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ABSTRACT

A incthod of neutron spectrometry which measures the energy
spectra of the stray neutrons arnund the high encrgy accelerators,
roughly between 50 MeV and 300 MeV, has been developed using a
series 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 track
lengths with the spark chambzrs. 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
encrgy spectrum by solving the integral equation connecting the two
quantitics in the spectrometer volume using the least squares method.

For this method, 12 spark chambers with a scnsitive area
50 X590 cmz have been designed and constructed. The spectrometer
was assembled with all the related clectronics and its various perform-
ances werce tested. The proton producing reactions and the particle
transport behavior in the detector volume have been throughly aralyzed.
An approximate integral relation connecting the incident neutron energy
spectrum and the detecled proton cnergy spectrum has bheen established
in the above energy region. In the cvaluation of the kernel matrix

neaded in the ncutren unfolding process a random sampling technique
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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 egsentially the only radiation components of the stray radiation
field outside the biological shield.

The production and attenuation of neutrons inside the shielding
has been discussed by Moy'er1 and Wallacez, and the relevant colli-
sion phenomena of primary and secondary particles have been exten~
sively treated by Metropolia3 and later by Bertini. 4 A comprehensive
report of the large shielding study by Gilbert _e_gﬁl.S 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 particles, the neutrons above 150 MeV have the mcat 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 rate, 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,
using threshold detectors. 5,7 This method has been discussed exten-
sively in the studies made by Smith7 and Routti. 8 A brief sketch of
the method will be explained heres: 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:

Emax
Aj = S' aj(En)¢ (E)dEn, j=1,---, m (1.1)
E .
min

Here A, is the normalized saturation activity of the jth dclector,
aj(En) is the corresponding activation cross section, and ¢(En) is the
neutron spectrum to be solved. Equation (1.1) is a degenerate case of
the first kind of Fredholm integral equation

E
max

aen = xEmemas, (1.2)
Emin

which arises in many unfolding problems, suchasthe determination of the
neutron spectrum ¢(E) from a measured proton-recoil spectrum A(E!')
which is related to ¢(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~-resolution 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. 8

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



number of measured activities are available. This faci poses some
difficulties in the unfolding process of scarching for a solution for a
neutron spectrum from a set of equations, and often requires the use
of a prieri physical information about the solution in addition to the
measgured 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 spectrw , using a set of multi-wire spark chambers and n-p con-
verters. 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 hydrogeneous 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 specirometer 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 -+ analytic-] or theoreticr! ~~rt dealing with
the relevan: 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 cnergy 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.
Howewver, the elastic scattering is so much forward peaked that one
can safely assume no interactions at all, 9 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-
cess, which is a direct interaction. 10 This collision phenomenon has
been extensively treated by Metropolis3 and later Bertini,4 and re-
cently Bertini produced a lot of new data on intra-nuclear processes
using Monte Carlo calculations. 1 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 material
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, 4
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-
iron 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



electronic logic box that processes the pulses from the scintillators
and issues a trigger pulse only whencertain 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 particles, is
a very versatile instrument. 12 Their widespread use in high energy
physics research has made ‘he technique of construction and use of
them reliable, simple and ir2xpensive. Recording is accomplished by
a magnetostrictive readout system, 13,14 magnetic tape and a selectric
typewriter. Each part of this 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 y-
rays, various random errors of the machine, etc. Therefore, a good
event is defined in a certain way, and cnly 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 y-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 inthis

chapter in the neutron unfolding process. However, difficulties arise



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 overcorne
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. Then the neutron energy
spectrum is solved from the unfolding equation, using the detected pro-
ton spectrum. For the numerical scheme, the direct iterative least
square meihod has been adopted, which rainimizes the least square sum
directly, rather than using the matrix 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 relstionship formas 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 spcetrometer is quite
important in this casc, and the related neutron transport phenomona is
treated in the firet 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 detectcr 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 mcdium amd with other frecly moving
ncutrons; these collisions arc well defined cvents bocause of known
cross sections. Between such collisions, a neutron maves with a con-
stant velocity, that is, in a atraight line with a constant speed. Usually,
the number of neutrons at any point in any given volume is negligibly
small compared with the rumber of atomic nuclei present in that vol-
ume. Consequently, the mutual collisions of freely moving neutrons
can be neglected, and only the collisions of ncutrons 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 its boundary surface with free space. Then the basic
quantity in neutron transport is the anguiar flux ¢ (_:.'_.E .g). which is



defined as vn{&. E, l-l). where E is kinetic energy of the neutron. and
n{r. E, ) is the neutron density at the position ¢ of the neutrons di-
rected in the direction 5_1 with the kinetic encrgy E. In the steady state
situation, the angular flux at any position is governed by the following

equution’sz

f_l_° grady + Etot(E) ¢ =5‘dE‘S d?_’ E(E‘,E')c(L,E)ﬂE:E'E'-'EEN; +S8. (2-1)

This is the so-called transport equation or Boltzmann equation. The
above equation rapresents the conservation of neutrons at tho lozal point.
The left hand side represonts convection and reaction removal terms,
and the right hand sido aro saurce terms consiating of collision and
externs! sources. Here 2".(5.1-3) is a macroscopic tolal cross section of

neutrons in the medium and is defined by

X = E N olE). (2-2)
i i 4

where N‘ is the number of the atoms of the ith kind per unit volume,and
o, is the neutron reaction cross section pertaining to the various kinds
of atom. c(L. E) is the average number of secondary neutrons per col-
lision produced at £ by a neutron of energy E. This quantity is impor-
tant in our case in coanection with neutron cascade interaction with the
carbon nuclei in the medium, cven though c is unity in the clastic col-
lision of a ncutron with a hydrogen nucleus. f(_r_:E'(_‘t.'- E E} is the prob-
ability function of the neuteon emerging from the reaction at the position
r in such a way that E(E'g'-' E&]&Edg represcnts the probability that a
neutron, entering a collision with velocity v'fl'. will belong to dE4N
arcund v‘_l_ after the collision. ((E'g‘- Ef_l_) satisfies the [ollowing_

normalization condition:

(( «era ~egyazan - 1. (2-3)
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f(r:E'?_' - Ef}_) is composed of the similar probability functions and
c;;u 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 ncutrons 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:

q:(_x:‘.!-:,g) =¥ (E.g) for g'2<0. (2-4)
surface
where n isan outward unit vector normal to the surface. This condi-
tion is called the 'irradiation boundary condition", and has been proved
to be sufficient to ensure that the problem is deterministic. 16 There
is no external neutron source inside the detector volurne, 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 noutron angular flux inside of the detector volume, and the
remaining problem is to solve the above integro-differcntial 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 of these pro-
tons:

A proton loses its energy in the medium through electromagnetic
interactions with the surrounding atoms, and gznerally 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 acutron flux is determined inside the detector volume

{from the neutron transport equation and the boundary conditions, the

T
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next step is to calculate the proton generation rate in space and cbtain
the proton energy spectrum, which will be the measurable quantity by
means of its range-energy relntionship”in the medium. Protons are
generated in the medium by neutron interactions that produce the pro-
tons as their reaction product. Since we are using organic material,
that is, polyethylenc (CHz)aa the n-p converting material inside the
detector volume, the protons are generated from the interactions with
the hydrogen and carbon nuclei. A neutran interacts with a hydragen
nucleus clastically, and a recoil proton is ¢jrcted with the scattered
neutron. In carbon, a neutron interacts directly with the individual
nucleons in the carbon nucleus, in our energy range, and protonsarc
produced through the intranuclear cascade process as cascade parti-
cles. Nole that in this case the number of outcoming protons is not
conserved in the procesa. The above two phenomena are the main
proton-producing interactions inside the medium, and only these two
processes will be considered from now on. Note that the same pro-
cesses are taking place in the plastic scintillator material used for
triggering purposes.

Once the neutron flux is known, the total number of protons gen-
erated at each energy in the detector volume is represented mathemat-

ically by the equation:

o0
¢p(EP) =$df_ dEngﬁl gd&p Enp(f-.' En) cP(E_,E n) fP(EISn-» Ep?p) q;(f_, E n"zn) ,
v o0 4n 4w (2-5)

where the spatial integration is over the whole detector volume and tle
other variables have the rame meaning as previously defined. If one
performs the integration over the variables gp and Qn' one obtains the

more familiar equation form:

$o(E) = S\d'z;S 4B, (r.E)c (r,E ) (B ~E ) (r.E), (2-6)
v o
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where
+ Z‘w
2« E )r 8 <E_ @) ap- =, F .8, (2-
oE e (o 8 -2 8) o faw,(a jar r 0 0) @1
4x -4 0
# 2%
and ¢ (r.E) -S e, E Q)& =f du, S‘df,, WEE P (2-8)
- o

In the above step the 83 variable is integrated first and the 2" integra-
tion later. QP(E ) h:ﬂo proton energy flux, and can be measured ex-
perimentally in tgo steady state situation by the measurement of the
proton path langths detected inside the detsctor volume, and by conver-
ting them into proton energies using the range-energy relationship for
the medium. The proton energy flux ¢ (E ) in equation (2- 6} is only the
generation rate of protons of energy E_ in the detector volume just be-
fore the formation of a track representing its cnergy. However, in an
actual sitnation the detector size is small, and naturally there are many
protons crossing the boundary. Therefore, a correction for the protons
escaping through the detector houndary should be made in a practicatl
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
flux. 18 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 ¢ hecomes cqual to onc. Equation (2-6)

then becomes:
-«©
NAE) <f aE Ty B E e (E,). (2-9)
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

ie isotropic in the center of mass system in this energy range. This
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gives a simpler form of £ (En-’ E ) due to the one-to-one relationship
between the recoil angle in the CM system and the Laboratory recoil

proton energy by scattering kirematics:

+E )= -1 -
(e, ~E) E- (2-10)

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

EH(En)
NP(EP) = i dEn —En— Qn(En). (2-11)
P

and the formal neutron flux expression can be obtained by only one dif-

ferentiation:
1 dN (E)
$E) = - —(EEH ) '—ﬁ— . (2-12)

Therefore, the neutron energy spectrum ir obtained by differentiation
of the measured proton energy spectrum. Corrections for the escaping
protons are usually based on the isotropic flux at low neutron energies.
The same model could also be applied in the measurement of neutron
spectra using an organic scintillator, except for the light produc:tioni.9
Returning to our problem, let us discuss briefly the difference
tween our situation and the nuclear emulsion case. First of all, our
spectrometer is quite large, and the material thickness in an average
direction is comparable to as much as half of a mean free path or less
in most of the energy range, even though the mean free path is rel-
atively long at those energy of interest. See figures 1-5. This means
that the neutron attenuation is not negligible in our detector volume
and simply cannot be ignored. Therefore, the neutron flux inside
the volume is neither uniform nor equal to the incoming neutron flux
on the detector boundary, which is the quantity which we eventually
want to know. This fact should be kept in mind. The second distinction
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comes from the fact that the proton range is relatively quite long, com-
pared to the detector size, in the energy region we are covering. See
figure 6. Consequently, the problem of escaping protons is more pro-
nounced and, combined with the complicated nature of the detector vol-
ume (multi-medium, multi-region problem), makes a simple analytical
correction for escaping protons almost impossible. The third distinc-
tion is 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 is a more basic 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-
tions.

