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An adaptation of the Monte Carlo code of Stanton has been used to calculate the pulse-height spectra for monoenergetic neutrons 
incident on organic scintillators at energies 28 < E n < 492 MeV. Pulse-height distributions calculated with the code are compared to 
recent experimental results to determine the relative importance of various reaction channels and multiple scattering. The code has 
also been modified so that the effect of photon losses through attenuation and reflection is modeled for the first time. Changes in the 
reaction kinematics are discussed which might improve the code's predictive capabilities at neutron energies over 70 MeV. 

1. Introduction 

In neutron time-of-flight measurements at medium 
energies (50 < E n < 800 MeV), flight paths of 50-600 m 
are necessary in order to obtain energy resolutions 
required to study transitions to discrete nuclear states 
separated by less than 1 MeV. Organic scintillators with 
volumes up to a few hundred liters are then needed to 
maintain adequate counting rates, and segmentation 
into as many as 30 individual elements has been used to 
preserve good time resolution. 

For single-element detectors, the Monte Carlo code 
of Cecil et al. [1] has been shown to give fairly reliable 
reproduction of measured detection efficiencies for neu- 
trons over a wide range of energies. Unfortunately, the 
code is of limited use for multi-element detectors [2-6], 
where it is much more important to have the correct 
charged-particle energy distributions and such effects as 
crosstalk due to multiple scattering cannot be neglected. 
The effects of light transport should also be considered 
in order to maintain good performance with large- 
volume scintillators. 

Our goal is to develop a computer code which will 
produce essentially the same efficiency as the Cecil et 
al. code in the energy range 1 < E,  < 300 MeV, but 
which can also be used for multi-element applications at 
neutron energies up to 800 MeV. As a test of the code's 
capabilities, we have looked in depth at its predictions 
of pulse-height spectra for single-element detectors as 
compared to experimental measurements. We show 
which features of the spectra are determined by the 
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various reaction channels, by multiple scattering, and 
by photon losses. From the results we have obtained 
information about the modifications that will be needed 
to extend the applicability of the code. 

2. Model background 

The Cecil et al. code is a version of the Stanton [8] 
code which was altered first by McNaughton et al. [9] 
and then by Cecil. The Stanton code is in turn a Monte 
Carlo version of Kurz's [10] analytical code. Several 
other authors [11-16] have also produced codes, but 
they mostly differ from Kurz's or Stanton's code only in 
detail. Among the features included in the Cecil et al. 
code are relativistic reaction kinematics and estimation 
of signal loss from protons and alpha particles which 
escape from the detector volume. The light-output curves 
are of the form used by Madey et al. [18]. The ap- 
propriate reference should be consulted for further in- 
formation about other modeling details. 

To test the accuracy of the code for the prediction of 
integral efficiencies, Cecil et al. compared their results 
to experiments [9,19-29] at various energies up to 300 
MeV. The code has also been tested by other groups 
[30-36], mostly against integral measurements, and 
found to agree with the data to within 10%. The excep- 
tions appear to fall into two classes. The clearest dis- 
crepancies occur [24-26] at higher neutron energies 
(over 60 MeV) and low biases (between 1 and 3 MeVee ). 
In particular, Young et al.'s [24] data, which are about 
15% above the calculations, were obtained with a large 
NE102 scintillator (30.5 cm in thickness and 12.7 cm in 
diameter) at energies 80 < E,  < 160 MeV and a bias of 
2 MeVee. In addition, changes in the shape of the 
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pulse-height spectrum at energies above 50 MeV are 
poorly described. Our measured spectrum near 50 MeV 
is reasonably well reproduced, but that near 80 MeV 
and one measured by Sakai et al. [36] at E n = 60 MeV 
for an NE213 scintillator are both in serious disagree- 
ment with the predicted response. As explained in sec- 
tion 3, the problems with spectral shapes and with 
efficiencies at low thresholds for higher energies may 
both be due to the difficulty of modeling 12C breakup 
reactions above 50 MeV. 

