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ABSTRACT

Organic scintillation detectors are useful for neutron spectroscopy because pulses in-
duced by gamma rays and those induced by neutrons can be distinguished by electronic
means. Computer analysis can be used to obtain the energy spectrum of the neutrons from
the measured recoil-proton pulse-height distribution. This report describes a practical neu-
tron spectrometer with improved electronic circuitry for pulse-shape discrimination. A de-
tailed study of the interaction of neutrons with the scintillator is presented in relation to
pulse-height analysis. A computer program that uses a straightforward method of pulse-
height analysis is given in FORTRAN with suggestions for adaptation for use on a small com-
puter. Spectrometer applications are presented for measuring neutron spectra of mono-
energetic neutrons, radioactive neutron sources, scattered neutrons and neutrons from a
photonuclear reaction and also for detection of fission neufrons.

PROBLEM STATUS
This is a final repoi’t on this neutron spectrometer.
AUTHORIZATION
NRL Problem H01-09

Project RR 002-06-41-5005

Manuscript submitted July 8, 1971.
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A NEUTRON SPECTROMETER USING ORGANIC SCINTILLATORS
D.W. Jones* and M.E. Toms

INTRODUCTION

In the past decade interest has increased in the use of organic scintillation detectors for
neutron spectroscopy Historically these scintillators were of little more than academic in-
terest because of the difficulty involved in analyzing pulse-height spectra obtained from these
detectors and because of their inherent sensitivity to gamma rays. More recently, methods
have been developed to distinguish the pulses which are induced by neutrons from those in-
duced by gamma rays, and to derive the energy spectrum of the neutrons incident upon the
detector from the measured pulse-height distribution. The recent interest is due in part to
these developments and in part to the availability of small computers which are needed for

data analysis.

The object of an extensive program at NRL during the years from 1966 to 1969 has
been to develop a practical neutron spectrometer using organic scintillators. The spectrom-
eter developed at NRL consists of (a) a scintillation counter with an organic crystal as the
fast-neutron detector, (b) a circuit for analyzing the shape of the current pulse from the
scintillation counter to identify the particle which induced the scintillation, (c) a pulse-height
analyzer and associated electronics for collecting the pulse-height data and (d) a computer

" program for analyzing the pulse-height data to extract the energy spectrum of the neutrons
incident upon the face of the detector.

In the development of this spectrometer the optimum electronic system necessary for
collecting data was studied in detail, and a new electronic circuit for analyzing the shape of
the current pulse from the scintillation counter was developed. The interaction of neutrons
with the scintillator was also studied in detail to obtain a nearly optimum method of pulse-
height analysis. The neutron spectrometer developed at NRL has been used to measure both
monoenergetic neutron spectra and continuous neutron spectra. In this report, a detailed
explanation will be given of the electronic systems of the spectrometer and the analysis of
the experimental pulse-height data to obtain the energy spectrum of the neutrons incident
upon the detector. Examples will also be presented of the application of this spectrometer
to the measurement of both continuous and discrete neutron energy spectra.

The primary purpose of this development was to provide a neutron spectrometer for
photonuclear spectroscopy. During the course of this development the spectrometer has
been applied to (a) measurement of the energy spectrum of monoenergetic neutrons pro-
duced by D(d,n), T(p,n), and T(d,n) reactions; (b) measurement of the energy spectra of
neutrons from the radioactive a-beryllium sources: PuBe, AmBe, and PoBe; (c) measure-
ment of neutron elastic and inelastic cross sections; (d) measurement of the energy spectrum

*Present address: Memphis State University, Memphis, Tennessee.
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2 JONES AND TOMS

of neutrons from the photonuclear reaction produced by 28-MeV bremsstrahlung on
oxygen-16; and (e) detection of fission neutrons from uranium and plutonium isotopes for a
Safeguards application. Most of these applications will be discussed in this report. Other
potential fields of use include health physics, nuclear bomb tests, and any other need in-
volving the measurement of fast neutrons.

The authors of this report acknowledge the use of the NRL Van de Graaff facilities for
taking data and the advice of Dr. P. Malmberg and Dr. T. May. The advice of Dr. W.L.
Bendel in the early stages of the computer programming is appreciated. Also the encourage-
ment and advice of Dr. T.F. Godlove throughout the course of the development of this
spectrometer are appreciated.

1. GENERAL DESCRIPTION OF NEUTRON SPECTROMETER

1.1 Block Diagram of Neutron Spectrometer

A block diagram of the neutron spectrometer developed at NRL is shown in Fig. 1.1.
The scintillation counter consists of an organic scintillation detector, either stilbene or NE
213, mounted on a photomultiplier capable of high current output. Two pulses are taken
from the photomultiplier: one from the anode and one from the 11th dynode. The pulse
from the 11th dynode is integrated in a preamplifier to obtain an output voltage with an
amplitude proportional to the total charge contributed by the scintillation to the charge
pulse in the multiplier. This pulse is then shaped and increased by a linear amplifier to ob-
tain a voltage pulse with an amplitude and shape compatible with the input to a 1024-
channel pulse-height analyzer.

Because the detector is sensitive to both neutrons and gamma rays, it was necessary to
develop a pulse-shape discrimination (PSD) circuit which analyzes the shape of the current
pulse from the photomultiplier anode to determine the identity of the particle which induced
the scintillation in the detector. The current pulse from the photomultiplier develops a volt-
age pulse at the input to this circuit across the terminating resistor of a length of coaxial

——.( PREAMP H AMPLIFIER "—

SCINTILLATION
COUNTER

NEUTRON
PULSE GATE 1024 CHANNEL
IDENTIFICATION PUIZ\SE—HEIGHT
CIRCUIT ANALYZER

GAMMA
GATE
SCALER

dN COMPUTER ANALYSIS
9E «—— OF PULSE HEIGHT
DATA

Fig. 1.1—Block diagram of neutron spectrometer
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cable. For the electronic analysis of the scintillation pulse the shape of the current pulse
must be preserved at the input to this circuit; this purpose is achieved by properly terminat-
ing the 100-foot-long coaxial cables normally used in this spectrometer. If the PSD circuit
determines that the scintillation in the detector was induced by a neutron, it provides a logic
pulse to open the coincidence gate of the pulse-height analyzer. Therefore, only those pulses
which were induced in the detector by neutrons are admitted to the pulse-height analyzer.

A gamma gate is also provided by the PSD circuit if pulses induced in the detector are identi-
fied as due to gamma rays. This gating pulse may be used in a similar manner to simul-
taneously collect the pulse-height distribution due to gamma rays in another pulse-height
analyzer. A third pulse permits the total number of pulses to be counted in a scaler or the
counting rate to be measured in a count rate meter.

Because of the nature of the detector response, the pulse-height distribution stored in
the analyzer does not bear a simple relationship to the energy spectrum of the neutrons inci-
dent upon the face of the detector. It was necessary, therefore, to develop a computer
program to analyze the pulse-height distribution. The computer program developed at NRL
derives the energy spectrum of the incident neutrons by first converting the pulse-height data
to the energy spectrum of recoil protons and then calculating the neutron energy spectrum
by differentiating the recoil proton spectrum. In Chapter 2 is a discussion of pulse-height
data from recoil protons described in terms of an ideal proton spectrum with perturbations.
Data analysis and the FORTR AN computer program are given in Chapter 3.

In the following sections, the details related to the construction of the scintillation
counter will be discussed. Since the equipment used to collect the pulse-height data is com-
mercially available, only those principles important to the selection of this equipment will be
outlined. The details of the PSD circuit developed at NRL will be given in Chapter 5.

1.2 Scintillation Counter

A cross-sectional diagram of the scintillation counter is shown in Fig. 1.2. As indicated
by this diagram, the scintillation counter consists of (a) a scintillation crystal, (b) a photo-
multiplier with electrostatic and magnetic shielding, (¢) a high-voltage divider and the base
for the photomultiplier tube, and (d) an aluminum case. An RCA-6810A photomultiplier
was selected because the photocathode has high quantum efficiency and its response matches
the emission spectrum from organic scintillators. This tube is capable of a high current out-
put, thus eliminating the need for an amplifier preceding the PSD circuit. The cathode is
operated at negative potential (nominally at 2000 V), and the anode is at ground potential to
permit a signal to be taken directly from the anode without the need for a large coupling
capacitor. A charge pulse is taken from the 11th dynode to provide a linear signal to the
preamplifier.

To insure linearity over a large signal range the voltage divider, shown in Fig. 1.3 is used.
This divider distributes a larger fraction of the anode-cathode voltage over the last few
dynodes than dividers designed for high gain service. For proper operation of the PSD cir-
cuit it is necessary that both the total charge output of the photomultiplier be proportional
to the total light output of the scintillator and the peak current output from the photo-
multiplier be proportional to the peak light output of the scintillator. The linearity of this

GITITSSYTIOND



4 JONES AND TOMS
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Fig. 1.2—Cross section of scintillation counter assembly:
. RCA 6810A photomultiplier

2. Stilbene detector

3. Front-end cap (0.020-in. Al)

4. Holder for detector (0.020-in. Al)
5. Teflon spacers
6
7
8
9

iy

. Magnetic shield

. Electrostatic shield

. Divider string for PM

. Back-end plate (0.060-in. Al)
10. Outside case (0.060-in. Al)
11, Output connectors
12. High-voltage input
13. PM base socket
14. Spacing screws.

peak current, up to 300 mA, is insured by having each dynode bypassed to ground through a
capacitor large enough to reduce the signal voltage at that dynode to less than 1% of the volt-
age between that dynode and the adjacent ones. With this divider the current output of the
photomultiplier is proportional to the light output of the scintillator up to a peak output
current of 0.5 A.

Because of the negative potential applied to the cathode, both the electrostatic and
magnetic shields must be maintained at high voltage. Insulation from the outside case is
provided by Teflon spacers. The entire assembly is contained within a thin-walled aluminum
tube with light-tight end caps. To reduce the neutron interactions with the scintillation-
counter hardware, the thickness of the front end cap was reduced to 0.020 inch and the wall
thickness of the tube to 0.060 inch.

