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ABSTRACT 

A method of neutron spectrometry which measures the energy 
spectra of the stray neutrons around the high energy accelerators , 
roughly between 50 MeV and 300 MeV, has been developed using a 
ser ies of multi-wire spark chambers and polyethylene n-p converters. 
The method is based on the proton producing, neutron induced reactions 
in the converting medium and the measurement of the proton 'rack 
lengths with the spark chambers. The proton energy spectrum is 
constructed from the collected proton track events, and later an incident 
neutron energy spectrum is unfolded numerically from this proton 
energy spectrum by solving the integral equation connecting the two 
quantities in the spectrometer volume using the least squares method. 

For this method, 12 spark chambers with a sensitive area 
2 50X50 cm have been designed and constructed. The spectrometer 

was assembled with all the related electronics and its various perform
ances were tested. The proton producing reactions and the particle 
transport behavior in the detector volume have been throughly analyzed. 
An approximate integral relation connecting the incident neutron energy 
spectrum and the detected proton energy spectrum has been established 
in the above energy region. In the evaluation of (he kernel matrix 
needed in the neutron unfolding process a random sampling technique 

™MIRno^. 



- i i i -

was utilized. Finally, the performances of the whole spectrometer 
set-up and the related neutron unfolding technique have been tested 
with the measurement of stray neutrons in the 100 MeV region 
around the 184-Inch Cyclotron at the Lawrence Berkeley Laboratory. 
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I. INTRODUCTION 

High-energy accelerators give rise to complex radiation fields 
around biological shields, and information about these fields is essen
tial in various radiation protection and health physics calculations. 
Among the components comprising the radiation field around acceler
ators , the charged particles and electromagnetic radiation are almost 
completely contained by the shielding in most cases , and the neutrons 
are essentially the only radiation components of the stray radiation 
field outside the biological shield. 

The production and attenuation of neutrons inside the shielding 
1 2 

has been discussed by Moyer and Wallace , and the relevant colli
sion phenomena of primary and secondary particles have been exten-

3 4 
sively treated by Metropolis and later by Bertini. A comprehensive 

5 
report of the large shielding study by Gilbert et_al. discusses in de
tail the current understanding of the neutron fields inside the shield. 

In the shield around an accelerator, large numbers of secondary 
particles are produced by cascade and evaporation processes . Of 
these part icles, the neutrons above 150 MeV have the most penetrating 
power, due to their longer attenuation lengths, and are the major con
tributors to the stray neutron fields outside the shield. 

The quantity of primary interest in a stray neutron field is its 
energy distribution, which provides fundamental information for cal
culations of integral quantities, such as flux and dose ra te , which are 
important in health physics work. The neutron spectrum to be mea
sured is characterized by energy and intensity magnitudes extending 
over a large range, and by omnidirectionality. The present method of 
measuring the stray neutron spectrum is based on activation analysis, 

5 7 using threshold detectors. ' This method has been discussed exten-
7 8 

sively in the studies made by Smith and Routti. A brief sketch of 
g 

the method will be explained here : It is based on the measurement of 
activities induced by high-energy neutrons in a set of detectors, thus 
providing information about the incident flux. The study of several 
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activation reactions of known energy-dependent cross sections with 
different threshold energies enables one to obtain the knowledge of the 
energy distribution of the incident neutron flux. In activation spec
troscopy, measured activity in each detector is related to the neutron 
spectrum by the following activation equations: 

T£ 
E max 

<r.(En)<MEn) dEn. j =1 , •••,»*» (1.1) 
E min 

Here A. is the normalized saturation activity of the jth dotuctor, 
<7.(E ) is the corresponding activation cross section, and <|>(E ) is the 
neutron spectrum to be solved. Equation (1.1) is a degenerate case of 
the first kind of Fredholm integral equation 

E max 
A ( E ' ) = f K(E',E)<|>(E)dE, (1.2) 

E . min 
which ar ises in many unfolding problems, suchasthe determination of the 
neutron spectrum <]>(E) from a measured proton-recoil spectrum A(E') 
which is related to <j>(E) through the scattering kernel K(E',E). So, the above 
method is composed of two parts : the measurement of induced activ
ities A. in a set of detectors and obtaining the solution from the acti
vation equations for <|>(E). In the measurement of induced activities, 
high-re solution semiconductor gamma-ray spectroscopy is used, and, 
for the solution technique for the above set of equations a numerical 
least squares method with matrix inversion or direct iterative least 
squares method is used. 

Neutron activation spectroscopy has the advantage or capability 
of covering a large range of neutron energies if a large number of 
detectors are used with their threshold distribution extending over a 
large energy range. However, in actual situations, a small number 
of detectors often are used, and accordingly, only a very limited 
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number of measured activities are available. This fact poses some 
difficulties in the unfolding process of starching for a solution for a 
neutron spectrum from a set of equations, and often requires the use 
of a priori physical information about the solution in addition to the 
measured responses. Therefore, it is desirable to develop a new 
kind of detector which can give more reliable information about the 
stray neutron spectrum around an accelerator. This work is an effort 
in that direction, to develop a new method to measure the neutron en
ergy spectru) •>., using a set of multi-wire spark chambers and n-p con
ver te rs . The outline of the new technique is as follows: 

The fundamental principle of our spectrometer is based on the 
neutron scattering reactions with the nuclei in the hydrogeneouo n-p 
converting material , and the detection of the tracks of the outcoming 
protons from the reaction using the multi-wire spark chambers with 
a magneto-strictive readout system. Collection of track data yields 
the energy spectrum of the detected protons through the range-energy 
relationship of protons in the spectrometer medium. This measured 
proton energy spectrum is related to the neutron distribution inside 
the spectrometer medium, and eventually to the incident neutron en
ergy spectrum coming into the spectrometer. Using this relationship 
between the above two quantities the energy spectrum of the incident 
neutrons is unfolded numerically from the detected proton energy spec
trum. 

Logically this work can be divided into four parts for presenta
tion purposes: firstly - ••> -"inlyiinl or theoretic,- 1 -->rt Healing with 
the relevant physics and particle transport; secondly, an experimental 
part dealing with the details of spectrometer setup and the attached 
electronics, including the proton detection method; thirdly, a data 
processing part dealing with definition, sorting of good events, and 
processing of the detected proton spectrum; and finally, the unfolding 
of the neutron energy spectrum from the measured proton spectrum. 

Our spectrometer has been designed to measure neutrons of en
ergy roughly between 30 MeV and 300 MeV, which is roughly the energy 
range below pi-meson production. For an n-p converting material , 
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polyethylene is used, thus supplying a proton target for the incoming 
neutrons. In the energy range of interest, neutrons interact with pro
tons only through the elastic scattering mode. The cross sections for 
n-p scattering in this energy range are very well known, and this fact 
has been exploited. Even though polyethylene contains a high concen
tration of hydrogen atoms, it also contains carbon atoms, causing 
some complications in the analysis. In the above energy range, neu
trons interacts with carbon nuclei both elastically and inelastically. 
However, the elastic scattering is so much forward peaked that one 

o 
can safely assume no interactions at all, and only inelastic interac
tions need be considered. The inelastic scattering in the above energy 
produces protons and neutrons through an intra-nuclear cascade pro-

10 cess , which is a direct interaction. This collision phenomenon has 
3 4 

been extensively treated by Metropolis and later Bertini, and r e 
cently Bertini produced a lot of new data on intra-nuclear processes 11 using Monte Carlo calculations. At present, the information from 
this process is not as reliable as the n-p cross section, and the data 
are not presented in convenient form. However, the proton contribu
tion from this inelastic process in the above n-p converting mater ia l 
is comparable to or even larger than that from the n-p scattering pro
cess , and therefore cannot be neglected. This effect has been prop
erly incorporated in the analysis by putting n-C interaction on the 
same footing with the n-p cross sections, using the data in analytic 
form fitted by Alsmiller_et _aL to the data generated by Bertini. 
Based on the above physics, the neutron transport and proton gener
ation inside the spectrometer will be treated in detail in the next chap
ter . This will eventually lead to a basic relationship between the neu
tron energy spectrum and the detected proton spectrum, incorporating 
properly the effect of proton escaping, and will be used later in the un
folding process. 

The experimental section can again be divided into three parts: 
the triggering, the charged particle track detecting device ( i . e . , spark 
chamber) and the data recording. Triggering is composed of three 
parts ; the scintillators that sense the passage of charged particles, an 
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electronic logic box that processes the pulses from the scintillators 
and issues a trigger pulse only when certain conditions among the 
pulses are satisfied, and a high voltage pulsing system which applies 
the high voltage pulse across the spark chamber on reception of the 
trigger pulse. Next, a multi-wire spark chamber with magnetostric-
tive readout, which is a track locating device of charged part icles, is 

12 
a very versatile instrument. Their widespread use in high energy 
physics research has made *he technique of construction and use of 
them reliable, simple and ir.^xpensive. Recording is accomplished by 

13 14 a magnetostrictive readout system, ' magnetic tape and a selectric 
typewriter. Each part of thin experimental section will be explained 
in detail in the third chapter. 

Data processing is done on the accumulated proton track data 
taken from the measurement with the spectrometer, and thus gener
ates the detected proton energy spectrum. Dealing with enormous 
amounts of data economically is not an easy task. There are a lot of 
unwanted events in the data tape coming from false triggering by v-
rays , various random e r r o r s of the machine, etc. Therefore, a good 
event is defined in a certain way, and only good events are extracted 
and used in the production of the proton energy spectrum. Gamma 
rays contribute to the false triggering; mainly, they come from low 
energy interactions of neutrons with hydrogen nuclei and from neutron 
interactions with carbon nuclei. Usually, in the case of using slow 
electronics, the effects of v-rays are eliminated through the technique 
of pulse shape discrimination. We were not able to do this because we 
had to use fast electronics in the nanosecond range, in order to sup
press the accidental coincidences. Data processing has been done with 
the CDC 6600 and 7600 computers; Chapter IV gives the details of the 
above data processing. 

Chapter V will deal with the details of neutron flux unfolding pro
cedure. The second chapter has formulated the mathematical relation
ship between the detected proton spectrum and the incident neutron 
spectrum. This will be the basic relationship which will be used in this 
chapter in the neutron unfolding process. However, difficulties arise 
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in the process due to the finite size and complicated geometrical nature 
of the spectrometer, as well as the highly directional nature of the in
cident neutrons in our energy range of interest. Proper correction for 
escaping protons, combined with the neutron distribution and proton 
generation spatial distribution, is especially difficult and almost impos
sible to calculate analytically. These difficulties have been overcome 
by the adoption of random sampling simulation of neutron transport , 
proton generation, and escape of proton tracks for each set of neutron 
and proton energies. This procedure gives the kernel matrix elements 
which are needed in the unfolding equation. Them the neutron energy 
spectrum is solved from the unfolding equation, using the detected pro
ton spectr\im. For the numerical scheme, the direct iterative least 
square method has been adopted, which minimizes the least square sum 

g 
directly, rather than using the matr ix inversion least square method. 
The former scheme is better, due to the random nature of the given 
data. 

Finally, the whole technique has been applied to the measurement 
of the stray neutron energy spectrum around the 184" cyclotron at the 
Lawrence Berkeley Laboratory as a sample measurement. The results 
and the discussions are mentioned in the final chapter. 
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II. THEORY 

This chapter deals with the mathematics of particle behavior in
side the spectrometer as the neutrons come into it, and lay the founda
tions for the relationship between the measured proton spectrum and 
the desired neutron spectrum. This relationship forms the basis of the 
unfolding process which follows later. Detected charged particle dis
tribution, namely the proton distribution in space, is determined by the 
neutron distribution through the local proton-producing cross sections. 
Therefore, the behavior of neutrons inside; the spectrometer is quite 
important in this case, and the related neutron transport phenomena is 
treated in the first section. The second section deals with the setup of 
the more specific model relevant to this case. 

1- Neutron transport and proton generation 
This section deals in a general sense with neutron transport and 

proton generation inside the region of detector volume, as the neutrons 
enter through the boundaries. The proton generation rate in space is 
then determined by the neutron distribution once it is obtained. 

A neutron is a heavy, uncharged, elementary particle, and for 
the treatment of its transport in the medium only nuclear events need 
be considered among its interactions with the surrounding environment. 
The motion of a neutron can be described in terms of its collisions with 
atomic nuclei of the surrounding medium and with other frorly moving 
neutrons; these collisions arc well defined events because of known 
cross sections. Between such collisions, a neutron moves with a con
stant velocity, that i s , in a straight line with a constant speed. Usually, 
the number of neutrons at any point in any given volume is negligibly 
small compared with the number of atomic nuclei present in that vol
ume. Consequently, the mutual collisions of freely moving neutrons 
can be neglected, and only the collisions of neutrons with the atomic 
nuclei of the surrounding medium will be taken into account. Suppose 
we want to calculate the neutron distribution in a certain detector vol
ume bounded by itt boundary surface with free space. Then the basic 
quantity in neutron transport is the angular flux t)i(r,E,fl), which is 
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defined at vn{r, E, f l ) , where E U kinetic energy of the neutron, and 
n(r, E, fl) is the neutron density at the position r of the neutrons di
rected in the direction fl with the kinetic energy E. In the steady state 
situation, the angular flux at any position is governed by the following 

IS equation 

n-grad* + £ t o t ( E ) + ° f dE' f dO* r^.E'Jc^.EJf^E'f l ' -En)^ +S. (2-1) 

This is the so-called transport equation or Boltxmann equation. The 
above equation represents the conservation of neutrons at the local point. 
The left hand side represents convection and reaction removal terms, 
and the right hand side arc satire** term* cou.ii.it inn of col Union and 
external sources. Here £(r ,£ ) is a macroscopic total cross section of 
neutrons in the medium and is defined by 

Z = E N. cME). (2-2) 

where N. is the number of the atoms of the ith kind per unit volume,and 
a, is the neutron reaction cross section pertaining to the various kinds 
of atom. c(r,E) is the average number of secondary neutrons per col
lision produced at r by a neutron of energy E. This quantity is impor
tant in our case in connection with neutron cascade interaction with the 
carbon nuclei in the medium, even though c is unity in the elastic col
lision of a neutron with a hydrogen nucleus. f(r:E'fl'— E R) is the prob
ability function of the neutron emerging from the reaction at the position 
r in such a way that t{B'U<- Efl)dEdn represents the probability that a 
neutron, entering a collision with velocity v*!', will belong to dEdfl 
around vfl after the collision. f(E'R'-* Efl) satisfies the following 

4Mb SUM SUM ° 

normalization condition: 

ff f(E'0' -EnjdEdO = 1. (2-3) 

http://cou.ii.it
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f(r:E'R' -* EO) is composed of the similar probability functions and 
cross sections of the interactions of the individual surrounding nuclei. 
More detailed expressions relevant to this case are given in the next 
section. 

The equation (2-1) is an integro-differential equation, and bound
ary conditions should be specified in order to make the solution deter
minate. Since the neutrons are coming into the detector volume through 
Its sides, the angular flux at the boundary should be the same as the inci
dent neutron angular flux over all of its boundary: 

+ (r , E , 0 ) =#. (E.fl) for O - n < 0 . (2-4) 
«4B W I t n C *m NM AM 

surface 
where n is an outward unit vector normal to the surface. This condi-

is* 

tion is called the "irradiation boundary condition", and has been proved 
to be sufficient to ensure that the problem is deterministic. There 
is no external neutron source inside the detector volume, in this case, 
and the source term S in eq. (2- 1) is uniformly zero. 

With the above boundary condition, eq. (2-1) completely deter
mines the neutron angular flux inside of the detector volume, and the 
remaining problem is to solve the above integro-differential equation. 

Before we go any further, I would like to make one remark: The 
collision source term in eq. (2-1) contains only the neutron contribution 
from the reaction of neutrons. However, we are dealing with inter
actions in the higher energy range, and neutrons are also produced from 
the reaction of cascade protons with the surrounding nuclei , i .e . , car
bon nuclei in this case. One might ask about the treatment ox these pro
tons: 

A proton loses its energy in the medium through electromagnetic 
interactions with the surrounding atoms, and generally it has a short 
range for nuclear interactions along the path. Based on this reasoning, 
the neutron contribution from nuclear interactions of protons with sur
rounding nuclei has been neglected in equation (2-1). 

Once the neutron flux is determined inside the detector volume 
from the neutron transport equation and the boundary conditions, the 

••j 
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next step i s to calculate the proton generation rate in space and obtain 
the proton energy spectrum, which will be the measurable quantity by 

17 means of its range-energy relationship in the medium. Protons arc 
generated in the medium by neutron interactions that produce the pro
tons as their reaction product. Since we are using organic materia l , 
that i s , polyethylene (CH. )as the n-p converting materia l inside the 
detector volume , the protons arc generated from the interactions with 
the hydrogen and carbon nuclei. A neutron interact* with a hydrogen 
nucleuH eluxt ical ly , and a recoil proton is ejected with the stuttered 
neutron. In carbon, a neutron interacts direct ly with the individual 
nucleons in the carbon nucleus, in our energy range, and protons arc 
produced through the intranuclear cascade process as cascade parti
c l e s . Note that in this case the number of outcoming protons is not 
conserved in the p r o c e s s . The above two phenomena are the main 
proton-producing interactions inside the medium, and only these two 
p r o c e s s e s wil l be considered from now on. Note that the same pro
c e s s e s are taking place in the plastic scintil lator mater ia l used for 
triggering purposes . 

Once the neutron flux is known, the total number of protons gen
erated at each energy in the detector volume i s represented mathemat
ical ly by the equation: 

CO 

6 (E ) = f d r f d E fdfl fdfl £ ( r , E ) c (r,E ) f (E fl -»Efit )i|i(r ,E ,fl ), 
p p J «~J n j ~ j «-p np «.. n p «-> n p n~n p«p «. n ««n 

V 0 4 t 4 , ( 2 _ 5 ) 

where the spatial integration is over the whole detector volume and t? e 
other variables have the same meaning as previously defined. If onf 
performs the integration over the variables fl and fl , one obtains the 
more familiar equation form: 

00 

* J E ) = CdrC dE S ( r . E ) c ( r . E )f (E - E ) • (r,E ) , (2-6) 
P P j ***J n n P "* n P "* n p n p n«~ n 

V 0 
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where 
H 2w 

( | E - E r f ( <E ,0 - E .0) dQp -: f du I d f(E ,E , 0 - 0 ), (2-7) P "> p J p " -n P-P ~ r J 'VJ P n p ' -n-p ' 
4w - 1 0 

•H 2w 

In the above step the 0 variable is integrated first and the fl integra
tion later . •_(*•) l * the proton energy flux, and can be measured ex
perimentally in the steady state situation by the measurement of the 
proton path lengths detected inside the detector volume, and by conver
ting them into proton energies using the range-energy relationship for 
the medium. The proton energy flux •_(£ ) in equation (2-6) is only the 

P P 
generation rate of protons of energy £ in the detector volume just be
fore the formation of n track representing its energy. However, in an 
actual * it nation the detector sigc is small, and naturally there are many 
protons crossing the boundary. Therefore, a correction for the protons 
escaping through the detector boundary should be made in a practical 
measurement procedure. 

A slight variation of equation (2-6) gives the equation which is 
used in the nuclear emulsion case for measuring the low energy neutron 

18 flux. Usually an emulsion plate is very thin compared to the neutron 
mean free path in the plate, and the neutron attenuation inside the plate 
is negligibly small . This means that neutron flux inside the plate is 
uniform and equal to the flux outside. Another simplification in this 
case comes from the fact that only n-p elastic scattering need be con
sidered in the lower energy region. Therefore, in equation (2-6) the 
position variable drops out and c becomes equal to one. Equation(2-6) 
then becomes: 

N (E ) =C dE S „ ( E )f (E.E )<)> (E ), (2-9) 
p ' p' J n H* n' p'Tr p ' T n ' n' 

0 
where N (E ) is the measured proton spectrum. One more simplifica
tion comes from the fact that the n-p elastic scattering cross section 
is isotropic in the center of mass system in this energy range. This 
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g ives a s i m p l e r form of f (E -* E ) due to the one - to -one r e l a t ionsh ip 
between the recoi l angle in the CM system and the Laboratory recoi l 
proton energy by scattering kinematics: 

f < E n - * E p > = ¥ " • < 2 - 1 0 > 
r n 

This g ives the following form of equation from (2-9): 

C Z H< E n> 

W = I d E n " S T 1 V E n>' <*-»> 
P 

and the formal neutron flux express ion can be obtained by only one dif
ferentiation: 

i d l V E > 
+<En> = - E^Ej ~ d | - • <2"1 2> 

Therefore , the neutron energy spectrum ip obtained by differentiation 
of the measured proton energy spectrum. Corrections for the escaping 
protons are usually based on the i sotropic flux at low neutron energ i e s . 
The same model could a l so be applied in the m e a s u r e m e n t of neutron 

19 spectra using an organic scint i l lator, except for the light production. 
Returning to our problem, let us d i scuss briefly the difference 

tween our situation and the nuclear emuls ion case . F irs t of a l l , our 
spectrometer is quite large , and the mater ia l thickness in an average 
direction i s comparable to as much as half of a m e a n free path or l e s s 
in m o s t of the energy range, even though the m e a n free path i s r e l 
a t ive ly long at those e n e r g y of i n t e r e s t . See f icures 1-5. Th i s m e a n s 
that the neutron at tenuat ion is not negligible in our de tec tor volume 
and s imply cannot be ignored. T h e r e f o r e , the neutron flux inside 
the volume is ne i the r uni form nor equal to the incoming neutron flux 
on the de t ec to r boundary, which is the quanti ty which we eventual ly 
want to know. This fact should be kept in mind . The second dis t inct ion 
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Fig. 1. Microscopic cross sections of n-p and n-c 
interactions. 
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Fig . 2. Macroscop ic c r o s s sec t ions of polyethylene (CH, ) . 
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Fig. 3. Macroscopic cross sections of a plastic scintillator 
(Pilot B). 
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Fig. 4. Total macroscopic cross sections of polyethylene and a 
plastic scintillator (Pilot B). 
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. 5. Mean free path of polyethylene (CH2) and a plastic 
scintillator (CH, , ) . 



- 1 8 -

comes from the fact that the proton range is relat ively quite long, com
pared to the detector s i z e , in the energy region we are covering. See 
figure 6. Consequently, the problem of escaping protons i s more pro
nounced and, combined with the complicated nature of the detector vol
ume (mult i -med'um, mult i -reg ion problem), makes a s imple analytical 
correct ion for escaping protons almost imposs ib le . The third dist inc
tion i s in the highly directional nature of the surrounding neutron flux 
environment that forms the incident neutron flux to the detector volume. 
It should be noted that actually we are more interested in the neutron 
energy flux, which has been integrated over the solid angle, than in the 
directional neutron flux, which i s a more bas ic quantity. All of the 
above difficulties are considered, and in the next section an effort is 
made to relate the incident neutron spectrum with the measured proton 
energy spectrum in our situation, based on some simplifying assump
t ions . 

Returning to the neutron transport problem, the equation (2-1) 
does not show much about the particle p r o c e s s e s inside the detector 
volume, and a purely mathematical effort to solve the equation i s neither 
e a s y nor productive in this c a s e . The goal of this sect ion i s to describe 
the particle behavior in an analytical way, and thereby gain an insight 
into the transport phenomena. 

If we change our angle slightly and see the problem from the stand
point of pure neutron transport or diffusion, we are dealing with a trans
port medium which i s comparable to or l e s s than the mean free path of 
the neutrons. This means that many of neutrons wil l escape the detec
tor volume before they make many interact ions, and the part that forms 
the major fraction of the neutrons inside of the detector volume wil l be 
composed of unscattered incoming neutrons, plus the neutrons from the 
f irst few co l l i s ions . In this s e n s e , the decomposit ion of neutron flux 
inside the detector volume, in terms of the incoming and multiply-
scattered neutron f luxes , is very informative in our case; this will be 
developed in the remainder of this sect ion, leading evenually to the inte
gral representation of the neutron transport. 
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Fig. 6. Range of protons in polyethylene (CH,) and a plastic 
scintillator (CH, , ) . 



- 2 0 -

Consider a volume V and neutrons coming into it as shown in 
figure 7. 

Fig. 7. 
Neutrons arriving at the boundary from outside will be called incident 
neutrons or surface source neutrons, and will be represented as • . 

inc. 
As far as the neutron distribution within the volume is concerned, it 
does not make any difference whether the boundary condition is defined 
as the incident neutron flux at the boundary or as the surface source 
distribution, but with no neutrons incident from the outside. The neu
trons at the position r , originating from incident neutrons that did not 
make any collisions inside the volume V, are called unscattered neu
trons and are represented, according to the exponential attenuation law: 

I - Z ( r ' , E ) | r - H 
V l , E , 5 5 = *inc * e ~ (homo, case), (2-13) 

surface 

or more generally in a non-homogeneous medium: 

s 
- r^(8,E)ds 

inc (2-14) 

surface 

where s is measured from the boundary to the point r , in this partic
ular case, in the direction of neutron travel. The integral in the ex
ponent is usually called the "neutron optical path length at energy E" , 
and represented as T ( S , E ) or T( |r-r , | ,E). Those coming from outside 
that have scattered only once in the volume element and have not been 
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absorbed are named "Mindly scattered neutrons", and can be written: 

,. - T { | 1-r'I.EU p 

along a 0 0 4ir 
(2-IS) 

Higher generat ion! of scattered neutrons are analogously named, so 
that the nth scattered neutron flux is generally represented as : 

n -rflr-r'I.EJu p 

n £ ' E * ~ ) = \ d " e ~ \ d E , \ d n < > | , n _ 1 ( s , E ' ^ « ) ^ ( E ' ) c ( E ) f ( E ' n ' - E n ) , 
along sO 0 4ir / •> . , - , (2-16) 

and the integration over fl using the re lat ions , 

Mr, E , n ) d « s <fr(r,E) (2-17) I 
and 

dr' 
dsdfl = ~ . (2-18) 

Ir-rM2 

gives the neutron-energy flux at each local point 

r dr' -rf lr-r 'I .E) ,? r 

<fr ( r ,E)= \ "* - e ~ ~ \ d E ' \ d n ' 4 i . (r',E',fl»)£(EOc(E)f (E'-*E#'-*0) 
n "* J | r - r ' l *J y n " "* "* "* "* 

0 iv ( 2 . 1 9 ) 

The neutron flux in the volume i s made up of the unscattered and 
mult iply-scattered neutrons exclusive each other; the total neutron flux 
i s the sum of all of these t erms: 

<\i(c,E,a) = d / n (r ,E,n) + i | / . ( r ,E ,n ) + • •• . 