The second general class of discrepancies relates to 
liquid scintillators at energies over 60 MeV, where 
agreement was better than 10% only for those less than 
3 cm deep [33-35]. Our own integral measurements [7] 
for large NE213 and BC501 liquid scintillators at 25-200 
MeV are as much as 20% different from the code 
results. These difficulties may be associated with com- 
plications unique to liquid scintillators, including uncer- 
tainty in active volumes, reactions with container walls, 
density effects in ranges and light outputs, variations in 
hydrogen/carbon ratios, and the generally poorer light 
transport in liquid scintillators. 

3. Analysis of pulse-height spectra using the existing 
code 

The pulse-height measurements used throughout this 
section were measured at the Indiana University 
Cyclotron Facility (IUCF) in an experiment described 
in a companion paper [7]. All results selected for discus- 
sion here are for a large, cylindrical BC501 scintillator 
30.5 cm in diameter and 20.3 cm in thickness. As 
discussed in ref. [7], the spectra were multiplied by a 
factor of 1.14 in order to bring the integrated efficien- 
cies into agreement with the calculations and with other 
measurements. The observed pulse-height scale was also 
adjusted so that the maximum observed light output 
matches the calculated result. 

In the general version of the Cecil et al. code ob- 
tained from Kent State University, there are (quite 
properly) minimal assumptions about the details of a 
particular experimental setup. For all calculations in 
this section the original code was modified to include a 
resolution function and hardware threshold characteris- 
tic of our experiment. For the resolution function, a 
convenient and general approximation has been sug- 
gested [37]: 

- n  + 2 

where E is the light output in MeV~. The first term is a 
constant factor due to electronic noise; its effect is most 
important at the lowest pulse heights. Its value was 
determined in the experiment to be 0.9 MeV~, except 

for the 78.4 MeV spectrum, where a value of 0.1 MeV~ 
was obtained. The o s term reflects photon-counting 
statistics; its size was estimated from typical scintillator 
parameters as 

o s = p , Q  , (2) 

where P is the number of photons from a 1 MeV 
electron in BC501 (65% of anthracene, or 9800 photons); 

is the fraction of photons created which enter the 
photomultiplier tube (taken as 10%, independent of 
position); and Q is the photomultiplier quantum ef- 
ficiency (taken as 20%). The third resolution term is 
largely due to position nonuniformity in fight produc- 
tion and collection; these effects are approximately 
proportional to pulse height and become more im- 
portant at the upper end of the spectrum. A typical 
value of Op for a large scintillator is about 10%. Instead 
of estimating this value by fitting the measured spectra, 
we have explicitly calculated the effects of photon trans- 
port as described in section 4. The third term is there- 
fore omitted from the calculations in this section. 

The method chosen for calculating the resolution 
and threshold effects in our experiment was first to 
perform a Gaussian smoothing of the total pulse height 
with the width of the statistical component. Next, all 
events with pulse heights below the hardware threshold 
of 3.7 MeV~ (10 MeV~ for E,  = 78.4 MeV) were set to 
zero. Lastly, another smoothing with the width due to 
electronic noise was folded in. The interaction between 
detector resolution and the discriminators and ADCs 
used in the electronics cannot be modeled exactly, so 
comparisons of measurements and calculations near the 
hardware threshold should be made cautiously. 

3.1. Pulse-height spectrum by reaction channel 

Much of this paper concerns the particular set of 
model reaction channels employed in the Cecil et al. 
code. The most difficult problem is the treatment of the 
reaction channels where carbon breaks up to emit 
charged fragments. The original paper by Kellogg [17] 
gave 65 separate cross sections for neutron-induced 
carbon breakup in a cloud-chamber experiment at 90 
MeV, and each channel produces one or more charged 
particles which contribute in some way to the detector 
response. In the Cecil et al. code all interactions are 
distributed among the following set of model reaction 
channels: 
(1) n + p ---, n + p (elastic); 
(2) n + 12 C ~ n + 12 C (elastic); 
(3) n +12 C---* n +12C + y; 
(4) n + 1 2 C ~ a + g B e ;  
(5) n + X Z C ~ n +  3a; 
(6) n + 1 2 f - ~ p  +12B. 
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This grouping of reactions is clearly a great simplifica- 
tion, and for this reason it cannot be expected to give 
accurate charged-particle energy distributions or pulse- 
height spectra over a wide range of neutron energies. 