The gain of the photomultiplier is largely dependent upon the voltage impressed be-
tween the anode and the cathode of the photomultiplier with the fractional gain dG/G
approximately equal to N dV/V, where N = 10 for a 14-stage tube. As will be pointed out
in Chapter 4, an overall system stability of +1% is required when it is desired to define the
energy of the neutrons incident upon the detector to within 0.1 MeV. Power supplies stable
to within +0.01% over the range of operating conditions are normally selected for this
purpose.
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Fig. 1.3—High-voltage divider string for RCA 6810A. Al resistors are rated at 1/2
watt and 5%. All capacitors are listed in microfarads. The ratings for the capacitors
are: 3 kV for 0.001 uF; 2 kV for 0.005 uF and 0.02 uF; and 1 kV for 0.04 yF and
0.05 uF.

1.3 Pulse Amplifiers and Pulse-Height Analyzer

As illustrated in Fig. 1.1, the system used to collect a pulse-height distribution from the
scintillation counter consists of (a) a preamplifier for integrating the charge pulse from the
photomultiplier to obtain a voltage pulse proportional to the total charge pulse, (b) a linear
amplifier for shaping and amplifying the voltage pulse to a range compatible with the input
to the pulse-height analyzer, and (c) a pulse-height analyzer to collect the pulse-height data.

A3TITSSYTIONN



6 JONES AND TOMS

The output of the integrating preamplifier is determined by the magnitude of the charge
delivered from the photomultiplier and is independent of the pulse shape only if the inte-
grating time constant of the preamplifier is much larger than the decay time of the pulse
from the photomultiplier. If the decay of the scintillation pulse is approximated by a series
of exponentials, the decay time of the longest large component is about 300 nsec. There-
fore, the integrating time constant of the preamplifier should exceed 10 usec.

Both charge-sensitive preamplifiers and RC-integrating networks with emitter followers
have been used successfully in this spectrometer. Either type is normally located near the
photomultiplier, and its output is driven through a long cable to a remote linear amplifier.
Because of electromagnetic pickup, it is often necessary to operate both amplifiers remotely
from the scintillation counter. In this case, the current pulse from the scintillation counter
may be converted to a voltage pulse developed across a cable termination and then integrated
in an operational amplifier.

The primary purpose of the linear amplifier is to shape the preamplifier output so that
a high counting rate may be obtained. For this purpose a double-delay-line amplifier is used
in this spectrometer. The voltage gain serves only to convert the amplitude of the output
from the preamplifier to a level compatible with the input of the pulse-height analyzer, while
the double-delay-line differentiation reduces the effective width of the pulse to about 2
usec. Although a shorter clipping time constant would permit higher counting rates, less
than 2 usec should not be used since the integrated charge pulse due to recoil protons does
not reach its final amplitude until about 2 usec after its appearance.

As will be discussed in Chapter 2, the sensitivity of the detector to both neutrons and
gamma rays provides a unique method of calibrating the energy response of the detector. It
is found that this calibration depends upon the characteristics of the detector rather than
the electronics only if the current pulse of the scintillator is integrated with a time constant
greater than 10 usec and the clipping time constant of the linear amplifier is set to no less
than 2 usec.

The PSD circuit requires 1 usec to analyze the current pulse from the photomultiplier
to identify the particle which induced the pulse. Therefore, a delay of 1 usec is required
between the linear amplifier and the pulse-height analyzer. Often this delay may be obtained
from the delayed output of a linear amplifier. The length of the delay varies with the type
of pulse-height analyzer used.

1.4. Summary and Comment

In this chapter the basic features of the NRL neutron spectrometer have been described.
The spectrometer is designed such that the scintillation counter can be operated remotely
from the PSD circuit and the electronics used to collect pulse-height data. The upper limit
of the energy range of the spectrometer is limited by the linearity of the photomultiplier
while the lower limit of the energy range is established by the neutron-gamma discrimination
ratio of the PSD circuit. Within these limits an operating range of 2 to 15 MeV neutron
energy has been achieved. Within this range, the resolution of the spectrometer varies from
12.5% at 4.0 MeV to 6.5% at 8 MeV. The overall resolution of the spectrometer is limited
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primarily by the light conversion efficiency of the photocathode of the photomultiplier.
Examples of measurements which exhibit this resolution are given in Chapter 4.

2. PULSE-HEIGHT DATA FROM RECOIL PROTONS

2.1. Introduction

Although neutrons interact with the hydrogen and carbon nuclei of organic scintillators
by several different mechanisms, the detection of neutrons by an organic scintillator depends
primarily upon elastic scattering collisions between neutrons and protons. From the
scattering collisions a continuous distribution of recoil protons is obtained. These protons
range in energy from zero up to the energy of the neutrons which produced them. As will
be explained in this chapter, the energy-response function of the scintillator is nonlinear;
therefore, the pulse-height distribution obtained from the scintillation counter will not be
directly proportional to the energy spectrum of the recoiling protons. When the response
function is determined, the pulse-height distribution can be converted to the recoil-proton
energy spectrum, and a differentiation process can then yield the energy spectrum of the
incident neutrons. This method is applicable both when the incident-neutron energy spec-
trum is monoenergetic and when it is continuous.

Other reactions of neutrons with the atoms of the detector serve to produce scintilla-
tions which may be considered as perturbations to the recoil-proton energy spectrum. Some
of these reactions are (a) second scattering of the neutrons from hydrogen nuclei; (b) loss of
recoiling protons through the end of the detector; and (c) elastic scattering, inelastic
scattering, and other reactions with carbon atoms of the detector. The effect of each of
these perturbations will be discussed in this chapter.

Gamma rays interact with the scintillator primarily by the Compton scattering process.
As a result of these scattering collisions, recoiling electrons are produced which range in
energy from zero up to a maximum energy called the Compton edge. The response of the
scintillator to these recoil electrons is linear. This linear response provides a method by
which the energy scale of the pulse-height analyzer can be calibrated before each experi-
ment with gamma-ray sources provided that the electron and proton energies for equal re-
sponse are known. This relation between the electron and proton energies for equal
response and the method of calibration will be discussed in detail in this chapter.

2.2. Neutron-Proton Elastic Scattering
If we consider a beam of neutrons of energy E, with a flux N, incident upon a hydro-
genous scintillator of area A and length L, it follows that the total number of protons Ny,

produced by single scattering collisions is given by

Np =N, Ae(E,,L), 21)

I3TITSSYTIONND
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8 JONES AND TOMS -

where €(E,,L), the efficiency of the scintillator for producing recoil protons by single
scattering collisions, is given (1) by :

€(E,,L) = npopL(1 —e-eL)/aL = nyopLf(aL),
with (2-2)
a=nyop +n.0. and f(aL) = (1 —e=9L)/aL.

In this formula, n, and n, refer, respectively, to the numbers of hydrogen and carbon atoms
per unit volume of the scintillator, o is the neutron-proton scattering cross section, and o,

is the total carbon interaction cross section for neutrons. This formula for the single-scattering
efficiency neglects the possible production of recoﬂ protons by neutrons once scattered by
hydrogen or carbon.

As pointed out by Staub (2), it can be shown kinematically that the number of recoiling
protons per unit energy in the laboratory system is proportional to the differential elastic-
scattering cross section per unit solid angle in the center-of-mass (c.m.) system. If the neutron-
proton scattering is considered to be isotropic in the c.m. system, the recoil proton distribu-
tion in the scintillator is given by the following formula which is derived in Appendix 1 (c.f.
Eq. (A1-28)), for a monoenergetic incident beam:

Np(E) = A dN,/dE = [Ny Ae(Eo,L)} /Eo. (2-3)

I the spectrum of the incident neutrons is not monoenergetic but has a distribution
dN, /dE, (neutrons per unit area per energy interval), then we must include the contribution
to N, (E} of alt neutrons above the energy E. Thus, in general

Np(®)= [, [AetBo, LYE,} (AN /AE,) dE,. @4

Differentiating both sides with respect to E and solving gives the energy spectrum of the inci-
dent neutrons in terms of the slope of the recoil-proton energy spectrum:

(dNp/dE,)g = dNy/dE = —(dNp(E)/dE)E/(Ae(E,L))]. (2-5)

Thus, from the energy of the recoiling protons, the energy spectrum of the incident neutrons
can be obtained. However, an organic scintillator produces a pulse-height distribution which
is nonlinear with respect to recoil-proton energies, and its output is subject to a number of
perturbations which will be discussed.

2.3. Nonlinear Pulse-Height Response

Within the linear range of the photomultiplier, the total charge output of the scintilla-
tion counter is proportional to the total luminous output of the scintillation crystal. Details
of the scintillator response have been outlined by Schwartz and Owen (1) and by Birks (3).
As these authors point out, the luminous output of the scintillation crystal is, in general, not
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proportional to the energy lost in the scintillator by the charged particle. To describe this
nonlinear response, the light output per unit energy loss in the crystal dS/dE can be related
to the rate of energy loss by the charged particle dE/dx as it passes through the crystal (1)
by

dS/dE = C[1 + EB(dE/dx)] 1. (2-6)

In this formula, the product of B, a constant, and dE/dx gives the specific density of ionized
and excited molecules along the particle track. The quenching parameter k is characteristic
of the scintillator for the particular ionizing particle, and C is a proportionality constant.

As Schwartz and Owen (1) observed, there are two limiting forms of Eq. (2-6). For
light particles, such as electrons, dE/dx is small enough that the factor RB(dE/dx) can be
neglected and the integrated light output due to electrons S, is proportional to their energy
loss in the scintillator:

Se = CE,. (2-7)

For heavier particles, such as protons, alpha particles, and ionized atoms, the factor
kB(dE/dx) cannot be neglected; hence, S is not directly proportional to the energy loss of
the particle in the scintillator. For very heavy particles, such as fission fragments, dE/dx is
sufficiently large that the term kRB(dE/dx) dominates the denominator of Eq. (2-6). When
this occurs, the integrated light output Sp, becomes proportional to the range R(E) of the
particle in the scintillator:

Sp = CR(E)/kB. (2-8)

As a result of this nonlinearity, the pulse-height distribution collected in the pulse-height
analyzer will not be proportional to the recoil-proton energy spectrum expressed as Ny (E)
in Eqgs. (2-3) and (2-4). However, the pulse-height distribution can be converted to a recoil-
proton energy spectrum if the response of the scintillator is known.