„ (2-20) 
= V * ( r .E .O) , 

n-U 
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and <t>(r,E) =<J. 0(£,E) +4> 1(r >,E) + • • • , 
(2-21) 

00 

= £ 4>(r,E). 

The equation (2-20) can be thought of as a formal solution of the follow
ing integral equation: 

-T( lr -r ' I .E) 
e "" "* iKr^,E,n)=rds(dE'Cdn' |^(r^',E') l |;(r >',E ,

>n«)c(E)f(E',n'-E^)l 

rt e q 
jwn by 
15, 16 

(2-22) 
In fact, this is an integral representation of the transport equation, and 
the equivalence of this equation with equation (2- 1) can be shown by 
integration of equation (2-1) along the path of particle travel . 

In situations where the detector s ize i s l e s s than or comparable 
to the mean free path, as in our c a s e , essent ia l ly the unscattered and 
the f irst few mult iply-scattered neutron fluxes form m o s t of the total 
neutron flux, and the res t of the scattered fluxes are negligibly smal l , 
due to the large neutron escape probability because of the smal l s ize of 
the detector. Therefore , only the f irst few fluxes need be considered 
in the analys i s , and this fact wil l be exploited in the future approx
imating p r o c e s s e s . 

2. The Model 
The goal of this chapter is to relate the incident neutron flux to 

the measured neutron spectrum. 
The source that forms the neutrons inside the detector volume i s 

the flux of incoming neutrons, and this i s the quantity which we even
tually want to know. The neutrons inside the detector volume generate 
protons through interactions with hydrogen and carbon nuclei . These 
protons have a certain length of travel depending on their energy in the 
medium, and leave detectable tracks along their path. We measure 
these tracks experimentally, and ultimately we obtain the detected pro
ton energy spectrum. Therefore the basic task is to relate the above 
two quantities, with respect to our specific detector geometry and 
material . 
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Our spectrometer was set up as shown in figure 8. In order to 
provide the target nuclei for the incoming neutrons to generate the pro
tons, 1 polyethylene sheetof a specific thickness was used as the con
verting mater ia l , and spark chambers to detect the proton tracks were 
inserted between the polyethylene sheets . In this case the n-p convert
ing materia l a l so acts as an energy-degrading medium for the gener
ated protons, and decides their ranges. A l so , very thin plastic sc in
t i l lators were Bandwiched between the polyethylene and the spark cham
bers for the purpose of sensing the generated protons and to trigger the 
high voltage to the sprrk chambers whenever charged particles were 
present. The spark chambers were filled to one atmosphere pressure 
with neon gas and isolated by very thin mylar windows. The density of 
gas i s very low compared with that of a solid, and the space occupied 
by the chambers wil l be regarded as empty space for the analysis of 
particle transport. The analysis wil l be done on the geometry specified 
above. 

We shall start with the expresc ion for proton generation and relate 
it to the incident neutron flux, which i s the des ired quantity. To s i m 
plify the analys i s , we can think of the spectrometer as made up of one 
medium, namely polyethylene. For the plastic sc int i l la tors , we can use 
the effective equivalent nuclear parameters . Then only the space oc
cupied by n-p converter mater ia l has non-vanishing nuclear parameters , 
and the nuclear properties are uniform in this medium. We can assume 
that n-p interactions happen only in this space, and space-dependency 
of the macroscopic nuclear parameters disappears. Equation (2-6) , 
which represents the proton generation then becomes: 

00 

* ( E ) = Cdr C dE £ ( E J c (E ) £ (E - E ) * (r . E ) , (2-23) P P J *~J n n P n p n p n p n ~ n 
V 0 

m 
where V means the space occupied by the n-p converting medium. 
The medium consis ts of hydrogen and carbon atoms; protons are pro
duced from the n-p e last ic scattering with hydrogen and the inelast ic 
cascade reaction with carbon nuclei. 
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Spark chambers 

n 

Plastic scintillators 
n-p converters (polyethelene) 

Inhibiting 
anti-scintfllators Spark chambers 

XBL72II-4463 

Fig. 8. Spectrometer setup. 
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Then 

2 (E ) = N„CT„ .(E ) + N (T . ,(E ) (2-24) 
np n' H H,el' n c c, iner n' l ' 

and 

S (E )c (E )f (E-E ) = N„a I ,(E ) f„(E-E ) + N c (E )a . ,(E )OE-E ) np n' p* "/ pv n p HTI,er n' H' n p' c p' n' cineT n o n p' 
(2-25) 

where c (E ) is the average number of emerging proton secondaries per 
interaction with a carbon nucleus; this number is generally energy-
dependent. 

The variation of ff„ ,(E ) and a . ,(E ) with incident energyare 
shown in figure 1 and the macroscopic cross section in polyethylene is 
shown in figure 4. 

In elastic scattering the neutron scattering angle or proton recoil 
angle is associated by scattering kinematics with the kinetic energies of 
the scattered neutron and proton in a one-to-one relationship. There
fore, the energy distributions of the emergent particles are decided by 
the emergent angular distribution from the reaction. Note that the above 
statement is true only in elastic scattering. Usually, the emergent an
gular distribution from a reaction is given in the center of mass system, 
and the energy distribution in elastic scattering should be referred to it. 

The n-p scattering cross section is isotropic in the CM system at 
low energy below roughly 10 MeV, and as the incident neutron energy 
increase, it becomes symmetric about 90°. This is true vp to roughly 

20 42 MeV. The region is well represented by Gammel's formula : 

fftot(EJ 1 + b u 2 

%,p(>VEn> = -^T^- TTT7T bister . , (2-26) 

where 

and 

b = 2 (¥ 
a tot ( En> = X" + IT ' i n b a r n s ( 2 _ 2 7 ) 
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with 
2,2 A = 1.206 E + (-1.86+ 0.0941. E + 0.0001306 E ") n n n 

B = 1.206 E + ( 0.4223 + 0.13 E ) 2 . n n 

The t e r m s including b a r e c o r r e c t i o n fac tors accounting for the d e p a r 
t u r e f rom i so t ropy a t h igher energic 3. Here |x is the cosine of the 
neu t ron s c a t t e r i n g angle in the CM s y s t e m , E is the k ine t ic e n e r g y 
of the incident neut ron , in MeV, in t ie L a b o r a t o r y s y s t e m , and the dif
fe ren t i a l c r o s s sec t ion i s in ba r n s / s t e r ad i an . The above equat ion can 
be conver ted to one for the different a l c r o s s sec t ion , a s a function of 
e m e r g e n t p ro ton e n e r g y , using the i >llowing two k i n e m a t i c a l r e l a t i on -

u- 21 ships : 

and 

a ( U . E ) 2ir dix = v (E , E )dE n p * c n ' r c np 1 n p ' p (2-28) 

H„ = ' ' 2 • (2-29) 

where E is the r e c o i l proton e n e r , y in MeV in the L a b o r a t o r y s y s t e m . 
Then: 

a (E , E ) = a (|* . E ) 2ir np n p ' np 1 c n' dE 

a ti , E ) • 2tr np*c n 

"tot<En> 

E \2 n 

1 + b ( 1 - 2 ^ ) ' 
1 + b / 3 H ( E n - E p ) , (2-30) 

where H(E - E ) is a heavis ide function, defined as 

H (E - E ) = 1 n p ' for E =£E 
P n 

= 0 for E « E . 
p n 
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Above 42 MeV, the differential cross section is not symmetrical about 
90°, and the expression above is not a good approximation. For the 
energy range up to 300 MeV, the currently available experimental data 
have been fitted, using the following expression by the author and his 
collaborators. 

c (cos 6, E ) np c n' 
W En> 

4ir 
1 + 2 90/ 

1+ £ 1 + 3 

cos 6r 

E \ 2 nl 
+ B ( c o s J $ (2-3i) 

+ C(cos 0) + D(sin0) + E(sin20) -' ^(sin40) +G 

where Metropolis formula has been used for a (E ): 

34.10 82.2 
<WEn> + 82.2 in mb, (2-32) 

with (3 = — in the Laboratory system. 

A, B, C, D, E, F and G are fitting parameters . Details of additional 
t e rms and fitting procedure will be explained in a later chapter. 

As for the in-elastic nuclear reaction with carboi: nuclei, analytic 
fits, obtained by the method of linear least squares, to the intranucleer-

4 11 cascade data generated by H. W. Bertini will be used. ' 
The basic assumption of the method employed in the intranuclear-

cascade calculation is that the interactions of high-energy particles with 
the nucleus can be represented by free particle-particle collisions inside 

10 the nucleus, an approach first suggested by Serber. The justification 
for the assumption is that the wave length of the incident particle is of 

-13 the order of the internuclear distance (~ 10 cm). The deBroglie wave-
4 

length of nucleon divided by 2ir, X, at a few energies is illustrated: 

Nucleon Energy(MeV) 

X (cm) 

20 100 500 

1.02X10" 1 3 4 .45X10" 1 4 1.82X10" 1 4 

The physical process that can be approximately described by free-
particle collisions within the nucleus is called the cascade. On the basis 
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of this assumption, one can calculate the reaction with the nucleus by 
determining the life history of every particle that becomes involved in 
the individual par t ice-par t ic le collisions occurring within the nucleus. 
The point of collision, the type of collision, the momentum of the struck 
nucleon, and the scat.ering angles for each collision are determined by 
statistical sampling techniques. Free-particle experimental data are 
used whenever cross section data are required. 

The basic approach on this model was suggested by Serber, and 
Goldberger was one of the first to carry out calculations based on his 
suggestion. His work was done with hand calculations. Later more 
complete and detailed three-dimensional treatment was performed by 

3 
Metropolis et al. by assuming the constant nucleon density within the 
nucleus and a zero temperature Fermi energy distribution to represent 
the energy distribution of ;:he nucleons inside the nucleus. The latest 

4 and most complete calculation of this type is that of Bertini using more 
realist ic nuclear model, recent cross-section data, and an exact statis
tical sampling technique. Extensive comparisons with experiment were 
also made by him and the calculations are claimed to reproduce most 
of the experimental data for the cascade process within or close to the 
experimental e r ro r . 

Analytic fits to Bertini 's data has been obtained by Alsmiller et al . , 
and it is these fits that are goin^ to be used in our case. However it is 
to be noted that the analytic expressions give the energy spectra of 
emitted cascade protons and neut-ors averaged over large angular inter
vals, and it is these average data which are used; that i s , the differen
tial cross section for the cascade protons and neutrons is taken to be 
constant over the angular intervals 0 to 30. 30 to 60, 60 to 90, and 90 
to 180. It is by no means certain thi.t this is an adequate representation 
of the differential cross section. More details of fitting formula used 
will be given in a later chapter. 

Returning to equation (2-23), we see that it represents the proton 
generation rate with none escaping. In another words, if we suppose 
that left side represents the detected proton spectrum, equation (2-23) 
is true only for an infinite detector. In a practical situation, the 
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detector size i s finite, and the protons escaping out of the detector vol-
uire should be taken into consideration in the above express ion . The 
proton-escaping effect i s local , and depi ids on the relationship between 
the generated proton energy and its range in the medium. Therefore , 
in the case of finite detector, equation (2-23) should contain a local 
energy-dependent parameter, d(r ,E ), in it accounting for the fraction 
of the protons detected out of the total number of protons generated 
local ly. Then equation (2-23) becomes: 

oo 

<b• ( E ) = ( d r f dE 2! (E ) c (E ) f (E ,E ) 4 ( r ,E ) d (r ,E ). (2-33) 
P P J *~J n n P n p n p n p n « « n ~ < . p V m 0 m 

This represents the proton generation rate being detected inside the de
tector volume, without escaping out of the finite size detector. Here 
we rearrange the equation (2-35) slightly: 

00 

* (E ) = f dE c IE ) £ (E , E ) f dr 2i ( E J * ( r , E )d(r ,E ) 
p p j n p n p n p j » ~ n p n n « ~ n « ~ p 

E V 
p l m 

(2-34) 

and pause a moment to analyze the physical meaning of each t e r m under 
the space integral. Note that the lower l imit of the energy integral has 
been changed to E , due to the physical fact that protons of E are con
tributed only from the neutron flux at h igher-energy. S (E )<b ( r , E ) 

np n n «*> n 
i s the total neutron react ion or co l l i s ion rate per unit t ime per unit 
volume at the position r, i rrespect ive of the generated proton energy, 
and d(r ,E ) i s the detection rate of the protons of energy E generated 

«• p P 
at the position r. Al l of the protons generated at the position r are 
distributed in energy according to the probability law f (E ,E ) , c (E ) 

p n p p n 
being the number of protons generated per col l i s ion. 

The left side is the total sum of protons of energy E p generated and 
detected inside the detector. Let 's focus our attention for the time being 
on the composition of this quantity. Protons are generated from the c o l l i 
s ions with neutrons, and the neutrons at each point in space can be d e c o m 
posed into the mutually exclusive unscattered and mult iply-scattered 
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n e u t r o n s , as was shown in the p rev ious sec t ion . Consequent ly , the 
gene ra t ed pro tons can a l so be label led or decomposed into the pro tons 
gene ra t ed from r e a c t i o n s with the u n s c a t t e r e d n e u t r o n s , s ingly s c a t 
t e r e d n e u t r o n s , doubly s c a t t e r e d neu t rons , and so on. Then e a c h 
c l a s s of pro tons can be r e p r e s e n t e d a s : 

<|>.(E ) 
T i p 

00 

= f dE 
E -

c (E ) f (E , E ) p* n' p* n p ' f d r S (E )<t>(r.E ) d ( r , E ) .) ** np n i ** n ** p 
V 

and equat ion (2-34) b e c o m e s : 

(2-35) 

oo oo r / °° \ 

<t> (E )= 7 <t>.(E ) = f dE c (E )f (E ,E ) f d r S (E J ( V <t>.(r,E ))d( T p v p ' ^ V p ' J n py n ' p v n p ' J ~ np ' n'l<-J I «, nl 
i=0 E I V \ = 0 ' 

n m 

i=0 E 
Y f dE c (E )f (E ,E ) f d r l (E ) $ ( r . E ) d ( r . E ) t - i j n p n p n p J ~* np n i «~ n <~ p 

(2-36) 

One should note tha t for a l l i n t e r ac t ions or p ro ton genera t ions 
neu t rons come out f rom the r e a c t i o n s , e i ther as s c a t t e r e d neu t rons or 
c a scade n e u t r o n s , and these neu t rons e i the r make addi t ional co l l i s ions 
in the n - p conver t ing m e d i u m and eventua l ly e s c a p e , or e scape d i r e c t l y 
out of the de t ec to r volume without mak ing any fur ther co l l i s ion . F r o m 
the e x p e r i m e n t a l point of v iew, we a r e i n t e r e s t e d in the even ts that 
make a s ingle co l l i s ion , or m o r e speci f ica l ly , a single t r a c k inside of 
the de t ec to r vo lume . It i s e a s y to see tha t these kinds of i n t e rac t ions 
have the h ighes t chance of o c c u r r e n c e in the d e t e c t o r , s ince the d e t e c 
tor s ize i s s m a l l c o m p a r e d with the m e a n free path, and e scape i s a 
dominant phenomenon. One should a l so r e m e m b e r that the r e so lv ing 
t ime of a s p a r k chamber is quite long c o m p a r e d to the m e a n t ime spent 
by a neu t ron between co l l i s ions . The r e s u l t i s tha t m o s t of the m u l t i 
ple s c a t t e r i n g even t s a r e r e c o r d e d a s a single event . At any r a t e , one 
can aga in decompose the p rev ious ly defined c l a s s of co l l i s i ons , such 
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that the emergent neutrons make no collision before leaving the de
tector, make one collision before leaving, or two collisions before 
leaving, etc. Since we are interested in the single track events in 
the detector, we are interested in the protons that are generated from 
interactions with unscattered neutrons and the emergent neutrons from 
the reaction that leave the detector without further scattering. Then 
the probability, that an emergent neutron from an interaction does not 
make any further collision before escaping, should be contained in the 
first te rm of equation (2-36), and this can be done by attaching the ad
ditional probability to d(r, E ), denoting the new parameter by 
d A ( r , E ). Then the protons we are interested in can be represented o «• p 
as 

DO 

• ( E ) = f dE f f f i . E j f dr 2 (E )«. ( r , E ) d ( r , E ) , (2-37) O p J n p n p j ~* np n u *« n u •** p 
E V 

p m 

where c (E ) has been set equal to one, since we are also interested 
in the interaction producing only one proton from the reaction. 

In order to illustrate the above analysis and to give some feel
ing about the relative magnitude of the unscattered and multiply-
scattered neutron flux, the following example of a simple idealized 
one-dimensional detector will be given: Suppose we have a one-
dimensional detector, whose thickness is roughly one third of the mean 
free path, X = -cr, and the neutrons are incident on one side normal 
to the surface. Let 's assume that the neutron scattering law can be 
approximated with the straight-ahead emergent direction, namely,that 
neutrons don't change direction and energy after collision. In this 
case, we calculate the unscattered and multiply-scattered neutron 
fluxes and their fractions in which case their emergent neutrons leave 
the detector without any further collisions. 
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See the figure below. 

, xo 
• *7 

- x ' . l l ' II 
dx 1 -J 1 
X II 

dx 

0 • * " • ' x ' ' 

Fig. 9. 

Obviously, the unscattered flux at the position x is 

t » 0 ( x ) = I Q e - E x (2-38) 

The singly-scattered flux is made up of neutrons that make one and 
only one collision before reaching the position x. Hence, the singly 
scattered neutron flux is made by the sum of the multiplications of 
two probabilities, i . e . , the probability that the neutron will make one 
collision at an arbi t rary point at the position x' before reaching x, and 
the probability that the scattered neutron will reach the position x 
without collision. Mathematically this is 

,(x) 
A 

- Z x 1 „ , .. -E(x-x') e Z dx1) e * ' 

= I 0 ( S x ) e -Sx (2-39) 

Similarly the doubly-scattered neutron flux is formed from the inter
actions of the singly-scattered neutrons before reaching x, and we get 
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A. 

<)>2(x) = f I 0 ( Z x « ) e " S x ' S d x ' e " 2 ( x " x , ) 

0 

x 
= e - Z x y I Q ( S x ' ) ( S d x ' ) = I 0 && e - Z x . (2-40) I 0 ( 2 x . ) ( S d x ' ) = I 0 i ^ S ' 2 

"0 

Generally, the i - t i m e s scattered neutron flux is 

4>.(x) = iffi\~2*, ( 2 _4i , 

and the sum of these fluxes i s 

00 00 , / 00 , \ 

V A - V T (Sx)1 , - s x T --zx.hr (Sx)'L, -sx sx . 
2J V 2 , J0 i! e = I 0 e 12. i! j = I 0 e - e = I 0 ' 

i = 0 i = 0 \ i=0 / 

oo 

i.e., £ W (2-42) 
i = 0 

which i s the natural result from the physical point of view. One also 
can expect that each 4>(x) has peaks at the position i X.. 

The events , in which the scattered neutrons from the interactions 
with the unscattered and mult ip ly-scattered neutrons leave the detector 
without any further co l l i s ions , are obtained by multiplying the above 
fluxes by the non-col l is ion probability in the remainder of the path, 
e" ' 0 " x ' and Z, giving 

<|>.(x) S e = I Q ^-ry-t e • S e 

- S x Q 

I . e S ^ f ^ - . (2-43) *° siSii1 

The above mult iply-scattered neutron fluxes <|>.(x), and their col l is ion 

http://--zx.hr
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rate producing scattered neutrons that leave the detector •without col
lisions, have been plotted in figures 10 and 11. In order to get the 
fraction of detected non-escaping protons from the above fluxes, one 
should calculate the detection probability of protons at the position 
x, and that should be multiplied by the above collision rate . In the 
actual case, the scattering tneds to give a forward-peaked proton dis
tribution of emergent angles, and this has the effect of reducing the 
peak on the right hand side of the equation representing the multiply-
scattered fluxes. The figure shows that, as the detector size decreases , 
the effect of the unscattered neutron flux becomes more and more pro
nounced, giving the multiply-scattered neutrons negligible importance. 

Returning again to our original track, let us consider the angular 
nature of the incoming neutrons to the detector. Around the high en
ergy accelerators , the particles come from the shielding mater ia l 
mainly as secondaries from reactions with nuclei of the atoms com
prising the shielding mater ia l , when the very high energy particles 
from the target impinge on it. The reactions that occur inside the 
shield, in the above energy range, are cascade reactions, and have a 
relatively long attenuation length. Additionally, the reaction products 
from the cascade reaction emerge with a very high peak in the forward 
direction, and this fact tends to maintain the highly-directional nature 
of the neutron flux, even after much attenuation of the original flux, 
inside the shield. Therefore, even at the time the remaining second
aries emerge from the shielding mater ia l to form the stray neutrons 
around the accelerator, emerging neutrons still have a highly direc
tional angular distribution normal outwards from the shielding mate
r ial . The angular distribution of the emergent neutron flux is much 
closer to the monodirectional beam outwardly normal to the shield, 
rather than being close to the isotropic flux, in most of our energy 
range. Hence, if we position our detector set-up so that it is directed 
normal to most of the emergent secondary neutrons from the shield, 
most of the neutrons hitting the detector go into the detector volume 
through the front face of the detector, and the neutrons going into the 
detector volume through the lateral sides are small. By putting some 
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Fig. 10. Variation of vinscattered and multiple-scattered neutron 
flux. 
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F i g . 11. Spatial col l is ion r a t e of u n s c a t t e r e d and m u l t i p l e - s c a t t e r e d 
neut ron flux when the i r s c a t t e r e d neu t rons leave the de tec tor 
without fur ther co l l i s ions in a 1/3 \ s ize d e t e c t o r . 
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shielding material around the lateral sides of the detector, and also 
by putting anti-coincide nee plastic scintillator around the lateral sides, 
the neutrons going into the detector volume through the sides can be 
further suppressed. Therefore, we shall assume here that the most 
of neutrons go into the detector through the front face, and the number 
of neutrons going into it through the lateral sides is negligibly small. 
Also we shall assume that the incoming flux through the front face is 
spatially uniform over the front face of the detector set-up and indepen
dent of position. In this case, if we represent the incoming neutron 
flux to the detector volume at the front face by * (E ) and the front face 
area by A, then the total number of neutrons of energy E going into 
the detector volume is A4(E ). These neutrons are the neutrons that 
provide the unscattered and multiple-collision fluxes inside the detector 
volume. On the other hand, we are interested in events that generate 
a single proton, leaving a single track in the detector volume. This is 
represented by the integrand of the energy, integral inequation (2-37), 
and there must be a definite ratio between the number of single-event 
protons of energy E leaving a single track and the total number of in-
coming neutrons of energy E . If we represent this ratio by K(E ,E ), 
then 

i J v Wi' E n> VEnVEn'Ep> V * V 
K ( E n , E p ) - - S 5 n R i n , (2.44) 

I dr 4> 0(r,E n) S n p ( E n ) f p ( E n , E p ) d 0 ( r , E p ) = A*(E n )K(E n > E p ) . (2-45) 

m 

If we substitute A $(E )K(E ,E ), instead of the above space integral, 
into equation (2-37), we get 

00 

• 0 {E p ) = J d E n A K ( E n , E p ) * (E n ) . (2-46) 
E 

P 



-38-

This is the desired relation between the detected single-track event 
proton energy spectrum and the incident neutron spectrum. Since the 
above quantities ave in fluxes, we can multiply by the time measure
ment interval At, and get the rolationsip in absolute quantities, namely, 

GO 

N(E p) B <|,0(Ep) At = \ d E n A t A K ( E n , E p ) * ( E n ) . (2-47) 

T JE ) is the measured quantity and the * (E ) is the desired quantity, 
ind if we know K(E ,E ), we can get 4(E ) by solving the above in

tegral equation. As a matter of fact, the physical process generating 
the single-event proton flux at energy E from the incident neutron 
flux of energy E is relatively a simple one, and K(E ,E ) can be eval
uated rather accurately by simulating the above physical processes , 
using a random sampling method with the high speed computer. More 
specifically, the values K(E ,E ) can be evaluated by taking a ratio of 
the number of generated single-event protons of energy E lying with
in the detector, to the number of injected neutrons of energy E , when 
a specified number of neutrons 01 energy E are injected through the 
front face of the detector. We then sample the protons from the first 
collision inside the detector whose track lies within the detector and 
its scattered neutron leaves the detector without any further collisions. 
Details of the sampling method are given in later chapter. 