Returning to the neutron transport problem, the equatica {2-1)
does not show much about the particle processes inside the detector
volume, and a purely mathematical effort to solve the equation is neither
easy nor productive in this case. The goal of this section is 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 is comparable to or less than the mean free path of
the neutrons. This means that many of neutrons will escape the detec-
tor volume before they make many interactions, and the part that forms
the major fraction of the neutrons inside of the detector volume will be
composed of unscattered incoming neutrons, plus the neutrons from the
first few collisions. In this sense, the decomposition of neutron flux
inside the detector volume, in terms of the incoming and multiply-
scattered neutron fluxes, is very informative in our case; this will be
developed in the remainder of this section, leading evenually to the inte-

gral representation of the neutron transport.
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Consider a volume V and neutrons coming into it as shown in

figure 7.

r’

o

Fig. 7.
Neutrons arriving at the boundary from outside will be called incident
aeutrons or surface source neutrons, and will be represented as Wmc.
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 neutrors 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 attenuationlaw:
BB |z -
inc e (homo. case), (2-43)
surface

Yol ES) = ¥,

or more generally in a non-homogeneous medium:

8
- ( -E)ds
= W re S;zt ° » (2-14)

inc

surface

where 8 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 7(s,E) or T('EJ}:"'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 "wingly scattercd ncutrons', and can be written;

v ={lr-rLE)
by lr, E.9) j dse == dE'S &y, (s, EVRYG(EY ¢ (E){(ER~ER).
along 2 2 0 4
- (2-15)

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

a(le-r'l, E)r
4 (r E.0) =S dse - dE'{?dﬂ'q;nq(a,E'&')l“:(E') o(E) (E'Q' ~ER),
along sf? 0 g (2-16)

and the integration over 2 using the relations,

3{ Yz E,2) 2= ¢(,E) (2-17)
v
and
dr!
dadf = —= 5 - (2-18)
lr-r'l

gives the neutron-energy flux at each local point

dr? a(lr-r|,E) o
seE = o == (e rEein@IcE) E-ER-).
- |r-r|| o _ Py Y po ;‘

The neutron flux in the volume is made up of the unscattered and
multiply-scattered neutrons exclusive each other; the total neutron flux

is the sum of all of these terms:

"p(ﬁoEuﬁ) = \l‘o(l‘;!E'g) + ¢1(‘£1E!2) Foaees
(2-20)

f

nZO lpn(f.' E ’E) ’
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and $(r,E) = ¢y(r,E) +é,(r,E) +---,
{2-21)

L B

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

ing integral equation:

-7lr-r'LE)
e @-fanfom (o [ e greEiE a-ng e
(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 b
integration of equation (2-1) along the path of particle travel. 15,1

In situations where the detector size is less than or comparable
to the mean free path, as in our case, essentially the unscattered and
the first few multiply-scattered neutron fluxes form most of the total
neutron flux, and the rest of the scattered fluxes are negligibly small,
due to the large neutron escape probability because of the small size of
the detector. Therefore, only the first few fluxes need be considered
in the analysis, and this fact will be exploited in the future approx-

imating processes.

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

the measured neutron specirum.

The source that forms the neutrons inside the detector volume is
the flux of incoming neutrons, and this is 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 tagk is to relate the above
two quantities, with respect to our specific detector geometry and

material.
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Cur 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 sheetofa specific thickness was used as the con-
verting material, and spark chambers to detect the proton tracks were
inserted between the polyethylene sheets. In this case the n-p convert-
ing material also acts as an energy-degrading medium for the gener-
ated protons, and decides their ranges. Also, very thin plastic scin-
tillators were sandwiched between the polyethylene and the spark cham-
bers for the purpose of sensing the generated protons and to trigger the
high voltage to the spsrrk chambers whenever charged particles were
present. The spark chambers were filled to one atmoaphere pressure
with neon gas and isolated by very thin mylar windowsa. The density of
gas is very low compared with that of a solid, and the space occupied
by the chambers will be regarded as empty space for the analysis of
particle transport. The analysis will be done on the geometry specified
above.

We shall start with the exprescion for proton generation and relate
it to the incident neutron flux, which is the desired quantity. To sim-
plify the analysis, we can think of the spectrometer as made up of one
medium, namely polyethylene. For the plastic scintillators, we can use
the effective equivalent nuclear parameters. Then only the space oc~
cupied by n-p converter material 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:

@

¢p(EP) = S‘d'!; dEn Enp(En) CP(En) fp(En* Ep) ¢n(.£’ En)’ (2-23)
v 0

where V., means the space occupied by the n-p converting medium.
The medium coneists of hydrogen and carbon atoms; protons are pro-
duced from the n-p elastic scattering with hydrogen and the inelastic

cascade reaction with carbon nuclei.

o
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Then

znp(En) = NHGH,el(En) + Ncac,inel(En) (2-24)

and

Z (e (E)E(ESE)=Nygy 1B ) fu(E~E )+ Noe (E o mel(Ener(E;Ep)

np- n° p
(2-25)

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

The variation of oy, el(En) and o inel(En) 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 acattering 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 up to roughly
42 MeV. The region is well represented by Gammel's formula

(E ) 1+b p.
tot
p(p.c.En) ic 1T bﬁ barn/ster., (2-26)
where
E \2
= -1
b=2 30
and
o (E) = 3 + -, in barns (2-27)
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with
2

1]

1.206 En +(-1.86+ 0.0941. En +0.0001306 Enz)

B = 1.206 E_+( 0.4223 +0.13 En)z.

The terms including b are correction factors accounting for the depar-
ture from isotropy at higher energics. Here e is the cosine of the
neutron scattering angle in the CM system, En is the kinetic energy
of the incident neutron, in MeV, in t.ie Laboratory system, and the dif-
ferential cross section is in barns/steradian. The above equation can
be converted to one for the different al cross section, as a function of

emergent proton energy, using the f)llowing two kinematical relation-

ship821:

, B = v , -
onp(p-c n) 2m dp.c Unp(En Ep)dEp (2-28)
and
E
b = e-z-fP; : (2-29)

where E  is the recoil proton ener, y in MeV in the Laboratory system.
Then;
dp.c

dE
p

n

JE
TpplBnt Eg) = 0, (e, B) 27

2
Unp@'c' B ) 2T g

n
E
.2 P2
Utot(En) 1+b(1 2 En)
= En 17573 H(En—Ep), (2-30)

where H(En- Ep) is a heaviside function, defined as

H (En- Ep) 1 for Eps E_

=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.

E
2
g (E) 1+2 J)cosep
_ tot' n 20, - 3
o-np(cos 9C. En) Sl v A 5 En 5 + B(cos 8) (2-31)
1+ 3 %‘)

+ C(cos4g) + D(sind) + E(8in206) - E‘(sin402 + G,
where Metropolis formula has been used for crtot(En):

_34.40  82.2 .
Utot(En) = -———52 - -——p + 82.2 in mb, (2-32)

with B = —:—i in the Laboratory system.

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

As for the in-elastic nuclear reaction with carbor nuclei, analytic
fits, obtained by the method of linear least squares, to the intranuclear-
cascade data generated by H. W. Bertini will be used. 4,11

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

-13

the order of the internuclear distance (~ 19 cm). The deBroglie wave-

length of nucleon divided by 2n, X, at a few energies is illustrated: 4

Nucleon Energy(MeV), 20 100 500
3 14

14°

X (cm) | 1.02x107 1> 4.45x107 1% 1.82x 10"

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 partic e-particle 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 bascd on his
suggestion. His work was done with hand calculations. Later more
complete and detailed three-dimensional treatment was performed by
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 the nucleons inside the nucleus. The latest
and most complete calculation of this type is that of Bertini using more
realistic 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 2xperimental data for the cascade process within or close to the
experimental error.

Analytic fits to Bertini's data has been obtained by Alsmiller et al.,7
and it is these fits that are going 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-ons averaged over large angular inter-
vals, and it is these average data which are used; that is, 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 thet 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 is finite, and the protons escaping out of the detector vol-
urre should be taken into consideration in the above expression. The
proton-escaping effect is local, and deps 2ds on the relationship between
the generated proion 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(s_,E ), in it accounting for the fraction
of the protons detected out of the total number of protons generated

locally. Then equation (2-23) becomes:

o (E)=\ar) a= 2 (E)e (E)E (B E )& (:,E)d,E ). (2-33)
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 reazrange the equation (2-35) slightly:

oo

8(E ) - é‘ s ) LELE)| (arz ® e EawE ), (239
v

m
and pause a moment to analyze the physical meaning of each termunder
the space integral. Note that the lower limit 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 higher-energy. Z p(En) cbn(r E )
is the total neutron reaction or collision rate per unit time per unit
volume at the position r, irrespective of the generated proton energy,
and d(f_,E ) is the detection rate of the protons of energy Ep generated
at the position r. All of the protons generated at the position I are
distributed in energy according to the probability law { (E E ), c (E )
being the number of protons generated per collision.

The left side is the total sum of protons of energy EP 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 colli-
sions with neutrons, and the neutrons ateach point in space can be decom-

posed into the mutually exclusive unscattered and multiply-scattere.’
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neutrons, as was shown in the previous section. Consequently, the
generated protons can also be labelled or decomposed into the protons
generated from reactions with the unscattered neutrons, singly scat-
tered neutrons, doubly scattered neutrons, and so on. Theneach

class of protons can be represented as:
o0
¢i(Ep) =£ dEnCp(En) fp(En,Ep) Y d.iznp(En) ¢i(f.’En)d(£’Ep) , (2-35)
Vv

and equation (2-34) becomes:

il

¢ (E) S & (E ) 5&:»: (B £ (EE) 5diznp(En)<Zo¢i(£.En9d(i.Ep)
i=0 v i=
p m

i
™18

np n p n’

S]; dE ¢ (E)f (E ,E ) ‘S; dfuznp(En)¢i(£'En)d(£'Ep)

i=0

m (2-36)

One should note that for all interactions or proton generations
neutrons come out from the reactions, either as scattered neutrons or
cascade neutrons, and these neutrons either make additional collisions
in the n-p converting medium and eventually escape, or escape directly
out of the detector volume without making any further collision. From
the experimental point of view, we are interested in the events that
make a single collision, or more specifically, a single track inside of
the detector volume. It is easy to see that these kinds of interactions
have the highest chance of occurrence in the detector, since the detec-
tor size is small compared with the mean free path, and escape is a
dominant phenomenon. One should also remember that the resolving
time of a spark chamber is quite long compared to the mean time spent
by a neutron between collisions. The result is that most of the multi-
ple scattering events are recorded as a single event. At any rate, one

can again decompose the previously defined class of collisions, 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 fvrther collision before escaping, should be contained in the
first term of equation (2-36), and this can be done by attaching the ad-
ditional probability to d(ﬁ. Ep), denoting the new parameter by

do('x;, Ep). Then the protons we are interested in can be represented

as

o) = e, e B 2 ez EaeE e @E) @3
E v

P m

where ¢ (En) 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, A = —é—, 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 furthe? collisions,
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See the figure below.

"xo
. x' H
[
I0 ————— dx'
—|
dx
U - x 7
Fig. 9.

Obviously, the unscattered flux at the position x is

8 () = I, o Ex (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 arbitrary point at the position x' before reaching x, and
the probability that the scattered neutron will teach the position x

without collision. Mathematically this is

X
S (I e FX paxr) e
0

-Z(x-x')

]

b, (x)

I, (%) e T (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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X

-Ex! - -
4, (%) = S 1,(Zx') e Ex' 5 dxt o Zx-x)
0
X 2
- e‘E"S I, (Zx) (Taxn) =1 Z2 o~Fx, (2-40)
0
Generally, the i-times scattered neutron flux is
_ (Zx)i -Ix
¢i(x) = 1557 , (2-41)
and the sum of these fluxes is
- (£Zx) -Zx _ -5x, (Zx)). -Zx Zx_
MDY L e " =lpe ). i )" lee e =g
i=0 i=0 i=0
(2-42)

i.e., Z ¢i=10,
i=0

which is the natural result from the physical point of view. One also
can expect that each ¢i(x) has peaks at the position i\.