A convenient method of expressing the response of the scintillator is suggested by the
linear relationship between the light output and the electron energy (c.f. Eq. (2-7)). The
response can be expressed in terms of the electron and proton energies for equal total light
output of the scintillator. When this is done, only an electron energy calibration of the
pulse-height analyzer is needed to convert the pulse-height distribution to the recoil-proton
energy spectrum. This electron energy calibration can be obtained from the Compton elec-
trons produced in the scintillator by gamma rays as will be explained in this section. Thus,
the need for a difficult proton energy calibration prior to each experiment is eliminated.

Some early data giving electron and proton response characteristics for several scintilla-
tors are summarized by Birks (3). The relation between the electron and proton energies
for equal light output can probably be expressed best by a polynomial. However, the results
of several experiments, listed in Appendix 2, demonstrate that the formula below can be
used over the range from 2 to 15 MeV as a good approximation of the relation between the
electron energy P and the proton energy E for equal light output.

AITITSSYTIONN



10 JONES AND TOMS
P=aEP. (2-9)

The constants « and 8 must be determined for each spectrometer; they depend primarily
upon the type of scintillator used and its characteristics rather than the electronic system,
provided that care is taken to insure that the pulse-height distribution collected in the pulse-
height analyzer is proportional to the total light output of the scintillator (c.f. Section 1.3).

An example of the distortion produced by this nonlinear response is shown in Fig. 2.1,
where the recoil-proton energy spectrum (A dN,/dE = Np(E)) was calculated from Eq. (2-3)
and the recoil-proton pulse-height distribution (A dN,/dP = Ny (P)) was calculated from Eq.
(2-9). In this figure the recoil-proton pulse-height distribution is expressed in terms of the
electron energy for equal charge response. The calculation was performed for monoenergetic
neutrons of 8.0 MeV incident upon a stilbene scintillator 1 inch in diameter and 1 inch long.
The constants a and 8 used are 0.150 and 1.5414 respectively with P and E expressed in
MeV. As may be seen from this figure, the recoil-proton pulse-height distribution is distorted
toward the lower energies and must be converted to a recoil-proton energy spectrum before a

differentiation can yield the incident neutron spectrum.

>

Fig. 2.1—Recoil-proton energy spectrum Np(E), here denoted as
N(E), produced by 8.0-MeV neutrons incident upon a stilbene
N(P) erystal. The recoil-proton pulse-height distribution Np(P), here
denoted as N(P), is calculated from Eq. (2-9).
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To obtain the response-function constants « and § of Eq. (2-9) for the neutron spectrom-
eter discussed in Chapter 1, the electron and proton energies for equal charge response were
measured in the following way. For the proton energy calibration, monoenergetic neutrons
were obtained from D(d,n)He3 and T(p,n)He?® reactions using the facilities of the NRL 5-MV
Van de Graaff. As an example, the pulse-height data obtained from monoenergetic 8.0-

MeV neutrons are shown in Fig. 2.2. This distribution resembles the calculated distribution

N, (P) shown in Fig. 2.1. For each of the pulse-height distributions needed for the proton
energy calibration, the midpoint on the dropoff was used to determine the channel number
corresponding to the maximum recoil-proton energy which equals the energy of the incident
neutrons. The electron energy calibration of the pulse-height analyzer was obtained using
monoenergetic gamma-ray sources. Gamma rays interact with the detector primarily by
Compton scattering collisions with atomic electrons of the detector. The maximum energy
of the recoiling electrons E, commonly referred to as the Compton edge, bears a simple
relationship to the energy of the gamma rays E

E,=Ey/(1+ moc?[2Ey). (2-10)
As an example, the pulse-height spectrum obtained from a monoenergetic source of gamma

rays is shown in Fig. 2.3. The energy scale of the pulse-height analyzer is calibrated by as-
signing the energy of the Compton end point to the channel corresponding to the midpoint
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Fig. 2.3—Pulse-height spectrum produced by recoiling Compton elec-
trons produced by monoenergetic gamma rays from Zn65,

of the dropoff in the Compton spectrum. By comparing the electron energy calibration ob-
tained using a number of gamma-ray sources with the proton energy calibration, the electron
and proton energies for equal charge response are determined. The results of this measure-
ment are shown in Fig. 2.4. From a straight line fitted to these data points, the constants «
and § were found to be 0.150 and 1.5414, respectively. The response curves determined by
Wasson (4) for alpha particles and recoiling C12 nuclei are also shown on this graph. Calibra-
tions obtained by various experimenters are given in Appendix 2. The variation in slope and
intercept of these calibrations is likely due to differences in values of the clipping time
constants described in Section 1.3.
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2.4. Perturbations of the Ideal Recoil-Proton Spectrum

In addition to the nonlinear response of the detector described in the preceding section,
several perturbations to the detector response are introduced by the finite size of the detec-
tor, second scattering of neutrons by hydrogen, and elastic or inelastic scattering by carbon
prior to scattering by hydrogen. These perturbations have been discussed by Schwartz and
Owen (1) and by Broek and Anderson (5) for stilbene scintillators and by Batchelor et al. (6)
for NE 213 detectors. The effect of these perturbations may be considered as producing
distortions to the recoil-proton energy spectrum N, (E). These effects are discussed below
and will be illustrated as distortions of a recoil-proton spectrum produced by a beam of
monoenergetic neutrons of 8.0 MeV in a crystal 1 inch long and 1 inch in diameter.

2.4(a) Second Scattering of Neutrons

Because the efficiency for neutron-proton scattering increases with decreasing neutron
energy, there is a high probability that a neutron, once scattered from a hydrogen nucleus,
will collide with a second proton before escaping from the crystal. Consideration of the
velocity of the neutron (1.5 nsec/cm for a 1-MeV neutron), along with the dimensions of
commonly used scintillators, indicates that the pulses due to both protons will be separated
by little more than a nanosecond. Since the decay time of the scintillation pulse is several
nanoseconds, the light from both pulses will add and only one pulse will appear at the out-
put of the photomultiplier. Therefore, the effect of a second scattering event is to remove a
proton from the ideal recoil-proton energy spectrum N, (E) given by Eq. (2-3) and replace it
by one whose energy is the sum of the one removed and the energy of the proton recoiling
irom the second collision. The neutron recoiling from the first collision in which a proton
of energy E is produced has an energy E, — E. Protons scattered by collisions with these
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neutrons will have an energy distribution ranging from zero up to E, — E; therefore, the
energy of the sum pulse will range from E to E,. This summation in effect removes protons
from the recoil spectrum at E and redistributes them from E to E,. For simplicity, the
proton energies are assumed to add although the scintillation response is nonlinear.

As shown in Appendix 1, the energy distribution of neutrons scattered from hydrogen
dNy,/dE is identical in magnitude and shape to the recoil-proton energy distribution dNy /dE.
Therefore, the number of neutrons of energy E, — E which participate in a second scattering
event is given by Np(E)e(E, — E,L"), where €(E, — E,L') is the efficiency of the detector for
neutron-proton scattering for neutrons of energy E, — E produced inside the detector. The
ideal recoil-proton energy spectrum Ny, (E) distorted by.the second scattering of incident
neutrons may be described as

Np(E) =Np(E)—Np(E)e(E,—E,L") + _J; [Ny (E)e(Eo —E,L")/(E, —E)]d(E, —E).
., | R . (21D

In this formula N}, (E) represents the distorted spectrum, and the second term represents
those recoil protons removed from N, (E) at E per energy interval. The third term represents
the number of protons added to the distribution at E after removal from the lower energy -
range by a second scattering event as explained above. This term is based on the assumption
that the scintillation outputs due to the two protons add linearly. If it is assumed that the
efficiency of the scintillator can be approximated by a function of the form KE-™ where

K =K(L') and m ~ 0.5, it is possible to perform the integration and thus derive from Eq.
(2-11) an expression given by Schwartz, Owen, and Ames (7) (c.f. Appendix 3):

Ny (E) = Np(E) {1+K[(m—1 ~1)(E, —E)™ ~m-1E,™ 1} : (2-12)

Using Eq. (2-11), the distorted recoil spectrum N}', (E) of protons resulting from 8.0-
MeV neutrons has been calculated and is shown in Fig. 2.7a. As can be observed from this
diagram, the effect of second scattering is to remove protons from the lower energy range :
and redistribute them in the upper energy range. = :

2.4(b) Loss of Recoil Protons

The range of a recoiling proton varies from approximately 0.02 mm at 1 MeV to 1 mm
at 10 MeV. Therefore, a fraction of the recoil protons will escape the detector before losing
all their energy. To calculate the effect of the loss of these protons from the crystal upon
the ideal recoil-proton energy spectrum N (E), we consider the protons lost through the end
of the crystal and the protons lost through the sides separately. The geometry for the loss of
protons through the end of the crystal is given in Fig. 2.5. The number of protons produced
in the slab of thickness dx at a distance Z from the end of the crystal is given by
NoAe=%%ny 0y dx, and their energy is determined by the angle of recoil E = E,, cos2 6. The
recoiling proton loses all its energy in the crystal only if the range traversed r is equal to the

range R(E) of the proton in the crystal. Therefore, the minimum distance Z; from the back -

surface at which a proton of energy E may be produced and still lose all its energy is given by
Z1 =R(E) cos 0 = R(E)(E/E,)1/2,

3TITSSYTIONN



14 JONES AND TOMS

3 ~
/
LI | @ Fig. 2.5—Diagram for deriving the effect of proton loss through the end
dx z of a scintillator.