Once we have the kernel values at a set of energy points (E ,E ) 
and the measured single-event proton spectrum, the above equation 
(2-47) is solved for $(E ) numerically. Due to the random e r r o r s in
herent in the experimental values, a least squares method is adopted, 
which minimizes the square sum of the differences between the mea
sured and calculated responses at a certain set of energy mesh points 
of E . Details of this numerical unfolding method are described in 
Chapter V. 
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The next chapter explains the experimental spectrometer set-up 
and the related electronics and hardware which detects the proton 
t racks, and measures the single-event proton energy spectrum. 
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III. SPECTROMETER SET-UP AND RELATED ELECTRONICS 

1. General spectrometer set -up and triggering logic . 
The spectrometer has been set up such that it includes the n-p 

converting mater ia l which provides the nuclear targets to the incoming 
part ic les , the spark chambers which detect the Locations of the tracks of 
the emergent protons from co l l i s ions , scinti l lators and logic box which 
trigger the high voltage to the spark chambers only when protons are 
present and certain triggering conditions are satisf ied, and finally, 
the part which p r o c e s s e s into digital form the track data from the 
spark chambers and records those in the storage medium. Hence, 
the whole set -up can be roughly divided into four parts . 

For the n-p converter , sheets of polyethylene are used. Of 
the available mater ia l s , polyethylene happens to have the highest con
centration of hydrogen atoms in comparison with other organic mate
r ia l s . Thirteen polyethylene sheets of equal th ickness , and an area 

2 
of 50X50 cm , are placed symmetr ica l ly at the front, back and be 
tween the twelve equal ly-spaced spark chambers (see figure 13). Two 
thicknesses of polyethylene shee t s , l /4 - inch and 1-inch thick, were s e l e c 
ted, in order to cover the different range of particle energ i e s . For 
tr iggering, twelve plastic scint i l lators l /8 - inch thick are placed 
right next to each chamber, in order to sense the passage of a charged 
particle and trigger the high voltage pulse instantly to each chamber. 
Light pulses are generated only in the scint i l lators which are traversed 
by a proton. The exterior of the whole set-up is covered with inhibi
ting anti-coincidence sc int i l lators , in order to avoid triggering by 
charged particles from outside and also by protons escaping from in
side , even though they are generated inside. Table (3-1) shows the 
chemical composition and density of polyethylene and plastic sc int i l 
lator mater ia l used. Nuclear character is t ics of these materia l , as 
a function of particle energy, have been shown in the previous chapter. 
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Table 3-1 

Polyethylene Plas t ic Scintillator 

Chem. comp. CH2 CH^^ 
p (gr /cc ) . 91 1.02 
N H ( a t o m s / c c ) 7 .83 X 1 0 2 2 5. 16 X 1022 
N (atoms/cc) 3 .91 X 1 0 2 2 4 . 6 9 X 1 0 2 2 

c 
Range-Energy 
formula E p(MsV)=9. OR (mm) E p(MeV)=9. 17R' (mm) 

A comprehensive description of the physical processes inside the 
detector, and also of the data flow, is as follows: A neutron e n t e r s , 
makes a col l is ion with the nuclei of the n-p converter medium, and 
produces either a recoi l proton or a cascade proton, which travels a 
certain distance before it s tops . The passage of this proton produces 
Light pulses in the plastic scint i l lators it encounters and l eaves ioniza-
ti ns in the spark chamber gas along its track. The light pulses from 
individual scinti l lators travel upward through lucite light pipes to the 
photomultiplier tubes, where the light pulses are converted into e l e c t r i 
cal signal and multiplied. These s ignals are fed into the triggering logic 
box, where they pass through the discr iminators and the logic c i rcu i t s . 
The logic c ircuits have been designed so that, if any three or more 
adjacent sc int i l lators inside the spectrometer send out s ignals , and no 
signal is rece ived from the outside inhibiting ant i - sc int i l la tors , then 
the logic circuit i s sues one trigger pulse. The time delay through the 
logic box is approximately 90 nanoseconds. Then this trigger pulse goes 
to the high voltage pulsing s y s t e m , where it is first amplified in the spark 
gap trigger amplifier and goes to the spark gap distribution box, which 
applies a pulse of high voltage to each of the 12 chambers . The high 
voltage pulse is produced by discharging the stored energy of the large 
capacitors in the spark gap distribution box. The optimum high voltage 
applied to our chambers was found to be 9 kV. As soon as the high 
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voltage is applied to the chambers a c r o s s their two wire planes, s treamer 
type sparks appear between the wires where the charged particle passed, 
by the avalanche of e lectrons remaining from the ionization along the 
proton track in the spark chamber gas . This opens a spark channel and 
causes its current to flow through the wires c lose to the spark. In 
addition, the two outside wires of each wire plane, which are cal led 
fiducials and spaced 50 cm apart, have been connected to the correspond
ing wires of the other plane through the res i s t er -capac i tor chains, and 
current pulses a lso flow through these channels when high voltage is 
applied. So, there are three current pulses flowing altogether, and these 
pulses go over the magnetostrict ive wires which are placed just beneath 
and a c r o s s the chamber wires separated only by 5 mil - thick mylar sheets . 
From here on, the track location retrieving process begins and it is 
done in a smal l gadget called a wand. The above current pulses induce 
the local deformations in the magnetostrict ive wires through magnetic 
coupling in the parts c lose to the current pulses . These deformations 
travel along the wire with sonic speed, and sensed by the pick-up coil 
installed inside of the smal l preamplifier box on one end of each wire . 

The s ignals are converted into e l ec tr i ca l s igna l s , producing three d i s 
tinct pulses spaced in t ime . This information i s digit ized, using 20 Mc 
pulses and s c a l e r s in the Magnetostrictive Readout Unit, and give the 
spark location with reference to the fiducial d i s tances . Finally, a l l of 
this digitized information from the x and y axes of the twelve cham
bers i s recorded on the magnetic tape as one event for future p r o c e s 
s ing, with the CDC 6600 computer, to generate the single event proton 
energy spectrum. This whole process i s repeated as a new proton i s 
produced from a neutron col l i s ion inside the spectrometer . A sche
matic of the flow of the above process i s shown in figure 12, and cable 
connections of the whole se t up are shown in figure 13. (See a l so 
figures 14 and 15 for the actual se t -up and e lectronics u s e d . ) 

The specific scinti l lator mater ia l used was plast ic scintil lator 
pilot B from the New England Nuclear Co. This mater ia l g ives the 
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highest pulse height and shortest decay time (~ 2 nanoseconds) of any 
commercial plastic scintillator, with relatively good light t ransmis
sion properties, which are good for our purposes. Each scintillator 
was connected to the triangular lucite light guide on one side of the t r i 
angular piece, and the light guide lucite was bonded to the photomulti-
plier tube RCA 8575 on the other side. Each photomultiplier tube was 
covered with |j.-metal to shield it from the magnetic field, and the PM 

tube and mounting base were covered with an aluminum metal cylinder 
to provide shielding from the electrostatic field. The PM tubes have 
roughly a 31 nanosecond electron transit time at 3000 volts. The out
put pulse from each scintillator PM tube are fed into the discrimina
tors of the triggering logic box through 50 ft, 50 ohm co-ax signal 
cables. Th ' triggering logic box was made with fast logic circuit 
boards, using MECL II integrating circuit chips. (MECL stands for 
Motorrola Emitter-Coupled Logic.) These circuit boards usually 
have 5 ns rise time and 5 ns transit t ime. The triggering logic design, 
using fast logic circuit boards, is shown in figure 16. The logic was 
designed to require at least a triple coincidence among the scintillators 
assigned to each chamber, before it permits the output trigger pulse. 
The rectangular output pulses from the discriminators connected to the 
scintillators assigned to each of the chambers were adjusted to be ap
proximately 20 ns wide. This pulse width was selected, based on the 
consideration of the minimum accidental coincidence ra te , while allow
ing enough time to cover the light arr ival time differences and j i t ters 
in the PM tubes in coincidence. However, the discriminators connected 
to the outside anti-coincide nee scintillators were set to give ~ 65 ns-wide 
output pulses, in order to biock the issuance of trigger pulses whenever 
the pulses come from the outside anti-scintilla tors . The passage of 
signals through the logic box takes roughly 30 nanoseconds, from the 
time of the input to the discriminator to the start of the trigger output 
pulse, which has 18 ns pulse duration. The elapsed time, from the mo
ment of particle passage in the scintillators to the start of the PM tube 
output pulse, is usually less than 40ns. Therefore, from the passage 
of a charged particle in the scintillator to the s tar t of the trigger pulse, 
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the total delay time, including that of the cables, is ~180 ns. By the 
way, the output pulse width from the PM tube of each scintillator was 
reduced to roughly 10 ns by hanging a ~4 ns-long clipping cable on the 
output end of the PM tube connector. 

The trigger output pulse is amplified in the spark gap trigger am
plifier, and then goes to the spark gap distributor box, which applies a 
~200 ns-duration high voltage pulse of 9 kV between the two wire planes 
of each chamber. The wire connections that apply the high voltage 
pulses to the chambers are shown in figure 18 . The delay time in the 
spark gap trigger amplifier and the spark gap distribution bo c is roughly 
65-75 ns for each channel. This means that the total delay t ime, from 
the passage of the charged particle to the moment of high voltage appli
cation to the chambers, is ~250 ns. 

2. Spark chamber construction and operation. 
Multi-wire spark chambers are made of planes of closely spaced 

parallel wires connected to a high voltage pulsing system through a com
mon bus bar. Our spark chamber consists of two wire planes mounted 
perpendicular to each other with a gap of 1 cm. Each plane is con
nected to a common bus bar, called the high voltage and ground busbars , 
respectively. (See figure 17). The chamber has a sensitive area of 

2 
50X50 cm , and the gap between the wire planes is spaced by the lucite 
frame supporting the wires that are glued onto it in tension by epoxy. 
The wires are 3 mil silver-plated beryllium copper, with 1 mm spacing. 
However, for the two outside wires of each plane, 5 mil copper wires 
were used. Each of these two wires on each plane is connected through 
a capacitor-resistor network to each corresponding wire on the other 
plane, so that every time a high voltage pulse is applied between the 
high voltage and ground bus ba r s , currents flow through these two chan
nels. On each side of the frame, close to the electrode bus bar, a 
groove was cut, parallel to the electrode bus bar, and perpendicular to 
the wires of its plane, to slide in the thin aluminum rod carrying a mag-
netostrictive wire on it. This was covered with 5 mil mylar sheet to 
separate it from the electrode wires. Therefore, the magnetostrictive 
wire goes across each electrode wire, separated only by 5 mil thick 
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mylar, and whenever current flows thru any of the electrode wires over 
it, there is good magnetic coupling to the magnetostrictive wire below 
it. This magnetic coupling is used to locate the spark position, and will 
be explained in detail in the next section. The signals from the two mag
netostrictive wirer determine the x - y coordinates. The chamber is 
sealed on each side by 3 mil mylar sheets, and is filled to 1 atm. with 

a gas mixture of 90% neon and 10% helium. The wii onnections to 
each chamber are shown in figure 17. 

Figure 18 shows electrical wire connections of each chamber 
with the external high voltage pulsing system, showing the principle 
of application of the high voltage puise across the two electrode planes 
of the chamber. The principle of operation is as follows: Electric 
charge flows into the energy storage capacitor C through R from the 
high voltage power supply. As soon as the spark gap distribution box 
receives a trigger pulse from the S J T A , the spark gap breaks down, 
thus acting like a switch, and discharges the capacitor through the dis
charge res is ter R^. thus producing a high voltage pulse across the 
chamber wires . The high voltage causes the avalanche of electrons 
from the ionized track, and a spark is formed between the wire planes. 

The basic job of the pulsing system is to supply a high voltage 
pulse that is distributed uniformly throughout the chamber, of sufficient 
amplitude and duration to cause sparking in the presence of ionized 
t racks , but to avoid spontaneous break down. In addition, the pulsing 
system must provide sufficient energy to the spark, after it has formed, 
so that it can be reliably detected. In wire spark chambers with mag
netostrictive readout, this means that current must flow in the spark for 
enough time to allow formation of a sufficiently large magnetostrictive 
pulse, whose amplitude is proportional to the time integral of current. 
The requirements for a pulsing system depend on the electrical charac
terist ics of the spark chamber, the sparking characterist ics of the gas 
and chamber, and "le spark detection method. The numbers in figure 18 
are the values which give the best performance in our chambers. 
Usually, each chamber has its own peculiarities, and for the capacitor-
resis tor networks in the fiducial chain, a t r ia l -and-error method was 
used to select the values yielding the best magnetostrictive pulse in 
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each chamber. The high voltage pulse usually has roughly 30 ns rise 
time and 150 to 200 ns duration. 

In addition to the high voltage pulse, a small dc potential, called 
a clearing field, is always applied, in order to reduce the probability 
of the presence of random electrons at the time the pulse occurs, and 
to remove electrons and positive ions quickly after the spark. This 
field should not be so high as to remove electrons produced by the t r ig
gering particle before the high voltage pulse is applied to the electrode 
wires. Typically, the clearing field is arranged so that the transit 
time t . for an electron to cross the gap, under the action of the clearing 
field, is about twice the delay time t~ between the passage of the particle 
and the initial r ise of the high voltage pulse. Since the latter time is 
~0.25 |isec, the clearing time should be of the order of 0.5 |isec. Any 
particles that pass thru the chamber during the interval t . immediately 
prior to the initiation of the high voltage pulse will, in general, pro
duce sparks along their t racks , and t . can be called the sensitive time 
or resolving time of the system. 

Another important parameter of a spark chamber system is the 
recovery time, that i s , the time which must elapse after the operation 
of the chamber before it can satisfactorily be operated again. The high-
voltage pulser usually require some time to recharge its storage capaci
tor , but this time can be made small. In fact, the recovery time is 
limited by the chamber itself because of the time required tc remove all 
of the products of the previous spark, which might lead to reignition. 
The electrons are removed rapidly by the clearing field, but positive 
ions remain for a much longer t ime, and have a small, but finite, prob
ability of producing electrons by secondary processes. 

As to the basic mechanisms of spark formation, the process of the 
development and maintenance of an electrical discharge in a gas is ex-

22 
tremely complicated, and has been discussed in detail by many others. 
Let us limit ourselves to the mechanisms relevant to the development 
of a spark discharge in a gas, under the conditions which normally oc-

23 cur in spark chamber operation, as follows: A discharge is nor
mally initiated by one or more primary electrons which are acceler
ated by the applied field and then produce further electrons by ionizing 
collisions with atoms of the gas. Thus an electron avalanche builds up, 
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moving towards the anode with a velocity of the order of 10 c m / s e c . 
The positive ions that are produced at the same time move towards the 
cathode with ve loc i t ies of the order of 10 c m / s e c , and therefore may 
be considered to be almost stationary, in comparison with the e lec trons . 
The initial growth of the e lectron avalanche is usually explained in terms 
of Townsend's f irst ionization coefficient. The process continues until 
the effects of the space charge of e lectrons and positive ions is sufficient 
to ser ious ly modify the field and alter the mechanism of growth of the 
avalanche. Under those conditions, the field at the center of the av
alanche head, where the density of both e lectrons and positive ions i s 
high, becomes reduced and recombination becomes more probable, with 
the consequent e m i s s i o n of photons. Some of these photons produce 
photo-electrons in the gas surrounding the avalanche, thus producing 
fresh avalanches. The greatest multiplication in these auxiliary av
alanches occurs along the axis of the main avalanche, where the space 
charge field augments the applied field. In this way, the process devel
ops as a self-propagating s t reamer , which rapidly spreads in both d i r e c 
tions towards the e lec trodes and forms the spark channel. The forma
tive t ime of the above type i s much shorter ,because it does not involve 
positive ions . Since the primary avalanche defines the spark channel, 
the spark i s much more c lose ly aligned with the primary ionization, and 
multiple sparks are l e s s l ikely to occur. It should also be noted that, 
since no secondary process at the e lec trodes is involved the character
i s t ics of the spark are independent of the electrode mater ia ls and de
pends only on the properties of the gas . Usually a positional accuracy of 
0.3 m m , for particle trajector ies that are within 20 deg of the normal 
direction, i s achieved in the chambers , using a digitizing frequency of 
20 Mc. 1 Z 

In the chamber, a gas mixiture (90% neon and 10% helium) is 
UE d at a pressure slightly higher than atmospheric pressure . Mixing 
helium gas with neon tends to reduce the working voltage of chambers 
below that where neon alone i s used. Since this gas mixture is rather 
expensive , it i s cleaned and recirculated through the chambers again, 

24 using a gas purif ier-recirculator device . The gases are a l so mixed 
with alcohol by letting 10% of the flow volume pass through an alcohol 
bath. Adding alcohol reduces the threshold of operation by about 4 

25 kVdc . This phenomenon, attributed to Penning, i s very helpful, as 
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it allows the chamber to be pulsed at a substantially lower voltage. 
Another useful property of the alcohol i s its ability to supDress spu
rious sparking. 

The working voltage of our chambers has been obtained with the 
above gas mixture by testing the performance of each chamber with the 
magnetostrictive readout. The setup for the chamber tes t i s shown in 
figure 19 with the wire connections. A coll imated 3-particle source 
was used, and two scintil lator counters, one very smal l and the other 
large , provided a double coincidence tr igger . Two quantities were 
counted for each x-and y a::is coordinate: the number of event tr iggers 
and the number of magnetostrict ive pulses falling within a very narrow 
time window close to the test spot. Each 200 trigger events was ob
served , and Table 3-2 shows the average number of sparks falling with
in the smal l t ime winjow for each chamber. The source was moved 
around the chamber face , and no variation of efficiency was observed. 
The charging capacitors and r e s i s t o r s shown in figure 18 were used in 
the tes t . The minimum voltage that gives uniform efficiency for all 
twelve chambers is 9 kilo volt , and this voltage has been used in al l 
c a s e s . 

3. Magnetostrictive readout and data recording. 
As mentioned before, the spark positions are ascertained by the 

13 14 magnetostrict ive readout method. ' Figure 17a shows the posi
tions of the magnetostrict ive delay l ines and the fiducial connections in 
our chambers. Figure 17b shows the more detailed sectional view in
dicating the relative position of the magnetostrictive line to the cham
ber plane w i r e s . When a spark o c c u r s - d u e to the passage of a charged 
part ic le -between the w ires of the high voltage (upper) plane and the 
ground (lower) plane, the spark current flows along the w ires c lose to 
the spark and through the spark channel. The magentic field surround
ing the cur rent-carrying wire produces a local deformation in tne mag
netostrictive l ines , one on the high voltage plane side and the othei on 
the ground plane s ide . These deformations travel along the line with 
the velocity of sound which is ~5000 m / s e c . This i s a velocity of 5 
m m / p s e c , or a dealy time 0.2 j i sec /mm. (Note that wire density of 
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Table 3-2 

Detec ted s p a r k pulses within the window for eve ry 200 even ts r e c o r d e d . 

H. V. X-ax i s Y -axis 
Ch. No. 8 .0 KV 8.5 KV 9. 0 KV 8. OKV 8.5 KV 9 . 0 K V 

197 194 199 
181 199 199 
178 196 199 
147 197 198 
191 197 200 
10 188 196 
144 196 196 
112 194 198 
177 196 199 
65 191 196 
0 130 195 

175 195 195 

1 198 194 199 
2 194 199 200 
3 190 198 199 
4 181 197 200 
5 196 200 200 
6 191 200 200 
7 172 196 197 
8 191 198 200 
9 193 198 199 
10 190 199 199 
11 195 198 199 
12 197 200 200 
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the ordinary spark chamber is one per mm.) The deformation produces 
a voltage pulse in a pickup coil at the end of the dealy line, and then is 
amplified and clipped by an amplifier mounted on the same support that 
holds the magnetostrictive line. This assembly is called a wand. The 
signals then go to the next magnetostrictive readout unit, where they 
are differentiated; the zero-crossing point is used to generate a timing 
pulse for digitization. Figure 20 shows the process up to this stage. 
The logic for digitizing the wand data is shown in Fig. 21. Usually 
there are three magnetostrictive pulses, one from the spark channel 
and two from the fiducials on each end. The first fiducial signal starts 
two scalers which count the number of pulses produced by a 20 Mc pulse 
generator. The second signal (usually the spark signal) stops the first 
scaler , and the third signal stops the second scaler (usually the second 
fiducial). These two scaler numbers are then sent either to magnetic 
tape or to the selectric typewriter. Note that the 20 Mc pulser produces 
about four counts per mm of signal propagation, according to the above 
speed, which represents a position accuracy of 0.25 mm. This is com
patible with the spark position accuracy of the spark chambers. 

The fiducial signals serve two purposes: Fi rs t , their spatial loca
tion makes it possible to determine the spark location with respect to a 
coordinate system external to the chamber. Second, the first and sec
ond fiducial signals produce a normalizing number that is used to cor
rect for variations in the propagation velocity of the signals, due to 
changes in temperature, composition, density, etc. 

The distance between the fiducial wires in each plane in our spark 
chambers is 500 mm and, assuming the approximate signal propagation 
mentioned above (corresponding to 0.2 (is/mm), we expect to have "~2000 
counts in the 20 Mc scaler between the two fiducial pulses. In fact, we 
get fiducial numbers ranging grom 1870 to 1890 in actual cases , cor
responding to 3516 to 3537 in octal numbers. Note that we have 24 
wands, 2 wands from each of 12 chambers, and therefore 48 scaler 
numbers. Note also that in an actual measurement situation the magneti
zation in the magnetostrictive line in the wand is gradually destroyed by 
the magnetic field present around the accelerator, unless one magnet
izes the wands with reasonable frequency. In our particular magneto-
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strictive readout unit, all of the scalers were wired so that if they 
count more than the expected fiducial count number, they overflow and 
stop after recounting a very small number, usually 12 or 13 in octal. 
This is helpful in the later computer analysis for checking the presence 
of a spark in the chamber. 

One more comment should be made in connection with the cycling 
time or dead time of our spectrometer. Usually the spark chamber 
magnetostrictive readout system is connected to the small computer, 
which processes the events and stores only good events in its buffer 

26 temporarily, and later transfer the stored events to the magnetic 
tape periodically. This makec the data handling very fast, and the cy
cling time or dead time of the whole unit is decided by the recharging 
time of the high voltage pulsing system to the chamber. However, at 
the present stage, we couldn't connect a computer to our data handling 
unit for economic reasons, and the magnetostrictive readout was di
rectly connected to the magnetic tape. The recording speed of the mag
netic tape unit is extremely slow, and therefore this part determines the 
cycling time of the whole unit. The cycling speed of only one event pe" 
second (or slightly less) has been achieved with just the magnetic tape. 
Eventually a small computer should be connected to the spectrometer 
setup to increase the data handling speed and better cope with the event 
occurrence rate in the stray neutron radiation field. 

4. Test of the complete spectrometer setup. 
The complete spectrometer setup and electronics has been sub

jected to test as an integral unit. This was done in two stages. Firs t , 
a test was made with a strong energy p source ( Ru), mainly to test 
the simultaneous sparking of 12 chambers. Two scintillators, one 

2 2 
small (2X2 cm ) and the other large (50X50 €xn ), were placed on both 
sides of the 12 spark chamber setup, without converters. Electrons 
from the p source passed through the small scintillator, a stack of 12 
chambers, and hit the large scintillator. In this case, more than 94% of 
the observed events produced simultaneous healthy sparking a.'.ong their 
path. Even though this does not give the positional accuracy, because 
electrons make a zig-zag path along their track, even in the gas, this is 
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a meaningful result in the following sense: Suppose that each 
chamber has 99% sparking efficiency, then the probability that all of 
the 42 chambers will spark at the same time along the track is roughly 
88%, since the simultaneous sparking probability is the product of the 
12 chamber sparking efficiencies. Therefore, 94% simultaneous spark
ing efficiency means that the sparking efficiency of each -Individual cham
ber is better than 99%. which is a very good result . In the test , much 
bending of the electron path was observed. 

Next the spectrometer setup was tested with the proton beam of the 
184" cyclotron at the Lawrence Berkeley Laboratory. Figure 22 shows 
the spectrometer setup and triggering scintillators. The chambers were 
triggered only when the proton beam passed through the tiny hole of the 
anticoincidence scintillator, after passing through the small telescoping 
coincidence scintillator, and hit the large coincidence scintillator. In 
this experiment, all of the chamber triggering scintillators were in
serted, and timing between their scintillator pulses was aligned within 
a few nanoseconds. The scintillator pulses, using the proton beam, 
were stronger than those with the p" source. Data were observed in a 
batch of 500 events at various locations and directions. All of the runs 
gave similar resul ts , showing that the spatial efficiency of the spec
trometer setup is uniform throughout i ts front face. Among 500 events 
recorded in each run, ~ 5 events gave double tracks or double scattering
like events, ~25 events were discarded in the computer processing due 
to various random machine i r regular i t ies , ~50 events could not pass 
through the least square fit stage in the straight line checks,and ~400 
events made good straight line tracks along the chambers when 2 or 3 
mm average positional deviation from the fitted line were required in 
the least square fit line check. Positional accuracy of 2 or 3 mm is a 
very stringent requirement if one considers the possible small m i s 
alignments between the 12 chambers in actual mounting of the chambers. 
However, some variations of spark position accuracy were observed 
with the change of injection angle, even though they were small. These 
are shown in Table 3-3 and 3-4. In the normal injection case the 
average spark position accuracy was ~ . 4 mm and for the ~25° angular 
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injection case it increased to ~ . 5 mm. See figures 22-a and 22-b 
for typical cases . Figure 22-c shows the variation of the number of 
successful events in the least square line fit check when the average 
deviation requirement of the track data were changed. Here you can 
see the broadening of positional accuracy more clearly with the 
angular injection. The results were as expected. 

The entire test above was made during two operating shifts of 

cyclotron time (16 hours). The overall results of the above test 

confirms that the whole system, ay an integral unit, is very reliable 

and can give very accurate measurements of the proton track events. 