The events, in which the scattered neutrons from the interactions
with the unscattered and multiply-scattered neutrons leave the detector
without any further collisions, are obtained by multiplying the above
fluxes by the non-collision probability in the remainder of the path,
e"ZF0-%) g Z, giving

-ZTx -Z(xo-x)

-Z(xn-x) i
¢i(x)2e 0 =I0 -(%J-‘)-le -+ ZTe

(2-43)

-Tx i
=1y e oz@i-li)-

The above multiply-scattered neutron fluxes ¢i(x), and their collision
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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 material
mainly as secondaries from reactions with nuclei of the atoms com-
prising the shielding material, 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 material to form the stray neutrons
around the accelerator, emerging neutrons still have a highly direc-
tional angular distribution normal outwards from the shielding mate-
rial. 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 cur 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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shielding material around the lateral sides of the detector, and also

by putting anti-coincidence plastic scintillator arcund 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 & (En) and the front face
area by A, then the total number of neutrons of energy En going into
the detector volume is AQ(En). These ncutrons 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 in equation (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 En' If we represent this ratio by K(En,Ep),

then

n’’pn’

S' d‘x;d)o("z;,En)Z (E }{ (E ,E ’do(.ﬂ'Ep)
_ m
K(En,Ep) = x ¢(En) , (2-44)

or

g dr d)o(r,En) Enp(En) fp(En E )d (r,.E ) = Ad)(E )K(E E ) (2-45)
v

m

If we substitute A Q(En) K(En,Ep), instead of the above space integral,

into equation (2-37), we get

¢0(Ep) = g d.'EIn A K(En,Ep) L] (En). (2-46)
E

P
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This is the desired relation between the detected single-track event
proton energy spectrum and the incident neutron spectrum. Since the
above quantities are in fluxes, we can multiply by the time measure-

ment interval At, and get the relationsip in absolute quantities, namely,

o0

N(Ep) = ¢°(Ep) At =£ dE At A K(En,Ep) o(E ). (2-47)
p

' {E ) is the measured quantity and the & (En) is the desired quantity,
«nd if we know K(E_,E ), we can get d?(En) 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 En is relatively a simple one, and K(En,Ep) 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(En,Ep) can be evaluated by taking a ratio of
the number of generated single-event protons of energy Ep lying with-
in the detector, to the number of injected neutrons of energy En' when
a specified number of neutrons o1 energy En are injected through the
front face of the detector. We then sample the protons from tle 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 (En’Ep)
and the measured single-event proton spectrum, the above equation
(2-47) is solved for @(En) numerically. Due to the random errors in-
herent in the experimental values, a least squares method is adopted,
which minimizes the square sum of the differences betw:en the mea-
sured and calculated responses at a certain set of energy mesh points
of E_. Details of this numerical unfolding meinod 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

tracks, 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 material which provides the nuclear targets to the incoming
particles, the spark chambers which detect the locations of the tracks of
the emergent protons from collisions, scintillators and logic box which
trigger the high voltage to the spark chambers only when protons are
present and certain triggering conditions are satisfied, and finally,
the part which processes into Qigital 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 poiyethylene are used. Of
the available materials, polyethylene happens to have the highest con-
centration of hydrogen atoms in comparison with other organic mate-
rials. Thirteen polyethylene sheets of equal thickness, and an area
of 50X 50 cmZ, are placed symmetrically at the front, back and be-
tween the twelve equally-spaced spark chambers (see figure 13). Two
thicknesses of polyethylene sheets, 1/4-inch and l-inch thick, were selec-
ted, in order to cover the differant range of particle energies. For
triggering, twelve plastic scintillators 1/8-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 scintillators whicharz traversed
by a proton. The exterior of the whole set-up is covered with inhibi-
ting anti-coincidence scintillators, 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 scintil-
lator material used. Nuclear characteristics of these material, as

a function of particle cnergy, have been shown in the previous chapter.

g
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Table 3-1

Polyethylene Plastic Scintillator
Chem. comp. CH, CHy 4
P (gr/cc) .91 1.02
N f{atoms/cc)  7.83 X 1022 5.16 X 1022
N _(atoms/cc)  3.91 X 1022 4.69 %1022
Range-Energy 55 55
formula EP(NEV)=9. OR" ~ (mm) Ep(lth)=9. 17R’ ~ (mm)

A comprehensive description of the physical processes inside the
detector, and also of the data flow, ia as follows: A neutron enters,
makes a collision with the nuclei of the n-p converter medium, and
produces either a recoil proton or a cascade proton, which travels a

certain distance before it stops. The passage of this proton produces

Light pulses in the plastic scintillators it encounters and leaves ioniza-
ti ns in the spark chamber gas along its track. The light pulses from
individual scintillators trave! upward through lucite light pipes to the
photomultiplier tubes, where the light pulses are converted into electri-
cal signal and multiplied. These signals are fed into the triggering logic
box, where they pass through the discriminators and the logic circuits.
The logic circuits have been designed so that, if any three or more
adjacent scintillators inside the spectrometer send out signals, and no
signal is received from the outside inhibiting anti-scintillators, then

the logic circuit issues one trigger pulse. The time delay through the
logic box is approximately 90 nanoseconds. Then this trigger pulse goes
to the high voltage pulsing system, 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 aa the high
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voltage is applied to the chambers across their two wire planes, streamer
type sparks appear between the wires where the charged particle passed,
by the avalanche of electrons 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 close to the spark. In

addit ion, the two outside wires of each wire plane, which are called
fiducials and spaced 50 cm apart, have been connected to the correspond-
ing wires of the other plane through the resister-capacitor chains, and
current pulses also flow through these channels when high voltage is
applied. So, there are three current pulses flowing altogether, and these
pulses go over the magnetostrictive wires which are placec‘i just beneath
and across 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 small gadget called a wand. The above current pulses induce
the local deformations in the magnetostrictive wires through magnetic
coupling in the parts close to the current pulses. These deformations

travel along the wire with sonic speed, and sensed by the pick-up coil

installed inside of the small preamplifier box on one end of each wire.

The signals are converted into electrical signals, producing three dis-
tinct pulses sp~ced in time. This information is digitized, using 20 Mc
pulses and scalers in the Magnetostrictive Readout Unit, and give the
spark location with reference to the fiducial distances. Finally, all of
this digitized information from the x and y axes of the twelve cham-
bers is recorded on the magnetic tapc as one event for future proces-
sing, with the CDC 6600 computer, ic generate the single event proton
energy spectrum. This whole process is repeated as a new proton is
produced from a neutron collision inside the spectrometer. A sche-
matic of the flow of the above process is shown in figure 12, and cable
connections of the whole set up are shown in figure 13. (See also
figures 14 and 15 for the actual set-up and electronics used.)

The specific scintillator material used was plastic scintillator
pilot B from the New England Nuclear Co. This material gives the
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highest pulse height and shortest decay time (~ 2 nanoseconds) of any
commercial plastic scintillator, with relatively good light transmis-
sion properties, which are good for our purposes. Each scintillator
was connected to the triangular lucite light guide on one side of the tri-
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 p-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 time. The triggering logic design,
using fast logic circuit toards, 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 assignedto 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 rate, while allow-
ing enough time to cover the light arrival time differences and jitters
in the PM tubes in coincidence. However, the discriminators connected
to the outside anti-coincidence scintillators were set to give ~ 65 ns-wide
output pulses, in order to block the issuance of trigger pulses whenever
the pulses come from the outside anti-scintillators. 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 40 ns. Therefore, from the passage

of a charged particle in the scintillator to the start 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 9kV 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 boc is roughly
65~75 ns for each channel. This means that the total delay time, 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 vire 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 bus bars,
respectively. (See figure 17). The chamber has a sensitive area of

50X 50 cmz, 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 bars, currents flow through these two chan-
nels. On each side of tke 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 wires 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 40% helium. The wit  >nnections 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 pulse 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 Rc from the
high voltage power supply. As soon as the spark gap distribution box
receives a trigger pulse from the £3TA, the spark gap breaks down,
thus acting like a switch, and discharges the capacitor through the dis~
charge resister Rq. thus producing a high voltage pulse across the
chamber wires. The high voltage causes the avalanche of elecirons
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
tracks, 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 a2 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~
teristics of the spark chamber, the sparking characteristics of the gas
and chamber, an¢ ‘e 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-
resistor networks in the fiducial chain, a trial-and-error methcd was

used to select the values yielding the best magnetostriciive 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 trig-
gering particle before the high voltage pulse is applied to the electrode
wires. Typically, the clearing field is arranged so that the transit
time t1 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 rise of the high voltage pulse. Since the latter time is
~0.25 psec, the clearing time should be of the order of 0.5 psec. Any
particles that pass thru the chamber during the interval t1 immediately
prior to the initiation of the high voltage pulse will, in general, pro-
duce sparks along their tracks, and 1:1 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 is, 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 time, 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-
tremely complicated, and has been discussed in detail by many other s 22
Let us limit ourselves to the mechanisms relevant to the development
of a spark discharge in a gas, under the conditions which normally oc-
cur in spark chamber operation, as follows:23 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 107 cm/sec.
The positive ions that are produced at the same time move towards the
cathode with velocities of the order of 10° cm/sec, and therefore may
be considered to be almost stationary, in comparison with the electrons.
The initial growth of the electron avalanche is usually explained in terms
of Townsend?!s first ionization coefficient. The process continues until
the effects of the space charge of electrons and positive ions is sufficient
to seriously 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 electrons and positive ions is
high, becomes reduced and recombination becomes more probable, with
the consequent emission 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 streamer, which rapidly spreads in both direc-
tions towards the electrodes and forms the spark channel. The forma-
tive time of the above type is much shorter, because it does not involve
positive ions. Since the primary avalanche defines the spark channel,
the spark is much more closely aligned with the primary ionization, and
multiple sparks are less likely to occur. It should also be noted that,
since no secondary process at the electrodes is involved the character-
istics of the spark are independent of the electrode materials and de-
pends onlyon the properties of the gas. Usually a positional accuracy of
0.3 mm, for particle trajectories that are within 20 deg of the normal
direction, is achieved in the chambers, using a digitizing frequency of
20 Mc. 12

In the chamber, a gas mixiture (90% neon and 16% helium) is
ue 4 at a pressure elightly higher than atmospheric pressure. Mixing
helium gas with neon tends to reduce the working voltage of chambers
below that where neonr alone isused. Since this gas mixture is rather
expensive, it is cleaned and recirculated through the chambers again,
using a gas purifier-recirculator device. 24 The gases are also mixed
with alcohol by letting 10% of the flow volume pass through an alcohol
bath. Adding alcchol reduces the threshold of operation by about 4
kV dc.25 This phenomenon, attributed to Penning, is very helpful, as
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it allows the chamber to be pulsed at a substantially lower voltlage.
Another useful property of the alcohol is its ability to suppress 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 test is shown in
figure 19 with the wire connections. A collimated 3-particle source
was used, and two scintillator counters, one very small and the other
large, provided a double coincidence trigger. Two quantities were
counted for each x-and y a:tis coordinate: the number of event triggers
and the number of magnetostrictive 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 small time window for each chamber. The source was moved
around the chamber face, and no variation of efficiency was observed.
The charging capacitors and resistors shown in figure 18 were used in
the test. The minimum voltage that gives uniform efficiency for all
twelve chambers is 9 kilovalt, and this voltage has been used in all

cases.