Protons of energy E produced in the region Z < Z; will never lose all their energy in the
crystal and, therefore, will contribute to the recoil-proton energy spectrum at a lower energy.
In the same way the numbers of protons at E may have contributions from protons produced
_in the crystal with energies greater than E. These protons will be produced in the region
Z1 < Z < Zo, where Zg is the distance from the end of the crystal which will allow a proton
of energy E, recoiling in the forward direction to lose an amount of energy E in the crystal.
The number of recoiling protons per unit energy Ny (E') with E' > E produced in slabs dx
between Z1 and Z5 is related to the number of recoil protons per unit energy loss in the
crystal, Np (E), by Np(E) = Np(E')(dE'/dE). Therefore, the ideal recoil-proton spectrum
with its distortion produced by the loss of protons through the end of the crystal is given by

Np(E) = (1/E,)[NoAnpop(Eo (L ~ Z1)f(a,L — Z1)] +
L-Z1
(1/E)[NoAnpop(Eo)] L gy & (0E'/3E) dx. (2-13)

If the range of a proton of energy E in the crystal is approximated by R(E} = KE2,
where K is a proportionality constant, and if it is assumed that the fraction of the energy
lost in the crystal E/E' is equal to the fraction of the range traversed r/R(E') = Z/cos § R(E"),
then, as in Appendix 4, Eq. (2-13) can be reduced to another equation quoted by Schwartz,
Owen, and Ames (7) in their Appendix IV:

Np(E) = Np(E) {1 +(Ro/L)[(2/5) — (7/5)(E/Eo)5/2]} (2-14)

Using this equation the recoil-proton spectrum distorted by the loss of protons through the
end of the scintillation crystal has been calculated for incident 8.0-MeV neutrons and is
shown in Fig. 2.7b. The total number of recorded protons is, of course, not affected by this
distortion, but the energy distribution is increased at low energies and depressed at the higher
energies. Equation (2-14) indicates that the distorted spectrum is depressed most at E = E,,
by the fraction R, /L, but it equals the ideal spectrum Ny (E) at E/E,= 0.6 or for 8.0-MeV '
neutrons at 4.8 MeV.

In the same way that protons produced within a distance Z; of the end of the crystal
do not lose all their energy inside the crystal, those protons produced within some distance
S of the edge of the crystal will also not lose all their energy inside the crystal. With the aid
of Fig. 2.6, it can be seen that the distance S is given by R(E) sin §. The approximations
mentioned above, are used in Appendix 4 to show that
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Fig. 2.6—Diagram for deriving the effect of proton loss through the sides
5 s of a cylindrical scintillator.

Y

= 2 o
S=KE=[1—-(E/E,)]

The distance S can be writfen in terms of R(E, ) as
S=R(E,XE/E,)2 [1— (E/E,)]1/2.

Its maximum value occurs when E = 0.8E,, and is zero when E = E,,. For incident neutrons
of 8.0 MeV in energy, S is maximum for 6.4-MeV protons and has a value of 0.2862 R(E,).
From the range of 8-MeV protons in stilbene given by Brodsky (8) as 79.65 mg/cm? and
with the density being 1164 mg/cm3, Sy, 4 for E, = 8.0 MeV is 0.2 mm. If one considers a
uniform flux on a crystal 1-inch in diameter, the ratio of the area of the ring of width

r — Smax to the total cross-sectional area is 0.03125 or 8.125%. The average value of S is
approximately S, /2 and as one half of the scattering occurs inwardly, the number of pro-

tons that leave the sides of the crystal are less than 1/4 of those scattered in a ring of width
r —Smax. Hence, less than 0.8% of the recoil protons in a 1-inch-diameter erystat escape
through the sides for an incident neutron energy of 8 MeV.

No analytical expression has been derived to describe this small effect, but the recoil-
proton energy spectrum should not be affected at E = E, while being depressed most in the
region £ = 0.8 E,. At the lower energies the spectrum will be increased because of the con-
tributions due to protons that escape the crystal. This effect is independent of the length
of the crystal and depends only upon the radius and E,, .

2.4(c) Elastic Scattering from Carbon

The formula for the efficiency of the recoil proton detector, Eq. (2-2), is based upon
the assumption that neutrons scattered from carbon atoms are lost from the scintillator.
This, however, is true only to a first approximation since these neutrons can still participate
in a proton scattering event. The energy of the neutrons scattered elastically from carbon
nuclei is given by E,, = E, (0.858 + 0.142 cos a), where « is the angle of scattering in the
c.m. system. Therefore, the energy of the neutrons range from 0.716E, to E,. As discussed
in Appendix 1, the energy spectrum of the scattered neutrons in the laboratory system is
determined by their angular distribution in the e¢.m. system. An examination of the dif-
ferential scattering cross sections in this system indicates that neutrons with energies greater
than 5.0 MeV are scattered primarily in the forward direction (8,9).

As shown by Eq. (A1-29), the energy spectrum of neutrons scattered elastically from
carbon atoms is given by

(AN, /dE), = [27None0¢(En,Eo)Lf(aL)] /0.142E,. (2-16)

AIT11SSYIIND
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These neutrons produce a recoil-proton energy spectrum in a scintillator of area A ex-
pressed in integral form as

E ‘.
Np(E) = fo ° A(U/En)[nh0p (Bn)L'f(aL')] (AN /AE)cdEp,. (2-17)

In these formulas, E, represents the energy of the scattered neutrons and L' represents the
effective path length for these neutrons inside the scintillator. The differential-elastic-
scattering cross section is represented by 0.(E,,E,). The recoil-proton energy spectrum pro-
duced by these neutrons is flat from zero up to 0. 72E, and then decreases to zero at E = E,,.
Therefore, the neutron-energy spectrum calculated from the distorted recoil-proton spectrum
will show two broad groups between 0.72E, and E,,. The variation in amplitude within this
energy range reflects the angular distribution in the c.m. system of the neutrons scattered
from carbon nuclei. Because of the peaks in the elastic scattering cross section, the magni-
tude of this effect will vary markedly with the energy of the mmdent neutrons. The effective
length L may also be a function of energy.

To demonstrate the effect of this scattering, the ideal spectrum with this distortion was
calculated for 8.0-MeV neutrons and is shown in Fig. 2.7c. For this calculation, the differ-
ential scattering cross section in the c.m. system was taken from values tabulated by Garber
et al (9). The effective length of the crystal L' was arbitrarily selected as L/2.

uor /
A 100 ‘ -
osol .

102
Fig. 2.7—Perturbations to the ideal recoil-proton energy

° :;:_ \ spectrum for 8-MeV neutrons produced in a 1-inch-diameter-

by-1-inch long stilbene crystal by (a) escape of protons
through the end of the scintillator, (b) neutrons which have
two scattering collisions with protons, (¢) neutrons which
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osol ) scatter elastically from carbon before producing a recoil
120 proton, (d) neutrons which scatter inelastically from the
ok ‘ 4.43-MeV level of C12 before producing a recoil proton,
D 100 (e) alpha particles produced by the C12(n,a,)Be? reaction
osot (scintillation pulses in terms of equivalent proton energy).
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2.4(d) Inelastic Scattering from Carbon

A fraction of the incident neutron beam will be scattered inelastically from one of the
excited levels of carbon. In the calculation of the efficiency of the scintillator using Eq.
(2-2), it is assumed that these inelastically scattered neutrons are lost from the scintillator,
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but some of them will also participate in elastic scattering collisions with protons in the
scintillator. These inelastically scattered neutrons produce a perturbation in the recoil-
proton energy spectrum given by

E,
Npex(E) = f " AQUE,) [nhOw(En)L'f(aL)] (@Np/dE)x dE, (2-18)

In this formula, (AN, /dE).* represents the energy distribution of the neutrons scattered in-
elastically from carbon (c.f. Eq. (A1-30)), and L’ again represents an effective path length in
the crystal for the scattered neutrons. Since the energy of a scattered neutron depends on
the angle through which it is scattered, the energy spectrum of the scattered neutrons de-
pends on the differential inelastic scattering cross section in the c.m. system. In the case of
8.0-MeV neutrons scattered from the 4.43-MeV level of carbon, the energy of the scattered
neutrons will vary from 2.05 to 3.50 MeV. Figure 2.7d shows the ideal recoil-proton spec-
trum with the distortion calculated with the assumption that inelastic scattering occurs only
from the 4.43-MeV level of C12, The neutron spectrum derived from the distorted recoil-
proton spectrum will show a group of neutrons between 2.0 and 3.5 MeV as a result of the
inelastically scattered neutrons. Above 8.0 MeV, scattering from the 7.65-MeV level is possi-
ble and the energy spectrum will become more complicated. Because of the high probability
of producing recoil protons by the low-energy neutrons scattered inelastically from carbon,
spectra produced by high-energy neutrons will contain an important distortion in the low-
energy region from this effect.

2.4(e) Alpha-Producing Reactions

Alpha particles can be produced in an organic detector by two reactions, C12(n,«)Be®
and C12(n,n')3a. The threshold of the first reaction is about 6.2 MeV and the cross-section
peaks at 0.08 barns near 8 MeV (10). The @ value of this reaction is —5.7 MeV so that the
energy of alpha particles produced by 8-MeV neutrons will be less than 2.3 MeV and for
14-MeV neutrons less than 8 MeV (c.f. Appendix 1, Eq. (A1-31)). Reference to Fig. 2.4
shows that alpha particles of energy less than 8 MeV produce pulses less than 3-MeV proton
equivalent. Therefore, the energy spectrum of recoil protons for 14-MeV neutrons will not
be distorted above 3 MeV by pulses due to alpha particles. The alpha particles will produce
a peak in the lower energy region of the pulse-height distribution. The energy spectrum of
the alpha-particles dNy/dE is discussed in Appendix 1.

The energy of the recoiling Be® nuclei will also be imparted to the crystal simul-
taneously with the energy of the alpha particles. Therefore, the light output of the scintil-
lator will be the sum of the light produced in each scintillation. This effect, viewed as a

distortion of the ideal proton distribution, is shown in Fig. 2.7e for 8-MeV incident neutrons.

For simplicity, the energy distribution within the peak is assumed uniform. The effective
threshold of the second alpha-producing reaction is 8 MeV, and the energy shared by the
three alphas will produce a broad peak in the pulse-height distribution. This peak might be
‘mistaken as being due to low-energy protons.