- 6 4 -

1H Scintillator 

184 
P + beam —+ 

Large scintillator 
with l"hole 

Yes 

v v 

Logic 
box 

No Yesjir Yes 

Disc Disc Disc 

r Large scintillator 

Spark gap 
trigger amp 

Disc And/ 
or 

Yes 
A A A A 

Yes 
No 
No 

5 way 
fanout 1 

Event 
counter 

Master 
control 

XBL72II-4456 

Fig. 22. 184-Inch Cyclotron proton beam test diagram of the 
spectrometer setup. 



Table (3-3) Normal injection case . 

STJTISTtSTICl OF DEVIATIONS MoH THE FITTED tl«5 

TOTAL EVENTS OBSERVED — 
AVEAAOE OEVUTION AHONO THgM-

389 

UET.US OF DEVIATIONS IN EACH NANS IN UNIIS OF • 2*"M 

* NO AXIS 

1 
1 

X-AXIS 
Y-AXIS 

i 
t 

X-AXIS 
Y-AXIS 

3 
> 

X-AXIS 
T.AAI* 

6 
A 

X-AXIS 
T-AXIS 

5 
i 

X-AXIS 
Y-AXIS 

6 
6 

X-AXIS 
Y-AXIS 

* 
T 

X-AXIS 
Y-AXIS 

8 
A 

X-AXIS 
Y-AXIS 

t 
f 

X-AXIS 
Y-AXIS 

1* 
1* 

X-AXIS 
Y.AXJS 

It 
11 

X-AXIS 
»-*XIS 

1* 
12 

X-AXIS 
Y-AXIS 

-I FIT 

22 

25 
132 

1 
2 

3 
9 

9 
37 

39 
76 

83 
A 

98 
33 

91 
135 

60 
145 

69 
168 

U 6 
53 

92 
* 

52 
2 

10 
2 

46 
23 

100 
97 

US 
174 

9 
31 

a* 
loo 

53 
12B 

103 
82 

90 
A 

S3 
46 

65 
124 

31 
144 

•6 
27 

116 
101 

86 
129 

35 
87 

12 
1 

40 
2 

99 
32 

117 
102 

2» 
* 

78 
2 

124 
IS 

93 
96 

0 • 0 
0 

15 
0 

56 
33 

84 
154 

111 
107 

98 
24 

37 
1 

S 
21 

18 
100 

62 
116 

112 
8T 

3 4 S OFF TOTAL 

96 
114 

116 
97 

66 
37 

38 
7 

12 
0 

380 
380 

10 
55 

S 
6 

2 
1 

1 
0 

0 
1 

380 
380 

IB 
0 

3 
0 

0 
0 

0 
0 

0 
0 

380 
380 

76 
77 

20 
7 

8 
0 

1 
0 

1 
0 

380 
380 

92 
29 

66 
6 

25 
i 

6 
0 

0 
0 

380 
380 

16 
41 

3 
18 

1 
2 

0 
0 

0 
0 

380 
380 

15 
22 

T 
4 

1 
1 

0 
0 

1 
0 

380 
380 

72 
153 

3i 
7(i 

7 
17 

1 
3 

0 
0 

380 
380 

43 
171 

9 
83 

1 
12 

0 
1 

3 
0 

380 
380 

106 
142 

105 
165 

76 
37 

IS 
2 

6 
0 

379 
379 

9 
0 

3 
0 

0 
0 

0 
0 

0 
0 

379 
379 

90 
35 

6T 
3 

2» 
1 

2 
0 

1 
0 

378 
378 



Table (3-4). ~25 angular injection case. 
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IV. DATA PROCESSING 

This chapter deals with the processing of the data in the mag
netic tape collected from the spectrometer setup. This was done with 
the CDC 6600 fast electronic computer, and a fairly large program 
was developed for the task. This chapter essentially explains this pro
gram, whose main purpose was to generate the single-event proton en
ergy Bpectrum out of the raw track data after the data were processed. 
However, because the sparking activity in the chambers are basically 
probabilistic phenomena, and it is always possible for some part of 
the whole instrument setup to go wrong and spoil the acquisition of cor
rect information, inspection of individual chamber performance and 
checking of the proper functioning of the whole setu^ as an integral unit 
was an equally important job of the program. This was done by accu
mulating statistics of the performance of each chamber and also de
tecting irregulari t ies among the twelve chambers as an integral unit, 
as part of the processing. Figure 23 shows the flow chart of the blocks 
in the program. 

1. Method of recording and unpacking data. 
In each event, the data are transmitted in the following order 

from the spectrometer setup to the recording device: horizontal wand 
(x-axis) of chamber 1, vertical wand (y-axis) of chamber 1, then hor
izontal and vertical wands of chambers 2 through 12. Chambers were 
numbered from the front face of the spectrometer setup. Each wand 
gives two items of digital information, e .g . , spark position and fidu
cial distance, in the single spark case. Each Information set is dig
itized in a 12-bit or 4-diglt octal number, which will be called a word 
from now on. Since there are 24 wands and each wand produced two 
digitized octal words, there are 48 octal words. To this set, two 
other 4-digit octal words, 7777s 7777g are added as check bits at the 
beginning of each set to identify the beginning of each event, making a 
total of 50 4-digit octal words, or 600 bits, per event. (Note that this 
corresponds to ten CDC-66 words, since a CDC 6600 word is a 60-bit 
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a) packed fo rm of data 

7777777735360013352600123533001135243561177035360016351716163535 

0440352114523536105335211266131635240012114635362107352607623537 

2511352505460556352600110270030335240012353400113524001135400012 

35230012 

b) unpacking of data 
7777 7777 3536 0013 3526 0012 3533 0011 3524 3561 1770 3536 0016 3517 
1616 3535 0440 3521 1452 3536 1053 3521 1266 1316 3524 0012 1146 3536 
2107 J526 0762 3537 2511 3525 0546 0556 3526 0011 0270 0303 3524 0012 
3534 0011 3524 0011 3540 0012 3523 0012 

c) identification of data 
C h a m b e r X-ax i s 
Number D l D2 

1 3536 0013 
2 3533 0011 
3 1770 3536 
4 1616 3535 
5 1452 35 36 
6 1266 1316 
7 1146 3536 
8 0762 3537 
9 0546 0556 
10 0270 0303 
11 3534 0C11 
12 3540 0012 

Y -axis 
D l D2 

3526 0012 
3524 3561 
0016 3517 
0440 3521 
1053 352 1 
3524 0012 
2107 3526 
2511 3525 
3526 0011 
3524 0012 
3524 0011 
3523 0012 

F i g u r e 24. Unpacking and identif icat ion of da ta . 
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word. ) These numbers were recorded on the magnetic tape listed as 
a series of numbers without interruption, namely, in packed form (see 
figure 24a). A specified number of events were listed in packed form 
as a group partitioned by a mark called a record mark on the tape. So 
the first operation then in the processing was to unpack the above series 

of numbers and identify the numbers with the axis of each chamber in 
the spectrometer setup. This is done at the start of the program, as 
shown in figures 24b and c. 

2. Classification of digitized wand data. 
After the unpacking and identification of the wands, each wand 

output goes through the stage that classifies the spark typ" and checks 
the existence of any possible irregulari t ies in connection with the 
fiducial distance. The possible regular spark types in each wand an. 
our case a re : no spark, single spark, and double spark. However, 
in order to cope with various machine i rregulari t ies , every possible case 

anticipated out of the two-sealer output from each wand was included. 
Of each two digitized numbers of the wand, the first number will be 
called Dl and the second number D2. There are largely three possi
ble cases between these two numbers: Dl and D2 can be equal; Dl 
can be larger than D2; or Dl can be smaller than D2. The second case 
is possible because the second scaler overflow and recounts from zero, 
if it counts up to the number slightly larger than the expected fiducial 
number. This recounting after overflow was designed to stop after 
counting a small number, usually 12 R or 13„. Note that the expected 
fiducial number ranges roughly to 3530„. The first possibility is di
vided into two cases, i . e . , either Dl and D2 aic both zero or finite and 
equal. The both-zero case means that no pulses came from the wand, 
and this usually means the high voltage wasn't pulsed on. The event 
containing this kind of case do not need further processing, and is 
discarded after completing the check of the remaining wand data for the 
event. On the other hand, a non-zero equal case is possibly caused 
by clock e r r o r , and the event containing this kind of case is saved 
and regarded as a single spark event, although it is registered as an 
irregularity for the wand. 
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The second category, in which Dl is larger than D2, is also 
further divided into three sub-possibilities, if-we consider a small 
region around the expected fiducial number F, (FL, FU), so that any 
number which falls within this region is regarded as a fiducial number. 
Ordinarily, the fact that Dl is larger than D2 means that D2 must 
have overflowed, and accordingly, Dl would be expected to be a fidu
cial. So if Dl fall within FL and FU, the event is a regular no-spark 
case. If Dl is smaller than FL, the fiducial pulse must have beer 
missing in this wand, and this is registered as an irregularity in the 
wand performance statist ics, but is also regarded as a single spark, 
and thr rvrnt containing thift it in navocl. The third cnnc meant) that 
the second clock must have been stopped by a spurious pulse slightly 
beyond the fiducial position while the fiducial pulse was missing with 
no spark. This is regarded as no spark and registered as an i r reg
ularity in the chamber performance report. 

The third category is also divided into several sub-cases: If D2 
is smaller than FL, it must have been a double spark. If D2 is 

within FL and FU, it is a single spark. The case where D2 is 
larger than FU is subdivided into three cases depending on Dl. If Dl 
is smaller than FL, it must have been a single spark while the fidu
cial pulse was missing. If Dl is within FL and FU, there must have 
been no spark, and second clock must have been stopped by some spu
rious spark beyond the fiducial pulse before overflow of the scaler . 
The third case, where Dl and D2 are larger than FU without overflow, 
must be a very ra re case . There must be no spark and Dl and D2 
must have been stopped by two spurious pulses beyond the fiducial pulse, 
while there was no fiducial pulse at the expected place. The above three 
subcases are saved, but they are registered as irregulari t ies in the 
chamber performance report . 

All of the above divisions are shown in Fig. 25. Although each 
wand output of an event goes through the above classifying process , 
those events are discarded if any three adjacent chambers have double 
sparks. Very probably those must be double track events, which are of 
no importance to our objective, and early rejection saves a lot of 
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computer t ime. 
One more comment to be made is that, even though the fiducial 

pulses are very stable, the second fiducial is generally l e s s stable, 
and every once in a while it is miss ing in some chambers . However, 
we don't have to discard the whole event in the cases where only one 
or two fiducials are mis s ing , if we think in t erms of maximum use of 
the collected data. This i s the underlying idea in the above treatment 
of event data. The passage of the group of events in a file g ives a r e 
port of the stat ist ics of the spark types regis tered in each wand and the 
irregular i t ies detected in the proces s . This information i s very u s e 
ful in est imating the chamber performances after the experiment, and 
gives an indication whether the whole experimental setup functions 
properly during data-taking. 

3. Sorting of good events and least squares line fit. 
After the wand data p a s s e s through the c lass i f icat ion group; each 

event goes through the stage that extracts the information about the 
track, based on wand data obtained from the previous group, sorts out 
good events while discarding the events which do not meet the triple 
coincidence rule, and finally checks whether the least squares fit with 
the wand data makes a straight line plot. Note that in this sect ion we 
are looking at the wand data col lect ively , in order to find possible 
charged particle tracks . Also note that our eventual goal i s to deter
mine the s ing le -co l l i s ion proton spectrum. 

Since there are many possible cases in the col lected data, in con
nection with the tracks along the twelve chambers , such as a single 
col l is ion producing a single track, a double col l is ion giving two s e p 
arate tracks , a double track involving the same chambers , false tr ig 
gering by gammas , accidental coincidences , and failures to detect 
some weak sparks along the tract , e t c . , the f irst thing to be done i s to 
distinguish events by the continuity of sparking along the chambers . 
This i s done in the f irst part of this block. "A single track i s formed 
when some number of adjacent chambers are involved. Double scat ter
ing usually involves two distinct groups of adjacent chambers. See 
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figure 26 for the various possible kinds of trackB. Matching conditions 
between the x-z and y-z planes in sparking should be checked. Since, 
in the computer,the x-z plane and y-z plane are seen separately to 
check the tracks, the x-z plane and y-z plane processing is done sep
arately and later compared as to whether the results of the two planes 
are compatible with each other. Since there occasionally may be some 
missing sparks along a track due to weak current, the x-z plane some
times may register a single continuous group of sparking, while the 
y-z plane forms two continuous groups of sparking along chambers with 
a middle group of non-sparking chambers and vice versa. These types 
of events are saved for further test of their linearity by filling the mid
dle sparks in the missing plane by interpolation. However these events 
that had two compatible, distinct groups of continuous sparking in both 
planes are discarded at this stage. In the program, this is done as an 
option, and one can also try these events for a linearity check by inter
polation-filling of the middle part. Any events that had less than three 
chambers sparked in both planes arc also rejected at this stage. There
fore only these events that have a high possibility of making a single 
straight line remain after this processing. 

After the above processing, successful events go through a least 
squares fit check for a straight line plot. However, in a group of 
chambers which registers continuous sparking, some chambers have 
double sparks, and it is not known which spark makes the straight line 
before the fit. Therefore,every possible combination of sparks from 
each chamber is tried in the least squares line fit and only the com
bination that gives the minimum deviation from a straight line is tested 
as to whether it is within the given acceptable error limit for the 
straight line*. Thia is done separately in the x-v. and y-x plant!. Those 
events that give an unacceptable error in any of the two-plane fits are 
rejected as unwanted events. 

The least squares line fit is done in each plane in the following 
manner: Suppose N continuous chambers sparked as shown in figure 
27b. Then the least squares line approximating the set of points 
(Z , Y d ) , (Z 2 > Y 2 ) , • • • , ( Z N , Y N ) has the equation 
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Single frock Double track 

Interrupted track False triggering 

XBL72M-4455 

Fig. 26. Cases of tracks detected in the spectrometer 



-79-

(a) Spectrometer reference coordinate 

Chamber number 
i Z 3 4 5 « 7 8 9 W II 12 

(b) One plane in line fitting (c) Angle relations 
with the fitted 
line slopes 

XBL72II-4454 

ig. 27. Spectrometer reference frame and least square line fit. 
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Y = a + b x , (4-1) 

and the constants a and b are determined by solving the following 
simultaneous equations requiring a minimum least squares sum, 

Z Y = a N t b I Z 
2 < 4 - 2 > 

2 Z Y = a Z Z + b J Z ' , 

which are called the normal equations for the least squares l ine. The 
constants a and b of the above equations can be found from the for
mulas : 

a = ( S Y ) ( S Z 2 ) - (SZMSZY) 
N £ Z 2 - ( 2 Z ) 2 

(4-3) 

b = N{SZY) - (SZ) (SY) 
N ( 2 Z 2 ) - ( Z Z ) 2 

and the error of the fit i s represented as 

J FT <<• (4-4) 

The error s i s a measure of deviations of the data from the fit, and 
represents only those events which have smaller error than the spec
ified error e are accepted as valid track data. 

Once an event i s accepted as a line track, the polar ano azimuthal 
angles relative to the spectrometer setup, as shown in figure 27a, are 
calculated in the following way: 

c o s ' 1 u = c o s " 1 ( l A / ( l + a x

2 + a 2 ) ; (4-5) 
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if a 9 0 
V 

(4-6) 
if a < 0 , 

y 

where a and a are the s lopes of the least squares line fits in the 
x-z and y-at planes, respect ively . 

4 . Proton track length and conversion to energy. 
The next step Is to calculate the range of the particle track lying 

within the spectrometer converter medium, and then to calculate i ts 
energy from the track length, using range-energy formula. Suppose N 
sparks are recorded for the track of a proton, and the converter m e 
dium thickness of each chamber i s t. Then the particle range must 
lie somewhere between the following two l imi ts : 

R 4 = ( N - i ) j / c o s 0 
(4-7) 

R 2 = ( N + i ) i / c o s f l , 

when- 0 is the polar angle of the track normal to the chambers . The 
fact that the spectrometer measurements cannot determine a definite 
range of the track for the charged partic le , but instead only define the 
region within which the particle range might l i e , i s c lear ly a disadvan
tage , and tends to give a l e s s rel iable energy spectrum in the overal l 
re suit. 

Two methods can be used to convert the track information into 
proton energy. The f irst method i s obviously to use the arithmetical 
avc rage of the two l imits above as the value of the total range of the 
particle: 

_ R J + Ro 
R = —i -g—=- = N i . (4-8) 

In this case . the maximum error is given by AR = £. The relative 
° ' max 

error in energy i s obviously dependent on the number of chambers 
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involved in sparking. The range-energy relationship of protons in poly
ethylene and in plastic scinti l lators can be expressed with good accu
racy by 

E = K R 0 , 5 5 . (4-9) 

Then the relative maximum error in energy will be 

- a ^ W * 0 . 5 5 K R 0 ' 5 5 " 1 A R m _ x 4 R m i , 0 „ max _ max ,~ e c max _ o.ao . . . - . _ - - - j - ^ n o . , 5 — g p p . (4-10) 

Therefore , the maximum error for N= 3 wi l l be 18%, and for N = 1 0 , 
5.5%. These e r r o r s look rather large , but one should remember that 
they are maximum possible e r r o r s , and the actual e r r o r s involved are 
smal ler in mos t of c a s e s . In this method a "one" i s reg i s tered in the 
particular storage bin that represents the energy corresponding to the 
average track length. 

The second method ia to distribute the scoring contribution among 
the energy bins within the above two energy l imit corresponding to 8 . 
and R 2< The error bound by R. and R_ around R* usually involves 
s evera l energy bins, and it may be reasonable to distribute the score 
among those energy bins in proportion to the chance that the proton e n 
ergy might fall in those energy bins. If one a s s u m e s that the protons 
are equally available in the above energy region, the probability that a 
certain length track will be detected, when only N chambers are in
volved, has a triangular shape with the peak at the average range R and 
z e r o e s at the two l imits R and R , . The contribution into each energy 
bin i s calculated in proportion to the area in its energy interval. In 
overal l result , this method has a tendency to smooth out the energy 
spectrum. This effect i s good in the region around the central part of 
the spectrum, but it i s bad at the edges of the energy spectrum. The 
program gives both spectrums in the output, and the choice of method 
depends on the situation and the user . For the proton range-energy formula 

in the medium, it could be calculated from the well-known Bethe-Bohr s top-
27 28 ping formula ' for the specific medium: 
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dE = 4 X e 4 » 2 Z N B { 4 _ u ) 

d x m r 

Table (4-1 ) shows the stopping power and range of protons in polyeth
ylene, but in the program the previously mentioned approximating for
mula has been used , with the coefficients shown in Table ( 3 - 1 ) fitted 
from ref, 29. 

Our chambers have frames made with lucite to support the grid 
wire planes. This lucite supplies unwanted nuclear targets for the 
neutrons around the odgss of tho chambers , and also has stopping power 
for tho protons. Even though our spectrometer i s surrounded by anti
coincidence sc int i l la tors , they are separated by frames from the sens i t ive 
area , and presumably many protons from inside the spectrometer are 
stopped in the f r a m e s . Therefore , the effects of the chamber frames 
must be considered in connection with the acquisition of the proton energy 
spectrum. Also , many protons are generated inside the frames and go into 
the spectrometer . These kinds of tracks are not real ly a major part, but 
they must be considered. The chambers haven't the ability to distinguish 
the beginning or end of a charged particle track. Whether the track involves 
the frames or not can partially be checked by extending the tracks one 
more chamber distance—both in the forward and backward direction-and 
checking whether any extended end falls in the frame region. If both 
extended ends fall inside the sensit ive area, there is no doubt that the 
track was generated and shaped within the sensit ive region. However, 
if the extended end falls in a chamber frame, one cannot be sure 
whether the track real ly involved the chamber frame, or if it was 
stopped or generated before the frame. If one sacr i f ices the events 
of the latter type he can, in forming the energy spectrum, reject al l 
of the events whose extensions involve the frame. This action tends 
to cause the l o s s of some of the good track events in the data tape, but 
increases the rel iabil ity of the obtained proton energy spectrum. In 
the program, the forward and backward extensions are options. One 
should note that, if one u s e s the above extension and rejection options 
he should also include the same thing in the particle transport s i m 
ulation, to be used later for the kernel generation. 
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Table 4-1 

Range of protons in C H 2 . ( F r o m UCRL-2301 . ) 
0 = .91 g r / c c 

T R dT T R dT 

MeV . 2 Km/cm 2 
MeV-cm /em 

MeV , 2 
Km/cm 

2 
MeV-cm /km 

1 1.911 X 1 0 - 3 305 .9 200 2 . 3 9 6 X 1 0 1 4 . 8 4 9 

2 6 .258 184.8 250 3.507 4 .2 1 7 

3 1 . 2 6 8 X 1 0 " 2 134.6 300 4 .762 3.792 

4 2. 109 107.0 350 6. 139 3 .489 

5 3. 136 89 .37 400 7 .621 3.262 

6 4 .344 77. 10 450 9. 198 3.080 

7 5 .728 68 .00 500 1.086X 10 2 2 .949 

8 7.284 60 .97 600 1.438 2 .745 

9 9 .008 55 .36 700 1.812 2 .604 

10 1.090X 1 0 " 1 50.77 800 2 .205 2 .503 

12 1.516 4 3 . 6 9 900 2 .611 2 .428 

15 2 .272 36.34 1000 3.028 2 .371 

20 3.834 28 .66 1500 5.210 2 .229 

25 5 .756 23 .84 2000 7 .482 2 . 189 

30 8 .023 2 0 . 5 3 2500 9.766 2. 184 

35 1.062 X10° 18. 10 3000 1.206 X 1 0 3 2. 194 

40 1.355 16.23 3500 1.432 2 .210 

45 1.678 14. 76 4000 1.658 2 .229 
50 2. 032 13.56 4500 1.881 2 .250 

60 2 .828 11.72 5000 2 . 103 2 ,270 

70 3.736 10.38 6000 2 .539 2 .312 

80 4 .752 9.360 7000 2 .968 2 .348 

90 5.872 8.552 8000 3 .391 2 .383 

100 7.090 7.898 9000 3.808 2 .415 

125 1 . 0 5 4 X 1 0 1 6.700 10000 4 .219 2 .445 

150 1.454 5.886 
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5. Proton energy spectrum generation. 
At the start of the program, energy bins are setup according to 

the given energy interval for a certain range of proton energy. Pro
cessing of each event in the raw data tape, as explained above, extracts 
only the good single-track events, converts track length into energy and 
distributes the information among the energy bins. Eventually, this 
process generates a proton energy spectrum as a histogram, which is 
produced at the end of the processing of each data file. 

In addition to the proton energy spectrum histogram, the final out
put also gives a report on the statistics of chamber performance, spark 
types, and various irregulari t ies detected in each chamber. It also 
gives the angular and energy distributions of the detected tracks in 
terms of the polar-azimuthal angle and the polar and azimuthal angle-
energy distributions, in order to help orient the spectrometer setup to 
the incoming neutrons. Table (4-2 ) shows some output items from a 
batch of 500 events, obtained from tests of the spectrometer setup with 
the 184" cyclotron proton beam. 
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Table 4.2 _" b-

•• FI0UC1AI PULSE Ot&TKNCC REPORT IN OCTAlg 

J . « * « ' H C PROCESSING STARTS, 

CHAM'IIEA NIM«E*S I Z J A S I T I I I I I I I Z 

I-AAISI HOnUONKl I • 1J3S 3S3I 3V» '*'* 3S« 353t 3IS33 3S3A 3»3' 3S3« 3131 353T 
T-1IISI VERTICAL I • 3SZ« 3JZ2 JS(A 1SJ0 3SZ* 3SZ3 3SZS 152A 1»2» J5JJ 35ZA 3551 

t. "MEN flit PROCESSINO CUDS' 

CHIME* WaltRJ I I ) A S » T • I 10 II ij 
H-HJSI HOnUOniaL | , 3J3A 3331 11/1 1J3A 3S3S iSll 3S3S 3S3I 3*3' 3S3t 3133 35JT . - ~ 
Y-»«l»l VERTICAL I • 3»Z* 3SZ8 31(1 3(11 3>!A 33»3 3SZI 3SZA 3»Z5 JSZI J5Z3 1»>2 

C> SPARK C«"IC«S PCRFORMAYCE «C»0»T> - .. .'.. _ _. 

C-l. FIDUCIAL CHICK ERROR FREO; I" EACH {«aMP.C« — NrDCA II.J.KI 
1. >••>!! (HORIZONTAL | 

CHAKUR NUMBERS J t j ' ; 5 , T ( , i t " n i z 

*o F IRE • • • • • • • • o t i o 
CLOCK ERROR l i t t i i i i i i i i 
TOO IONS FIO. I I O I | l t | l l l l 
TOO SHALL n o . t t • t i t • i t • • • 

r o u i t i t o i i i i i t i i 

Z. Y-A«|S I VERTICAL I 

CH««Ma NUMBERS i Z 3 < » » 7 1 • I I I I I t 

• » r i «c l i i i i i i i t i i i 
CLOC« ERROR t i l l t l l i l l l l 
TOO io«o n o . i t i o i t t t i i i i 
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TOTAL i i l r i o z i 2 i i > 

NOTE— CLPc" ANO TOO SHALL FIO ERR01} ARE StVAIi C. 