To evaluate the effect of this model  on the pulse- 
height spectra, the Cecil et al. code, with the added 
resolution and threshold calculation above, was mod- 
ified so that the spectrum was written out as a com- 
posite of the response according to the six different 
reaction channels. For  each Monte  Carlo event, the 
light output was calculated as the sum of the light 
produced by each of the charged particles. The reaction 
channel which produced the most light for a given event 
was determined, and an array for that channel was 
incremented according to the total light output  for that 
event. The sum of the six responses is the total response. 
The results for the 30 × 20 cm 2 detector with 106 neu- 
trons incident on its flat face at E ,  = 28, 52.8, and 78.4 
MeV are shown in fig. 1; those for E n = 88.4, 138.2, and 
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Fig. 1. Calculation of 30 ×20 c m  2 BC501 scintillator pulse- 
height spectra, sorted by model reaction channel, for three 
different incident neutron energies, 28 < E,  < 78.4 MeV. The 
calculations are with the unmodified code of Cecil e ta l . ,  
smoothed for resolution effects using eq. (1) with Op = 0. The 

points are experimental values. 
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Fig. 2. Calculated pulse-height spectra, sorted by model reac- 
tion channel, for 88.4 < E n < 198.6 MeV. The calculations are 
with the unmodified code of Cecil et al., smoothed for resolu- 

tion effects using eq. (1) with ,p = 0. 

198.6 MeV are shown in fig. 2. The six separate reaction 
channels are identified in the legend. 

At the lowest energy, scattering on hydrogen is cer- 
tainly the most important  contributor to the response, 
followed by carbon breakup, which affects only the 
lowest light output  portion. Even though elastic 
scattering on carbon is the most frequent reaction, its 
mean light output  is so low that it rarely is the major 
light producer. As the energy increases, the carbon 
breakup channel 6 plays a greater role in the shaping of 
the response. For  the data  at energies up to 138 MeV, 
however, the hydrogen scattering channel dominates the 
highest-energy port ion of the curve. At  198 MeV, the 
maximum proton range is greater than the length of the 
detector; the high-energy port ion of the spectrum is 
decreased, and the bump present at the high end of the 
other five curves disappears. 

The comparison of pulse-height spectra instead of 
integral efficiencies enhances the sensitivity to details of 
the scintillator response. The mismatch between inflec- 
tions in the data and calculation is quite evident in the 
E n = 88.4 MeV case, where the edge at 55 MeV,~ is not 
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correctly located by the code. The position of this edge 
(and the corresponding edges at the other energies) is 
determined by the kinematics used for the reaction 
12C + n ~ n B  + (n + p). The code assumes two-body 
kinematics; i.e., the fictitious species (n + p) is emitted 
as a single particle with its mass equal to the neutron- 
plus-proton mass. The proton then is taken to have a 
fraction (chosen with a random number generator) of 
the total (n + p) energy and the neutron the remainder. 
The edge would move into a position of better agree- 
ment with our data if the Q-value for the reaction used 
the deuteron mass instead of that for (n + p). This 
suggestion is reinforced by the analysis of Sakai et al., 
who not only decomposed the calculated response into 
different channels but also used pulse-shape analysis to 
identify the recoil particles responsible for different 
parts of the experimental spectrum. Just above the 
calculated edge from the carbon breakup channel, there 
is a peak in the data which the pulse-shape analysis 
identifies as being due to deuterons from the z2 C(n, d) 
reaction. In our data for 52.8 < E n < 138 MeV, the 
corresponding peak is somewhat lower in light output 
(possibly from photomultiplier nonlinearity) and is 
smeared out from poorer resolution. However, it is 
reasonable to conclude that the use of the (n, d) reac- 
tion in the code in place of the (n, np) reaction would 
give a better representation of both data sets at these 
energies. This conclusion is also consistent with the 
experimental findings of McNaughton et ai. [9] at E n = 
56 MeV, who found the branching ratio between the 
two reactions to be roughly equal. 