AITITSSVTIOND
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2.5 Interpretation of Perturbations

All the effects discussed in the preceding section will contribute to the distortion of the
ideal recoil-proton energy distribution N, (E). To determine the magnitude of these effects
on the ideal spectrum, the perturbations calculated in the preceding section were added to
the ideal spectrum. The resulting distorted spectrum is shown in Fig. 2.8. For comparison,
the recoil-proton spectrum calculated from the pulse-height distribution produced by
8.0-MeV neutrons incident on a 1-inch-by-1-inch stilbene crystal is shown in Fig. 2.8. The
recoil-proton energy spectrum was obtained by correcting the pulse-height distribution for
the nonlinear response of the detector as described in Section 2.3. For this comparison, the
ideal spectrum was calculated for the same number of neutrons as were incident upon the
detector. This flux was 1.925 X 108 neutrons/cm?2 from a measurement of monoenergetic
neutrons which will be discussed in Chapter 4. As can be seen from this graph, the effect of
the perturbations is to generate a significant group of recoil protons below 3 MeV, although
not enough to explain the experimental data. Some disagreement between calculated and
measured spectra is to be expected for a number of reasons. Since the effective length of the
crystal for inelastically scattered neutrons must be approximated, the calculations cannot be
precise; also no distortion was included for loss of protons through the sides of the crystal.
This distortion would also serve to increase the number of low-energy protons and depress
the spectrum around 6 MeV. The experimental data also include neutrons scattered from
the scintillation counter assembly. The inelastically scattered neutrons from this source will

further increase the recoil-proton spectrum at low energies.

At present no reliable procedure has been developed which can be used to remove all
the effects of these perturbations from the neutron spectrum as derived from a distorted re-
coil spectrum. For monoenergetic spectra it may be possible to identify the effect produced
by each perturbation and to discount it in the interpretation of the data. However, con-
tinuous neutron energy spectra are not so easily interpreted. Broek and Anderson (5) have
developed a correction factor which removes most of the effects of second scattering and
the loss of protons through the end of the detector. Their expression will be discussed in
the next chapter in the section on data analysis.

Fig. 2.8—Recoil-proton energy spectrum,
shown as curve, calculated with sums of dis-
tortions for 8.0-MeV neutrons incident upon
a 1-inch-by-1-inch stilbene crystal. Experi-
mental data are shown as the dots. In each
case the flux was 1.925 X 106 neutrons/cmz.
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3. DATA ANALYSIS AND COMPUTER CODE

3.1. Data Analysis

In this chapter is described a method of analysis for converting pulse-height data, pro-
duced by recoil protons in a scintillation detector, to neutron spectra. This analysis is much
simpler than the widely used matrix or Monte Carlo methods. It includes corrections for
second scattering of neutrons by hydrogen and for loss of protons through the end of the
detector. The computer code was originally developed for a small computer which had a
30-bit, 4096-word memory; hence, the code can be adapted for use with comparable com-
puters, such as 16-bit minicomputers, small enough for field use. However, for the sake of
clarity the program is presented here in FORTRAN IV compatible with a CDC 3800
computer.

In Chapter 2, the basic concepts concerning pulse-height data from a scintillator due to
recoil protons have been discussed. Certain characteristics of the detector have been de-
scribed as causing perturbations on the ideal recoil-proton energy spectrum. To obtain a
recoil-proton energy spectrum from which to derive a neutron spectrum, the pulse-height
distribution must be corrected for the nonlinear response of the detector. Since the scintil-
lator was calibrated in terms of proton energy vs electron energy for equal pulse height, the
response function expressed in Eq. (2-9) is used. For this spectrometer, it is

P =0.150E1.5414 (3-1)

where P is the electron energy and E is the proton energy. Values of P for 0.1-MeV energy
intervals of E are listed in Appendix 5. Calibration of the pulse-height analyzer with gamma-
ray sources relates the electron energy P of the Compton edge E. defined in Eq. (2-10) to
the channel number k& by

P=aqa+ bk (3-2)

For each pulse-height distribution the constants a and b are obtained from a least-squares fit
to the gamma-ray calibration data. The computer program uses stored values of Eq. (3-1)
together with Eq. (3-2) to relate channel numbers to proton energies. It then sums over
channels to obtain protons per energy interval as here described. Let the channel number
corresponding to the lower limit of a proton energy interval be designated kg, and the one
for the upper limit designated k;. As these are generally noninteger, let ks = i + f; and

ks = it + f to separate the integer and fractional values for each limit number. By letting the
numbers of counts per channel be designated N, the number of protons in an energy inter-
val Ny, is given by

Np = (1= fo)Nigr1 +Nigs2 + woes + Nig + (F)Nigp1. (3-3)

Equation (2-5) relates the neutron spectrum to the proton spectrum. With the shape-
correction factor B included, the neutron flux dN,,/dE can be expressed as the product of a
spectrum conversion function (E) with the negative of the slope of the proton spectrum

A3TITSSYIONND
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defined as —q/AE = dN, (E)/dE, at the center of the corresponding neutron energy inter-
val AE:

dNp/dE = Y(E)(—q/AE), (3-4)

with Y (E) = E/Ae,B. In the expression for Y(E), E is the neutron energy, A is the cross-

sectiocnal area of the detector, B is the shape-correction factor, and ¢, is the Pffl(‘]Ph("V for
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neutron detection by means of recoil protons as expressed in Eq. (2-2). This expression con-
tains neutron cross sections for hydrogen and carbon. For the latter, tabulated values of the
total cross section (10), were used, and for the neutron-proton scattering cross section the
formulation given by Schwartz, Owen, and Ames (7) as the sum of two terms was used. The
first term is 1/4 of the singlet interaction while the second term is 3/4 of the triplet inter-
action. The expression in barns is

op, = 5.6037/(1 + 7T.417E + 0.1105E2) + 0.8652m/(1 + 0.2427E + 0.0028E2)  (3-5)

with E expressed in MeV. The products of the number of atoms of hydrogen and carbon per
cm3 of stilbene with their respective cross sections, ny 0y, and n.0, are listed in columns 3
and 4 of Appendix 5. The values of neutron efficiency €, for three lengths of stilbene are
listed in Appendix 6 and are graphed in Fig. 3.1. The deviations from a smooth curve are
due to fluctuations in the carbon cross section. For short crystals, up to 1/2 inch, these
fluctuations are negligible. As the graph indicates, the effect of the carbon cross section is
increasingly pronounced with increasing length. To understand this, the expression for €,
can be written as

n = (npop/a)(1 —e-el), ' (3-6)

which shows that the length dependence is only in the exponential term.

0.8 r T T T T T

Fig. 3.1—Neutron efficiency €y, given by Eq. (3-6) as
a function of energy for stilbene crystals of lengths:
(a) 1/2 inch, (b) 1 inch, and (c) 2 inches.
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The shape-correction factor B, given by Broek and Anderson (5), removes most of the
effects of second scattering of neutrons by hydrogen and the loss of recoil protons through

tho and nf the cryetal T+ mav ha writton ac
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B=1-0.780(R,,/L) + 0.090n0,L + 0.07Tny0p"r, (3-7)

where o}’ is the value of oy, at 0.068E. In the second term, which corrects for the escape of
protons through the end of the crystal, L must be in the same units as R,,, the range of a
proton that receives the full neutron energy. In the third and fourth terms, which correct
for second scattering, L and r, the radius, are expressed in centimeters. For stilbene,
Brodsky (8) gives R,, = 1.780(E — 0.119)1.815 mg/cm2. The coefficients in the expression
for B were obtained by Broek and Anderson by correcting at 90% of full pulse height the
distortion caused by the end effect and by second scattering by hydrogen. The magnitude of
the neutron peak derived from a pulse-height distribution produced by monoenergetic neu-
trons is corrected by this factor.

The spectrum conversion function Y (E) from Eq. (3-4) is tabulated in Appendix 6 for
1-inch-diameter crystals of lengths for which the neutron efficiencies are listed and also for
a crystal 3/2-inches in diameter and 1 inch long. This crystal has a volume only slightly
larger than that of the 1-by-2-inch crystal; hence, a comparison of the y-function values for
these two crystals illustrates the dependence of Y (E) on the crystal shape.

To select an optimum method for calculating the slope of the recoil-proton energy spec-
trum, various formulations were used. Early calculations showed that it was possible to
standardize on a neutron-energy bin width AE of 100 keV. It was found that resolution
could be maintained and statistical accuracy improved by omitting, in the calculation of the
slope, the numbers of protons in energy bins on each side of the neutron energy. If we let
the numbers of protons in energy bins from the neutron energy be labeled Py, Py, P3, and
P4 toward increasing energy and P_y, P_o, P_3, and P_4 toward decreasing energy, five
formulations for the slope and its uncertainties are

—q2/AE = (P_3 — P3)/3AE 82 = (P-p + P3)!/2|3AE

—q3/AE = (P_3 — P3)/5AE 83 = (P-3 + P3)'/2/BAE

—q4/AE = (P_4 —P4)/TAE 84 = (P-4 +P4)12[TAE

—q23/AE = (P_3 +P_g —P2 —P3)/8AF 893 =(P-3 +P_g +Py +P3)1/12/|8AE
—q34/AE = (P_4 +P_3 —P3 —P4)/12AE 834 =(P-4 +P_3 +P3 +P4)12/12AF

Tests with actual data verified that for —g9/AE the greater resolution is more than offset by
greater statistical fluctuation. For —q3/AE and —q4/AFE the resolution decreased while the
statistical fluctuations also decreased. For —g93/AF and —q34/AE the resolutions were approx-
imately equivalent to those for —q3/AE and —q4/AFE respectively while the statistical
fluctuations were significantly less. The formulation for —q93/AE was chosen over that for
—q34/AE as the improved resolution was more important than a slight decrease in statistical
uncertainties.
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As discussed earlier, scintillation neutron spectrometers must incorporate a means of
distinguishing between pulses due to neutrons and those due to gamma rays, either by time-
of-flight separation or by pulse-shape discrimination. Even with PSD circuitry, there remains
the problem of pile up of gamma-ray pulses. In some cases, such as detection of neutrons
from photonuclear reactions, the detector must be shielded with lead to decrease the gamma
flux. The efficiency of such detectors for gamma rays as well as for neutrons is important
in choosing the length of the detector. A study (11) has been made of the efficienciesasa
function of length for various energies and of the effect of size and shape upon the correc-
tion factor B and the spectrum-conversion function . The graphs of gamma-ray and neutron

efficiencies for stilbene are shown in Fig. 3.2.
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Fig. 8.2—Gamma-ray and neutron efficiencies for stilbene for
energies from 0.1 to 24 MeV.