3. Magnetostrictive readout and data recording,

As mentioned before, the spark positiona are ascertained by the
13,14

magnetostrictive reacdout method. Figure 17a shows the posi-
tions of the mugnetostrictive delay lines 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 wires. When a spark occurs—due to the passage of a charged
particle-between the wires of the high voltage {upper) plane and the
ground (lower) plane, the spark current flows along the wires close to
the spark and through the spark channel. The magentic field surround-
ing the current-carrying wire produces a local deformation in tne mag-
netostrictive lines, one on the high voltage plane side and the othe:r on
the ground plane side. These deformations travel along the line with
the velocity of sound which is ~5000 m/sec. This is a velocity of 5

mm/psec, or a dealy time 0.2 psec/mm. (Note that wire denaity of
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Table 3-2

Detected spark pulses within the window for every 200 events recorded.
H.V. X-axis Y -axis

Ch. No, 8.0KV 8.5KV 9.0KV B.OKV 8.5KV 9.0KV
1 198 194 199 197 194 199
2 194 199 200 181 199 199
3 190 198 199 178 196 199
4 181 197 200 147 197 198
5 196 200 200 191 197 200
6 191 200 200 io 188 196
7 172 196 197 144 196 196
8 191 198 200 112 194 198
9 193 198 199 177 196 199
10 190 199 199 65 191 196
11 195 198 199 0 130 195

12 197 200 200 175 195 195
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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: First, 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 us/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 41890 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
nuvmbers. Note alsothat inan 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, zll 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
'cempora;rily,26 and later transfer the stored events to the magnetic
tape periodically, This makes 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 recordin; speed of the mag-
netic tape unit is extremely slow, and therefcre this part determines the
cycling time of the whole unit. The cycling speed of only one event pe~
second (or alightly less) has been achieved with just the magnetic tape.
Eventually a small computer should be connected to the spectrometer
setup to increase the data huadling 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. First,
a test was made with a strong energy B source (106Ru), mainly to test
the simultaneous sparking of 12 chambers. Two scintillators, one
small (2X2 cmz) and the other large (50X50 cmz), 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 along their
path. Ewven 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 12 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 B source. Data were observed in a
batch of 500 events at various locations and directions. All of the runs
gave similar results, showing that the spatial efficiency of the spec-
trometer setup ie uniform throughout its 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 irregularities, ~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 mis-
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 squaLe 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 Lest
confirms that the whole system, as an integral unit, is very reliable

and can give very accurate measurements of the proton track events.
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Fig. 22-a, Deviations of measured coordinates from the fitted line
for chamber 7, x-axis, normalired to 100 events,
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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 explaina this pro-
gram, whose main purpose was to generate the single-event proton en~
ergy spectrum 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 nerformance and
checking of the proper functioning of the whole setu) as an integralunit
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 irregularitics 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 {ransmitted in the following order

from the specirometer 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 itams 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-digit 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, 7777g 7777g are added as check bits at the
beginning of each set to identify the beginning of each event, makiny 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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Read input data
Initialization of counters and bins

Unpacking and identification
of packed wand data

Classification Jf sach wand data
and discard doubla track svants

[

Sorting of good evants,
Least squares line fit check

Calculstion of proton track length
and conversion into snergy

Distribution into energy bins

[

Repeating for each spack event

Generation of fils genersl output. Counters, chamber parformance
report, proton snergy spactrum and various other statistics

Figure 23, Flow chert of blocks in track data processing
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a) packed form 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 5526 0762 3537 2511 3525 0546 0556 3526 0011 0270 0303 3524 0012

3534 0011 3524 0011 3540 0012 3523 0012

c) identification of data

Chamber X -axis Y -axis

Number Dl D2 D1 D2
1 3536 0013 3526 0012
2 3533 0011 3524 3561
3 1770 3536 0016 3517
4 1616 3535 0440 3521
5 1452 3536 1053 3521
6 1266 1316 3524 0012
7 1146 3536 2107 3526
8 0762 3537 2511 3525
9 0546 0556 3526 0011
10 0270 0303 3524 0012
11 3534 0oCl11! 3524 0011
12 3540 0012 3523 0012

Figure 24. Unpacking and identification of data,
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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 rnark called a record mark on the tape. So
the first operation then in the processing was to unpack the above series
of nurmnbers 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 irregularities in connection with the
iiducial distance. The possible regular spark types in each wand i
our case are: no spark, single spark, and double spark, However,
in order to cope with various machine irregularities, every possible case

anticipated out of the two-scaler output from each wand was included.
Qf each two digitized numbers of the wand, the first number will be
called Di and the second number D2. There are largely three possi-
ble cases between these two numiers: D1 and D2 can be equal; D1
can be larger than D2; or D1 can be smaller than D2. The second case
ig possgible 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 128 or 138. Note that the expected
fiducial number ranges roughly to 35308. The first possibility is di-
vided into two cascs, 1.e., either D1 and D2 a.c 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 procesgsing, 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 error, 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.

o
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The second category, in which D1 is larger than D2, is also
furtber 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 D1 is larger than D2 means that D2 must
have overflowed, and accordingly, D1 would be expected to be a fidu -
cial. So if D1 fall within FLand FU, the event is a regular no-spark
case. If D1 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 statistics, but is also regarded as a single spark,
and the cvent containing this it is savod, The third case means 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 irreg-
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
withir. FL, and FU, it is a single spark. The case where D2 is
larger than FU is subdivided into three cases depending on D1. If D1
is smaller than FL, it must have been a single spark while the fidu-~
cial pulse was missing. If D1 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 D1 and D2 are larger than FU without overflow,
must be a very rare case., There must be no spark and D1 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 irregularities 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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Cases Possibilities Decision
D1 = D2;

1) D1=D2=0 No fire I(R)

2) D1 =D2#0 Possible clock error I(S)

D1>D2; (D2 is overflow and only D1 is meaningful.)

1) Dl>FU Fiducial pulse missing 1(S)
2) DI<FL Fiducial pulse missing 1(S)
3) FL=DIl= FU Regular no spark G

D1 < D2; (Both D1 and D2 are meaningful.)
Check D2 first

1) D2<FL Regular double spark G
2) D2=FU Regular single spark G
3) D2 <FU
if DI > FU Fiducial missing I(S)
if D! < FL Fiducial missing I(S)
if FL= D1= FU No spark 1(s)

G = regular event
I = irregularity
S = save

Figure 25. Classification of each wand data.
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computer time.
One more comment to be made is that, even though the fiducial

pulses are very stable, the second fiducial is generally less stable,
and every once in a while it is missing in some chambers. However,
we don't have t{o discard the whole event in the cases where only one
or two fiducials are missing, if we think in terms of maximum use of
the collected data. This is the underlying idea in the above treatment
of event data. The passage of the group of events in a file gives a re-
port of the statistics of the spark types registered in each wand and the
irregularities detected in the process. This information is very use-
ful in estimating 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 passes through the classification 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 section we
are looking at the wand data collectively, in order to find possible
charged particle tracks. Also note that our eventual goal is to deter-

mine the single-collision proton spectrum.

Since there are many possible cases in the collected data, in con-
nection with the tracks along the twelve chambers, such as a single
collision producing a single track, a double collision giving two sep-
arate tracks, a double track involving the same chambers, false trig-
gering by gammas, accidental coincidences, and failures to detect
some weak sparks along the tract, etc., the first thing to be dore is to
distinguish events by the continuity of sparking along the chambers.
This is done in the first part of this block. * A single track is formed
when some number of adjacent chambers are involved. Double scatter-

ing usually involves two distinct groups of adjacent chamnbers. See
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figure 26 for the various possible kinds of tracks. Matching conditions
between the x-z and y-z planes in aparking 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 aloag chambers with
a middle group of non-sparking chambers and vice versa. These types
of events are saved for further test of their lincarity by filling the mid-
dle sparks in the miseing 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 cvents that had less than three
chambers sparked in both planes are also rejected at this stage. There-
fore . only these events that have a high possibility of making 2 single
straight line remain after this processing.

After the above processing. successful events go throuzh 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 crror limit for the
straight line. This is done scparately in the x-2 and y-z plane. Those
events that give an unacceptable error in any of the two-planc 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
(Zi, Yi)’ (Zz. Yz), vos, (ZN, YN) has the equation
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Fig. 26, Cases of tracks detected in the spectrometer,
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Y = a + bx, (4-1)

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

ZY = aN +bZ Z

ZZY:=aZZ +bEzs

(4-2)

which are called the normal equations for the least squarcs linc. The
constants a and b of the above equations can be found from the for-

mulas:

(zy) (£2%) - (£2) (E2Y)
NEz¢ - (22)

(4-3)

N(EZY) - (ZZ) (X£Y)
N(EZZ) - (Z:Z)z

and the error of the fit is represented as

(Y - szt) <
s J R < (4-4)

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

Once an event is accepted as a line track, the polar ané azimuthal
angles relative to the spectrometer setup, as shown in figure 27a, are

calculated in the following way:

0 =cos ! T cos-1 (1/~/(1+ axz+ ayz): {4-5)
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cos~} (n’/'J nxi + ayz) if ay;o
$ = (4-6)

2% - cos” } (a’/J a, +ay2) if ay<0.

where s, and a_are the slopes of the least squares line fits in the
x-z and y-z planes. respectively.

4. Proton track length and conversion to energy.

The next step ts to calculate the range of the particle track lying
within the spcctrometer converter medium, and then to calculate its
energy from the track length, using range-encrgy formula. Suppose N
sparks are recorded for the track of a proton, and the converter me-
dium thickness of each chamber is £. Then the particle range must
lie somewhere between the following two limits:

R (N-1) £/cosb

1

(4-7)

R {N+1) £/cos8,

2

where O 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 particle, but instead only define the
region within which the particle range might lie, is clearly a disadvan-
tage, and tends to give a less reliable energy spectrum in the overall
result.

Two methods can be used to convert the track information into
proton energy. The first method is obviously to use the arithmetical
average of the two limits above as the value of thc total range of tke

particle:
R, + R
R =212 Ny (4-8)
In this cage. the maximum error is given by AR = f. The relative

max
error in energy is 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 scintillators can be expressed with good accu-

racy by

E = KR035, (4-9)

Then the relative maximum error in energy will be

0.55-1
AEmv‘ - 0.55 KR ARmax Cse ARmax _0.55
v % R0-55 =0.55 = YW ¢ (4-10)

Therefore, the maximum error for N=3 will be 18%, and for N=10,
5.5%. These crrors look rather large, but onc should remember that
they are maximum possible errors, and the actual errors involved are
smaller in most of cases. In this method a '"one' is registered 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 limit corresponding to R1
and Rz. The error bound by R1 and R2 around R usuzlly involves
several energy bins, and it may be reasonable to distribute the score
among those energy bins in proportion to the chance that the proton en-
ergy might fall in those energy bins. If one assumes 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
zeroes at the two limits R1 and RZ' The contribution into each energy
bin is calculated in proportion to the area in its energy interval. In
overall result, this method has a tendency to smooth out the energy
spectrum. This effect is gocd in the region around the central part of
the spectrum, but it is 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 wellknown Bethe-Bohr stop-

27,28

ping formula for the specific medium:
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4.2
- gE _ 4%e x ZNB (4-14)
dx myv

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 coefficienta shown in Table (3-1) fitted

from ref, 29.
Our chambers have frames made with 'ucite to support the grid

wire planes, This lucite supplies unwanted nuclear targets for the
noutrons around the odges of tho chambers, and also has stopping power
for the protons, Even though our spoctremeler is surrounded by anti-

coincidence scintillators, they are separatead by frames from the sensitive
area, and presumably many protons from inside the spectrometer are
stoppad in the frames, Therefore, the effects of the chamber {rames
must bs considered in connection with the acquisition of the proton energy
spactrum, Also, many protons are generated inside the frames and go into
the spectrometer, These kinds of tracks are not really 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 sensitive arca, there is no doubt that the
track was generated and shaped within the gensitive region. However,

if the extended end falls in a chamber frame, one cannot be sure

whether the track really involved the chamber frame, or if it was

stopped or generated before the frame. If one sacrifices the events

of the latter type he can, in forming the energy spectrum, reject all

of the events whose extensions involve the frame. This action tends

to cause the loss of some of the good track events in the data tape, but
increases the reliability of the obtained proton energy spectrum. In

the program, the forward and backward extensions are options. One
should note that, if one uses the above extension and rejection options

he should also include the same thing in the particle transport sim-

ulation, to be used later for the kernel generation.
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Table 4-1
Range of protons in CH,. (From UCRL-ZBOI.) o= .91 gr/ce
T R - %&é T R - %g
MeV g£m /cm2 MeV-cmz/gm MeV gpm/ cm2 MeV-c mzlgm
1 1.911X10° 305.9 200 2.396X10° 4,849
2 6,258 184.8 250 3,507 4,217
3 1.268X107% 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 1,086 X 10°  2.949
8 7.284 60. 97 600 1,438 2,745
9 9,008 55,36 700 1,812 2.604
10 1.o9o><1o'l 50.77 800 2.205 2,503
12 1.516 43.69 900 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 20.53 2500 9,766 2,184
35 1,062 X10° 18,10 3000 1.206X10° 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 1,054 x 10" 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., Ewventually, 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 fina! out-
put also gives a report on the statistics of chamber performance, spark
types, and various irregularities detected in each chamber. It also
gives the angular and energy distributions of the detected trucks in
tesmns 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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V. NEUTRON SPECTRUM UNFOLDING

This chapter describes the method of unfolding the neutron energy
spectrum from the proton energy spectrum measured from the spectrom-
eter. The first section explains the general nature of the kernel matrix
element which is 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 cross sections which are used in sampling.
The fourth section gives some analysis of Monte Carlo results, and the
fifth section describes the details of the calculational aspect of the di-
rect least squares method that is used in the numerical unfolding of the
neutron energy flux from the measured proton energy spectrum, using

the generated kernel matrix.