3.2. Pulse-height spectra by number of  scatters 

Another contributor to the shape of the spectra is 
the influence of multiple scattering of the incident neu- 
tron. In order to investigate this effect, the Cecil et al. 
code (including the threshold and resolution effects, but 
without changing the reaction model) was modified to 
produce a spectrum decomposed according to the num- 
ber of interactions which occur per incident neutron. 
For brevity, we have chosen not to include figures. At 
the lowest neutron energies, multiple scattering appears 
to be very important, but as the energy is increased the 
spectrum becomes more and more due to single scatters. 
It is clear that the reason for this decrease is that the 
total cross section decreases significantly over the en- 
ergy range. However, we found it difficult to attribute 
specific features in the pulse-height spectra to specific 
types of multiple interactions. The relevent quantity is 
not the number of scatters, but the number which 
produce an appreciable amount of light. For a multiple 
scatter of, e.g., two scatters, almost all the light may 
have been produced by one of the scatters and almost 
none by the other, especially in the case of the large 
number of events involving elastic scattering on carbon. 

The fact that there were two interactions is only inci- 
dental. 

We found that a more meaningful way to sort the 
response was according to the number of scatters on 
hydrogen. For example, a neutron which scattered on 
carbon and then left the detector was counted as zero; if 
it struck hydrogen only once before causing a 12C(n, p) 
reaction, it counted as 1 hydrogen scatter, etc. As shown 
in fig. 3, large amounts of multiple scattering on hydro- 
gen are associated with each of the recoil edges. How 
this situation occurs is illustrated by an example. The 
neutron in these cases produces a high-energy recoil 
proton by n - p  scattering at back angles, producing a 
large amount of light but scattering through a large 
angle and retaining an energy of maybe only 10 MeV. 
Below 10 MeV the mean free path is less than the 
detector dimensions, and the hydrogen cross section is 
dominant. Because of this the neutron remains in the 
detector for several more scatters until losing nearly all 
its energy. The result is a peak located in the spectrum 
corresponding to all the neutron energy converting to 
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Fig. 3. Calculation of 30× 20 cm 2 BC501 scintillator pulse- 
height spectra, sorted by number of scatters on hydrogen, for 
three different incident neutron energies, 28 < E n < 88.4 MeV. 
The calculations are with the unmodified code of Cecil et al., 

with resolution effects given by eq. (1) with op = 0. 



W.C. Sailor et al. / Calculation of the pulse-height response of organic scintillators 603 

recoil proton energy. Obtaining the correct amount of 
multiple scattering is most important at low incident 
energies because of low neutron mean free paths and 
the nonlinearity of the fight output curves. 

A conspicuous difference between the measured and 
calculated distributions is in the pronounced rise in the 
calculated n - p  contribution at the highest pulse heights. 
We checked the differential cross sections and found a 
coding error which can be traced back at least to 
Stanton. The angular distribution (calculated in sub- 
routine NPNP) is assumed to be isotropic below 30 
MeV. Above 30 MeV the shape is parabolic, using 
d o / d O  = A + B cos20 with the ratio of the coefficients 
given by B / A  = En/30. By evaluating these equations 
for E n slightly greater than 30 MeV and comparing the 
results with published values [38], it can be inferred that 
Stanton probably intended B / A  = E J 3 0  - 1. The re- 
sult of this coding error is most heavily felt for 30 < En 
< 130 MeV, where the error increases the peak at the 
highest light output by about 15%. The error has a 
significant effect, but not large enough to completely 
explain the difference in shape. 