3.2. Computer Code

The FORTRAN code, listed in Appendix 7, processes, in 0.1-MeV intervals, pulse-height
data from a 1024-channel analyzer to obtain neutron spectra up to 16 MeV. The 160 values
for P, listed in Appendix 5, are designated PTAB. Likewise the 160 values of {/, appropriate
to the detector being used, are designated PSI. Another input is a control labeled KEY which
designates the number of data sets (up to 9) which are to be combined. For each data set,
DATAC(I), a title card and values of A and B from the gamma-source calibration are required.
Storage is provided for the proton energy spectrum PROT, the neutron spectrum SPEC, and
its uncertainty, DEL. As seen in Appendix 8, the title, the calibration values, and the
heading of the output table are printed. If KEY is greater than 1, a new output table is
printed for each summing process.
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Calculations begin with the DO 50 statement. The calculation loop is set for a maxi-
mum of 159 cycles to correspond with the maximum neutron energy of 16.0 MeV. The
values of P corresponding to the current E and E + 0.1 are obtained from the P table and
used with A and B to find the lower and upper channel numbers, designated C1 and C2. If
C1 is negative or zero, the loop recycles for a new £ = E + 0.1. The number C2 is tested for
being greater than 1024 and when this occurs the loop is terminated. When C1 is positive
and C2 is less than 1024, the calculation continues by obtaining the sum of the protons for
that energy bin. As C1 and C2 are generally noninteger, the sum is obtained as follows:

(a) the integer part of C1, L1, is increased by one and designated D1 and the fraction F1,
given by D1 — C1, multiplies the number of proton pulses in channel D1; (b) the integer part
of C2, D2, plus one gives the channel number for the number of proton pulses to be multi-
plied by the fraction F2 = C2 — D2; (c) to the numbers found in steps (a) and (b) are added
the number of proton pulses in the channels from D1 + 1 through D2. This sum of the pro-
tons in the energy interval E to E + 0.1 is stored as PROT(J) and in a working energy bin.
The first value is stored in the bin labeled PP1, the second one in PP2, and the third and
subsequent ones in PP3. The first three entries in the table (Appendix 8) give the lower limit
of the proton energy, the lower channel number, and the numbers of protons in the 0.1-
MeV energy bin. When fourth and subsequent protons sums are obtained, the values in the
bins are shifted toward PM3 before the currently calculated value is placed in PP3. After
the sixth sum is found, PM3 contains the first sum and the first neutron flux value can be
obtained. The negative slope —¢q is found as (PM3 + PM2 — PP2 — PP3)/8. It is designated
QNEG in the program and is listed in the output table. The neutron flux value, designated
SPEC(K), is obtained by multiplying —g by the value of { at the central energy E and
dividing by AE (0.1 MeV in the program). The statistical uncertainty, designated DEL(K),
is obtained by substituting for —q its uncertainty, i.e. (PM3 + PM2 + PP2 + PP3)1/2/8. These
two values are listed in the output table under NEUT and DEL. After the looping is com-
pleted, the last two values of E, the channel number, and the number of protons are printed.
Sums of protons PROT(J) and neutrons SPEC(K) having energies in the ranges 4.0 to 6.9,
7.0 to 10.9, and 4.0 to 10.9 MeV are found and printed. Limits on these sums were chosen
for a photonuclear experiment and can be modified easily to suit any experiment.

Besides the tabular output, provision is made for punching the neutron-flux values and
their uncertainties on cards. The input CID is a card identifier of four characters. Eight
values of neutrons are punched on a card with the CID and a card number and likewise for
the uncertainties. This computer analysis together with a discussion of its advantages and
limitations has been described elsewhere (12).

3.3 Programming for a Small Computer

Features concerning the original code for the data analysis of this chapter will be given
only as a guide. Some suggestions are made for modifications to conform to the require-
ments of newer and faster small computers. The data analysis was first programmed for a
Librascope General Precision computer which had a word length of 30 bits, LGP-30. It had
a magnetic-drum memory consisting of 64 tracks and 64 words each or a total memory of
4096 words. Fixed-point, machine-language programming was used together with certain
subroutines. The more standard word length of 16 or 18 bits in recent computers may make
double-precision or floating-point arithmetic necessary so that, in general, double the num-
ber of words of memory should be sufficient.
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For the LGP-30, a Program Input Routine (3 tracks), which interprets simplified
machine-language programming, is used for reading in the program, subroutines, and tables.
Subroutines used by the program were a Square-root Routine (1 track), Data Input (0.5
tracks), and a Data Output Routine (4.5 tracks) used for printing the output table. Two
additional subroutines were stored on the drum, the Hexidecimal Print and Punch (5-tracks)
used for making data output tapes and the Decimal Memory Print (4 tracks) used for
diagnostic purposes. With one track assigned for storage for subroutines, a total of 19 tracks
were kept constant for this data analysis. The 1024 items of pulse-height data occupied
another 16 tracks. The P table and the { table needed 160 locations each for a total of 5
tracks. Storage needed for program-generated quantities amounted to 12.5 tracks (2.5
tracks each for the proton spectrum, the neutron data spectrum, its uncertainties, the neu-
tron background spectrum and its uncertainties). The program itself including working
storage fitted into 9.5 tracks. This left only two tracks not utilized.

Without the Decimal Memory Print and the separate storage for the background neu-
tron spectrum and its uncertainties, there would have been 11 tracks not utilized. The
separate locations for background and data were needed for the photoneutron experiment
as will be explained in Section 4.3. Tapes of the data and background spectra made using
the Hexidecimal Print and Punch permitted the spectra to be read back into the same loca-
tions for further processing by an additional program.

Programming in machine or assembly language rather than a compiler language saves
memory space and time for execution; both features were important for the LGP-30 com-
puter. Maximum use of looping, sense switches and subsections, such as a section for clear-
ing 160 locations, was made in the LGP-30 program to minimize the program length. For
newer, faster computers a section to calculate P might occupy less space than that needed
for the P table.

The FORTRAN code, listed in Appendix 7, can be used as a guide for determining the
various steps and looping processes needed for this type of data analysis. The individual
small computer may have features that simplify certain procedures when machine-language
programming is used. As an example, the process of separating the integer and fractional
parts of the calculated channel numbers was easily accomplished using an extract order with
an appropriate mask.

4. EXAMPLES OF DATA ANALYSIS

4.1. Monoenergetic Neutron Spectra

A good test of both the equipment and the method of analysis is performed when the
energy spectrum of a monoenergetic beam of neutrons is measured. For this purpose a
deuterium target was bombarded by deuterons accelerated to 4.754 MeV by the NRL Van de
Graaff. The deuteron target was 40-keV thick so that a nearly monoenergetic beam of neu-
trons, 8.0 + 0.025 MeV, was produced at zero degrees. The detector described in Chapter 1
was oriented such that the neutrons were incident normally upon the face of a cylindrical
stilbene crystal 1 inch in diameter and 1 inch long.
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The pulse-height data, collected in 1024 channels, were analyzed by the method de-
scribed in the preceding chapter. The derived neutron spectrum is shown in Fig. 4.1 where
the fwhm of the peak, centered about 8 MeV, is 500 keV. This value indicates that, after
taking out the effect of energy spread of the neutrons from the target, the overall resolution
of the system was 430 keV at 8 MeV. The computer output for the analysis of these data
is given in Appendix 9, where it can be seen that at channel 600, 100 keV of proton energy
corresponds to 14 channels of pulse-height data. As the usefulness of this spectrometer
depends upon the accuracy with which the energy scale is defined, the energy drift must be
contained within a single 100-keV bin. This equipment provides the required stability of
7 channels at channel 600 by having an overall drift of +1%%*.

The spectrum, produced by 8-MeV incident neutrons, was obtained by using the computer
code previously described which included corrections for second scattering by hydrogen and for
loss of protons through the end of the scintillator. Asno corrections were made for the other
perturbations discussed in Chapter 2, this computer analysis permits the observation of these
effects, namely, the appearance of groups of neutrons in the spectrum between 6.0 and 7.5 MeV
and between 2.0 and 3.5 MeV. Inview of the discussion in Chapter 2, the first group immedi-
ately below the peak is considered to be due to neutrons elastically scattered with carbon before
producing recoil protons. The energy range of the lower energy group is that which was pre-
dicted for inelastically scattered neutrons from the 4.43-MeV level of carbon. The magnitude
of this group is 184,860 neutrons/100 microcoulombs compared with 1,849,000 neutrons/
100 microcoulombs in the main peak at 8 MeV (the numbers for the lower energies were
made symmetric with the high-energy tail). If the effective length for neutron-proton scatter-
ing after a scattering from carbon is taken to be L/2 and the average value of the scattered-
neutron energy is used, the ratio of the inelastically scattered neutrons to the full-energy
neutrons is calculated to be 0.06 compared with 0.10 from the measured peaks. The dis-
crepancy between these ratios indicates that additional neutrons appear in the measured spec-
trum. These neutrons could be derived from additional inelastic scattering reactions with the
material surrounding the scintillator which is composed primarily of aluminum. No attempt
has been made to estimate the effect of these reactions.