1. Process simulations
This section explains the detailed procedure involving particle

transport and evaluation of the kernel matrix element in the random
sampling process, with a brief account of the Monte Carlo principle.

The basic quantity we are going to estimate, using the random
sampling method, is the kernel matrix element K for <ach set of neu-
tron and proton energy points En. Ep. which are needed in the numeri-
cal procedure of the unfolding process. The kernel matrix element for
asetof E , Ep is represented from Chapter II as

dr ¢0 (E)NZ np(Ep)fp(En’ Ep)do(.{' Ep)

K(E,,E ) =2 . (5-1)
S AR (E )

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 collisions of the unscattered neutrons within the spectrometer.

Particle transport inside the spectrometer volume, when neutrons of
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of energy En come into it through its front face, can be simulated ex-
actly, using known nuclear parameters and scattering kinemetics. The
above quantity can be obtained by collecting the non-escaping single
track events whose energy is E_ and lies within the detector volume
when neutrons of energy En are injected, and forming the ratio to the
number of injected neutrons A $ (En). The chance that each injected neu-
tron will form a non-escaping single proton track is formed in principle
by the product of four probabilities, when the neutrons are injected into
the spectrometer volume:
a) the probability that an injected neutron will make a collision
inside the spectrometer volume;
b) the probability that the above collision will eject a proton of
energy Ep' i.e., fp(En. Ep);

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 case, the additional condition that
a minimum of 3 ckambers must spark is alsc imposed);

d) the probability that the scattered neutron, which emerges from
the collision together with the proton, will make no further
interactions inside the spectrometer volume before leaving
it.

Note here that in item (b) £ (En. E_) has a constant value for a fixed set
of energies (En. Ep} and can be multiplied later, if the sampling is de-
signed so that in the first neutron collision of energy E . only protons
of energy E _are ejected. This trick of using expected values usually
reduces sampling variance and saves computer time in actual sampling,
and was used to advantage in this case, 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 specific
details of sampling procedure, a brief account of tite 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:30
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Theorem I (The Strong Law of Large Numbers)“
If a sequence of N random variables X, tox, are picked from the

probability density function (p. d.{.) f(x), and a random variable 2N i

defined by the equation

' N
2N ; z(x,). (5-2)

and if the integral
z = j z (x)f(x)dx (5-3)

vxists in the ordinary scnse, EN almost always will approach z as a

limit as N approaches « .
The integral (5-3) is called the expected value of the functxon z(x),

and 2 is called an estimate of z. If zz the expected value of z (x).
also exists. an estimate can l.e made about the amount that ZN deviates
from z for large N. Denote the variance of z(x) by either g2 or V,
which is then defined by the equation

02:=V=(z-32)°

=j(z -;)Zf(x)dx
j’:zf(x)dx-zi j 2f(x)dx +2° j £(x)dx

- 222 432

=22 - 3P (5-4)

and then apply the following Theorem II.

Theorem II (The Central Limit Theorem)32
For large N the probability that the event z- 6 <2<z+5 occurs is
assymptotically independent of the exact nature of z(x) or f(x), but de-

pends only on N and 02. In fact,
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+ terms of order (5-5)

NN

The probability that the deviation of 2 from z will exceed * \(g/~N)
is given in the following abbreviated table of

= i -xZ/Z X!
ﬁjxe d

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

It can be scen from the table that deviations greater than 0 /NN will

be frequent, deviations greater than £ 20 /NN not common, and deviations
greater than £3¢ /NN so uncommon that, if the table applies, the proba-
bility that this last event might occur can usually be ignored. oAN

is called the standard deviation of the estimate 2N.

However, one should note that in actual practice it is rarely
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 well in competition with
standard techniques, when the standard techniques were at all reasonable.
However, it has been used very successfully where the standard numerical
techniques completely fail. In this sense it is 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 estimated by
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&Ll 2 e (5-6)

- N
zz = LN ;zz(xi)

. N
2 = R ;z(xi).

In general, whenever it is desirable to estimate values of a formula i

(5-7)

which z“ and z are involved, the expected values can be replaced by z
2, respectively. While the estimate will almost always be biased, the
amount of the bias is usually proportional to 1/N, and can be ignored
if N is reasonably large.

The error in the estimate of z is measured by 0 /NN. There are
two ways to make this error small—to increase N, i.e., the number of
samples, or to change the sampling technique to make ¢ 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
numerous sampling techniques available for reducing o .33 we shall use
a more or less straight forward sampling method, occasionly combined
with the systematic sampling technique, use of expected valuea and a
splitting technique in some parts of the program.

2. Cross sections

As a preliminary step to explain the specific sampling procedure
in the next section, this section will deal with the various cross sections
of n-p and n-C interactions. Generally, we need two pieces of information
about the individual interactions, namely, the total cross section o (E')
which gives the probability of interaction size per nucleus, depending
upon the energy of the incoming neutron E', and the function c¢(E' )f(lg'-—g)
which gives the probability of the energy anu direction of the outcoming
particles from the interaction, relative to the incoming particle direction

when c particles 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,R), thus dE denotes dEdQ. Note
that f(E'-~E) is a purely probabilistic density function which salisﬁed
the usual normalization condition over dEdQ. Then the unit of the func-
tion c(E' }{(E' - E) is the number of emitted particles per MeV per
steradian p;r coﬁision. Sometimes c(E' )f(g:' ~ E) will be denoted as
F(E' - E).

From the standpoint of statistics, if one assumes azimuthal
symmetry in interaction, the function {(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' - E) = £,(5E') £,@- 9 | E; E'), (5-8)
where

1 2m
£, (E;E )Ej f(E'- E)dQ = dp dé {(E', @' -+ EQ)d¢dp  (5-9)
4w - 1 0

f(E' -E) f(E',Q' -~ E,Q)
£,(2 - Q|EE') = ————Z— = = =, (5-10)
~ - £, (E;E') £, (E;E")

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

- -]

j £,(E;E')dE = 1 (5-11)
0

j £, - Q| EE jag =1. (5-12)
47

Here fi (E;E') is the marginal p.d. f. of E irrespective of the emerging
direction, and fz(ﬁz' " Q I E;E') is the conditional p.d. f. that the emerging

direction will be @, 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 elastic scattering was said to be the only mode of inter-
action in our energy range. The total n-p scattering cross section in
this energy range is well represented by the following two formulas:

Gammel's semiempirical formula:

_ 3 "
cG(E'n) = + 5 barns for En = 42 MeV, (5-13)
with
2 2
A =1.206 E'n + (-1.86+0.09415+0.000 1306 E'n)
B =1.206 E'n + (0.4223+0.13 .E'n)Z
and

Metropolis' empirical formula:

o plE ) = %'21—0- . 82'7'2 + 82.2 millibarns (5-14)

for 25 MeV SEn =< 630 MeV

mmp:%,

where E'n is in MeV in the Laboratory system and B 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

OB E') = o B ) £ (HGET)

( ' 2
n
| 1 1+2 90) He
= O'G(E n) V= - barn/ster for En < 42 MeV,

(5-15)

where E'n is the incident neutron energy in MeV in the Laboratory system
and Me is the cosine of the neutron scattering angle ec 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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El
2
o, (E' ) 1+2( n)cosB
_ M n 90 c 3
o'np(GC,E'n) = s A > E,n) > + B (cos Bc)
1+ g(——go
+ C(cos46c) + D(sinec) + E(sinZOc) + F(sin46c) + G] , (5-16)

where O'M(E’n) is the Metrop slis formula in equation (5-14) and E'n and
Bc are the same as in equaticn (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 th: above fitting expression, Gammel's form
is the primary term and cos30 and cos46 terms were added as suggested
by Gammel in this energy ran:e. 20 The rest of the terms were selected
rather arbitrarily to give the vest 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:
t = 1 -
OotE' ) j O nplfcr B! )2 - (5-17)
41T

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
n applying the least squares method. 34 Table {5-1) shows the fitting co-
efficients which give best fit for each discrete energy of incident neutron
‘nergies 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
« ifferential cross sections in terms of laboratory energies. These can
e obtained from equation (5-16), using the following two kinematical
elationships between the neutron scattering angle Bc in the CM system

: nd the recoil proton energy Ep in the Laboratory system:
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] = 1 -
0, (0 B )21 d(cos8 ) = 0, (B! E )dE , (5-18)
- Ep
cos Gc =1 -2 E,n . {(5-19)

Then the desired form is

d(cos ec)
dE
P

]
o__(E n,Ep)

o__(6 ,E' )2
np np ¢ n

4
U Al -
o-np(ec‘}" n! E’n (5-20)

- ) .
- O-M(E n) fiH(Ep'Eln) »

where o'np(ec,E'n) is provided by equation (5-16), and sinusoidal terms
in it are converted by equation (5-19) into the functions of E'n, E_. This
is the marginal p.d.f. of E_, irrespective of recoil angle of the out-
coming proton, and its behavior with energy is shown in Fig. 29a and b.
The recoil proton angle Gp in the Laboratory system, when the
incoming neutron energy E'n and the recoil proton erergy EP are given

in the Laboratory frame, is determined by
i/2

EL(E'n +2 Eon)
cos BP A E (& T2E J (5-21)
np on

from the relativistic kinematics. 21 Here Eon is the rest mass energy

of a neutron, which is 939.550 MeV. The neutron scattering angle in the
Laboratory system is obtained similarly from E, = E' - Ep'
E_(E'_+2 Eon)Ji/Z
cos Gn =[W (5-22)
n'"n on
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
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Cross section (barn)

H 1

0.0l

Neutron kinetic
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1000
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Fig. 28, Total n-p cross section data with fitting formulas
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Fig, 29-a. Differential cross section of n-p scattering reaction
as a function of incident neutron energy for a set of different

threshold proton energies.
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p-d. f. of ep, given E'n and Ep’ in the sense of equation (5-10) and (5-12),

is mathematically represented as

(2| EJE') = fu(0, ¢, | EE')

N 1/2

1 -1 E (E'n+2E°n) /

==— § {0 - cos L per ster. (5-23)
2n P E'n(Ep + 2 Eon)

where 6 and ¢ _are polar and azimuthal angles of the recoil proton
in the Laboratory system and 5 means a delta function.

Two remarks will be made before we proceed to the n-C interactions.
First, regarding the sum of Bn + Bp in the Laboratory system, it is a well
known fact that in the n-p scattering in the non-relativistic case the sum is
90° or 7/2 radian. 21 However, in the relativistic case this sum tends to
decrease slowly with increasing energy, peaking in the middle of 90°. 35
The decrease is small and I don't think it has any appreciable effect in
our spectrometer. The next remak concerns the viewing of the differential
cross section as a function of the neutron Laboratory scattering angle
summed over the azimuthal angle. When we use an angle as an independent
random variable, the differential cross section should be multiplied by
the Jacobian sin OC in the CM system. This gives the effect of a fairly
sharp peak at 45° in the Laboratory system in the low energy region
where the differential cross section is uniform in the CM system. How-
ever, at higher energies, the differential cross section in the CM uystem
is more or less symmetrical about 90°, peaking in the forward and back-
ward direction, and in the Laboratory system when Gn is used as an in-
dependent random variable, this shows the splitting of the above peak
into two maxima. Thus at higher energies it is most likely that En is
large and E_ small, or vice versa, 35 while at low energies equipartition
of E'n into E_ and En is most likely.

n-C interaction

The basic physics of this interaction in our energy range has also
been explained in Chapter II, and here we introduce the analytic fits
done by Alsmiller, et al. i1
by H. W. Bertini. 4 Alsmiller, et al. carried out this analytic fitting

to the intranuclear-cascade data generated
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for many target elements when both neutrons and protons are incident
on the elements. Analytic expressions are given for

1. the non-elastic cross section as a function of energy;

2. the cascade neutron- and proton-emission spectra in the
angular intervals 0-30°, 30-60°, 60-90°, and 90-180°;

3. the evaporation neutron- and proton-emission spectra (assumed
isotropic); and

4. the cascade neutron- and proton-emission spectra integrated
over all angles.
Here we shall introduce only items 1, 2 and 4 when a neutron is incident
and a carbon nucleus is the target. The evaporation process is of
negligible importance to us since it involves lower energies, roughly
below 40 MeV.