3.3. Modification for photon loss and attenuation 

Nonuniformities in the production and collection of 
light over the scintillator volume also contribute to the 
discrepancies between the measured and calculated 
pulse-height shapes. Our method for calculating this 
effect is a two-step process. First, the light collection 
properties of the scintillator/light guide systems under 
investigation were modeled using the Monte Carlo code 
GUIDE7 [39]. The result of the calculation is the 
probability P that a photon emitted at a position 
(x,  y, z) in the scintillator will arrive at the photo- 
cathode within the integration time of the electronic 
circuitry, versus being lost to attenuation, leakage, or 
absorption. The second step was to modify the sub- 
routine EEQUIV in the Cecil et al. code, which converts 
energy deposition into light output, to account for this 
probability map by numerical integration along the 
particle trajectory of the product of the light output per 
unit length of track and P(x ,  y, z). 

The input parameters to the transport code are the 
geometrical surfaces defining the scintillator volume, 
the light guide system, and the photocathode(s); the 
photon attenuation length in the medium; and the 
surface properties. The surfaces of our BC501 scintilla- 
tor were painted with a diffuse reflector with a high 
reflectivity of 0.95. Its 45 ° conical light guide was 
painted for the third nearest the scintillator and the 
third nearest the photocathode; the middle third was 
unpainted and wrapped in black paper. For the photon 
attenuation length h a broad range of values is quoted 
in the literature, with values as low as 38 cm in NE102 
plastic scintillator [40]. For NE213, which should be 

similar to BC501, accepted values range from 150 to 700 
cm [41,42]. The value seems to vary with experimental 
arrangement and may also vary with the age and /o r  
impurity level of the sample. The photocathode was 
12.7 cm in diameter; the signal integration assumed that 
all photons reaching it within the cutoff time of 200 ns 
would be accepted. 

To map out the light-collection probability P(x ,  y, 
z), the photon source position was allowed to vary 
through the volume of the detector, and 3000 photons 
were emitted at each point. The average collection 
probability was about 11%, but with a strong positional 
dependence. Using h ~ 120 cm, P varied from 9.6% at 
the point in the scintillator volume farthest away from 
the phototube to 15% at the point nearest. The reason 
for the strong positional dependence is the 45 o angle 
for the light guide cone, which is apparently too large. 

The position variation in fight production depends 
on both the mean interaction distance for incident 
neutrons and the relationship between range and light 
output for charged particles in scintillators. For  par- 
ticles with short trajectories the variation in pulse height 
from event to event will depend simply on the point of 
origin; for particles with ranges comparable to the 
detector dimensions the pulse height varies in a more 
complicated way with trajectory. Integral fight output 
for protons is nearly linear with energy for Ep > 20 
MeV, but range as a function of energy is not. A 200 
MeV proton in BC501 slows at the rate of 5 MeV/cm 
and produces about 4 MeV~/cm of light. After it has 
moved 23 cm, it is 3 cm from its stopping point and is 
producing about 8 MeV~/cm of light. More than 50% 
of the total light is produced in the last 3 cm. The pulse 
height will be sensitive mostly to where this portion of 
the track lies in the detector. As a result, at low energies 
the interaction length for incident neutrons and the 
range of the charged particles produced are both short, 
resulting in a strong variation in the light production 
over the scintillator volume. At  higher energies this 
variation decreases, and the correlation between pro- 
duction and collection in large scintillators becomes less 
significant. 

The calculated change in the pulse-height spectrum 
with varying photon attenuation length ~ in the medium 
is shown in fig. 4 for E n = 52.8 MeV. The unperturbed 
calculation is shown with a solid fine. Using reasonable 
values for the attenuation length, photon losses can 
explain the poor resolution at the largest pulse heights. 
For  the worst case of ~ = 60 cm, a significant shift 
downward of the proton recoil edge location is seen. 
Any value for X between 120 and 400 cm for the BC501 
gives adequate agreement with experiment. This varia- 
tion is because of the significant fraction of the photon 
losses due to causes other than attenuation; the photons 
undergo large numbers of surface reflections because of 
the light guide design. 
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Fig. 4. Calculated variation in the 30 × 20 cm 2 BC501 scintilla- 
tor pulse-height spectra with photon attenuation length, for 
E~ = 52.8 MeV. The unmodified calculation is shown with the 

heavy line. 