An additional test of the method of analysis is obtained by comparing the number of neu-
trons in the peaks of the derived spectra with the number of neutrons incident on the crystal as
calculated from the H2(d,n)He3 differential cross section at zero degrees and experimental
parameters. The neutron flux at the detector position in units of neutrons/cm2-uC is obtained
from

F =3.15 X 105Pko(d,n)(1/D2), (£x10%) (4-1)

where P is the pressure in atmospheres, % is the thickness of the gas target, and D is the
distance from the center of the gas target to the face of the detector. For this test, the energy
spectra of neutrons of 2.0, 4.0, 6.0, and 8.0 MeV were measured using a stilbene crystal 1
inch long and 1 inch in diameter. The neutron spectra derived from these measurements are
shown in Fig. 4.2. Similar measurements were made using a 1/2-inch-by-1-inch crystal, and

*In Chapter 1 it was pointed out that an electronic stability of 0.01% was desirable to provide the required
stability.
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Fig. 4.1—Neutron spectrum derived from the pulse-height
distribution produced by a flux of 1.925 X 106 neutrons/
em2 of 8.0-MeV neutrons on a 1-inch-by-1-inch stilbene
crystal. This spectrum was derived from the recoil-proton
distribution shown in Fig. 2.8, and the computer output of
the analyzed data is given in Appendix 9.

2 2
u (a)
5 xi0® (
ut
=]
g 2r
s 0 ) Fig. 4.2—Neutron spectra derived from data
‘54L ( L © g obtained with monoenergetic neutrons incident
8 2L on a l-inch-by-l-inch stilbene crystal. The
N; | o . A , i spectra are for (a) 2-MeV neutrons, (b) 4-MeV
i 0 2 4 © neutrons, (¢) 6-MeV neutrons, and (d) 8-MeV
< i neutrons. Note: Spectrum d is not from the
82r @ same data as that for Fig. 4.1.
} o 1 —t i I I
Z () 2 3 6
E L
@
4
I M 1 L 1
% 2 8

4 6
NEUTRON ENERGY (MeV)

the derived spectra are shown in Fig. 4.3. The measured values, based on the peak only (as
the code compensates for loss of scattered neutrons), are compared with calculated values for
both detectors in Table 4.1. Although the uncertainties in the measurements were not
analyzed in detail, the discrepancies show that these uncertainties are about equal to the un-
certainties in the calculations of the neutron flux.
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Table 4-1
Comparison of Measured and Calculated Neutron Flux
Energy (MeV) | Resolution (keV) | Measured Flux | Calculated Flux | Discrepancy
1-inch-X-1-inch Stilbene
8.0 478 19804 26760 —26%
6.0 624 10234 12770 —20%
4.0 480 9544 11194 -15%
2.0 500 9541 7774 +23%
1-inch- X-1/2-inch Stilbene
8.0 568 21767 22530 - 4%
6.0 535 11360 13360 -15%
4.0 440 2586 3443 —25%
2.7 444 757 664 +14%

4.2. Energy Spectra of Neutrons from a-n Sources

The usefulness of this spectrometer for measuring continuous neutron spectra is iltus-
trated by the results of measuring neutrons from a 1-curie PuBe source. For this measure-
ment, a 1-inch-by-1-inch cylindrical stilbene detector was placed 30 cm from the neutron
source for 2635 minutes. The computer analysis of the pulse-height data is given in
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Appendix 8, and the measured spectrum is presented in Fig. 4.4. This spectrum has better
resolution than published spectra measured with scintillation spectrometers and processed
by other computer codes (c.f. Ref. 12).

100
C g
by
» i1 i
P bl gt
80 # i{ {ﬁ{ 1
i
e F ! i
E i
¢ 60 # li
~ ¥
? Lt P ot Fig. 4.4— Spectrum of neutrons from a PuBe
T+ ! ; fit *' source; the computer analysis of the data is
3 i i given in Appendix 8.
Z 40 !
£ s i
2 | 1
z
¥
20 i ti)
i & s,
» {“! X
o i L L ) L ' t [ 1 i .'-._
0 2 4 6 8 10

NEUTRON ENERGY (MeV)

Neutrons from a PuBe source are produced by the Be9 (y,n)C12 reaction. For an average
alpha energy of 5.14 MeV from Pu, this reaction is such that neutrons emitted with energies of
6 MeV or greater leave C12 in its ground state, neutrons between 3.3 and 5.9 MeV in energy
leave C12 in the 4.43-Mev excited state, and neutrons emitted with energies below 2.8 MeV
leave C12 in the 7.66-MeV excited state. A theoretical calculation by Van der Zwan (13) and
the measurement by Rubbino et al. (14), who used a different method of detection, are com-
pared with the NRL measurement in Fig. 4.5. For this comparison, the theoretical calculation
and the data of Rubbino et al. were normalized to the NRL measurement of ground state neu-
trons by normalizing the integral of their values above 6 MeV. Asboth experimental measure-
ments below 6 MeV are lower than the magnitude predicted theoretically, the indication is that
this theory predicts too much excitation of the 4.43-MeV state of C12.
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Fig. 4.5—PuBe neutror. spectra: NRL data
(same as Fig. 4.4) shown as the bars indi-
cating the extent of statistical uncertain-
ties, smooth curve is the theoretical
calculation by Van der Zwan (13); points
with error bars are the data of Rubbino et
al. (14). Spectra are normalized to the
same value of the integral for data above
6 MeV.
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The occurrence of peaks in the present measurement at 7.9 and 9.6 MeV is in good
agreement with the theoretical predictions, but those at 3.4, 5.4, and 6.7 MeV are somewhat
higher than the predicted values. This disagreement may have been introduced by inaccurate
v-ray calibration or an inaccurate value of « in Eq. (2-9) for the electronic system used.

A calibration using neutron moderators and BF'g detectors at the National Bureau of
Standards indicated that 1.38 X 108 neutrons per second were emitted from the PuBe
source. Integration under the measured spectrum from 2.5 to 10.8 MeV with an adjustment’
for lower-energy neutrons using Van der Zwan’s calculation yields a measured value of
1.3 X 108 neutrons per second, in good agreement with the NBS value.

The energy spectrum of neutrons from an AmBe source was also measured, and the
derived energy spectrum is presented in Fig. 4.6. The agreement with theory is similar to
that for the PuBe source. One point to be noted concerning the AmBe spectrum is that the
dip at 6.1 MeV is shallower than in the PuBe spectrum. This is in agreement with the theo-
retical calculations of Van der Zwan (13). '
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4.3. Other Spectra

~ Besides the measurements just described, this spectrometer has been used to measure
two additional spectra: (a) the energy spectrum of neutrons scattered from carbon and (b)
the energy spectrum of photoneutrons from the 016 (y,n)015 reaction. The energy spectrum
of neutrons scattered from C2 is shown in Fig. 4.7. For this measurement ring geometry
was used with an 18-inch-long brass scattering bar shielding the detector from the 8.0-MeV
neutrons produced by a D(d,n) reaction. The scattering ring of carbon was placed such that
the scattering angle was 76°, defined by the angle between the line of flight of neutrons inci-
dent on the ring and the direction of the detector from the scatterer. In the spectrum, the
peak around 6.7 MeV represents neutrons scattered elastically from C12. The peak around
2.7 MeV represents neutrons scattered inelastically from the 4.43-MeV state of C12,
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In Fig. 4.8 is shown the energy spectrum of photoneutrons from the 016(y,n)015 reac-
tion induced by bremsstrahlung having an end-point energy of 28 MeV. In this spectrum
almost all neutrons above 5 MeV leave the resultant nucleus in its ground state. The peak at
6 MeV is due to a peak in the nuclear absorption of gamma rays at 22 MeV. The spectrum
was measured with the scintillation detector placed at 90° relative to the direction of the
bremsstrahlung beam. The detector was shielded with 3 inches of lead on each side and with
2 inches of lead in the neutron path to prevent pileup of pulses due to gamma rays. The
spectrum was not corrected for the absorption of neutrons by the lead in the neutron path
but it was corrected for scattered neutrons. A background spectrum was obtained with a
polyethylene rod placed in the neutron path. Both the data and background spectra were
processed by the original code on the small computer, as described in Section 3.3. An addi-
tional program normalized the data and background spectra to the same bremsstrahlung
dose and obtained the net spectrum and its uncertainties.

4.4, Uranium Assay

Another application which makes use of the energy resolution of the instrument, but
not its full capability as a spectrometer, has been described by Jones et al. (15). They tested
a new technique for assaying uranium samples based on the difference in the fission cross
sections of various uranium isotopes. In a trial of the method, samples of uranium were
bombarded with a beam of 0.5-MeV neutrons obtained from the H3 (p,n)He3 reaction using
the NRL 5-MV Van de Graaff. The 0.5-MeV neutrons caused fission in U235 but not in
U238 due to its high fission threshold. The fission neutrons, scattered incident neutrons,
and background gamma rays were allowed to strike a stilbene scintillator 1-inch in diameter
by 1/2-inch thick, placed approximately 15 cm from the sample and at 90° to the incident
beam. For the purpose of this experiment, the number of neutrons above a given energy was
taken as proportional to the sum of the recoil-proton pulses above that energy. From the
calibration of the spectrometer, as described in Section 2.3, any desired neutron-energy
threshold can be selected by summing the counts above a given channel.
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Fig. 4.8—Energy spectrum of photoneutrons at 90° from
the 016(y,n)015 reaction induced by 28-MeV brems-
strahlung. No correction has been made for the effect of
the lead in the neutron path but correction has been
made for scattered neutrons from the lead surrounding
the detector.

In Fig. 4.9 are shown the results of a set of runs for which the threshold was set at 1.25
MeV. In this case two 2.1-g samples of U235 were added successively to a 191-g sample of
depleted U238, The sensitivity and reproducibility, at least for this test geometry, is con-
siderably less than a gram of U235, The authors also discuss other variations of this general
technique.