C-». STATISTICS Or REGULA • OCT* IN EACH L M A M A E * — - C M W N D U I |J,K(, 
J. >-»is (HORIZONTAL ) 

CHAMBER N U H O E R S i Z 1 A 1 4 T 1 • 11 II IZ 
NO, OF 01E SPARK 
NO. OF TWO SPARKS 
NO. OF NO SPARK 

AAT 
ZJ 
I 

•S3 
IS 
z 

»«1 
z 

AAl 
2A 
ft 

AAA 
It 
1 

»5J 13 I 
AAT 
z zt 

A 

AA» n z 
AH 
Z» 
t 

A»l 
II 
( 

AZ1 
•3 
« 

TOTll A TO *T| ATI JIl> A»l ATI) ATI AT* ATO ATI ATI ATI 

CHAHtE* NUMBERS J 2 3 i % ft 7 • t 19 I I 12 

NO. OF OME 5 * * R * 457 44? 4 * t ZSr *S i 444 4&4 «S-| 442 4*2 401 3*4 
NO. OF HO S'AHKS 13 4 I I 2» 14 J 14 14 ,9 1? *7 * « 
NO, OF NO 5P*W* 0 4 | r > | 3 t l * f t S f t 

T0T4L 4T» 47f * *0 i7(> 47» *'t> 4*0 476 470 4»0 *70 471 
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V. NEUTRON SPECTRUM UNFOLDING 
This chapter descr ibes the method of unfolding the neutron energy-

spectrum from the proton energy spectrum measured from the spectrom
eter. The f irst sect ion explains the general nature of the kernel matrix 
element which i s generated, using a random sampling method, followed 
by brief introduction to the Monte Carlo principles . The third section 
gives the detailed sampling procedure, with all of the equations and 
probability functions used in it, and the second section gives a general 
description of the differential c r o s s sect ions which are used in sampling. 
The fourth sect ion gives some analysis of Monte Carlo resu l t s , and the 
fifth sect ion descr ibes the details of the calculational aspect of the di 
rect least squares method that i s used in the numerical unfolding of the 
neutron energy flux from the measured proton energy spectrum, using 
the generated kernel matrix. 

1. P r o c e s s simulations 
This sect ion explains the detailed procedure involving particle 

transport and evaluation of the kernel matrix element in the random 
sampling p r o c e s s , with a brief account of the Monte Carlo principle. 

The bas ic quantity we are going to es t imate , using the random 
sampling method, i s the kernel matrix e lement K for <%ach set of neu
tron and proton energy points E , E , which are needed in the numeri
cal procedure of the unfolding p r o c e s s . The kernel matrix e lement for 
a set of E , E is represented from Chapter II as 

L dL*0 <£' En> Snp< E

Py En' Ep>V£'V 
K ( E n ' E D > = — • f 5 " 1 ) P A * (E ) n 

Here the denominator on the right hand side represents the total number 
of neutrons coming into the spectrometer volume through its front face , 
and the numerator represents the total number of protons detected in 
side the spectrometer volume without escaping among the protons gen
erated by col l i s ions of the unscattered neutrons within the spectrometer . 
Part ic le transport inside the spectrometer volume, when neutrons of 
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of energy E come into it through its front face, can be simulated e x 
actly, using known nuclear parameters and scattering kinemetics . The 
above quantity can be obtained by collecting the non-escaping single 
track events whose energy i s E and l ies within the detector volume 

P 
when neutrons of energy E are injected, and forming the ratio to the 
number of injected neutrons A * (E ). The chance that each injected neu
tron will form a non-escaping single proton track i s formed in principle 
by the product of four probabil i t ies , when the neutrons are injected into 
the spectrometer volume: 

a) the probability that an injected neutron will make a col l i s ion 
inside the spectrometer volume; 

b) the probability that the above col l i s ion will eject a proton of 
energy E p , i. e. , f p ( E n > E p ) ; 

c) the probability that the range of the above ejected proton will 
lie within the spectrometer volume, i. e. , the non-escaping 
probability (in the actual c a s e , the additional condition that 
a minimum of 3 chambers must spark i s a lso imposed); 

d) the probability that the scattered neutron, which e m e r g e s from 
the col l i s ion together with the proton, wil l make no further 
interactions inside the spectrometer volume before leaving 
it. 

Note here that in i tem (b) f (E , E ) has a constant value for a fixed se t 
P n P 

of energ ies (E , E } and can be multiplied later , if the sampling i s d e 
signed so that in the f irst neutron col l is ion of energy E , only protons 
of energy E are ejected. This trick of using expected values usually 
reduces sampling var iance and saves computer t ime in actual sampling, 
and was used to advantage in this c a s e , where actual sampling was done 
by injecting neutrons into the spectrometer through its front face and 
collecting only the above type events . Before we go into more specif ic 
details of sampling procedure, a brief account of the fundamental 
principles of the random sampling method will be described. 

The usual applications of the Monte Carlo method lead to the 
evaluation of integrals and depend on the following two theorems: 
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Theorem I (The Strong Law of Large Numbers) 
If a sequence of N random variables x . to x N are picked from the 

probability density function (p. d. f. ) f(x), and a random variable ! . , is 
defined by the equation 

*N = N 4- "v"i * M = h £ *<*<)- (5-2) 

and if the integral 

z = f z(x)f(x)dx (5-3) 

ex is ts in the ordinary s e n s e , 2 almost always will approach is as a 
limit as N approaches •» . 

The integral (5-3) is called the expected value of the function z(x), 
and z N is called an est imate of z. If z2 , the expected value of z (x), 
a l so e x i s t s , an est imate can La made about the amount that 2 . . deviates 
from z for large N. Denote the variance of z(x) by either a 2 or V, 
which i s then defined by the equation 

r 2 = V = (z - z ) 2 

= f(z-z) 2 f(x)dx 

= /z 2 f (x)dx-2z' /zf (x)dx + z 2 /f(x)d* 

= z 2 - 2 z 2 + "52 

= z 2 - z 2 (5-4) 

and then apply the following Theorem II. 
32 Theorem II (The Central Limit Theorem) 

For large N the probability that the event z"- 6 <2<z+6 occurs ia 
assymptotical ly independent of the exact nature of z(x) or f(x), but de -

2 
pends only on N and Q . In fact, 
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Prob •{t^+^-Jh - x 2 / 2 , e dx 

+ terms of order 
«/N 

(5-5) 

The probability that the deviation of 8 from z will exceed ± M a / " / N ) 
is given in the following abbreviated table of 

H ."« 2/2 dx: 

\ Probability 
0.6745 0.5000 
1.0000 0.3173 
2.0000 0.0455 
3.0000 0.0027 
4.0000 0.0001 

It can be seen from the table that deviations greater than ± C T / \ T N will 
be frequent, deviations greater than ± 2o/\pN not common, and deviations 
greater than ± 3 ( r / t / N so uncommon that, if the table applies, the proba
bility that this last event might occur can usually be ignored. o/\[N 
is called the standard deviation of the est imate £. , . 

However, one should note that in actual practice it is rare ly 
efficient to use Monte Carlo methods unless the integral is very compli 
cated or highly multidimensional. On the whole, it is admitted that the 
Monte Carlo method has not shown up very wel l in competition with 
standard techniques, when the standard techniques were at all reasonable. 
However, it has been used very successful ly where the standard numerical 
techniques completely fail. In this sense it i s generally a method of last 
resort . 

The results of Theorem II depend on N being large enough and the 
variance being known. The variance can be est imated by 
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N - l < z * * ( 5 _ 6 ) 

where of course 

2 1 £. 2 . , 
N ? 

1 
(5-7) 

N 

In general , whenever it is desirable to est imate values of a formula in 
which z and z are involved, the expected values can be replaced by z 
S, respect ive ly . While the est imate wil l almost always be biased, the 
amount of the bias i s usually proportional to l / N , and can be ignored 
if N i s reasonably large . 

The error in the est imate of ~z is measured by a /VN. There are 
two ways to make this error small—to increase N, i. e. , the number of 
s a m p l e s , or to change the sampling technique to make o* small . The 
extent to which each of these alternatives should be used depends on the 
relative cost of each for the problem to be done. Even though there are 

33 numerous sampling techniques available for reducing a, we shall use 
a more or l e s s straight forward sampling method, occas ionly combined 
with the systemat ic sampling technique, use of expected values and a 
splitting technique in some parts of the program. 

2. Cross sect ions 
As a prel iminary step to explain the specific sampling procedure 

in the next sect ion, this sect ion will deal with the various cros s sect ions 
of n-p and n-C interactions. Generally, we need two p ieces of information 
about the individual interactions, namely, the total c r o s s sect ion a (E 1 ) 
which gives the probability of interaction s ize per nucleus, depending 
upon the energy of the incoming neutron E' , and the function c(E')f (E'-»E) 
which gives the probability of the energy anu direction of the outcoming 
particles from the interaction, relative to the incoming particle direction 
when c part ic les come out from the interaction. Here also we shall 
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use the energy variable E as a kinetic variable of the particle. The 
notation E is used as shorthand for (E,£2), thus dE denotes dEdfi. Note 
that f(E' -»E) is a purely probabilistic density function which satisfied 
the usual normalization condition over dEdft. Then the unit of the func
tion c(E' )f(E' -» E) is the number of emitted particles per MeV per 
steradian per col l is ion. Sometimes c(E' )f{E' -» E) will be denoted as 
F(E' - E). 

F r o m the standpoint of s ta t i s t i c s , if one as sumes azimuthal 
symmetry in interaction, the function f(E' -* E) is a joint probability 
density function of two random variables with a parameter E' , and it 
can generally be decomposed into a product of two probability density 
functions, i. e . , marginal p. d. f. and conditional p. d. f. , as 

f(E r - E) = f 1 (E;E' ) f 2 ( 0 - Q | E ; E ' ) , (5-8) 

where 
1 2ir 

f 4 (E;E' )= I f ( E ' - E ) d n = | dp ( d<|) f(E', $2' - Efi)dc)>dii (5-9) 
f 

: / f (E ' -E)dJ2 = I d\x [ 

f(E' -*E) f(E',n' - E , « ) 
f , (n • n |E ;E ' ) = — = — - — = — , (5-io) 

f^EjE'J f 4 (E;E ' ) 

and of course f. and f, satisfy the following normalization conditions: 

^(EjE'JdE = i (5-11) I 
i f 2 ( n ' • n |E ;E ' )dn = i . (5-12) 

r4ir 

Here f . (E;E' ) is the marginal p. d. f. of E irrespect ive o£ the emerging 
direction, and iyi®' ' & | E;E') i s the conditional p. d. f. that the emerging 
direction will be £2, given that the emerging particle energy is E. 
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n-p interaction 
The basic physics of n-p interactions has been described in 

Chapter II, and e last ic scattering was said to be tne only mode of inter
action in our energy range. The total n-p scattering cros s section in 
this energy range is wel l represented by the following two formulas: 

20 Gammel's aemiempirical formula: 

a, 
3ir 

G ( E ' n ) = ^ £ - + -g- barns for E R < 42 MeV, (5-13) 

with 
2 2 

A = 1.206 E' + (-1.86 + 0.09415 + 0.000 1306 E' ) n n 
B = 1.206 E ' n + (0.4223 + 0.13 E ' n )2 

and 
Metropolis' empirical formula: 

ffM(E'n) = ^T~ - HT" + 8 2 , 2 » U " 1 » ™ (5-14) 
P 

for 25 MeV < E < 630 MeV n 

with fl = - , c 

where E' is in MeV in the Laboratory sys tem and p is the corresponding 
neutron velocity in velocity of light units. Gammel's formula fits the 
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experimental values within ~ 1% below 42 MeV and Metropolis formula 
gives about 6% accuracy between 25 and 630 MeV. Figure 28 shows how 
well these formulas fit the experimental data in the above energy ranges. 
As to the n-p differential scattering cross section, as explained in 
Chapter II, Gammel's representation in the center of mass system, 
equation (2-26), is assumed to be true below 42 MeV. Then 

VV E V = *H ( En> flH ( lV E'n> 

ffG<E'n> 

with b = 2 90 

1 + 2feK 
3" \"90"/ 

J_ 
4u ' , / E ' _ \ 2 

1 + 

barn /s te r for E < 42 MeV, n ~ 

(5-15) 

where E' is the incident neutron energy in MeV in the Laboratory system 
and n is the cosine of the neutron scattering angle 9 in the CM system. 
However, above 42 MeV the above expression is not adequate for the 
representation of n-p differential scattering cross sections, and there is 
no simple formula in this energy region. Nonetheless there are a large 
amount of experimental data available from the literature in this energy 
range, and the author and his collaborators have tried to fit the above ex
perimental data by a least squares method, using the following functional 
form at those discrete points of incident neutron energy where experi
mental data are available. 
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ff (6 , E ' ) = •"". " *.| ' JiY ' M + B (cos36 ) 
np e n 4TT 1 zl^ \^ I c 

+ C(cos 46 c) + D(sin6c) + E(sin26>c) + F(sin46 c) + G| , (5-16) ']• 
where ffy(E' ) is the Metrop ilis formula in equation (5-14) and E1 and 
6 are the same as in equatii n (5-15). The experimental data of dif
ferential n-p scattering cross sections used in our fittings were obtained 
from the Experimental Cross Section Information Library of the Lawrence 
Livermore Laboratory. In tlu above fitting expression, Gammel's form 

3 4 
is the primary term and cos 0 and cos 6 terms were added as suggested 
by Gammel in this energy ran^e. The rest of the terms were selected 
rather arbitrarily to give the oest fit. Generally, the total scattering 
cross section data are more reliable than those for differential cross 
sections, and in the fitting procedure, the following condition was im
posed so that the differential cross sections should satisfy the total scat
tering cross section on integr tion over the whole solid angle: 

*tot<E'n> = ( a (6 ,E' )dS2 . (5-17) 
npv c n' ~ s ' 

'4ir 
n fact, the calculation scheme was set up in such a way that it auto-
natically satisfies this normalization condition to the total cross section 

34 
n applying the least squares method. Table (5-1) shows the fitting co

efficients which give best fit for each discrete energy of incident neutron 
energies where experimental data are available, and figures in the 

Appendix show the curves fitted with the experimental data. For the 
nergies between the discrete energy points, the differential cross 
ections are obtained by interpolation in the CM system. 

In the simulation procedure in the next section we need to know 
differential cross sections in terms of laboratory energies. These can 
1 e obtained from equation (5-16), using the following two kinematical 

elationships between the neutron scattering angle 8 in the CM system 
; ad the recoil proton energy E in the Laboratory system: 
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and 

a (6 ,E ' )2TTd(cosS ) = a (E' ,E )dE np* c n' c' np v n p ' p 

E 
cos 6c = 1 - 2 gf- . 

n 

(5-18) 

(5-19) 

Then the desired form is 

a (E1 ,E ) = a (6 , E' )2ir np' n p ' np' c n' 
d(cose ) c 

dE 

a (6 , E ' ) -pf-np ( c n' E' (5-20) 

= a , / f (E l )f„„(E ;E' ) , M ( n' 1H' p n' 

where a (6 , E ' ) is provided by equation (5-16), and sinusoidal terms 
in it are converted by equation (5-19) into the functions of E' , E . This 
is the marginal p. d. f. of E , irrespective of recoil angle of the out-

P 
coming proton, and its behavior with energy is shown in Fig. 29a and b. 

The recoil proton angle 6 in the Laboratory system, when the 
incoming neutron energy E 1 and the recoil proton er.ergy E are given 

P 
in the Laboratory frame, is determined by 

1/2 
cos 6 

E (E1 + 2 E ) p n on 
E' (E + 2 E n p on 

21 

(5-21) 

Here E is the res t mass energy on B / from the relativistic kinematics. 
of a neutron, which is 939-550 MeV. The neutron scattering angle in the 

Laboratory system is obtained similarly from E n = E ' n - E . 
'E (E1 + 2 E p 1 ' 2 

n v n on' 
cos 6 E' (E + 2 E j . n* n on' 

(5-22) 

Here one should not forget that the incoming neutron direction and out
going proton and neutron directions are in the same plane, in order to 
conserve momentum. These angles are needed in the determination of 
path of emerging particles in the sampling procedure. The conditional 



-98-

o 
» 

o 
Cross section (barn) 

Hg. 28. Total n-p cross section data with fitting formulas 
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Fig. 29-a . Differential c r o s s section of n-p scattering reaction 
as a function of incident neutron energy for a set of different 
threshold proton energ ie s . 
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Fig. 29-b. Proton emisaion spectra of n-p flcattering reaction 
aa a function of incident neutron energy for a set of different 
threshold proton energies. 
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p . d. f. of 0 , given E ' and E , in the s ense of equation (5-10) and (5-12), 
i s m a t h e m a t i c a l l y r e p r e s e n t e d as 

! ' _ 2 / E ( E ' n + 2 E o n ) 1 / 2 \ 1 
= T " 6 { e - cos _ E " _ Jfper s t e r . (5-23) 

2 , 1 I P \ L E ,

n ( E p + 2 E o n ) J /J 
w h e r e 6 and <|> a r e po lar and az imutha l angles of the r eco i l p r o t o n 
in the L a b o r a t o r y s y s t e m and P m e a n s a de l ta function. 

Two r e m a r k s will be m a d e before we p roceed to the n-C i n t e r a c t i o n s . 
F i r s t , r e g a r d i n g the sum of 9 + 9 in the L a b o r a t o r y s y s t e m , it is a well 
known fact that in the n - p s c a t t e r i n g in the n o n - r e l a t i v i s t i c case the s u m is 

21 90" o r ir/2 rad ian . However , in the r e l a t i v i s t i c c a s e this s u m tends to 
35 d e c r e a s e slowly with i n c r e a s i n g e n e r g y , peaking in the midd le of 90°. 

The d e c r e a s e i s s m a l l and I don ' t think i t h a s any apprec iab le effect in 
our s p e c t r o m e t e r . The next r e m a k conce rns the viewing of the di f ferent ia l 
c r o s s sec t ion as a function of the neu t ron L a b o r a t o r y s c a t t e r i n g angle 
s u m m e d over the az imutha l angle. When we u s e an angle as an independent 
r a n d o m v a r i a b l e , the di f ferent ia l c r o s s sec t ion should be mul t ip l i ed by 
the Jacobian sin 9 in the CM system. Th i s g ives the effect of a f a i r l y 
s h a r p peak a t 45° in the L a b o r a t o r y s y s t e m in the low ene rgy reg ion 
w h e r e the di f ferent ia l c r o s s sect ion i s un i form in the CM s y s t e m . How
e v e r , at h ighe r e n e r g i e s , the di f ferent ia l c r o s s sec t ion in the CM uys t em 
i s m o r e o r l e s s s y m m e t r i c a l about 90°, peaking in the fo rward and b a c k 
w a r d d i r ec t ion , and in the L a b o r a t o r y s y s t e m when 9 is used as an i n 
dependent r andom v a r i a b l e , th is shows the spl i t t ing of the above peak 

in to two m a x i m a . Thus at h ighe r e n e r g i e s i t i s m o s t l ike ly that E is 
35 n 

l a r g e and E s m a l l , o r v ice v e r s a , while at low e n e r g i e s equ ipar t i t ion 
of E 1 in to E and E i s m o s t l ikely, n p n ' 
n - C in te rac t ion 

The bas i c phys ics of this i n t e rac t ion in our ene rgy range h a s a l s o 
been explained in Chapte r II, and h e r e we in t roduce the analyt ic fits 

11 done by A l s m i l l e r , e t al . to the i n t r a n u c l e a r - c a s c a d e da ta genera ted 
4 

by H. W. Be r t in i . A l s m i l l e r , e t al . c a r r i e d out th is analyt ic fitting 
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for m a n y t a r g e t e l emen t s when both neut rons and p ro tons a r e incident 
on the e l e m e n t s . Analyt ic e x p r e s s i o n s a r e given foi 

1. the non-e las t ic c r o s s sect ion as a function of ene rgy ; 
2. the cascade n e u t r o n - and p r o t o n - e m i s s i o n s p e c t r a in the 

angular i n t e rva l s 0-30° , 30-60°, 60-90°, and 90-180°; 
3. the evapora t ion neu t ron - and p r o t o n - e m i s s i o n s p e c t r a ( a s sumed 

i so t rop i c ) ; and 
4. the cascade neu t ron - and p r o t o n - e m i s s i o n s p e c t r a in t eg ra t ed 

over a l l ang les . 
H e r e we sha l l in t roduce only i t ems 1, 2 and 4 when a neu t ron i s incident 
and a ca rbon nucleus is the t a rge t . The evapora t ion p r o c e s s is of 
negl igible impor t ance to us s ince it involves lower e n e r g i e s , roughly 
below 40 MeV. 

F o r the none las t i c c r o s s sec t ion , the following analyt ic fo rm was 
used in f i t t ing: 

N 

* ( £ • ) = j i j e x P [ ^ aj M M ] . m b (5-24) 

w h e r e the a . ' s a r e coefficients to be d e t e r m i n e d and E i s in MeV, and 
the following quant i ty h a s been m i n i m i z e d with r e s p e c t to a . ' s in the 
l e a s t s q u a r e s fitting p r o c e d u r e : N 

*i ' ( 4 ^ ) J log 400 ^ - V a, . | j j j ) [ . (5-25) 

The fitting gives the following a . ' s for n -C i n t e r a c t i o n s : 
ap «4 ag a j a4 

12.382795 -5.4469868 11.550725 -11.297047 4.2141600 

F i g u r e 30 shows this analyt ic fit with Ber t in i ' s Monte Ca r lo data . 
The cascade p a r t i c l e - e m i s s i o n s p e c t r a in teg ra ted over all angles 

was obtained using the functional fo rm: 
N 

F(E;E0) Ec(E0)f(E;E0) = ^ e x P [ ^ a j ( ^ J J <5"26> 
j=0 



TABLE 5 . 2 . 
NEUTRONS INCI CENT ON C 
EMIN « 0.871 (MEVI 
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f r o m ORNL-4046 , p84 

EO ANG. 
IMEVI INT. 
25 0 - 180 
50 D - 180 
100 0 - 183 
150 0 - 180 
200 0 - 183 
250 0 - 183 
300 3 - 180 
353 0 - 180 
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-I.86819136 31 
-2.20921l*E 01 
-I.97953Q5E 01 
-1.90123326 31 
-I.6775260E 01 

A2 

*.722061 IE 01 

3.5»02357E 01 

3.96*2700E 01 

l.0*0I333E 02 

8.0957I05E 01 

I.0095D85E 02 

9.lS0*62*E 01 

8.*6*3*56E 31 

7.B3I59766 01 

A3 

-l.3675*3IE 02 
-7.5II7560E 01 
-7.2661I55E 01 
-2.56533*3E 02 
-I.77I526IE 02 
-2.I87I792E 02 
-2.I29I865E 02 
-I.7925537E 02 
-I.6I6869*E 02 

A* 

1.7999*626 02 
8.3*8559IE CI 
7.036»777E 01 
2.8942295E C2 
I.8622985E 02 
2.20**6C7E C2 
2.3270836E 02 
l.7k**6e*E C2 
I.S690703E 02 

A5 

-8.5*738666 Ol 
-3.62*95T*E CI 
-2.76k3990E 01 
-I.I58I7I9E 02 
-7.»25*697E 01 
-8.3227739E 01 
-9.k*C2988E 01 
-6.27CS37CE CI 
-5.6E6I327E 01 

NO. 
Em. 

ENERGY 
ECIT./EO 

ECAX 
/EO 

0.56* 0.2171 0.96* 
0.859 0.3282 0.972 
1.15* 0.*390 0.98C 
1.329 0.*983 0.98* 
l.*22 0.5399 0.99C 
I.k87 0.5735 0.99* 
1.55* 0.58*7 0.988 
1.573 0.6220 0.990 
1.688 0.6389 0.993 



TABLE 5 . 3 . 

NEUTRONS INCIDENT UN C 

PKGTONS EMITTED 

EMIN * 0 . 8 7 1 IHEVI 

EO ANG. 
IHEVI I N T . 

25 0 
30 
60 
9U 

30 
60 
90 

180 

50 0 - 3 0 
30 - 60 
60 - 90 
90 - 1 8 0 

100 0 - 30 
30 - 6C 
60 - 90 
90 - 1 8 0 

150 C • 
30 
60 

30 • 
6 0 • 
90 • 

250 0 
30 • 
60 
90 

300 0 
30 
6C 
90 

350 0 
3C 
60 
90 

400 0 
30 
60 
96 

- 30 
- 6 0 
- 90 
-18C 

- 30 
- 60 
- 90 
-180 

- 30 
- 60 
- 90 
- 1 8 0 

- 30 
- 60 
- 90 
-180 

- 30 
- 60 
- 90 
- 1 8 0 

- 30 
- 60 
- 90 
-160 

- 6 . 4 1 1 7 9 7 6 E - 0 1 
- 1 . 7 1 6 2 3 7 6 E 00 

2 . 9 5 1 8 7 7 0 6 - 0 1 
0 . 