The primary effect of photon transport is thus an 
additional contribution to the resolution function. At 
higher energies or with smaller detectors the light pro- 
duction may be sufficiently uniform that the variation 
in the light-collection probability P over the volume 
reduces to a simple op term proportional to pulse 
height, as in eq. (1). In other cases the correlations 
between the position dependence of light production 
and collection can become more important. For in- 
stance, if the light produced by protons tends to have a 
different spatial distribution from that produced by the 
heavier ions, some relative shifts in pulse-height spec- 
trum features may be seen. Only in the worst cases, 
however, are the effects of photon transport large enough 
to cause a sizeable change in the integral efficiency. 

4. Extension of the code to medium energies 

sary, and possible, in this region. With increasing en- 
ergy the number of reaction channels increases rapidly, 
and there exist neither the comprehensive models nor 
the detailed measurements needed to continue such an 
approach. As an example, consider the (n, 3a) reaction, 
which has been studied more closely since the particular 
set of reaction channels used in the code was first 
proposed by Kurz. Up to 35 MeV this reaction has been 
found to proceed through the 9.6 MeV excited state of 
1 2 C  followed by sequential alpha decay, in parallel with 
purely statistical four-body decay and other mecha- 
nisms [43]. The four-body phase-space decay mecha- 
nism used in the existing code amounts to less than 10% 
of the cross section. At 57 MeV, the reaction should 
behave like the charge-symmetric (p, p3a) reaction, 
which proceeds through sequential ~x decay; i.e., the 
proton inelastically scatters, leaving 12C in states of 19 
to 27 MeV of excitation energy which then decay by 
emitting an ~x-particle [44]. The residual SBe nucleus 
promptly splits into two a's. 

In contrast to this complexity, at energies of a few 
hundred MeV all n-12C interactions, including both the 
12C(n, 3~x) and the 12C(n, p) channels used in the exist- 
ing code, are expected to become more like free 
scattering. Collisions of high-energy nucleons with nuclei 
can then be understood on the basis of models which 
treat such encounters as a series of nucleon-nucleon 
interactions [45]. The difference between this "quasi- 
elastic scattering" and true free scattering is in the 
binding energy and nuclear momentum distribution. 
Such a quasi-elastic reaction on an a within the 12C 
nucleus has been observed [46] at a bombarding proton 
energy of 150 MeV. The ideal simulation code would 
combine the low-energy nuclear structure used in the 
existing code with the straightforward reaction mecha- 
nism of high-energy quasi-elastic scattering. 

Over the years, the modifications which led to the 
code of Cecil et al. (such as adjustments to the cross 
sections) were usually made to improve the integral 
efficiency predictions, not the pulse-height spectra. With 
the changes suggested above, the code should also be 
able to provide a reasonable reproduction of pulse-height 
spectra for detectors similar to the one tested here. If 
the code is to be extended to new domains of applicabil- 
ity, a new approach to its basic reaction model will be 
required. However, since the integral efficiencies pro- 
duced with the code below 300 MeV have been verified 
by experiment many times, any changes to the kine- 
matics should not be allowed to alter the integral ef- 
ficiency in this region by more than a few percent. 

For the carbon breakup channels, no single reaction 
model can hold over a wide energy range. At energies 
below - 30 MeV, the n-12C interaction is dominated 
by nuclear structure. The efficiency codes of ref. [15] are 
an example of the detailed reaction description neces- 

4.1. Changes to reaction kinematics for 70 < E ,  < 200 
M e V  

The code was modified to use quasi-elastic kine- 
matics for channels 5 and 6 at neutron energies above 
specific transition energies E~' and E p. Both of these 
transition energies were adjusted to produce the best 
description of the measured spectra. Above the energy 
E~ = 70 MeV, it was found that the (n, 3~x) reaction is 
better described as a quasi-elastic 4He(n, n ')4He reac- 
tion. The residual aBe nucleus (with from 0 to 11 MeV 
of excitation energy) promptly divides into two alphas 
which share equally the excitation energy. Above En p = 
160 MeV, the (n, np) reaction is taken to behave as a 
quasi-elastic XH(n, n ' ) lH  reaction. The residual llB 
nucleus is taken as having no excitation or kinetic 
energy. In either reaction the Fermi energy of the 
nucleon or a within the nucleus is ignored. The reaction 
cross sections used are exactly those of Cecil et al. 