For the nonelastic cross section, the following analytic form was

used in fitting:

N .
J
o(E) = 555 exP[Z 2 (47‘:%) ] mb (5-24)
J=

where the a.'s are coefficients to be determined and E is in MeV, and
the following quantity has been minimized with respect to aj's in the

least squares fitting procedure:

N . j 2
R = [ log 400 U'Ei - } a.j . (m) } . (5-25)

i j=0
The fitting gives the following aJ.'s for n-C interactions:
20 ot | az az a4
12.382795 -5.4469868 11, 550725 -11.297047 4.2141600

Figure 30 shows this analytic fit with Bertini's Monte Carlo data.
The cascade particle-emission spectra integrated over all angles

was obtained using the functional form:
N

h]
1
F(E;Ey) = c(BH(E;Ey) = 5 exp [ Z a4 (—EEO—)J (5-26)
j=0
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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 emission spectra
integrated over all angles from the n~C cascade reaction.
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Fig. 32. An example of angular cascade protons emission
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GCFC(En, Ep) in barn

10'2

1¢

10”*

-110-

b v - v ]

- -

5 -

- -t

= )

- .

- -

i ]
cascade
proton
energies

|
0.0 100, 200, 300, 400,

Incident neutron energy in MeV,

Fig. 33-a, Differential cross section of proton emitting
cascade interaction with carbon nucleus as a function of
incident neutron energy for a set of different cascade
proton energies.
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for the discrete energy points of incident neutron energy EO' Table 5-2
gives the fitting coefficients (aj's) for the emitted neutron and proton
when a neutron of energy EO is incident on a carbon nucleus. The above
distribution is in units of number per MéeV per collision.

The energy-angle distributions of the cascade neutrons and protons
emitted from a collision are more complicated, with the high energy
particles being emitted predominantly at the smaller angles. The Monte
Carlo results presented by Bertini give the emission 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 particles
per MeV per steradian per collision), 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 emission energy spectra of emitted
protons and neutrons for each angular interval. Note that all of the
formulas above are represented in laboratory energies in MeV.

In the simulation described in the next section, the angular distri-
bution in each interval is assumed to be uniform in that interval, and for
the incident neutron energies between the given energy points, the cross
sections are obtained by linear interpolation from the twoc closest energy
points for which fitting formulas are available.

Figures 31 and 32 show the fits with the data of the integrated and
angular emission energy spectra whenneutrons are incident on carbon.

3. Monte Carlo simulation procedure

The following is a somewhat simplified outline of the sampling
procedure used in the kernel matrix element generation for specified
incident neutron and detected proton energies (E'n. Ep). In the samplings
of a random variable, the random number generator RGEN has been
used; this is a library routine of the Lawrence Berkeley Laboratory
computing center. This routine generates random numbers that are

distributed uniformly between 0 and 1. The coordinate system is the

same as before (See Fig. 27).
Step 1: An initial position and incoming angle of the incident neutrons
are chosen (with respect to front face of the spectrometer):
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Choose x 'n and y'n from the uniform distribution. Choose the
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 p'

is used: then the p.d.f. between #=0 and p=1 becomes
'

£(4) = (n+1)1™, and from E (n+1)p"dp = RGEN, p'is
0

1
selected by p! = (RGEN)™ T (5-27)

The azimuthal angle ¢' is selected from the uniform distribution
between 0 and 2w.
Step 2: Next, the particle is transported to the next collision site:

R
Choose R from Zt(g' + RQ', E"dexp | - Z(g'+R'Q', ER'].

0
Set ¢ =r'+ RQ'
If r is outside the spectrometer volume, the particle has escaped
and its history is terminated by scoring zero. However note that
our spectrometer size is less than or comparable to the mean free
path, and most of the injected neutrons are expected to escape
without collision. So in actual sampling, a batch of neutrons are
injected up to the maximum path length Rinax within which neutrons
can make collisions inside the spectrometer volume, and the

equivalent total injection number is calculated from

Equivalent Batch Number = Injection Number x
A

j:max zte-EthR .
Within Rma.x’ Rma.x has beendivided 10 equal intervals and a
collision number in each interval has been assigned out of the

injection number by R
i+1
-ZtRaR
Zie

Injection Number x —iuk i=0,1,....9.
Rma§ -ZtRgR
te

In each interval R was selected by a rejection technique using
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the p.d. f. e ™™~ 1-~xsince x is small. The above sampling
t+ ‘“inique is a type of systematic sampling.
Step 3: /ic the new collision site the colliding nuclide among hydrogen

and carbon is selected from
Ze EY  Zo(p EY
T EY T Z (R EY

Hydrogen: Carbon =

Step 4: At this stage, in usual particle transport new energies and
directions of the emitted proton and neutron are chosen as
f0110w5:36

Zg(E', 9' - E, 2 | 1)

Choose E, 2 from as follows:

ZS(E: E')

Choose u from f(pn | E', r).

Use the energy-angle rel';tionship to determine E = E(g,L').
Choose £ so thatf - ' = .

However, in our case we are interested in ‘e proton single track
event, as explained in the first section, whose energy is Ep when
the incident neutron energy is En' This means that in our case
the emitted particle energies have been predetermined and ‘hus
f(E ;E'n) 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 E'n and Ep.
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'n and Ep
from equation (5-21).
The scattered neutron energy En is calculated from
E =E' - Ep ,

and its scattering angle is calculated from equation (5-22). Don't



-115-

forget that the recoil proton and scattered proton are emitted in
the plane containing @' and gp.
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 emisgion 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 emigsion angle to the spectrometer
reference frame.
The emission angles of proton and neutron as converted to the
spectrometer frame to decide the nevs transport directions in the
spectrometer volume. Suppose that the old and new directions of

the particles are represented as

[N ' ' =
sv-.z- (wit wzl w3) andS}_ = (wiv wzr 0)3)

where w, = sin 6 cos ¢
w, = sin 6 cos ¢
w3=sin0cos¢ ,

and the particle emission angle is characterized by a polar angle
8, from g and an azimuthal angle ¢ of 2 from the plane
containing (' ,z). Then the expression for the rew spherical

33

coordinates in terms of the old is

cos & = cos 8' - cos 90 + sin @' sin 90 cos ¢,

sin (6 -4 = SR 0 sinég

sin 0

cos 90 - cos 6' cos 0

cos (¢ - 9') =

in ' gin 0
sin 0' sin , (5-28)
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and in Cartesian coordinates:37 (5-29)

‘*’3=°’3 cosGO+sin90cos¢0'\/1—m:'iZ

w, = 2 w! (cos 0, = w! w,) +8in 8, sin ¢ m"\)i—w'z]

2" T2 [|“2 0" “3¥3 0 g@g Vi-wy .
3

o1 : Co . WA ]

w, = ;—-_—;—'—z [mi (cos 90 - w3 w;) - sin 90 sin ¢ wy NV 1-wy " .

3

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 corre-

sponding to the energy E_, using the range energy relationship

and projecting it in the direction § to decide its stopping point.

If it is within the spectrometer and the proton's path traverses

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'n and E_. Also, its variance and standard deviation from
the estimate is calculated in the course of sampling, and the above pro-
cedure is continued until either the given error limit (standard deviation
of the estimate) is satisfied or the given maximum injection number has
been reached after the batch. In addition tu the above estimates, many
other quantities are estimated in the process, ¢uch 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}. First, 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 error.

Next, functional forms approximating the highly peaked angular dis-
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, 0, ranges from 1 to 0. One simple functional
form, approximating the above type incident angular distribution in the
above angular range of |1, is the power function of p, i.e. f(p)=(n+ 1)pn.
There may be better functional forms approximating the above property.
However, only power functions of u have been studied. Table (5-6) shows
the cumulative contribution of the above power function p.d.f. in each
angular region of y, 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 35 shows the p.d.f. f(p)=(n+ 1)“11
on the p scale.

With the above power functions, the kernel matrix elements have
been generated for one incideat 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, £ u)=ll-u3

Proton Neutron injection number in units of 3000 particles
el 2 4 6 8 10
k. 162 1.59 1.59 1.61 1.61
110 2K 3.79 2.64 2.16 1.88 1.68
ofk 2.33 1.66 1.36 1.17 1.05
K 2.51 2,52 2.54 2.54 2,57
10 S, 5.71 L, ob 3.32 2.89 2.60
74 2.28 1.60 1.31 1.13 1.01
K 2.53 2.57 2.58 2.58 2.57
170 q 7.03 5.02 h.11 3.57 3.18
/K 2.7 1.95 1.59 1.38 1.2k
|4 2.13 2.26 2.27 2.25 2,22
200 5, 1k.9 11.0 8.97 7.76 6.85
/K 6.99 L.8h 3.95 3.hk3 3.10

K; estimated kernel value in lO'l"

G; estimated sampling standard deviation in 10'6

8/k; relative error in 1072

~6TT-
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Table 5.6. Cumulative distribution of f(u) = (n +l)'.tn in cones

of angular region from 6 = 0 to 6 = cos_ (x).

1

S ) p" dp =1 - P
X

1

0

! and j fp)dp =1

10

d

I

(n+Dpdy = 1 - x

n+1

[w) x0.9659 0.8660  0.7071 0.5 0.2588
o_15° 30° 45° 60° 75°
1 0.03¢  0.134 0,293 0.5 0.741
2u 0.067  0.25 0.5 0.75 0.933
32 0.099 0.350  0.646 0. 875 0.983
4p3  0.130  0.437 0,750  0.9375  0.996
s 0.159  0.513 0.823 0.969  0.999
6u®  0.188  0.578 0.875  0.984  0,9997
7.8 o0.216  0.635  0.912  0.992  0.9999
8u?  0.242 0.684 0.938 0.996
9.8 0.268  0.726  0.956  0.998
tou?  0.293  0.763. 0,969  0.999
1'% 0317 0.795  0.978  0.9995
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Fig.35a. Shape of angular distribution function f(u}.
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4408E-04

8.
o
6.
0

e

190.00

7439€-35
1-70E=ns
2020E=-04
204CE=08
Peb1E=4
2eT1E~D0
2.ToE=04
254E=04
2028E%04
2.90€-04
A

O

e

Oe

200400

6,86E=03
1.56E-04
1,98E-04
2,20E-04
2.23E=04
2.44E=04
2.38E~04
2.27E=04
2.11€=04
1. 78E=24
2.208=04
0.

o.

0,

0.

$,385.05
1e34E=g0
1470€=04
1.8i€-0s
1.048-08
1e37E=08
1e98E-04
1.88E=04
1.82€-04
1.55E=n¢
Te33E-00
1.69%04
O

[

0
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100400
220.00

1,87€E=c5
1s56E~05
Ne
2,25E-05
LD
?2.53E-06
Py
2.61€=0%
fe
2e81E705
0.
2,50E=058
fle
2.5T7E=05
h,
2,54E=05
LT
2,46E~0b
A,
2.30E~05
L
2e41E=05
6,
24356=05
)
1.97E=05
n,
3¢14E-05

L0
LN

119.00
23G.00

1,22E-95
1,51E~06
3.12E-95
2.29E~06
Qe
2+49E~U6
0.
2454E=06
O
2+51E~06
[
243BE=06
2+29E=06
0.
2.17E~G6
[
2.03E~V0
Ge
1.91g~06
0.
1.97E-06
0.
1.79g=06
[0
1.29E~v6
[0
1+6%E~06

[
2423E-V6

12n.00
240200
T.15E~06
les6E=0S
2.81E~05
0.
0
0.
0.
0,
0.
LN

0.