-5.6122807E-01 
-5.81113266-01 
-1.01892206 00 
-2.6I89844E 00 
-4.5043561E-01 
-7.C139371E-01 
-4.1967847E-01 
-7.2326279E-01 
- 3 . 3 6 6 1 1 3 4 E - 0 1 
- 3 . 7 8 7 5 9 3 2 6 - 3 1 
- 2 . 4 8 0 9 7 6 2 E - 0 1 
- 1 . 3 3 7 2 7 9 6 E GO 

- 2 . 4 9 9 3 1 5 0 E - 0 1 
-5 .95124416-01 

1 . 1 4 7 9 6 0 8 E - 0 1 
- 1 . 2 5 7 3 C 8 4 E 00 

- 7 . B 7 7 U 1 0 E - 0 1 
- 5 . 2 5 1 9 1 5 5 E - 0 2 
- 6 . 6 5 3 1 3 5 4 E - 0 2 
- 5 . 9 9 3 2 7 6 1 E - 0 1 

- 1 . 2 1 5 5 3 6 0 E - 0 1 
- J . 7 1 9 3 6 0 3 E - 0 1 
-2 .S2C823OE-01 
- 5 . 4 3 7 6 3 9 1 6 - 0 1 

4 . 9 9 7 3 6 7 6 E - 0 3 
7.35604836-02 
7.C8466516-U2 

- 5 . 9 6 1 9 3 1 3 E - 0 1 

- 6 . 6 4 1 4 8 5 5 E - 0 1 
- 2 . 0 0 2 0 8 3 3 E - 0 1 

1 . 4 8 6 7 9 7 6 E - 0 1 
- 3 . 3 3 0 S 9 7 6 E - O 1 

- 8 . 6 2 9 0 7 3 6 E 30 
3 .0424412E 0 0 

-7 .77040606 01 
0 . 

- 7 . 7 5 9 1 2 5 2 E 00 
- 6 . 9 9 6 0 6 6 6 E C'O 
- 1 . 4 3 3 9 9 2 8 c 0 1 
- 2 . 1 3 8 6 6 5 1 6 01 

- 1 . 1 3 4 0 6 C 8 E 0 1 
- 6 . 4 2 1 6 4 4 4 E 00 
- 2 . 0 0 5 5 8 0 5 E 0 1 
- 7 . 7 9 4 7 9 8 1 c 0 1 

- 2 . 8 C 0 7 7 1 7 E 01 
- 1 . 6 0 1 9 U 4 8 E 0 1 
- 4 . 0 6 3 3 0 0 4 E 01 
- 1 . 6 4 9 C 1 5 4 E 01 

- 1 . 8 2 7 4 2 4 0 E 0 1 
- 1 . 0 8 1 0 5 2 7 E 01 
- 4 . 6 3 7 1 6 5 7 E 0 1 
- 1 . 9 2 6 6 3 0 1 E 0 1 ' 

- 1 . 4 4 5 3 8 6 9 E 01 
- 2 . 4 4 1 4 9 3 7 E 01 
- 3 . C 4 9 1 9 6 3 C 0 1 
- 4 . 0 6 0 6 4 1 2 6 0 1 

-2 .1731345fc 01 
- 1 . 6 5 5 3 6 7 2 E 01 
- 2 . 8 0 6 3 8 2 7 6 01 
- 7 . 9 2 2 6 5 2 1 6 0 1 

- 2 . 5 8 7 0 S 0 4 E 0 1 
- 3 . 4 1 0 2 0 2 3 6 0 1 
- 3 . 2 5 7 6 2 3 6 6 01 
- 5 . 3 0 7 4 2 7 8 E 0 1 

- 9 . 8 0 0 6 9 8 5 E OC 
- 2 . 2 8 6 8 5 1 0 c 01 
- 4 . 2 4 9 1 6 3 7 6 0 1 
- 6 . 9 9 8 0 8 0 4 E 0 1 

2 .1393453F 01 
- 3 . 4 0 9 3 2 3 8 E 01 

7 .78956816 02 
0 . 

1 .4646871E CI 
5 .2881505E 00 
6 .2858148E 0 1 
8 .6126248E 01 

2.91541616 01 
- 1 . 4 2 7 1 6 2 2 c 01 

9 .0177184E C I 
9 . 01120276 0? 

1 .48691496 « 2 
7 . 2 8 2 8 9 8 4 6 0 1 
3.S801233E 02 

- 1 . 2 9 8 8 3 7 6 E 01 

7 .2070588E 01 
4 .326C031E 0 1 
5 .0038502E 02 

' 1 . 2 4 8 4 3 9 7 E 01 

5.O066197E C I 
1.3313731E 0 2 -
2 .8895524E C2 
2 .0345147E 0 2 

7 .8681130E 01 
6 .3703451E 01 
2 .5518559E 02 
2 . 0 0 9 8 9 5 4 6 03 

1.2477932E 02 
2 . U 0 6 4 3 2 E 02 
2 .242S352E 02 
4 . 9 3 8 0 9 2 2 6 C2 

2 . 6 0 0 2 7 6 0 E 0 1 
1 .2106427E 0 2 
4 . 3 3 8 3 5 0 4 E 02 
8 . U 5 8 8 5 9 E 02 

A3 

- 1 . 5 3 1 4 5 5 7 E CI 
8 .93B44B7E 11 
-3.6479B89E 03 
0. 

- 7 . 4 7 7 C 7 2 9 E 00 
1.979977BE 01 

-1.60460266 02 
- 1 . 5 8 0 9 7 4 5 E 02 

-4 .4473137c 01 
1.2537734t 02 

-1.99494106 02 
- 4 . 3 5 0 6 2 9 7 E 03 

- 3 . 5 4 8 5 0 6 7 E 02 
- 1 . 5 4 3 3 4 9 4 E 02 
- 1 . 6 8 5 6 9 5 7 E 03 
- 2 . 7 3 2 2 5 3 B E 01 

- 1 . 5 5 S 2 7 7 4 E 02 
- 7 . 7 0 2 2 2 7 2 F 01 
- 2 . 5 9 9 5 6 2 9 E 03 
- 1 . 3 8 4 2 9 0 4 6 01 

- 1 . 1 5 7 4 1 3 4 6 02 
- 3 . 2 0 8 0 3 6 9 6 02 
- I . 4 3 3 6 6 2 1 E 03 
- 4 . 7 6 2 9 3 2 8 E 02 

- 1 . 4 4 0 9 6 7 2 6 02 
- 1 . 1 0 5 9 7 2 8 6 02 
- 1 . 2 2 8 2 9 3 1 6 03 
- 3 . 0 0 5 4 4 4 6 6 04 

-2.9986539E 02 
-5.88625686 02 
-7.17691896 02 
-1.9365708E 03 
- 5 . 7 2 5 3 6 4 8 E 01 
- 2 . 7 7 7 5 5 3 3 E 02 
- 2 . 0 6 8 1 7 7 2 6 03 
- 4 . 3 6 2 7 9 9 6 E 03 
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A4 AS NO. 
E « I T . 

ENERGY 
tmT./eo 

EHAX 
/EO 

3 . r t t 0 . 1 5 6 0 . 0 6 9 9 0 . 9 1 6 
- 9 . 4 4 70520E ?1 3 .1912042C 01 0 . 1 8 9 0 .C627 0 .8B6 

7.5B45647E 03 - 5 . 7 1 5 8 2 6 9 E 03 r . C 6 5 0 . 0 1 1 9 0 . 5 5 1 
0 . ". ' . " 1 2 

0 . -. 0 . 1 9 3 C.0968 0 . 9 6 2 
- 4 . 0 7 9 9 I 6 1 E ?1 1.8926B03E 11 o . 2 8 7 0 . 0 8 4 1 0 . 9 2 6 

1 . 25056 79E 0 2 < • • • 0 . 1 2 4 0 . 3 1 9 9 C . 5 9 7 
0 . 0 . 0 . 0 2 6 O.0026 0 . 2 7 0 . 

5 . 3 7 5 0 6 B I E 3 1 - 2 . 7 8 7 5 7 0 2 E 0 1 P . 2 2 5 0 . 1 2 9 5 0 . 9 8 4 
- 2 . I024E52F 02 1.03C67aSE (.2 0 . 3 1 5 O.1059 0 . 8 9 6 

1 .3719C26E P2 3 . 0 . 1 8 8 C.U2B3 0 . 5 7 8 
6 .7942B27E C3 n. 3 . 0 6 7 0 . 0 0 5 3 0 . 2 5 6 

3 .9539C30E 02 - 1 . 6 2 B 7 4 0 4 6 02 0 . 2 2 6 0 . 1 4 2 5 0 . 9 7 6 
1 .59926536 3 2 - f c . 9 3 9 4 3 0 2 6 01 3 . 3 4 4 0 . 1 0 9 1 3 . 8 3 9 
3 .2163233E .13 - 2 . 2 6 4 3 2 2 5 6 03 0 . 1 9 4 0 . 0 3 1 2 0 . 5 3 5 
3 . 7 4 9 0 7 8 3 6 02 C. C .085 ' . 0 0 5 2 0 . 2 6 9 

1 .7958195E 0 2 - 7 . 8 6 2 1 2 ; « 31 0 . 2 4 6 0 . 1 5 1 4 0 .9R3 
5 .9564553E 3 1 - 1 . 9 1 8 1 8 2 7 E 0 1 0 . 3 6 3 0 . 1 1 7 4 0 . 8 5 ? 
6.G33P532E 33 - 5 . I 5 U 3 7 9 E " 3 0 . 2 2 ? 0 . 0 2 9 8 0 . 4 5 5 
1. C. 0 . 0 9 0 0 . 0 0 5 0 C.247 

1 .2698621E 0 2 - 5 . 2 4 1 0 5 4 1 E 0 1 0 . 2 1 5 0 . 1 4 1 6 0 . 9 9 3 
3 . 5 5 8 3 5 2 0 6 02 - 1 . 5 38146TF 32 0 . 3 7 1 O.1150 C.B51 
3 .3241B98E 33 - 2 . 7 0 2 O 3 2 5 E 03 0 . 2 2 7 0.'. '269 0 . 4 8 2 
C . ". 0 . 1 1 1 0 .0C59 0 .25C 

1 .43435926 0 2 - 5 . 6 4 9 0 8 7 9 E 01 3 . 2 4 6 0 . 1 5 7 9 0 .98B 
1 .0929305E 0 2 - 4 . 6 0 6 1 4 5 3 E 0 1 = . 3 2 1 0 .1C23 3 . 8 2 9 
2 . 5 5 8 5 5 2 6 6 03 - 1 . 9 1 5 4 3 1 8 6 03 0 . 2 1 2 3 .0284 0 .52C 
2 . 0 3 2 2 2 0 5 6 05 - 4 . 9 4 6 8 8 4 3 E 05 0 . 1 0 4 0 . 0 0 5 3 0 . 1 8 4 

3 .3B45728E 02 - 1 . 3 7 8 7 0 4 4 E 02 0 . 2 3 9 0 . 1 5 2 6 0 . 9 9 3 
7 . 7 5 6 9 3 3 3 6 32 - 3 . 9 3 7 8 9 1 3 E 0 2 0 . 3 4 1 0.11C3 0 . 7 6 6 
7 .55469956 C2 - 4 . 3 B 0 8 1 2 4 E C I 0 . 2 1 8 9 .0233 0 . 4 1 3 
0 . n . 0 . 1 0 3 0 . 0 0 4 7 3 . 1 8 5 

B.2484297E 0 1 - 4 . 1 0 1 8 0 7 I E 01 0 . 2 3 4 0 . 1 5 0 1 0 . 9 9 0 
2 .8S243586 02 - 1 . 1 4 4 4 5 9 6 6 C2 0 . 3 3 0 0 . 0 9 7 9 0 . 8 2 0 
4 . 2 8 7 9 f 1 2 E 03 - 3 . 2 B 6 6 S 7 9 E 03 0 . 2 4 8 0 . 0 2 9 9 0 .44B 
7 . 6 3 0 9 9 1 7 F 33 0 . 0 . 1 1 9 0 . 0 0 6 4 0 . 2 1 5 



TABLE 5 . 4 . 

NEUTRONS INCIDENT ON C 

NEUTRONS EMITTED 

EHIN * 0.871 1MEVI 

EO ANG. 
INEVi INT. 

25 0 - 3 0 
30- - 60 
60 - 90 
90 -180 

50 0 - 3 0 
30 - 60 
60 - 90 
90 -18C 

100 0 - 3 0 
30 - 60 
60 - 90 
90 -180 

150 
30 
60 
90 

90 

250 0 • 
30 • 
60 
90 

300 0 
30 
60 
90 

350 0 
30 
60 
90 

400 C 
30 
60 

- 30 
- 63 
- 90 
-180 

- 30 
- 60 

• 30 
• 60 
• 90 
180 

90 
180 

• 3C 
60 

• 90 
180 

-7.6493350E-01 
-6.8448551E-01 
-2.7510834E 00 
0. 

-2.0778567E-01 
-6.4984113E-01 
-1.1523665E 00 
-2.4017256E 00 

-1.1774624E-01 
-6.4101563E-01 
-5.3330283E-01 
-1.9028035E 00 

-2.0959782E-01 
-2.3527726E-01 
-1.863289BE-01 
-1.1363826E 00 

-1.1750917E-01 
1.3369825E-02 

-2.9516557E-01 
-8.5156131E-01 

-4.3746096E-01 
-3.6453561E-02 

1 .2702489C-02 
- 4 . 7 7 2 1 4 9 9 E - 0 1 

-2.5286l43fc-Gl 
-2.8370045E-01 
9.6215317E-02 

-6.0772640E-01 

-5.7709907E-02 
-3.6367399E-01 
-1.8106236E-01 
-4.9459B53E-01 

-6.0341373E-01 
2.2382567E-02 
1.9678671E-02 

- 1 . 6 6 6 6 7 5 9 E - 0 1 

- 6 . 6 0 1 3 5 3 3 E 0 0 
- 1 . 2 4 0 3 6 4 1 E 01 

6 .620A055E 00 
0 . 

- 1 . 1 7 0 4 2 9 0 E 0 1 
- 7 . 7 4 0 6 2 4 7 E OC 
- 1 . 0 8 6 3 0 2 9 E 0 1 
- 8 . 3 8 3 2 5 4 4 E 00 

- 1 . 5 5 4 5 6 7 7 E 01 
- 4 . 0 4 2 6 6 7 3 E 00 
- 1 . 1 3 1 8 0 1 6 E 0 1 
- 2 . 9 8 7 9 9 8 3 t 0 0 

-2.2994679E 01 
-1.1842771E 01 
-I.8984977E 01 
-2.7559410E 01 

- 1 . 8 7 3 C 9 I 4 E 01 
- 1 . 8 2 4 9 4 2 6 E 01 
- 1 . 7 2 6 5 2 8 7 E 0 1 
- 3 . 8 4 2 8 5 6 8 E 0 1 

- 1 . 5 2 6 0 6 4 3 6 0 1 
- 1 . 8 8 9 6 7 4 7 E 0 1 
- 2 . 7 4 4 5 9 7 7 E 01 
- 2 . 9 9 0 4 4 2 1 E 01 

- 1 . 5 7 6 1 7 2 5 E 01 
- 1 . C 4 6 4 2 0 7 E 0 1 
- 2 . 6 3 1 2 3 0 2 E 01 
- 3 . 1 0 9 6 7 5 9 E 01 

- 1 . 6 0 8 7 9 3 0 E 0 1 
- 1 . 5 6 5 2 4 5 4 E 01 
- 1 . 6 4 6 0 2 9 5 E C I 
- 3 . B 3 3 1 U 2 E 01 

- 1 . 2 9 8 5 2 7 0 E OC 
- 1 . 8 4 7 3 1 1 6 E 01 
- 2 . 1 9 9 3 0 4 5 E 01 
- 7 . 3 0 2 6 2 9 6 E 01 

4 . 2 1 0 5 9 4 1 E 0 1 
6 .8768542E 0 1 

- 5 . 2 7 1 6 3 2 7 E 01 
0 . 

3 .93720S8E 01 
3.Q6611C8E 01 
5 .8903286E 01 

- 1 . 7 8 0 7 7 8 8 E 02 

5 .4972131E P I 
- 2 . 8 6 4 C 7 8 6 E 00 

1 .7012274E 01 
- 1 . 7 8 8 2 4 3 7 E 02 

1 .2912985E 02 
4 .7225636E 01 
1 .0699300E 02 
9 .4244428E 01 

5 .3922731E 0 1 
6.6C52132E 0 1 
I . 2 3 2 2 1 6 3 E 02 
6 .82C2530E 02 

6.2977042E 01 
9.2007339E 01 
2.2016220F .02 

-2.1129479E 02 

4 .6247803E 01 
4 .1487364E C I 
2 .1745939E 02 
8 .5231426E 01 

3.5U65401E 0 1 
8 .7387666E 01 
1.C175429E 02 
1.6298981E 02 

- 3 . 8 1 1 3 0 3 6 E 01 
9 .3587353E 01 
2 .0627431E 02 
1 .5760147E 03 

A3 

-1.C521529E 02 
-1.9225215E '? 
1.1157715E 02 
0. 

-6.8497888E 01 
- 6 . 3 4 7 9 3 6 8 E 01 
-2.4516166E 02 
1.5209739E 03 

-9.8B16444E CI 
5.4036796E 01 
5.8204978E 01 
1.0467939E 03 

- 3 . 2 6 1 Z 5 5 9 E 02 
- 7 . 4 7 9 2 1 0 3 E 01 
- 3 . 0 9 7 6 2 7 4 E 02 
- 1 . 5 6 8 0 7 2 6 E 02 

- 7 . 5 0 1 6 5 3 4 E 01 
- 1 . 6 6 0 5 4 9 8 E C2 
- 4 . 5 8 7 2 5 3 7 E 02 
- 9 . 9 0 9 2 1 4 6 E 03 

- 1 . 3 6 3 4 2 8 9 E 02 
-1.7994496E 02 
- 3 . 3 4 6 7 6 5 3 E 02 
5.7995796E 03 

- 8 . C 1 1 6 9 4 6 E 01 
- 5 . 6 9 3 2 1 7 9 E 01 
-8 .5171151c 02 

3 .3234029E 0 1 

- 3 . 2 0 R 0 7 7 5 E 01 
- I . 8 6 C 6 7 5 6 E 02 
- 3 . " 1 4 6 l 8 2 E 02 
- 3 . 3 8 7 345<>E 0? 

1.1SU2B97S 02 
-1.896B690E 02 
-9.4960274E C2 
-1.9318715E 04 
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A4 »5 NO. ENERGY EH»X 
£ > m . E O I T . / E O /EC 

1.3237319E 0 2 - 6 . 3 2 4 1 6 2 7 E 01 0 . 2 0 6 0 . 1 0 3 2 C .960 
2 .3739653E 12 - 1 . 0 6 5 4 2 2 4 E 02 0 . 2 7 4 0 . 0 9 5 6 0 . 9 2 3 

- 8 . 6 0 0 5 2 8 5 E 0 1 0 . 0 . 0 7 8 0 . 0 1 8 1 0 .705 
0 . 0 . 0 . 0 1 3 

7 .071S166E 3 1 - 3 . 0 8 7 9 0 0 7 E 01 . 0 . 2 9 1 0 . 1 5 9 6 0 . 9 7 2 
6 .4P41349E 01 - 2 . 7 3 9 6 0 2 5 E C I 0 . 4 0 1 3 . 1 4 1 6 0 . 9 0 6 
4 . 3 3 9 4 1 9 4 E 0 2 - 2 . 7 7 0 6 7 C 1 E 02 0 . 1 4 1 0 . 0 2 5 2 0 . 6 6 1 

- 3 . 2 4 9 5 0 9 6 E 0 3 -3. C .038 0 . 0 0 4 0 C.292 

1 .0278292E -2 - 4 . 4 0 C 1 1 2 3 E 01 0 . 3 3 4 0 . 2 0 3 2 ? .980 
- 9 . 7 0 8 9 2 2 6 E 31 4 .757S697E 01 0 . 5 3 1 0 . 1 9 9 7 C.933 
- 2 . 6 1 5 7 1 2 6 E 02 2 . 2 6 7 2 2 3 4 E 02 0 . 2 2 8 0 . 0 3 6 0 0 . 5 9 9 
- 1 . 7 8 2 5 2 2 8 E 1 3 0 . 0 . 0 7 6 0 . 0 0 6 5 0 . 3 4 1 

3 . 7 8 7 9 7 8 I E 02 - 1 . 5 9 8 C 1 M F 02 0 . 3 4 8 0 . 2 2 3 7 0 . 9 8 4 
4 . 8 9 9 6 5 3 9 E D I - 1 . 3 4 5 5 1 6 2 E 01 0 . 5 9 5 0 . 2 2 0 2 0 . 9 0 5 
3 .6779867F 02 - 1 . 5 7 3 2 4 8 0 E 02 0 . 2 9 9 0 . 0 4 8 0 0 . 5 5 1 
0 . "• 0 . 0 4 3 0 . 0 0 6 9 0 . 3 4 6 

7 .5080383E 01 - 3 . 5 8 2 1 4 8 3 E 01 0 . 3 6 0 0 . 2 4 2 6 0 . 9 9 0 
1 .5119174E 32 - 5 . 6 4 7 0 6 3 6 E 01 0 . 6 3 2 ' ' . 2 3 7 8 0 . 9 2 7 
7 .3127470F 3 2 - 4 . 5 9 9 3 2 7 1 E C2 0 . 3 1 4 0 . 0 4 8 2 0 . 5 1 4 
5 . 9 0 3 1 2 5 S t 34 - 1 . 1 7 3 1 9 9 5 E 05 0 . 1 1 3 0 . 0 0 7 0 0 . 2 6 0 

1 .5884999E 32 - 7 . 0 C 1 7 1 9 2 F 01 C .398 0 . 2 7 4 0 0 . 9 9 4 
1.6'""C939E 32 - 5 . 8 9 6 8 5 9 6 E 01 C .646 " . 2 4 6 4 0 . 8 7 7 
1 . 3 I 9 0 9 5 4 E . '3 - 7 . 5 2 5 3 1 9 3 F 02 0 . 3 1 3 0 . 0 4 5 5 C.562 

- 3 . R 0 1 8 3 1 7 E C4 7 . 5 2 4 6 2 9 9 E 04 0 . 1 4 7 0 . 0 0 6 5 0 . 2 8 7 

9 .9215782E 01 - 4 . 9 8 1 0 * 9 3 F CI 0 . 3 9 3 0 . 2 7 3 2 3 . 9 8 8 
2 .5039067E 3 1 - 3 . 3 4 4 3 8 7 9 E 00 0 . 6 9 4 C.2636 3 . 9 0 7 
1.3518755C 03 - 7 . 6 1 2 5 1 2 4 F 02 C .342 0 . 0 4 5 9 0 .523 

- 5 . 0 6 9 3 T 6 3 E 02 r . 0 . 1 3 7 C.0079 0 . 2 8 5 

3 .2145140E C I - 1 . 8 8 4 0 2 5 2 F 01 0 . 4 2 6 " . 2 9 8 8 0 . 9 9 " 
1 .7539416E 32 - 6 . 7 1 4 9 3 6 5 c 01 0 . 6 7 9 0 . 2 6 4 4 0 . 8 4 5 
2 .6376266E "2 0 . 0 . 3 4 1 0 . 0 4 9 8 0 . 5 5 1 
0 . . 1 . C . 1 2 7 C.0062 3 . 2 4 1 

- 9 . 9 2 5 7 5 2 9 E C I 2 .4351025E C I ( . 4 6 1 C.3193 0 . 9 9 3 
1 .7583970E ->2 - S . B 8 7 6 1 0 5 E 01 G.708 0 . 2 5 9 0 0 . 8 5 8 
1.783S151E 03 - ! . 1 9 5 2 4 9 3 F C3 C .385 0 .0535 0 . 5 0 5 
9 . I 5 7 B 5 6 1 E 3 4 - 1 . 6 6 9 9 2 3 4 E 05 C .159 0 . 0 0 9 5 0 . 2 7 5 
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NON-ELflSTrC CROSS SECTION FOR NEUTfiONS ON C 
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Fig. 30. Non-elastic cross section for neutrons on C 
with fitting formula 
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Fig . 31. An example of cascade protons emis s ion spectra 
integrated over all angles from the n-C cascade react ion. 
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PROTONS FROM 2 0 0 . 0 HEV. NEUTRONS ON C 
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Fig. 32. An example of angular cascade protons emission 
spectra from n-C cascade reaction. 
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Fig . 33-a. Differential c r o s s section of proton emitting 
cascade interaction with carbon nucleus as a function of 
incident neutron energy for a set of different cascade 
proton e n e r g i e s . 
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Fig. 33-b. Cascade proton emission energy spectra from 
the n-C cascade interaction as a function of incident neutron 
energy for a set of different cascade proton energies. 
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for the d iscrete energy points of incident neutron energy E - . Table 5-2 
gives the fitting coefficients (a.'s) for the emitted neutron and proton 
when a neutron of energy E f l is incident on a carbon nucleus. The above 
distribution i s in units of number per MeV per col l is ion. 

The energy-angle distributions of the cascade neutrons and protons 
emitted from a col l i s ion are more complicated, with the high energy 
part ic les being emitted predominantly at the smal ler angles. The Monte 
Carlo resul ts presented by Bertini give the emiss ion spectra in the form 
of a histogram with equal energy intervals , averaged over specified 
angular intervals . These are the spectra that have been fitted. The 
assumed form of the energy distribution (number of emitted part ic les 
per MeV per steradian per col l i s ion) , averaged over a specified angular 
interval, has the same form as equation (5-26). Tables 5-3 and 5-4 give 
the fitting coefficients (a.'s) for emiss ion energy spectra of emitted 
protons and neutrons for each angular interval. Note that all of the 
formulas above are represented in laboratory energ ie s in MeV. 

In the simulation described in the next sect ion, the angular d i s tr i 
bution in each interval i s assumed to be uniform in that interval, and for 
the incident neutron energies between the given energy points, the cros s 
sect ions are obtained by l inear interpolation from the two c lo se s t energy 
points for which fitting formulas are available. 

