutron 
energy region between 0.1 and 80 MeV. However, if, in the future, programmatic 
needs should encourage the extension of these response calculations to neutron 
energies greater than 80 MeV, the methods utilized in SCINFUL to provide the 
nuclear characteristics of secondary charged particles - and neutrons - following 
nonelastic neutron interactions with 12C should be reviewed. 
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