W.C. Sailor et aL / Calculation of the pulse-height response of organic scintillators 605 

3000 

1500- 

0 
-4  

2000 

o 
0 
o lO00-  

r~ 

a) E a =  88.4  MeV 

- , , 7-_TI --== , 
7 18 29 4? 51 62 7'3 84 9.5 106 

b) E n =  138.2 MeV 

" ~ I - H(n,n)H 
A 1:~ 2 - C(n,n)C 
1.",, c~ 3 - C(na,) 
%"~._'X~ ~ 4 -- C(n,a) 

, 2n)e~ 5 - c n 33) 
C(n 

- 4  ii 28 41 56 71 88 I01 116 131 146 
2000 

c) E n =  198.6 MeV 

i000- 

0 T 
-4 16 36 56 76 96 116 136 156 176 196 

Light Output, MeV.. 

Fig. 5. Calculated pulse-height spectra with the modified code, 
sorted by model reaction channel, for 88.4 < E, < 198.6 MeV. 
The modifications include changes to the kinematics of chan- 
nels 5 and 6, use of the deuteron mass for the emitted particle 
in channel 6, corrected angular distributions for n-p free 

scattering, and the effect of photon losses. 

The results for 8 X 105 events are shown in fig. 5 for 
the Bicron 501 detector at 88, 138 and 200 MeV. 
Included in the calculations are the three changes previ- 
ously suggested. The mass of the emitted particle in the 
1: C(n, np) reaction was changed to that of the deuteron, 
the shape of the differential cross section for hydrogen 
elastic scattering was corrected, and the effects of pho- 
ton losses were calculated using k = 120 era. For  E~ > 70 
MeV, the changes to the kinematics of the 12C(n, 33) 
reaction were found to produce a more desired shape to 
the low pulse-height region. Essentially the entire signal 
is produced by the a which is directly scattered by the 
neutron in the quasi-elastic process; the other two a ' s  
produce an insignificant signal. The exact shape of the 
pulse-height spectrum is determined by the angular 
distribution. In the code, an exponentially forward- 
peaked distribution was taken. The width of this distri- 
bution is significantly broader than the width of the 
scattering distribution for the 4He(n, n ' )4He reaction, 
which is very forward-peaked [38]. An isotropic center- 

of-mass distribution also gives a good fit to the data, 
but is unrealistic. If the 4He(n, n ' )4He angular distri- 
bution is taken, virtually all the events fall below 
threshold. 

For the 200 MeV calculations, the quasi-elastic pro- 
cess for the 12 C ( n ,  rip) reaction also applies. Again, the 
angular distribution determines the shape of the pulse- 
height distribution. The corresponding free n - p  process 
is very forward- and backward-peaked. In the calcula- 
tions here, the emitted particles were equally divided 
between free n - p  distribution and an isotropic one. 

Although the pulse-height spectra are better de- 
scribed using the modified kinematics, data at higher 
energies may be needed to determine the best values for 
E n and E~ p. For  the relatively high threshold of 3.7 
MeVce used with this detector, the net result of the 
modifications is an 0.5% drop in efficiency for En > 70 
MeV, due mostly to the changes to the kinematics of 
channel 5. The other changes in the code have ap- 
parently not produced significant change in the integral 
efficiency, supporting the conclusion that at low 
thresholds it is largely determined by the total cross 
sections. 