F igures 31 and 32 show the fits with the data of the integrated and 
angular e m i s s i o n energy spectra when neutrons are incident on carbon. 
3. Monte Carlo s imulation procedure 

The following is a somewhat simplified outline of the sampling 
procedure used in the kernel matr ix e lement generation for specified 
incident neutron and detected proton energies (E' , E ). In the samplings 
of a random variable , the random number generator RGEN has been 
used; this i s a l ibrary routine of the Lawrence Berkeley Laboratory 
computing center. This routine generates random numbers that are 
distributed uniformly between 0 and 1. The coordinate sys tem is the 
same as before (See Fig. 27). 
Step 1: An initial posit ion and incoming angle of the incident neutrons 

are chosen (with respect to front face of the spectrometer): 



- 1 1 3 -

Choose x ' and y' from the uniform distribution. Choose the 
n * n 

incoming angle from a distribution approximating the forward 
peaking nature of the incoming neutron angular distribution. 
Suppose a power function of the cosine of the incident angle u' 
is used: then the p. d. f. between V-=0 and |J.= l becomes 

a' 
f(u) = (n+l )u n , and from \ (n+l)ti"d(i = RGEN, ^' is 

I (n+l)txnd 
io 1 

se lected by |i' = ( R G E N ) n T T (5-27) 
The azimuthal angle <t>' is se lected from the uniform distribution 
between 0 and 2ir. 

2: Next, the particle is transported to the next col l is ion site: 

'R 
Choose R from S^r,' + R«', E')exp [ - 1 S^r,' + R'Q\ E')dR'J 

Set jr = r' + RQ' 

If r, is outside the spectrometer volume, the particle has escaped 
and its history i s terminated by scoring zero. However note that 
our spectrometer s ize is l e s s than or comparable to the mean free 
path, and most of the injected neutrons are expected to escape 
without col l is ion. So in actual sampling, a batch of neutrons are 
injected up to the maximum path length R m a x within which neutrons 
can make col l i s ions inside the spectrometer volume, and the 
equivalent total injection number i s calculated from 

Equivalent Batch Number = Injection Number x 

fRmax s t e - s t R d R 

Within R , R has beendivided 10 equal intervals and a 
max max ^ 

col l is ion number in each interval has been assigned out of the 
injection number by i Ri+1 1 + 1 - S t R d R 

2 t e 

Injection Number x ——x i = 0, 1, 
f R m a x _ s t R d R 

S t e JO 
In each interval R was se lected by a rejection technique using 
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the p. d. f. e a 1 — x since x is small. The above sampling 
t Unique is a type of systematic sampling. 

Step 31 Ac the new collision site the colliding nuclide among hydrogen 
and carbon is selected from 

S„(£, E') S C ( E , E') 
Hydrogen: Carbon -

S t ( E , E') ' 2 t ( £ , E') . 

Step 4; At this stage, in usual particle transport new energies and 
directio 
follows: 
directions of the emitted proton and neutron are chosen as 

36 

2 S ( E \ « ' - E, a | r) 
Choose E, O from -— -—— as follows: 

2 S ( E , E') 

Choose y. from f(|x | E 1 , r) . 
Use the energy-angle relationship to determine E - E((J-,E'). 
Choose fi so that O • 0 ' = u. 
However, in our case we are interested in 'ie proton single track 
event, as explained in the first section, whose energy is E when 
the incident neutron energy is E . This means that in our case 

n 
the emitted particle energies have been predetermined and ^hus 
f(E ;E' ) should be multiplied in the final scoring in order to 
account for this fact. Then the emission angle of the proton and 
the energy and scattering angle of the outcoming neutron are selected 
for the above E1 and E . n p 
Here the process is divided into two branches, namely, the case 
of a collision with H and a collision with C. 

Case of a collision with H: 
The recoil angle of the proton is calculated with given E' and E 

° * 6 n p 
from equation (5-21). 
The scattered neutron energy E is calculated from 

° n E = E 1 - E , n n p 
and its scattering angle is calculated from equation (5-22). Don't 
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forget that the recoil proton and scattered proton are emitted in 
the plane containing £2,' andjg . 

Case of a collision with C: 
In our energy range the number of emitted cascade protons 
(c-number) is smaller than one, and the number of emitted 
cascade neutron is larger than one, as shown in Table (5-2). 
So, if no proton is emitted, the history is terminated by scoring 
zero. However, if a proton is emitted, the emission angle interval 
is selected from Table (5-3), using the linear interpolation in the 
incident neutron energy, and the final emission angle is selected 
from the uniform distribution in that interval. The energies of the 
emitted neutrons are selected from the average energy emitted 
and their emission angles are selected from Table (5-4), using a 
similar linear interpolation as in the case of the emitted proton. 

Step 5: Transformation of particle emission angle to the spectrometer 
reference frame. 
The emission angles of proton and neutron as converted to the 
spectrometer frame to decide the nev/ transport directions in the 
spectrometer volume. Suppose that the old and new directions of 
the particles are represented as 

5' = (<•>[. «2> w3> a n d 5 = ( < V V w3> 
where w = sin 6 cos <j> 

w, = sin 8 cos <j> 
w, = sin 8 cos <|> , 

and the particle emission angle is characterized by a polar angle 
0 n from SV and an azimuthal angle $_ of jJ,from the plane 
containing (W ,z). Then the expression for the new spherical 

"" 33 
coordinates in terms of the old is 

cos 6 = cos 6' • cos 0 + sin 0' sin B cos 4> 

sin (<j> -<()')= " Y 0 
sin 6 

cos dn - cos 0' cos 8 
cos (£ - <t>') = 

8 i n e ' S i n 9 ' (5-28) 
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37 and in C a r t e s i a n coord ina te s : (5-29) 

to, = co~ cos 0 . + s in 0- cos c|>n V 1 - ool 

1 

*z = -—rz 

"i :—rz 
l - co 3 

o>2 (cos 6Q - ajj coj) + sin 9Q sin <|>Q CÔ  

ti>\ (cos 0_ - &)i co,) - sin 9 sin <|>„ coi 

Step 6: Transport of emitted neutrons. 
The emitted neutrons are transported as in Step 2, and if they 
make collisions inside the spectrometer volume the history is 
terminated by scoring zero. However, if they escape the spec
trometer volume without collisions, Step 7 is processed. 

Step 7: Transport of emitted proton 
The emitted proton is transported by calculating the range co r re 
sponding to the energy E , using the range energy relationship 
and projecting it in the direction $,to decide its Btopping point. 
If it is within the spectrometer and the proton's path t raverses 
more than two chambers to initiate sparking, then finally success 
is scored; otherwise fail is scored. In case the option of an ex
tension leakage check of the proton track is used, this condition is 
also imposed before success is scored. A splitting technique has 
been used in Steps 6 and 7. 
The above steps are repeated for each injected neutron until each 

batch is exhausted. In the process of the above sampling, the average 
fraction of the detected single proton track events (scored successes) 
against the equivalent injected batch neutron number is calculated after 
the exhaustion of each batch, which is the desired kernel matrix element 
for a given E' and E . Also, its variance and standard deviation from 

° n p 
the estimate is calculated in the course of sampling, and the above pro
cedure is continued until either the given e r ro r limit (standard deviation 
of the estimate) is satisfied or the given maximum injection number has 
been reached after the batch. In addition to the above est imates, many 
other quantities are estimated in the process, i ach as injected neutron 
collision probability and the proton detection probability, and so on. 
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4. Kernel Generation 

The above sampling procedure has been programmed for calcula
tions with the CDC 6600 and 7600 computers in order to generate the 
kernal matrix elements for each set of neutron and proton energies 
K(En',Ep). F i r s t , a convergence study was made for several sets of 
neutron and proton energies in order to see the speed of convergence of 
the estimated kernel matrix elements. Figure 34 shows the convergence 
rate of some kernel matrix elements as the neutron injection number 
increases. Usually 3 or 4% relative accuracy is obtained as the injec
tion number reaches 30,000, and the sampling variances observed 
follow the central limit theorem rather faithfully. Table (5-5) shows 
the estimates of a kernel matrix element, its variance and relative e r ror . 

Next, functional forms approximating the highly peaked angular d is 
tribution of the incident neutrons have been studied. Since the incident 
angle covers only half of a unit sphere of solid angle, the cosine, p, of 
the incident polar angle, 6, ranges from 1 to 0. One simple functional 
form, approximating the above type incident angular distribution in the 
above angular range of |x, is the power function of |a., i. e. f(u.) = (n+ l)fi . 
There may be better functional forms approximating the above property. 
However, only power functions of |x have been studied. Table (5-6) shows 
Che cumulative contribution of the above power function p. d. f. in each 
angular region of |x, for different values of power n. When n becomes 
4, about 51% of the incident neutrons fall in the angular region of 30° 
from the normal direction. Figure 3 5 shows the p. d. f. f((x) = (n + l)|x 
on the |i scale. 

With the above power functions, the kernel matrix elements have 
been generated for one incident neutron energy as a function of proton 
energy, with various n as parameter . This is shown in Fig. 35; it 
shows an abvious trend that as n increases the variation in the estimated 
kernel matrix element decreases , even though the variation with n is 
rather great when n is small. The above trend is typical, more or less , 
in every case. 
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Table (5-5) Convergence of estimated kernel values with the increase 
of neutron injection numbers, (without extension option) 

Injected Neutron Energy En=200 MeV, Converter thickness 1 inch, f(n)=4jp 

Proton Neutron injection number in units of 3000 particles Energy 
(MeV) 2 4 6 8 10 

.10 3.5 
o/K 

1.62 
3.79 
2.33 

1.59 
2.64 
1.66 

1-59 
2.16 
1.36 

I .61 
1.88 
1.17 

1.61 
1.68 
I.05 

JfO 
K 
a 

8/K 

2.51 
5.71 
2.28 

2.52 
4.o4 
1.60 

2.54 
3.32 
1.31 

2.54 
2.89 
1.13 

2.57 
2.60 
1.01 

L70 
K 
3 

2.53 
7-03 
2.78 

2.57 
5.02 
1-95 

2.58 
4.11 
1.59 

2.58 
3-57 
1.38 

2.57 
3.18 
1.24 

>00 
2.13 

14.9 
6.99 

2.26 
11.0 
4.81). 

2.27 
8.97 
3-95 

2.26 
7.76 
3A3 

2.22 
6.85 
3-10 

* 1 

K; estimated kernel value in 10 
$j estimated sampling standard deviation in 10 

a/K; relative error in 10 

vo 
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Tabie 5 .6 . Cumulat ive d is t r ibu t ion of f(fi) = (n +l)p in cones 
of angular region from 6 = 0 to 8 = cos (x). 

1 1 

{ ( (n+1)!!11 d(x = 1 - : n + ' and \ %)d|± = 1 

1 

x 

r 

( n + l ) n n d|A ~ 1 - X 
+ 1 

n 

1 

x 0 . 9 6 5 9 0 .8660 0 .7071 0.5 0 .2588 

1 

o 15° 30° 45 60 ° 75° 

0 1 0 .034 0. 134 0.293 0.5 0 .741 

1 2^ 0.067 0 .25 0 .5 0 .75 0. 933 

2 3 H 2 0.099 0 .350 0 .646 0.875 0.983 

3 V 0. 130 0.437 0 .750 0.9375 0. 996 

4 5 , 4 0. 159 0 .513 0.823 0. 969 0 .999 

5 * 5 0. 188 0.578 0.875 0.984 0 .9997 

6 V 6 0.216 0.635 0.912 0.992 0 .9999 

7 Su? 0 .242 0.684 0. 938 0.996 

8 * 8 0.268 0 .726 0. 956 0. 998 

9 I O J I 9 0.293 0.763- 0. 969 0.999 

10 n 1 0 1 1 ^ 0 .317 0.795 0 .978 0.9995 
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Fig . 3 5b. Var ia t ion of k e r n e l e s t i m a t e with change 
of n in £(|a) = (n+l)|j. . 



SUMMARY Or FIN»U S£NE»»L REPORT 
COLLISION EFFICIENCY — CEFF(I). 

Table 5.7. -a 

EN 100*00 
220-00 

i io<oo 
330.00 

12"*00 
240*00 

130.00 140.00 ISO.00 {60*00 iTo.oo 180*00 190*00 200*00 210*00 

CEFF 2.B2E-01 2.73E-01 2.J3E-01 2.S5E-01 2.42r-;i 2.38E-0I 2.37E-01 2.3oE-6l 2.26E-01 2.2&E-01 2*2l'-01 2.19F-D1 
2.19E-01 2.19E-01 2.1SE-01 " 

DETECTON EFFICIENCY — OEFF 

EN 
E» 
100. 0 
. .1 
110.0 

.2 
120.0 

.3 
130^0 

.3 
1*0.0 

.3 
150.0 
. .3 
160.0 
. .3 
170.0 
- .2 
180.0 
. .2 
190.0 

• 2 
200.0 

.1 
210*0 .. *1 
220.0 

.1 
230.0 

0.0 
240.0 

0.0 

100.00 
220.00 

110.00 
230*00 

120.00 
2*0.00 

136.00 150.00 160.00 170.00 

•15E-01 
.03E-01 
•28E-01 
!o6E-OI 
I32E-01 
I27E-01 
.99E-01 
•79E-01 
.39E-01 
.OBE-OI 
•73E-01 
.39E-01 
.04E-01 
.25E-02 
.W-02 

2.05E-
9.83E-
3.98E-
2.27E-
0. 
3.07E-
9. 
3.26E' 
0. 
3.2«E' 
0. 
3-.01E-
9. 
2.69E-
0. 
2.30E-
0. 
2.00E' 
0. 
I.72E" 
0. 
1.39E' 
0* 
1.01E' 
0. 
7.4SE' 
0. 
4.03E' 
0. 
1.18E' 

I.79E-01 1.72E-01 1.61E.61 1.S3E-01 
3.94E-01 3.83E-01 3.51E-01 3.30E-01 
4.59E-0I **»7E-01 ****E-ol 4.16E-01 

4.43E-01 *.*7E-6l 4.4 0E-01 

0. 
0. 
0. 
0. 
0. 

4.Z3E.6I 4.00E-01 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

3.71E-01 
5* 
0* 
6. 
0* 
0* 
0* 
0* 
6* 
0* 

1.35E-01 1.28E-01 
3.06E-01 2.86E-01 
3.89E-01 3.83E-01 
4.06E-01 4.01E-01 
3.95E-0I 3.94E-0I 
3.S3E-01 3.60E-01 
3.18E-01 3.16E-01 
0. 2.78E-0t 

0. 
0. 
0. 
0* 
0. 
0. 
0. 

iso.06 

T.24E-01 
J.79E-01 
3.73E-01 
3.8SE-01 
3.76E-01 
3.53E-01 
3.10E-01 
J.75E-01 
2.25E-01 

I96.OO 200.00 210.00 

1.12E-01 
2**SE-6l 
3**6E-6l 
3.69E-61 
3.5TE-01 
3*3»E-6l 
3*05E-6l 
J.65E-01 
2.22E-01 
f.SlE-Ol 
0. 
0* 
0* 
0* 
0* 

1.12E-01 1.12E-01 
2.&2E-01 2.S1E-01 
3.37E-01 3.25E-01 
3.64E-01 3.42E-01 
3.44E-01 3.34E-01 
3.3SE-01 3.22E-01 
2.95E-01 2.9TE-01 
2.54E-01 2.5*>E-01 
2.23E-01 2.25E-01 
I.91E-01 1.80E-0I 
1.48E-01 1.41E-0I 
0. i.llE-01 
0. 0. 
0. 6. 
0. J. 
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Table 5 . 7 . - b 

« 

e 

100.00 
2 2 0 . 0 0 

l lG . f 'O 
230 .U0 

i ? o t o o 
2 4 0 . 0 0 

130.0O 140.00 150.00 160.00 170.00 lBo.oo 190*00 2 0 0 . 0 0 

100.0 
. . 0 
110.0 

.1 
* Izo.o 

- 1 
iso^b 

• i 
| 4 f . .O 

. 1 
150.0 

. 1 
1 * 0 . 0 .i 
170.0 

.1 
lso.o 
. .o 
1 9 0 . 0 

• 0 
2 0 0 . 0 

. 0 
2 1 0 . 0 

• 0 
2 2 0 . 0 

. 0 
2 3 0 . 0 

0 . 0 
2 4 0 . 0 

0 . 0 

H.07E-02 
2 . Z S E - 0 2 
n . 
4.99E-02 
t > , 
H.70E-02 
n . 
7 . 2 5 E - 0 2 
n . 
7 . U E - 0 2 
0 . 
4 . 5 S E - 0 Z 
0 . 
O . l o E ' 0 2 
A. 
5.23E-02 

". 
4 . 5 A E - 0 2 
•>. 
3 . 7 9 E - 0 2 «. 
3.05E-02 
0 . 
2.28E-02 
1 . 5 9 E - 0 2 
n . 
? . 5 1 E - 0 3 
0 . 

5.55E-UZ 4 .71E-02 
2.12F-0Z 
1 . 0 U - H 1.03E-01 
4.S8E-U2 

l . ?0E-01 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

».»2E-02 
0 . 
7 .02E-UZ 
1 . 
6 . 9 7 E - 0 2 
I ) . 
6 . 4 7 E - 0 2 
0 . 
S . 7 0 E - 0 2 
0 . 
4 . 9 S E - 0 2 
0 . 
4 . 3 0 E - C 2 
0 . 
3 . 6 9 E - » Z 
0 . 
3.00E-0Z 
0 . 
2 . U E - 3 2 
0 . 
l . t U - 0 2 
0 . 
B.07E-03 
0 . 
2.55E- ' . '3 

*.37E-0» 

9 . T S E - 0 2 

l . U E - O I 

1 . 1 3 t - 0 1 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

0 , 

0 . ' 

0 . 

3 . 9 0 E . 0 Z 

B . 4 9 E - 0 2 

l . O t E . O l 

1 . 0 4 E - 0 1 

l . O J E - 0 1 

3.64E-02 3.20E-02 2.93E.02 2.80E-02 2>$3E'02 
7.87E-02 7,2sE-02 6.56E-0Z A.3ZE-02 AiOlg-oz 
9.9ZE-0; 9.21E-02 B.BOE-02 ».45E-0j T.83E-02 
1.05E-01 '.HE-02 9.20E-0Z ft.72b.-02 B.34E-02 
9.53E-02 '.35E-02 9.04E-OZ ».3oE-02 B.06E-62 
O.OSE-02 '.37E-02 S.24E-02 7.99E-02 7.6«E-|)2 
0. 7,5j£.o2 7.26E-0Z 7.0ZE-OZ fc.«9E-02 
0. 0. 6.3SE-0Z 6.23E-02 6-02E-02 
0. 

0. 
o. 
0 . 

0. 
o, 
o. 
o. 
o. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 

5.10E-02 5.03E-02 
6. 4.09E-02 
0. 0* 
(i. 6* 
6. 0. 
0. 0* 
0. 0. 

2.47E-02 2. 
S.73E-02 S. 
7.44E-0a 7, 
8.04E-02 7, 
7.60E-0? 7, 
7.47E-02 7 
6.51E-02 t 

S.6SE-02 5 
S.04E-02 4 
4.01E-02 3 
3.2&E-02 3 
0. 2 

46S-02 
50E-02 
13E-0J 
*SE-02 
32E-62 
.04E-02 
.51E-02 
•62E-02 
.91E-02 
•94E-02 
•10E-02 
,*«?-02 
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e 
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Table 5.7.-c 

KERNEL HiTKIX -«»K£KEL 

V. 100.00 
220.00 

1 1 0 . 0 0 
2 3 0 . 0 0 

| 2 0 
240 

t o 
00 

130 00 140 "60 ISO 06 160 00 1 * 0 . 0 0 ito.io 190.00 Zoo.00 210.00 

10D.0 
.0 

4.7BE-04 
5.6BE-05 

4 . 3 Z E - 0 4 
5 . Z 4 E - 0 S 

2 . « 4 f . •04 2 . 4 3 E . •04 1. 8 4 E . J 4 1 .41E . • 04 1 . 1 4 E - 0 4 9 . 4 S E . 0 S S.SZE.Of 7.3SE-05 ».B»E-OS 6.39E-0S 
l io .o 
. *o ».m-o» 

1.06E-U3 
1 . 1 6 E - 0 4 

6 . 96E •04 5 . 0 5 E - •04 4 . 0 7 E - 9 4 3 . 4 1 E - •04 2 . T T E - 0 4 2 . 1 0 E - 0 4 1.89E-04 l - 7 0E-64 1.54E-04 1.34E-04 
-.20. 0 0 . 0 . 1 . 04E-03 T .45E- •04 6 . $ 5 E , 6 4 4 . 9 3 E -04 3 . 9 5 E - 0 4 2 . 9 2 E - 0 4 2.58E.04 2.24E-04 1.9SE-04 I.70E-04 
. .6 1.S3E-04 1 . 5 2 E - 0 * 
.30.0 0 . 0 . 0 . 1 .03E- •03 6 . 7 6 E . 0 4 5 .6BE •04 4 .S0E-•04 3 . 3 0 E - 0 4 2.80E-04 2.49E-04 2.20E-04 1.B1E*04 

. 0 1.62E-04 l . S T E - 0 4 
40.0 

.0 
I ) . 
I.S9E-04 

0 . 
1 .54E-C4 

0 . 0 . 6 . 9 j E - o 4 S . Z l E - •04 4 .B3E-04 3 .SSE-04 2.96E.0C ?.»lE-64 2.23E-04 i.««r-o» 
50.0 

.0 
0 . 
1.4BE-04 

0 . 
1 . 4 3 E - 0 4 
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Table (5-7) shows the sample ke rne l m a t r i x gene ra t ed with the in-
3 

cidcnt angu la r d i s t r ibu t ion f(u,) = 4u, for the convor t c r th ickness of 1 inch. 
One can note from the table that for a fixed pro ton energy the var ia t ion 
with the incident neut ron energy is r a t h e r weak, while the var ia t ion of 
the m a t r i x e lement with the pro ton energy for a fixed neu t ron energy is 
app rec i ab l e . The a v e r a g e va r i a t ion with pro ton energy tends to peak 
in the middle and d rops out quickly as the p ro ton energy d e c r e a s e s o r 
i n c r e a s e s f rom the peaking middle . Dropping in the lower pro ton ene rgy 
region is ma in ly due to the r e q u i r e m e n t of m i n i m u m t r ip le c h a m b e r s 
spark ing with s h o r t p ro ton r ange , and that in the h igher p ro ton energy 
region is gene ra l ly a t t r ibu ted to the l a r g e e scape probabi l i ty of p ro ton 
t r a c k s , due to the l a rge range of h igher ene rgy p r o t o n s . 

In the genera t ion of the above sample ke rne l m a t r i x , a cons tan t 
angu la r shape has been used throughout i ts neu t ron energy r ange . How
e v e r , in an ac tua l s i tua t ion , the incident neu t ron angu la r shape does 
vary with the incoming neu t ron ene rgy so that it is m o r e sha rp ly peaked 
in the h igher ene rgy reg ion , and a s the neu t ron energy d e c r e a s e s , i ts 
s h a r p n e s s d e c r e a s e s gradua l ly . T h e r e f o r e , in ac tua l ke rne l genera t ion 
for a r e a l s i tuat ion, i t is r e c o m m e n d e d that the ke rne l m a t r i x be gen
e r a t e d by inco rpora t ing the above type ene rgy dependency of the incident 

neu t ron angu la r d i s t r ibu t ion . S o m e t i m e s this ene rgy dependency of the 
1 38 incident angu la r d i s t r ibu t ion i s ava i lab le f rom the l i t e r a t u r e . * 

5. Solution of the Neu t ron Spec t rum f rom the M e a s u r e d P r o t o n Spec t rum 

Once the p ro ton energy s p e c t r u m is ava i lab le from the m e a s u r e m e n t 
with the s p e c t r o m e t e r s e t - u p , and the k e r n e l m a t r i x is r eady , the un
known neu t ron energy s p e c t r u m is obtained by solving equation (2-47), 
which i s the f i r s t o r d e r F r e d h o l m in t eg ra l equation. If we r e a r r a n g e 
the equation s l ight ly, the i n t e g r a l equation to be solved is r e p r e s e n t e d 
a s 

SE 
max 

K(E ' , E)(j)(E)dE 
E . 

m " i (5-30) 
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Theoretically, there are several solution techniques which are 
39 40 41 known to give a formal solution to the abo^e integral equation. ' ' 

However, the formal solution methods are not applicable generally in 
the case where neither the measured spectrum N(E') nor the kernal 
K(E',E) is known analytically, but rather as a set of discrete points. 
The solution of such a system may be obtained only through numerical 
techniques. In most of these techniques, the integral equation is usually 
approximated by a system of linear 'equations, and the methods known 
for the solution of such a system are applied. One should also note that 
sometimes the formal solution to the above integral equation is not 
unique. 

In any practical situations where the above type integral equation 
ar ises in connection with the experiments, the measured values from 
the experiment always involve random e r ro r s , and this fact poses a 
new problem. The uncertainties of the used kernel also add to the 
difficulty of the problem. Therefore, in the practical numerical solu
tion technique, an approximate solution is pursued which gives the 
physically acceptable answer that fits well the measured values. Some
times it is important, in the solution technique, to weigh the prior 
knowledge and the information contained in the measur. d values. There
fore, the basic cr i ter ia in the usual practical solution techniques is to 
find an appropriate solution which matches the measured spectrum 
faithfully and gives the physically acceptable shape. These are the 
prime requirements of the solution. Numerous practical solution 
techniques in the above situation have been reviewed recently by Jorma 

Q 

Routti in his Ph. D. thesis. He also developed two general least 
squares methods to solve the above integral equation numerically, called 
respectively a generalized least-squares method with matrix inversion 
and a generalized least-squares method with non-negative solution. 
In the first method the flux is approximated by a piecewise linear 
continuous function, and the deviation between the measured spectrum 
and calculated spectrum at each energy point is minimized essentially 
by inverting the normal equation which is obtained from the usual 
minimization requirement at each flux point, namely, setting the 
first derivatives equal to zero. It has the option of introducing prior 



-129-

information of smoothness of the solution spectrum and the clo&eness 
to a given physically acceptable solution shape in ?. flexible way. But 
this method does not guarantee the nonnegativity of the solution spectrum 
which can not be possible physically. On the other hand the second 
method has the assurance of the nonnegativity of the solution, in addition 
to the above options, by introducing the variable X. in the least squares 

2 l 

process such that <)>. = X. at each energy mesh point. However the least 
squares process is different from the above in the lense that the least 
squares sum of the difference between the measured and calculated 
responses is directly minimized with respect to X., using a minimiza-

1 42,43 
tion technique called the iterative gradient method with variable metric. 
This method will be used in our case. The above two methods hsve been 
programmed into a computer code by Jorma Routti and are called respec
tively called KIEPPI and LOUHI. 