Table 5.7, -d

130,00

5,99E-05
l.a1lg=-08
1.50E=0%
3. 00E=08
0.
0,
?.
0.
0,
O
0.
0,
0,
0,

O

140,00

4 ,55E_06
B462E-06
1.17E=45
1.94E.55
2:12E=03
0.
0.
[
0.
0.
0.
0.
0.
0.

0.

150,00

3,49E06
6e19E=08
8e34E=06
1.00E=0S
1215605
LessE=0S
e
N
Qs
0
0.
0s
0.
0

160,00

2,85E-0b
5,05E+06
6.61E=a6
7,.715€E=06
8,96E=06
1,01E~05

1,.89E=05

176,00

2,45E.06
3+B4E-06
4.T2E=06
5,45E-06
6.03E=06
6¢S0E-06
8+425E-06
1.57E=05
Oe
O
o
D«
O
o

0.

2,25€.06
3e44E=05
4416E=06
4,61E-06
Se0¢E=06
S«46E-06
5.TBZ~06
T4,19E=08
1+25E=-05
fe

O

[

0e

O

190400

2.00€-06
3+10€E~06
3eb5E=06
4s12E=06
Asbap=q4
ae85g-05
S+21E=06
SeSpE=06
6012E=06
1+30E=05
[ 1]

Oe

O

200,090

1,95E=-0%
2.81E=04
3,23E=08
3,65E=05
3.89E=05
4.42E=05
4. 68E=05
A, BBE=0S
4,T9E=05
4,99E~0%
1.05€=0S
0.

0,

0,

0.

217.%

1.75E-06
2+49E=08
2.T7E=q5
&, 95E~06
3ei2E-06
3.33E=06
3.65E-06
3.B2E=06
3.89E~-06
3.TaE=06
4.13E+06

6+07E=06

.
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100490
220.00

2,76E=~02
2.,92€-02
Ne
1.90E=02
Ne
1.65E=02
n,
1.60E=02
ne
1463E=02
Ne
1.69E=02
n,

1. 79E~D2
a,
1,96E=02
e
2.04E=02
fle
24,13E=02
N
PeMTE=02
e
2.89E=02
Ne
?.81E~02
A,
5,08E=02

%
LY

110,00
230.00

2,82E~u2
2.,88E=02
2.98E=02
l.97€=02
0.
1l b4E=02
0.
1.61E=02
0.
l1.03E=22
0.
1.,67E~02
0.
1.78E~02
0.
1,93E~02
0,
2,02E~02
.
2.10E=02
De
2439E-¢2
0.
2.71E~02
O«
2.38E-02
[
4,58E~02

0.
1e26E-0L

j2n.00
260,00
2.52E-02
2.09€~02
2.69E~02
9.
Do
0.
n,
0.
8,
0
ne
0,
0.
0.

133,00

2,463-07
1.86g=07
2,02E~07
2492€-02
0,
0,
0.
0,
0,
0.
Oe
0.
0.
0,

Table 5.7, ~e

130,00

© 2. 48ELB2
1.05Ea02
1.78E-A2
2.14E02
3,08E~n2
0.
0,
0.
Q.
Oe
[+ 29
0,
0.
0.

150,08

2e4TE-D2
1+82€=02
1e69E~02
1e77€=02
2¢21E~02
2045E=02
[
0.
0.
Do
0s
Oe
0
Oe

160400

2,4%«02
1.83E+02
1,67€=02
l.72€=02
1.86E=-02
2/38E=02
3,65E~02
9.
G,
' "
g,
9,
[
o,

LN

170,00

2,5%9€~02
1.83E«02
1.62E~02
1.65E~02
1e70E=02
1.B4E~02
2,83€-02
2.88E-02
0.
0.
[
0a
0.
0.

180,06

2,68E=02
7+82E-02
1.61E~-02
1. 6hE=02
1.70E=02
1.79E=02
?.00E=02
2.56E=02
3,06E=02

Na

Qe

190200

2.T)g=-02
1+63€-02
1063662
1e0BE=02
1 TRE~02
i-79e~02
1+92E-A2
2+1lpe=02
2¢71€~02
4=87E=p2
[, 24

0e

0

Qe

200409

2.71E-02
1.82E-02
1.64E=02
1.65€=02
le70E=02
1.81E+02
1.93E~02
2.18E~02
2,27E~02
2,83E02
4,67E~02
0,

0

0.

Q.

210,00

2.Ta€-02
1.85E002
1.63E02
1.61€w02
1632252
1.76€=62
1.88E-02
2.01£+02
2.14E=02
2+81E~02
3e13E=02
3.58€=02
O

[

Qv

'a)

® ¢ 0O O O

.r———.
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Table (5-7) shows the sample kernel matrix generated with the in-
cident angular distribution f(u) = 4p.3 for the converter thickness of 1 inch.,
One can note from the table that for a fixed proton energy the variation
with the incident neutron energy is rather weak, while the variation of
the matrix element with the proton energy for a fixed neutron energy is
appreciable. The average variation with proton energy tends to peak
in the rniddle and dropa out quickly as the proton energy decreases or
increases from the peaking middle. Dropping in the lower proton energy
region is mainly due to the requirement of minimum triple chambers
sparking with short proton range, and that in the higher proton energy
region is generally attributed to the large escape probability of proton
tracks, due to the large range of higher energy protons.

In the generation of the above sample kernel matrix, a constant
angular shape has been used throughout its neutron energy range. How-
ever, in an actual situation, the incident neutron angular shape does
vary with the incoming neutron energy so that it is more sharply peaked
in the higher energy region, and as the neutron energy decreases, its
sharpness decreases gradually. Therefore, in actual kernel generation
for a real situation, it is recommended that the kernei matrix be gen-
erated by incorporating the above type energy dependency of the incident
neutron angular distribution, Sometimes this energy dependency of the

incident angular distribution is available from the literature. 1,38

5. Solution of the Neutron Spectrum from the Measured Proton Spectrum

Once the proton energy spectrum is available from the measurement
with the spectrometer set-up, and the kernel matrix is ready, the un-
known neutron energy spectrum is obtained by solving equation (2-47),
which is the {irst order Fredholn: integral equation. If we rearrange
the equation slightly, the integral equation to be solved is represented

as

max
N(E") = K(E', E)¢ (E)dE

E_.
min (5-30)
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Theoretically, there are several solution techniques which are
known to give a formal solution to the abeve integral equation. 39,40, 41
However, the furmal 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
arises in connection with the experiments, the measured values from
the experiment always involve random errors, 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 techinique, 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. 4 values. There-
fore, the basic criteria 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
techniéues in the above situation have been reviewed recently by Jorma
Routti in his Ph. D, thesis. 8 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 oubtained from the usual
minimization requirement at each flux point, namely, setting the
first derivatives equal to zero, It has the option of introducing prior
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information of smoothness of the solution spectrum and the closeness

to a given physically acceptable solution shape in e 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 Xi in the least squares
process such that $; = Xi2 at each energy mesh point. However the least
squares process is different from the above in the 3ense that the least
squares sum of the difference between the measured and calculated
responses is directly minimized with respect to Xi, using a minimiza-
tion technique called the iterative gradient method with variable metric.42’43
This method will be used in our case. The above two methods hzave 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..zthod (LOUHI),
giving more emphasis to the actual calculational scheme used in the
program, rather than generalizing.

Firet, the integral equation can be rewritten to include a term €(E'),

representing the uncertainties and error of the measured values:

E
max

K(E', F)¢(E)E = A(E'") + €(E'),
5-31

- ( )
min
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 E1 and En‘ which
extend from the lowest threshold to the cut-off cnergy of the solution.
Then the solution in the interval E; to Ei+ 4 is given by
E-E, E. 4, -E

i b o of At (5-32)

- 1 -
E; Eit1-Ey

¢ (E) = ¢i+1 *
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Suppose E' is divided in the same way as E and represented as Eji;
then at each point Ej the substitution of equation (5-32) into the integral

equation yields

E, E.
i E'Ei-1 i+1 E.+1-E
i = _ K(EJ., E)E + —t K(Ej. E)dE,
- Ei-Ei 4 - Ei+1-Ei
i-1 i (5-33)

and the resulting quadrature formula have the matrix form

Ke=8+s, (5-3%

where A, € and ¢ are column vectors with components A_j' € (j=4....m)

and %, (i=1,....n), respectively, and K is the kernel matrix of dimensions

nxm.
Next, the basic considerations in making the square sum for minimi-

zation are the following requirements:

i) matching the measured values Q0
ii} closeness to a given physical shape function P Qi
iii) smoothness requirement Q2
iv) nonnegativity requirement $; = Xiz .

Then the solution of the integral equation is oktained by minimizing the

following quadratic form with respect to the Xi's
Q= Q0 +y (W1Q1 +W2Q2), (5-35)

where Wi a.ndWZ are relative weights of Q, and Q, terms and y specifies
the overall importance of the Qi’ QZ term representing a priori conditions.

Here

(5-36)

[
"

-
-
I

-
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where
m
Aj = measured value

AJ.C = computed value from Xi

WO. = weighting function,

J
Q1 and Q2 terms are expressed in three different scales. They are-

on a linear scale

n
_ 1,2 2
Q= L «(X{-P)
i=1
5.37
stz 2 2. 2 2 G-30
Q, = 3;2 wilXy g = 2X7+ X ) s
and on a relative scale 2
2
n 1 X, - P,
Q. = - i i
1 K i 2
i=1 X,
i 2
2 2 2
n-1 X, - 2X7 + X,
Q,= T o (1'1 . ‘“> , (5-38)
i=2 X,
i
aand on a logarithmic scale
n
1 2 2
Q, = igi w; (log X, - log Pi)
2 (5-39)

n-1
_ 2 2 2 2
QZ = i§2 wi (log Xi-i 2 log Xi + log Xi+1>'

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 expressiovn

for each term fori=£:
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BQ m 1 [4
0 0 Z 0 m 2
= . K, X, (A - E K. X{ ), 5-40
G 98X, joiet (J i 1> (5-40)

j=1 i=1

-

oQ
1 1 1 2
G, = = 4w,X, (X -P,),
? axl i Ay R £ (5-41)
and

9Q 8Q 5Q
(0 0 (B,
Xy /(2 +1) term 2 /2 term £ /(1 -1) term,

where

2Q
2 2 2 2

—= = 40f X, XS -2X, , + X5 )
<8X;z (@+1) term | AraTe 141 7 P42

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

<3Q2> 2 2 2
—= = 8wlX, (X2, -2X, + X7 ,)
5%,/ 1 torm 2 X Xy gt X4y

valid from £=2 to n -1, otherwisc zero,

aQ > 2
2 2 2
— = 4w X, (X - 2X + X))
<axl (£ ~1) term J 25 el B ) £ -1 yi

valid from £=3 to N, otherwise zero,

(5-43)

@
1 9]

_ .0 1 2
7% = Gy +Y(Wic£ +WZG1)'

o
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The set of Xi's which gives the minimum value of the function Q
is obtained when the minimization process is finished, and finally
cpi = Xiz (i=1,....n) from those Xi's is the desired solution. In the
calculation, an iterative gradient method algorithm VARMIT with
variable metric, developed by Davidon42 and coded by Bea.ls,43 is used.
'The minimization is terminated when all the components of the next
step are less than 10"8 if four succeeding values are the same, or 100
iterations have been completed.