4.2. Code deficiencies for 200 < E .  < 800 M e V  

Figs. I and 2 showed an increasing trend for the 
protons to escape the detector with increasing neutron 
energy. For  E n = 200 MeV the proton range has ex- 
ceeded the 20 cm thickness of the detector. For energies 
much higher than this, the pulse-height distribution 
becomes governed largely by particles other than pro- 
tons. 

We have supplemented the IUCF data above with a 
spectrum obtained recently at the higher energies avail- 
able at the neutron time-of-flight facility (NTOF) at 
LAMPF. The NTOF system [3] uses three planes of 
detector elements, 10 elements stacked vertically per 
plane. Each element is rectangular in shape, 10.2 × 10.2 
x 100 cm 3, with the long axis normal to the flight path. 
Typically neutrons of between 500 and 800 MeV are 
detected. A proton in this energy range traversing the 
10.2 cm thickness along the incident beam direction can 
produce at most 30 to 40 MeVc¢ of light before escaping 
the detector. On the other hand an a-particle (with its 
higher stopping power) can produce over 100 MeV~ of 
light following the same trajectory. Quenching effects, 
which can diminish the light outputs from high-Z par- 
ticles at low energies, are less important at these en- 
ergies. 

Fig. 6 shows a pulse-height spectrum obtained re- 
cently at NTOF with a monoenergetic beam of 492 
MeV neutrons [47]. Shown in the same figure are the 
calculational results of the unmodified Cecil et al. code. 
The experimental spectrum has been normalized to have 
the same integral efficiency as is given by the code. 
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Fig. 6. Comparison of the unmodified code's results with 
experimental pulse-height spectra obtained at NTOF for E n = 
492 MeV. The experimental values are normalized to the 

calculation. 

reaction channels or multiple scattering effects; how- 
ever, its predictions of pulse-height spectra at energies 
above a few tens of MeV are hampered because of the 
difficulty in modeling the carbon breakup reaction. 
Also, due to imperfect photon collection properties in 
large scintillators, the features of the pulse-height spec- 
tra tend to blur out. Modifying the reaction kinematics 
at neutron energies over 70 MeV so as to make a 
transition to quasi-elastic reaction kinematics tends to 
give improved predictions of pulse-height spectra up to 
200 MeV. Extending the validity of the code's pulse- 
height spectra predictions up to 800 MeV in energy will 
require substantial reworking of the model reaction 
channels and the code's light output curves. 

Preliminary results from a separate set of N T O F  ef- 
ficiency measurements have shown the code to be good 
to within 10% over the range 300 < E n < 730 MeV for a 
bias level of 2.4 MeVe~ [48]. Consistent with other 
results in this same energy range [35], the experimental 
values and calculations for the integral efficiencies ap- 
pear to be in fairly close agreement. 

On the other hand, the calculations clearly lack 
enough intensity at large pulse heights, a deficiency 
which must be due to insufficient light output  from 
Z > 1 fragments emitted in the carbon breakup chan- 
nels. One problem with the code may be an insufficient 
total cross section for a-particle emission, i.e., the true 
energy dependence of the total cross sections is likely at 
variance with the code at higher energies. Also there are 
many possible reaction channels which would emit Z > 
2 fragments that are not included in the model, e.g., 
there are no channels which emit lithium ions. This 
problem is compounded by the light output curve used 
in the code for all the heavy ions (e.g., 9Be, riB, or 12C), 
where it is taken that 0.017 MeVee of light is created per 
MeV of particle energy deposited. This ratio has been in 
the code at least since Stanton. More recent light output 
values [49] have been found in general to be an order of 
magnitude greater. 

In  summary, if the code is to be extended to higher 
energies, especially for multi-element detectors, a more 
complete description of the reaction channels for carbon 
breakup will be needed. Such a description may be 
possible using one of the existing nuclear physics mod- 
eling codes [45]. The light output curves for the heavy 
ions in this energy range should also be updated at the 
same time. 

5. Conclusions 

Many of the features of experimental pulse-height 
spectra can be explained with the code in terms of the 
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