The remainder of this section will explain the mathematical and 
numerical details of the above least squares solution r .athod (LOUHI), 
giving more emphasis to the actual calculational scheme used in the 
program, rather than generalizing. 

Fi rs t , the integral equation can be rewritten to include a term c(E'), 
representing the uncertainties and e r ro r of the measured values: 

max 

' E 

K ( E \ F)4>(E)dE = A(E') + e(E'), 
(5-31) 

where A(E') represents the measured proton spectrum and is changed 
from N(E') for notational convenience. The above equation is put . nto 
a quadrature form by approximating the flux with a piecewise linear 
continuous function, defined between the energy values E . and E , which 
extend from the lowest threshold to the cut-off energy of the solution. 
Then the solution in the interval E. to E. . is given by 

1 + 1 l E i . + i - E J l E i + i - E i ' 
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Suppose E ' is divided in the s a m e way as E and r e p r e s e n t e d as E . . ; 
then a t each point E . the subs t i tu t ion of equation (5-32) into the in t eg ra l 
equat ion yields 

*»•[ fedK<Ej'E,dE * ) f c . W E , d E ' 
fei->V > M i \ V (5-33) 

and the resu l t ing q u a d r a t u r e fo rmula have the m a t r i x form 

K £ = A + e , (5-34) 

where A, e and 6 a r e column v e c t o r s with components A , e (j = 1, . . . . m) 
~ ~ J j 

and <)>• (i= 1, . . . . n), r e spec t i ve ly , and K i s the ke rne l m a t r i x of d imens ions 
nxm. 

Next, the bas ic cons ide ra t ions in making the square sum for m i n i m i 
za t ion a r e the following r e q u i r e m e n t s : 

i) match ing the m e a s u r e d va lues Q_ 
ii} c l o s e n e s s to a given phys ica l shape function P Q., 

iii) smoothness r e q u i r e m e n t Q~ 
2 

iv) nonnegativi ty r e q u i r e m e n t <j>. = X. . 

Then the solut ion of the i n t e g r a l equat ion is obtained by min imiz ing the 
following quadra t i c fo rm with r e s p e c t to the Xi ' s 

Q=QQ + y(WiQi+-W2Qz), (5-35) 

w h e r e W. a.nd~Wy a r e re la t ive weights of Q . and Q-, t e r m s and v speci f ies 
the ove ra l l impor t ance of the Q - . Q ^ t e r m r e p r e s e n t i n g a p r i o r i condi t ions . 
He re 

m m 

(5-36) 
m n N 2 

j= i v i= l 
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where 
A. = measured value 

A. = computed value from X. 

W. = weighting function. 

Q. and Q 2 terms are expressed in three different scales. They are 
on a linear scale 

Q, = V J(XZ- P.) 1 .*-•. v i 1' i=l 

n-1 , ? ~ 2 
Q , = T <J':(x. , - 2x + x * ) , 2 .*-., i ' i - l I i+l' i=2 

(5-37) 

and on a relative scale 

Q 
1=1 > 

\2 

scale -

n-l , fxr , - 2X?+ X* ^ 
Q = I 2 (_ iz l ^ i+i ) , (5-38) 

C i=2 x V X / 

i 

and on a logarithmic scale 

Q 1 = £ c.Vlogxf - l o g p Y 
i=l x / 

Q 2 = j f «*(log xf., - 2 log X f + log X l ^ . 
(5-39) 

In the process of minimization of the function Q with respect to the 
Xi's, using an iterative gradient method, the partial derivatives of the 
function Q with respect to Xi's are required in projecting a new mini
mizing direction. Their expressions are rather lengthy and can be 
obtained from the expression of Q. Here only the form in the linear 
scale will be given. Noting that the derivative of Q is the sum of the 
partial derivatives of its components, we get the following expression 
for each term for i = i : 
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G | ° - ! ^£ = f 4»° K.. X. (A™ - f K . . x A ." 
* j=l \ i=l ' 

f | =Gf° + V(W 1 G i

1

+ W 2 G i

2 ) . 

(5-40) 

1 9 Q 1 1 2 
^ = F x 7 = 4 ^ X i ^ - P < > ' (5-41) 

and 

CZ=C-^) +(!?*) +(9-^-) (5-42) 
1 \ 9 X f / ( i + l ) term V X f / i t e r m V 8 X i ^ -1) term. 

where 

^ d Q z \ 2 2 2 
a"xj „ ^ 1

 = 4 M i + i x i ( x < " 2 x i + i + xi+2> 
V jf/ (i+1) term 

valid from I =1 to n-2 , otherwise zero, 

9 Q 2 \ 2 2 2 
axTJ , t = - 8 « - J X i ( X i _ 1 - 2 X i + X | + 1 ) 

I ' I term 

valid from i =2 to n - 1 , otherwise aero, 

9 x i Z1 (I - 1 , t e r m = ^ ' ^ ^ " 2 " ^ ^ + ^ 

valid from i =3 to N, otherwise zero, 

(5-43) 
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The se t of Xi ' s which gives the m i n i m u m value of the function Q 
is obtained when the min imiza t ion p r o c e s s is f inished, and finally 

2 
<j>. = X. (i = 1 n) f rom those X i ' s is the d e s i r e d solution. In the 
ca lcula t ion , an i t e ra t ive g rad ien t method a lgo r i t hm VARMIT with 

42 43 
va r i ab le m e t r i c , developed by Davidon and coded by B e a l s , is used . 
The min imisa t ion is t e rmina t ed when al l the components of the next 

-8 s tep a r e l e s s than 10 if four succeeding values a r e the s a m e , or 100 
i t e r a t i ons have been comple ted . 

The above p r o g r a m has been subjected to extens ive t e s t s by J o r m a 
Rout t i and his b road expe r i ence with the method is d e s c r i b e d in de ta i l 
in ref. 8. F i g u r e 36 shows one example of the t e s t of the above method 
with the k e r n e l m a t r i x gene ra t ed in the p rev ious sect ion. 
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VI. SAMPLE RESULTS 
1. Meas grement of stray neutron energy spectrum 

The spectrometer setup was used to measure the stray neutron 
energy spectrum around the 184" Cyclotron at the Lawrence Berkeley 
Laboratory as a test of the overall scheme of the spectrometer . The 
spectrometer setup was positioned on the roof of the east counting area 
around the Cyclotron shielding blocks facing the accelerator. The 
orientation of the spectrometer setup was changed until it produced an 
azimuthal angular uniformity of the detected proton tracks. In this test 
run only 1 inch-thick polyethylene n-p converters were used. In the 
final measurement , about 4000 events were taken in the two hour run, 
and these data were used in the unfolding teat. F i r s t , these proton track 
data were processed and a proton energy spectrum was generated. In 
this procedure, the forward extension option of the track was used, and 
those events whose extended end involved the frame were discarded in 
the generation of the proton energy spectrum. The f irst table (6-1) 
shows the overall result of the track data process ing. According to it, 
there were 3921 events in the data tape, and 2146 events were free of 
machine irregular i t ies and went through a least squares line check. 
Among them, 397 events could not pass through the line check, 455 
events involved the frame when they were extended in the forward d i 
rection, and finally, 1294 events remained to generate the proton energy 
spectrum. Table (6-2) shows the fiducial pulse distances in each of the 
wands of 12 i-hambers before and after the experiment and the fiducial 
irregulari t ies detected. It a l so shows the stat ist ics of the spark types 
detected in each axis of the 12 chambers . Table (6-3) shows the s ta
t i s t i c s of the number of chambers sparked in each event, among the 
•ingle track events , with the s tat is t ics of mis s ing chambers in the double -
scattering- l ike events . Table (6-4) shows the distribution of successful 
events in t erms of proton energy and polar angle. Table (6-5) shows the 
deviations of spark positions from the fitted I in'.- in each chamber among 
tixe events which formed a straight line irrespect ive of their orientation. 
Final ly, Fig. 38 shows the proton energy spectrum obtained from the 
successful events in the process ing. Two broken line his tograms 
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from the two energy conversion methods from the track lengths, 
respect ively , as mentioned in Chapter IV. The dotted points are the 
values of data se lected for unfolding the neutron energy spectrum. 
2. Unfolded neutron energy spectrum 

Kernel matr ices were generated with the 1 inch converter thickness 
and the same inter-chamber spacings. Of course , the forward extension 
option of the track was used in sampling. P r o g r e s s i v e l y peaking neutron 
angular shape has been assumed, varying l inearly from A = 2 at neutron 

A 

energy of 100 MeV to A = 8 at 200 MeV in f(u) = const. |x . Tables 
(6-6 , a and b) show the kernel matrix e lements and sampling error 
bounds. Figure 39 shows the unfolded neutron energy spectrum when 
Y = 1, W. = 0 and W, = 1 0 " were used in the least squares unfolding 
process . The right hand side of the spectrum tends to go up, and 
probably this is due to the relatively greater contribution of the higher 
energy neutrons forming protons in this energy region. The energy 
spectrum for higher and lower energy regions could be obtained by 
using polyethelene converters of different th'ckness. 
3. Concluding remarks 

The test unfolded neutron energy spectrum shown in Fig. 39 gives 
a reasonable answer compatible with ordinary expectations. However, 
it is rather difficult to determine how reliable it is and how reliable the 
whole scheme i s . These aspects wil l be studied further with more tes t s 
in the future. Here I would like to mention the things that need improve
ment in the near future. F i r s t , on the spectrometer setup side, the 
recording; speed is too slow with only a magnetic tape deck. According 
to the simple calculation that a s sumes roughly 1 neutron/cm sec in the 
stray neutron field, we expect to have tr iggers of 10 to 20 events per 
second. However, the present cycling t ime ia only once per second, 
duo to the tape deck, and the system can not measure the absolute 
quantity of tin- neutron field with the present recording speed. This 
could be improved by connecting a smal l computer in the middle, acting 
as a buffer memory. Secondly, on the analysis side, the analytic ex 
press ions for the differential c r o s s sect ion, as a function of incident 
energy used in the sampling, need to be improved. Most of the exper i 
mental data for n-p cros s sections are given as a function of emitting 
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proton angle or energy, for fixed incident neutron energies. But in our 
numerical unfolding process, we need the differential cross section as a 
function of incident neutron energy for fixed emitting proton energies, and 
the behavior of the present formula as a function of incident neutron 
energy is quite abrupt for fixed proton energies, even though it is well 
behaved as a function of proton energy for fixed neutron energies. We 
should improve the expression of the (n-p) differential cross section so 
that it gives a smoothly varying function on the incident neutron energy 
scale. 
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Table 6.1. 

». VARIOUS COUNTERS REPORT. 

NR£C • TBS — I NO. OF R E W O S IN FILE > 
NPARF • 1 — I NO. OF PARITY ERRORS IN FILE 1 

LE^BiNt i ) • I--(NO. OF RECORDS WHICH HAD EVENTS NUMBER I i 

LE^BlNt 5 ) • 7B4-" (NO. OF RECORDS WHICH HAD EVENTS NUMBER 5 > 

EURO* COUNTERS IN ORDER QF DETECTIONS 

NEVTF • 3921 
MBRITE • " 0 

NO'ITE B 3421 

\fSTPS • • 4 
tOTRST « • 111 

NfP»SS • 3806 
"ULsPK » • 133 
NORSCH • • t«5 
JHHOIF • • 2*3 
NSAVE a* >35 
INCON] • • 469 
NSAVE1 • • 332 
INCONJ « • 71 
VOOBLs »«• 526 
NHP/jSS • • 0 

NPASS 

-< NO. OF EVENTS IN FILE ) 
-( NO. OF »»0 LEADING T CHECK I 
-( NO. OF GOOD LEAOING 7 CHECK 1 

-( NO. STOPPED ur FID CHECKS, SEE C-I> 
-( NO. SToPPEO Br OOUBLE TRACK EvtNTSI 
-< NO. PASSING FIO CHECK. SEE C-2 1 
-( MULTIPLE SCATT.-LIKE EVENTS ) 
-( EVTS. H«VING"LESS THAN TWO CH SP»HKEO 
-I DIFF. JSWICH NO. EVENTS ! 
-( SAVED FROM THE ABOVE, I 
.( INCON. IN sINBLE SCAT. CASE. stE C3> 
-< SAVED FROM THE ABOVE; > 
-( DOUBLE SCAT-LIKE CASE I 
-I DBL SCAT-LIKE EVENTS, 5ce c* ) 
-I EVTS. PROCESSED AMONG DBL-LIKE EVTS 

2146 — I EVENTS PASSED THE CHECKS SO FAR) 

N0L1NE •- 3i(7 — ( «0. THAT HAD NO TR 4 CK LINE IN LSOFIT 
0 — ( ESCAPED EVENTS BV 8ACKWAR0 EKTFNTION 

455 — ( EsCApED EvENjS Br FOR.ARO EKJENTION 
125* — ( TOTAL EVTS. HAVING TRACK LINES IN Ls« FIT I 

NPESCB «-
NpEjCF .-

NLINE . 

NOTE. CUMULATIVE HEPOM INCLUDING THE PREVIOUS FILES ABE
ND. OF FILES «F«n — 
NO, OF RICOHOS RElR -
NO. OF PARITT-riflORS 
NO. OF EVENTS REAO --
MO. OF RtCORu LENGTH ERROI 

I 

SB. 

file:///fSTPS
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Table 6.2. 

6. FIOUClAL PULSE OIS7«NCE REPORT IN OC74L. 

1. »HEN ri Lc PROCESSINO ST>R<SI 

CNAHBCR NUXKCRI 1 2 3 4 I 4 7 • • 10 I I I I 
»-A«ISI HO'KONTll. I • 3939 3931 3939 K i t 1919 1 9 1 ( 1939 1 5 H 3917 3936 3933 3937 
f - > » l 9 | vtHTlC«L ) , 392« 1922 191* 1920 3920 3521 }929 1924 352* 3923 1S2» 3923 

2 ; WHEN FILE PR0CCSS1N0 ENDS, 

CHAMBER Nu»BtRS | 2 J 4 • » 7 t • 10 | | 12 

«.««I5( HORIZONTAL 1 , 3933 3930 3933 3532 3S33 393« 3531 3934 3939 3539 3931 3519 
fAHIS f VERTICAL ) > 3522 1921 351* 35|7 191* 352| 3923 3922 3922 3520 3521 3921 

Ci SPARK CK«H8ERS PERFORMANCE REPORT, 

C - l . FIDUCIAL CHECK ERROR FREQ. In EACH CHlMBER • - • NFDERlliJ.K) 

| ; H-AIIIS (HORIZONTAL I 

CHAMBER NUMBERS 1 2 1 . 4 J 4 I | » lu 11 12 

"0 FIRE > 3 3 3 7 ] 3 ] ) 3 1 ) 
CLOCK E»HO» O B I B O O t i l O t A 
100 L0N0 rlo. • • • t O o J l J t i J 
TOO SM«LU rio. « ; ; T s i i } j ; ; j 

T 0 T « - ' « II 10 • 9 » 13 t • 9 % 

2. y-»«IS ( VERTICAL 1 
CHAMBER NUMEERS 1 2 J 4 % t T • 
NO FIRE 3 1 3 3 J J 1 j 
CLOCK ERROR 0 « f • 0 • 4 . 

. TO9 LOHO FIO. i ; , ; ; j ; • 
TOO SMALL f 10. 2 3 0 2 •• 1 t 7 

">'«l S 4 1 » «1 4 1 U J « 6 ] • 
NOIE-. CLOCK AID TOO SHALL FIO ERRORS «RE SAV«BLE. 

C-2. STATISTICS OF REOULAR OAT» IN EACH CH«HBEA--.CH«NOI|1J,KI, 
I; K-AMS IH0RI20HTAL I ' 
CHAMBER NUMBERS I t 3 4 S » 7 i • 10 11 12 
MO. OF ONE SPARK JOJ 454 U | j ,j,| ,»,j , „ c , j 5 , ,35, , „ , ,,, ,j, , J 4 

sissrwr & ,.j? ,& ,& ,i:f ,>,» jg AH 2«i *wi „.. «J; 
I D M l >••» >••» >••» J«»* ! •«» 3««4 l i t * ? I 0 A 3»,» IBot 3*04 JAgt 

l» 11 11 

1 3 3 1 
1 f • 1 
0 • • • « 1 1 19 

2 . r .AMS | VERTICAL I 

CHAMBER NUMBERS i 2 II 
NO. OF ONE SPA«« 444 <SI 1277 |15B |4»7 |«27 12*4 1351 S14 <tl 722 ISA 
HO. OF TWO SPANKS 74 41 A| 27* 7* Ai llv IAI *A& 9* 27 I.I 
« , OF NO SPARK „.» „ : , , „ , ,\u „ ; ; „ ; , ,}{, ,JJJ ,JJ; „j» ,$ }}»j 

" " * l S'I4 J»0i 1«BA 3»«» 3t»» 1B|A !••• )B|* 11.4 ]lgA 1B44 H(A 
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110.00 
230.00 
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240.00 
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E» 
r 0 0 . 0 
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1 0 . 0 

. 9 
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.6 
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6 0 . 0 

. 0 
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1 .23E' 
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LOSE' 

'04 3.51E-04 2.4BE-04 2.6SE-04 2.09E.04 1.S9E.04 
'09 S.A6E-i>5 

9 . 6 7 E - 0 4 6 . 6 2 E - 0 4 6 . 5 2 E - 0 4 5 . 3 7 E j > 4 4 . 2 1 E - 0 4 
•04 1 . 3 5 E - U * 
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•04 1.93£-'.>4 

0 . 
•04 2.13E-04 

0 . 
•04 2 .05E-0* 

0 . 
•04 l .SSE-04 

0 . 
•04 1.71E-U* 

0 . 
•04 1.57E-04 

0 . 
•04 1.39E-04 

0 . 
•04 1.30E-04 
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•04 1.16E-0* 
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•04 9 . 9 3 E - 0 S 
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'EL4TIVE ERRORS « RELE°< 

£1 1 0 0 . 0 0 n o . o o l"2n. .00 136. ,00 140. .oo 150, .00 160 , ,00 1 7 0 . 0 0 I S O . 0 0 U o . o o 2 0 0 . 0 0 2 1 0 . 0 0 
fp 

2 2 0 . 0 0 2 3 0 . 0 0 240 . .00 

i o . o 3 . 5 5 E - 0 2 2 . 1 8 E - 0 2 2 . 4 7 E ' •02 2 . 3 8 E - 0 » 2 .33E . .02 2 . 3 5 E . -02 2 . 3 B E - 0 2 2 . 4 6 E - 0 2 2 . S 0 E - 0 2 Z . 5 9 E - 0 2 2 . 6 0 E - 0 2 2 . 7 1 E - 0 2 
• 0 2 . 9 B E - 0 2 Z . 1 4 E - 0 Z 

10 .0 " • 3 . 2 6 E - 0 2 2 .1 ' IE-•02 1.79E- •0» 1 . 7 { E . 6 2 1 . 6 S E - 0 2 1 .67E- •02 1 . 6 9 E - 0 2 1 . 6 0 E - 0 2 1 . 6 9 E - 6 2 1 . 7 2 E - 0 2 1 . 7 5 E - 0 Z 
. -0 1 . 8 5 E - 0 2 1 . 9 0 E - 0 2 
»n.o n . 0 . 2 .7SE-•02 1 . 9 4 £ - 0 » 1 . 6 7 E - 0 2 1.53E- •02 I . S 1 E - 0 2 1 . 4 7 E - 0 2 1 . 4 8 E - 0 2 f . * 9 £ - 0 2 1 . 4 B E - 0 2 1 . 4 4 E - 0 2 

. 0 1 . 4 9 E - 0 2 l . S O E - 0 2 
i o . o 
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0 . 
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APPENDIX 
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Fig. Z. Experimental data and fitting curve* 
for np elast ic acattering croa* section* at 
various anergics . 
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Fig. 3. Experimental data and fitting curves 
for np elast ic scattering cross sections at 
various energies . 
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Fig. 4. Experimental data and fitting curve* 
for np elast ic scattering cros s sections at 
various energies . 
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Fig. 5. Experimental data and fitting curves 
for np elastic scattering cross sections at 
various energies . 
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N-P ELASTIC SCATTERING K-ftCCTJON 
NEUTRON ENERGY IN LAS.SYSTEn* 37.SO flEU. 
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Fig. 6. Experimental data and fitting curvet 
for np elastic scattering cron aectlone at 
varioua energiea. 
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Fig. 7. Experimental data and fitting curvea 
for np clastic • ottering c r o n sections at 
varioua energiea. 
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Fig. 8. Experimental data and fitting curvea 
for np elastic scattering cross sections at 
various energies. 
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Fig. 9. Experimental data and fitting curves 
for np elaatic scattering cross sections at 
various energies. 
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N-P ELBSTXC SCBTTERINS K-tECTION 
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Fig. 10. Experimental data and fitting curves 
for np elast ic scattering cross sections at 
various energies . 
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Fig. 11. Experimental data and fitting curves 
for np elast ic scattering cros s sections at 
various energies . 
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Fig. IE. Experimental data and fitting curves 
for np elast ic scattering cross sections at 
various energies . 
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Fig. 13. Experimental data and fitting curves 
for np elast ic scattering cros s sections at 
various energies . 
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Fig. 14. Experimental data and fitting curvet 
for np e laet ic scattering cro»» sect ions nt 
variou* energies . 
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Fig. IS. Experimental data and fitting curve* 
for np elast ic scattering croa* aectione at 
variou* energies , 
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Fig. 16. Experimental data and fitting curve* 
for np elast ic scattering croa* section* at 
various energie*. 
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Fig. 17. Experimental data and fitting curve* 
for np elast ic scattering cross sections at 
various energies . 
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Fig. IB, Experimental data and fitting curvea 
for np elastic scattering croaa aactlona at 
varlou* anargiaa. 

20 

t a 

t o 

8« 
Itl 

5 »o 

N-P ELRSTIC (CRTTCRtNt K-tECTIDH 
NEUTRON ENERSY IN LRS.STSTEn- 130.00 nCU. 

I EXFERWENTRL DOTH. 
FITTIHS CURUE. 

< ^ 

0 10 40 (0 (0 100 ItO 140 1*0 ttO 
CENTER OF nmi NEUTRON (CRTTERIH* (mitt 

Fig. 19. Exparimantal data and fitting curve* 
for np elaatic scattering croa* section* at 
variou* anargiee. 
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Fig. ZO. Experimental data and fitting curvea 
for np elaatic scattering croaa aectiona at 
various energies. 
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Fig. Zl. Experimental data and fitting curvea 
for np elastic scattering cross sections at 
various energies. 
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Fig. 22. Experimental data and (itting curvei 
(or np elast ic scattering cros s sections at 
varioua energies . 
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Fig. 23. Experimental data and (itting cur 
(or np elast ic scattering cross sections at 
various energies . 
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Fig. 24. Experimental data and fitting curves 
for nr> elast ic scattering cross sections at 
various energies . 
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Fig. 25. Experimental data and fitting curves 
for np clastic scattering cros s sections at 
various energies . 
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Fig. 26. Experimental data and fitting curvea 
for np elaatlc scattering croaa aactlona at 
varioua energies . 
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Fig. 27. Experimental data and fitting curvea 
for np elaatlc acatterlng croaa aectlona at 
varioua energiea. 
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Fig. 28. Experimental data and fitting curves 
for np elast ic scattering cross sections at 
various energies . 
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Fig. 29> Experimental data and fitting curvea 
for np elast ic scattering cross sections at 
varioua energiea. 
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Fig. 30. Variation of c r o t s section as a 
function of energy for various scattering 
angles. 
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Fig. 31. Variation of cross section as a 
function of energy for various scattering 
angles. 
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Fig. 32. Variation of cross section as a 
function of energy for various scattering 
angles. 

Fig. 33. Variation of cross section as a 
function of energy for various scattering 
angles. 
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Fig. 34. Variation of cross aection n a 
function of energy for various scattering 
angles. 

Fig. 35. Variation of crOBB section as a 
function of energy for various scattering 
angle B. 

NEUTRON ENERtV IN LOS.SVtTEn IN II AXIS 

:ENIER OF nass NEUTRON CCPTTESINS 
1NSLE • 1 1 0 . 0 0 O E M . 

Fig. 36. Variation of cross section as a 
function of energy for various scattering 
angles. 
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Fig. 37. Some examples of calculated np 
elastir scattering cros s sections at some 
energ. is for which there are no experi 
ments, data. 

Fig. 38. Some examples of calculated np 
elast ic scattering cross sections at some 
energies for which there are no experi 
mental data. 
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Fig. 3 . Some examples of calculated np 
elastic scattering cron sections at some 
energi s for which there are no experi
mental data. 

Fig . 40. Some examples of calculated np 
elast ic scattering cross sections at some 
energies for which there are no exper i 
mental data. 
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