The above program has been subjected to extensive tests by Jorma
Routti and his broad experience with the method is described in detail
in ref. 8. Figure 36 shows one example of the test of the above method

with the kernel matrix generated in the previous section.
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Fig. 36, Test of LOUHI program
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Vi. SAMPLE RESULTS
1. Mearurement of stray neutron energy spectrum
The spectrometer setup was used to measure the stray neutron

energy spectrum around the 184" Cycictron at the Lawrence Berkeley

Laboratory as a test of the overall scheme of the specirometer. 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 werc taken in the two hour run,
and these data were used in the unfolding test. First, these proton track
data were processed and a proton energy spectrum was g:nerated. In
this procedure, the forward extension option of the track was used, and
thos= events whose extended end involved the frame were discarded in
the generation of the proton energy spectrum. The first table (6-1)
shows the overall result of the track data processing. According to it,
there were 3921 events in the data tape, and 2146 events were free of
machine irregularities and went through a least squares line check.
Among them, 397 events could not pass through the line check, 455
cvents involved the frame when they were extended in the forward di-
rection, and finally, 1294 events remained to generate the proton energy
spectrum. Table (6-2) shows the fiducial pulase distances in each of the
wands of 12 chambers before and after the experiment and the fiducial
irregularities detected. It also shows the statistics of the spark types
detected in each axis of the 12 chambers. Table (6-3) shows the sta-
tistics of the number of chambers sparked in each event, among the
single track events, with the statistics of missing chambers in the double-
scattering-like events. Table (6-4) shows the distribution of successful
events in terms of groton energy and polar angle. Table (6-5) shows the
deviations of spark positions from the fitted line in cach chamber among
tive events which formed a straight line irrespective of their orientation.
Finally, Fig. 38 shows the proton energy spectrum obtained from the
successful events in the processing. Two broken line histograms
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from the iwo energy conversion methods from the track lengths,
respectively, as mentioned in Chapter IV. The dotted points are the
values of data selected for unfolding the neutron cnergy spectrum.
2. Unfolded neutron energy spectrum

Kernel matrices 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. Progressively peaking neutron
angular shape has been assumed, varying linearly from A = 2 at neutron
energy of 100 MeV to A = 8 at 200 MeY in f(p) = const. p.A. Tables
(6-6, a and b) show the kernel matrix elements and sampling error
bounds. Figure 39 shows the unfolded neutron energy spectrum when
y=1, Wi =0 and Wz = 10-6 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 differerit thickness.
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 is. These aspects will be studied further with more tests
in the future. Here I would like to mention the things that need improve-
ment in the near future. First, on the spectrometer setup side, the
recording speed is too slow with only a magnetic tape deck. According
to the simple calculation that assumes roughly 1 neutron/cmz'sec in the
stray neutron field, we expect to have triggers of 10 to 20 events per
second. However, the present cycling time is only once per second,
due to the tape deck, and the system can not measure the absolute
quantity of the neutron ficld with the present recording speed.  This
could be improved by connecting a small computer in the middle, acting
as a buffer memory. Secondly, on the analysis side, the analytic ex-
pressions for the differential cross section, as a function of incident
energy used in the sampling, need to be improved. Most of the experi-

mental data for n-p cross 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. L,

A, VARIOUS COUNTERS REPORY,

NREC - T85 ~==( NO, OF RECOADS IN FILE }

NPARF = 1 w=={ NO, OF PARITY ERRORS N FILE )
LEVHINT 1) » 1#=~(NOs OF RECOHDS WHICH HaD EVENTS NUMBegR 1}
LENBINt 5 ) = T84==({NO¢ OF RECORUS WHICH HAO EVENTS NUMHER 5 )

ERROR COUNTERS IN ORDER OF DETECTIONS

NEYTF - 392} ==={ N0« OF EVENTS IN FILE )
NBRITE = 0 ~==t NO, OF BAD LEADING 7 CHECK ?
NGAITE » 3921 ~=={ N0, OF G000 LEAOING 7 CHECX )

NFSTPS a~ 4 e=={ ND, STIPPED HY FID CHECKSe SEE C»1)
NOTRST == 111 ===( N0+ STIPPEO BY OpUBLE TRACK EVENTS)
NFPASS » 3806 ==»( NO« PASSING FID CHECK, SEE C-2 )

MYLSPK w= 133 ===( MULTIPLE SCATT,~LIKE EVENTS )}

NORSCH w= wwel EVIS. HAVING LESS THAN TwO CH SPARKED
JWHpIF == DIFFe JSWICH NO, gvgnrsl

NSAVE  =¢ Y35 ===t SAVED FAOM THE ABOVE.

INCON] = 469 ===( INCON, [N SINGLE SCAT, CASE. StE Ced)
NSAVE] = 332 ~==( SAVED FROM THE ABOVE, )

INCON2 m= 71 ==={ DDUALE SCAT=LIKE CASE )
NODALS w= 526 e~={ DAL sCAY~LIKE EVENYTg, 5EE Cmé )
NMPASS a¢ 0 ===( EVTS, DHDCESSED AHONG 0BL-LIKE EVTS

NPASS = 2146 +~~( EVENTS PASSED THE CHECKS 5D FaR)

NOLINE =~ 397 ===( NO, THAT HAD NO TRACK LINE IN | SQFIT

NPESCB == 0 ~==( ESCAPED EVENIS GY gACKWARD EXTFNTION
NpEgtF u» 455 o=a( EGCApED EyENTS BY FORyARD EXTENTION

NLINE & 1204 ===( TOTAL EVTS, HAVING TRACK LINES IN LsQ FIV

NOTE, CUMULATIVE REPORT INCLUDING THE PREVIOUS FILES aRE~=

N0, OF FILES REaD =owe '
NU, OF AECOHUS READ == ™
NO, OF PARITY~FGAORS = 3
ND, DF EVENTS READ o= a 21
NU« OF RECORY LENQIH EARDA==n
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Table 6,2,

8e FIOUCIAL PULSE DISTANCE REPORY IN OCTAL:
3o WHEN FILC PROCESSING STARYS

CHAMBER NUMAERS 1T Y a4 s & 7 & % 10 1 1
s 3533 333) ¥5)5 3%34 3835 3534 3535 3534 3837 3536 383) 3837

A«RALS( HONILONTAL 1}
o 3526 3827 3916 3520 3520 2523 1525 524 3524 3523 3524 3523

walulS| yERTICAL )

2: WHEN FILE PROCESSING ENDS,

CHAMBER NyMBERS i 2 ? 4 L3 s ? s * 10 11 12

k~AxIS( HORIZONTAL 1 4 3533 352p 3533 35)2 3533 3534 13833 3534 3536 3535 353) 3638
v-AXISE VERTICAL ) » 3522 352 3514 mv Jsu 3521 3523 3522 3822 3%20 1521 3521

Cs SPARK CHAMBERS PEWFQORMANCE REPORT,
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Fig. 1. Total n-p cross section data with fitting formulas
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N-P ELASTIC SCATTERING X-SECTIDN

NEJUTRON ENERGY IN LAD.SYSTEN= 22.60 MEU.
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Fig. 2. Fxperimental data and fitting curves
for np elastic scattering cross sections at
various =nergies.
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Fig. 4. Experimeatal data and fitting curves
for np elastic scattering cross sections at
various energies.
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Fig. 3. Experimental data and fitting curves
for np elastic scattering cross scctions 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 ELRSTIC SCATTERING X-SECTION

NEUTRON ENERGY IN LAS.GYSTEN» 37.80 BEV.
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Fig. 6. Experimental data and fitting curves
for np elastic scattering cross sections at
various energiea.
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Fig. 8. Experimintal data and fitting curves
for np elastic scattering cross sections at
various energies.
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N-P ELASTIC SCATTERINGE N-SECTION
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Fig. 7. Experimental data and fitting curves
for np clastic scattering cross sections at
various energies.
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Fig. 9. Experimental data and fitting curves
for np elastic scattering cross sections at
various energies.
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N~P ELASTIC SCARTTERING N-SECTION
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Fig. 10. Experimental data and f{itting curves

for np elastic scattering cross sections at
various energies.

NP ELASTIC SCAYTERING R-SECYION

20 NEUTROR ENERGY IN LAB.SYRTEN~ 70.00 NEY.

-
-

l EXPERINENTAL ORTA,
FITTING CURVE.

nILLIBARN/STERADIAN
s a0 5 B % &

O 20 40 €0 BD 100 120 14D 1€0 460
CENTER OF RRSS NEUTRON SCATTERING RNGLE

Fig. 12. Experimental data and fitting curves
for np elastic scattering cross sections at
various energies.
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Fig. 11. Experimental data and fitting curves

for np elastic scattering cross sections at
various energies.
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Fig. 13. Experimental data and fitting curves

for np elastic scattering cross sections at
various energies.
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N-P ELASTIC ECATTEAING N-SECTION

NEUTADN ENERGY IM LAS.SYETER= 91,00 MV,

19 } EXPERINENTAL DATA,
~ F171IM6 CURVE,
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Fig. t4. Experimental data and fitting curves
for np elastic scattering cross sections nt
various snergles,
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Fig. 16, Experimental data and {itting curves
for np elastic scattering cross sections at
various energies.
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AP CLASTIC BCATTLAINS N-QECTION
HEUTRON ENEREY In LAD.SYSTEM» 99.00 NEU.
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Fig. 15. Experimontal data and fitting curves
for np elastic scattering crose sections at
various energies,
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Fig. 17. Experimental data and fitting curves
for np elastic scattering cross sections at
various energies.
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H-P ELASTIC SCATTERING K~SECTION
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Fig. 48, Experimental data and fitting curves
for np elastic scattering cross sections at
various snergles.
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Fig. 20. Experimental data and fitting curves
for np elastic scattering cross sections at
various energies.
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Fig. 19. Expsrimental dats and fitting curves
for np elastic scattering cross sections at
various energies.
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Fig. 21. Experimental data and fitting curves
for np elastic scattering cross sections at

various energies.
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N-P ELASTIC SCATTEAING M~BECTION
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Fig. 22. Experimental data and fitting curves
for np elastic scattering cross sections at
various energies.
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Fig. 24. Experimental data and fitting curves
for np elastic scattering cross sections at
various energies.
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Fig. 23. Experimental data and fitting curves
for np elastic scattering cross sections at
various energies.
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Fig. 25. Experimental data and fitting curves
for np clastic scattering cross sections at
various energies.
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H-P ELASTIC SCATTERINS X-SECTION
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Fig. 26. Experimental data and fitting curves
for np elastic scattering cross sections at
various energies.
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Fig. 28. Experimental data and fitting curves

for np elastic scattering cross sections at
various energies.
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Fig. 27. Experimoental data and fitting curves

for np elastic scattering cross sections at
various energies.
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Fig. 29. Experimental data and fitting curves

for np elastic scattering cross sections at
various energies.
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NEUTRDN ENERGY IN LAB.SYSTEM IN X AXIS

«0
LEW/ER OF MASS NEUTRON SCATTERING
RNGLE = 0. DEGR.

20

k4

13

-

Q

a

(3

“ 20

“n

\

x

o

a

-

-

41

a

[

[}

20 120 220 20 420 €20 €20

Fig. 30. 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,
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Fig. 31. Variation of cross section as a
function of cnergy for various scattering
angles.
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Fig. 33. Variation of cross section an a
function of energy for various scattering
angles.
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NEUTRON ENERGY IN LAD.SYSTEM IN X RNIS
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Fig. 34. Variation of cross section as a
function of energy for various scattering
anglcs.
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Fig. 36. Variation of cross section as a
function of energy for various scattering
angles.
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NEUTRON ENERGY IN LAD.SYSTEN IN X AXIS
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Fig. 35. Variation of cross section as a

function of energy for various scattering
angles.
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N-P ELRSTIC ECRTTERING N-BECTION
UBINC LINEAR INTERPOLATION
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Fig. 37. Some examples of calculated np
elastic acattering cross sections at some
energ: 28 for which there are no experi-
menta. data.
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Fig. 3 . Some examples of calculated np
elastic acattering cross sections at some
energl s for which there are no experi-
mental data.
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N-P ELASTIC SCATTERING N-SECTION
USING LINCAR INTERPQLATION
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Fig. 38, Some examples of calculated np
elastic scattering cross sections at some
energies for which there are no experi-
mental data.
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Fig. 40. Some examples of calculated np
elastic scattering cross sectione at some
energles for which there are no experi-
mental data.
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