1200 |
Fig. 4.9—Results of a test of the neutron spec-

trometer for use in the assay of U235 in the
presence of a 191-g depleted sample of U238,
Neutrons of energy 0.5 MeV were incident on
the combined sample. Responses proportional
to fission neutrons only are obtained by
summing the counts due to recoil protons of
energies greater than 1.25 MeV. One unit
monitor response (UMR) corresponds to a dose
at the sample of =~ 2.9 X 108 neutronsfem2.
This figure is taken from Ref. 15.
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5. PULSE-SHAPE-DISCRIMINATION CIRCUIT

5.1. General Description

Organic scintillation detectors were historically limited in their application to the field
of fast neutron spectroscopy by their sensitivity to the gamma-ray flux which always ac-
companies neutrons. In recent years, however, methods for identifying the particle which
induced the scintillation have been developed. Following the methods introduced by
Brooks (16) and Owen (17) numerous circuits were presented to identify the particle which
induced the scintillation. Owen (18) has prepared a bibliography of the circuits developed
up to 1962, and an additional method based on that of Forté et al. (19) may be found in a
paper by Roush et al. (20). These developments together with the development of stable
linear amplifiers, pulse-height analyzers, and photomultiplier power supplies have made it
possible to construct an electronic system suitable for organic-scintillation-counter spectros-
copy. A block diagram of the electronic system developed at NRL is shown in Fig. 1.1 and
discussed in Chapter 1. In this chapter the details of the pulse-shape-discrimination (PSD)
circuit will be discussed.

Neutrons and gamma rays, in the energy range of 0.1 to 10 MeV, interact with organic
crystals primarily by elastic scattering collisions with protons and electrons, respectively.
These scattered electrons and protons induce scintillations in the detector. For stilbene and
most liquid scintillators, the light pulse emitted during these scintillations may be charac-
terized by a very fast rise, in initial fast decay during which most of the light is emitted, and
then a slow, nonexponential decay consisting of several slower components and persisting
up to several microseconds (17, 21-23). It has been found that the relative intensity of the
slow to fast components increases with increasing ionization density. Early experiments by
Owen (17) indicated that for stilbene the ratio of the intensity of the slow components was
about 1.8 times larger for proton excitation than for electron excitation. Later experiments
by Bollinger and Thomas (22), who used a delayed coincidence method to investigate the
pulse shapes, indicate that the ratio should be about 4.5. They also noticed that there may
be a significant difference in the decay of the fast components for different ionization densi-
ties. Discrimination between pulses induced by neutrons and gammas depends on these
differences in the pulse shapes.

Several requirements are placed upon a PSD circuit which is to be useful for neutron
spectroscopy: (a) it should be useful for stilbene, NE-213, and other possible organic neu-
tron detectors, (b) it should be able to function at a counting rate exceeding an average of
105 counts per second, and (c) it should be possible to operate it remotely from the
scintillation detector.

Following these design ideas a PSD circuit was developed at NRL based on the princi-
ples employed by Brooks and by Owen, but which uses new electronic techniques to reduce
the dead time of the circuits and provides discrimination over a range of neutron energies
extending from 500 keV to 15 MeV. The PSD circuit is contained in a module of standard
dimensions and is designed to be compatible with modular counting equipment. The module,
which provides gates to identify both neutrons and gamma rays, accepts a pulse from a re-
mote photomultiplier and has been used with both stilbene and NE-213 scintillation detectors.
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As discussed in Section 1.1, a separate pulse recorded in the pulse-height analyzer is taken
from the 11th dynode.

The block diagram of the PSD module is shown in Fig. 5.1, and some waveforms are
shown in Fig. 5.2, The scintillation counter used to test this module consisted of a 1/2-
inch-long-by-1-inch-diameter stilbene scintillation crystal mounted upon an RCA 6810A
photomultiplier. The cathode of the photomultiplier was operated at high voltage (normally
2000 V) so that the anode could be operated at ground potential and connected directly to
a length of 50-ohm coaxial cable. To insure current linearity up to 300 mA, it was necessary
to use a divider string for the photomultiplier described in Section 1.2. The current pulse
from the anode of the photomultiplier is developed across the 50-ohm input to the PSD
module which accepts negative pulses ranging from 0 to 15 V in amplitude.

The input is admitted to three branches as shown in Fig. 5.1. In the lowest branch used
to produce logic signals, the pulse is integrated to obtain a pulse proportional to the total
charge delivered by the photomultiplier and admitted to an amplitude discriminator. The
output of the amplitude discriminator triggers three pulse generators: the reset pulse gen-
erator, the gate pulse generator, and the oscilloscope unblank pulse generator. The purposes
of these pulse generators are, respectively: to reset the waveforms inside the PSD circuit to
zero after 1.5 usec, to gate the output of the PSD circuit at 1.0 usec, and to unblank the
oscilloscope used to monitor the operation of the PSD circuit. The duration of the ampli-
tude discriminator output determines a dead time during which the PSD module will not
identify a second pulse. A parallel output of the amplitude discriminator forms a trigger
pulse for additional electronic monitors.

__ INTEGRATOR
 OUTPUT

__ PSD
~ OUTPUT

INTEGRATING <y VOLTAGE NEUTRON NEUTRON
e rou
AMPLIFIER > ge e COMPARATOR GATE GATE GEN, [ GATE
w w
& ‘ﬁ e G ©
i g3
n Y VOLTAGE GAMMA GAMMA
STRETCHING 54 GATE [t
P " AMPLIFIER ]’ COMPARATOR -- GATE GEN. GATE
RESET GATE
PULSE PULSE
GEN. GEN.
SCOPE
INTEGRATING AMPLITUDE f f _ UNBLANK
™1 AMPLIFIER || DISCRIMINATOR w Pﬁ[‘:‘g“é‘;” > puLSE
I - ___ TRIGGER
A . ~ PULSE

INPUT FROM
PM. ANODE

Fig. 5.1—Block diagram of pulse-shape-discrimination module. The
“integrator output” shown here is used for oscilloscope monitoring and
is distinct from the integrated output of the preamp-amplifier combina-
tion shown in Fig. 1.1.
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Fig. 5.2—Waveforms in PSD module. The horizontal scale is 0.5 usec/division.

The three circuits which discriminate between neutrons and gamma rays are the inte-
grating, stretching, and difference amplifiers. The input pulse is simultaneously admitted to
the integrating and stretching amplifiers. In the integrating amplifier, the input pulse is
integrated to obtain an output proportional to the total charge delivered up to the time the
output is measured. In the stretching amplifier the input pulse is differentiated so that the
output is proportional only to the charge delivered during the first few nanoseconds of the
scintillation. As shown in Fig. 5.2, both these pulses are reset to zero by a pulse from the
reset pulse generator at 1.5 usec. Resetting these pulses to zero reduces the dead time of the
discriminator and eliminates the necessity of precisely balancing the long decay times of the
integrator and stretcher. The integrated pulse is admitted to the inverting input of the
difference amplifier while the stretched pulse is admitted to the noninverting input. Because
the total charge delivered during a neutron-induced scintillation is greater than the total
charge delivered during a scintillation induced by a gamma ray of the same initial peak cur-
rent, it is possible to adjust the gain of the integrator to obtain a positive output from the
difference amplifier for pulses induced by neutrons and a negative output for pulses induced
by gamma rays.

The output of the difference amplifier is passed through a four-diode pulse divider cir-
cuit which separates the positive neutron pulses from the negative gamma pulses. Both the
neutron output and the gamma output are used to generate gate pulses to identify the



NRL REPORT 7324 35

respective particle. Before generating these gates, however, the outputs of the pulse divider
are admitted to voltage comparators. During the time in which the output of the difference
amplifier exceeds the threshold of the voltage comparator, the pulse is standardized to a con-
stant amplitude which is compatible with the logic circuits which follow. The pulse from the
voltage comparator is then passed through a logic gate, which is opened only during the time
interval specified by a 100-nsec pulse from the gate pulse generator. Since the gate is opened
only during this pulse, the output of the difference amplifier is measured at a time specified
by the gate. Gating the difference amplifier output precisely defines the time at which the
gate pulses to identify neutrons and gamma rays appear. This gating also prevents overshoots
at the beginning and end of the difference amplifier output from triggering the pulse gen-
erators and, therefore, reduces the effect of a mismatch in rise times and reset times.

The PSD module, therefore, provides logic signals to identify both neutrons and gamma
rays. To monitor the operation of the PSD circuit during the course of an experiment, the
outputs from the integrating and difference amplifiers are also provided together with a
pulse to unblank an oscilloscope. To reduce the time necessary for calibration and inspec-
tion of the PSD circuit, all the waveforms shown in Fig. 5.2 are available by means of a
selector switch on the front panel. This makes it possible to display any of the waveforms
on an oscilloscope which is triggered by an output from the amplitude discriminator. These
outputs are connected through 20-dB attentuators. v

5.2. Pulse-Shape Discrimination

A detailed diagram of the integrating, stretching, and difference amplifiers is shown in
Fig. 5.3. The integrating amplifier (@2 through @8) and stretching amplifier (@9 through
Q®14) are based upon principles described by Larsen (24). These amplifiers are identical ex-
cept for the time constants of the input networks R1C1 and R4C4. Consider first the inte-
grating amplifier. The input pulse from the photomultiplier anode is differentiated with a
time constant R1C1 in the emitter circuit of 3. A current pulse proportional to this deriva-
tive is therefore generated in @3. This current pulse is passed through @4 to the storage
capacitor C3. Transistor @4 is normal off so that there is a small threshold due to the cur-
rent necessary to turn @4 on. This current, determined by R7 and the base emitter voltage
of @4, is about 10uA. The differentiating time constant R1C1 of the input circuit is about
60 usec so that the voltage pulse developed on C3 is proportional to the total charge delivered
during the scintillation pulse. In the stretching amplifier, however, the time constant R4C4
is about 60 nsec so that the differentiated pulse swings through zero after about 50 nsec
cutting off @11. In this case only the current delivered during the first few nanoseconds
charges the storage capacitor, thus “stretching’ the peak output of the scintillation pulse.
Therefore, the pulse developed across C3 represents the integral of the scintillation pulse
while the pulse developed across C6 represents the current delivered only in the peak of the
voltage pulse. The output versus input curves of both these amplifiers have nonzero inter-
cepts because of the small threshold current necessary to turn @4 and Q11 on.

Two important characteristics of these amplifiers are: (a) the response curve is linear
over a wide range of irput currents so that the effect of the threshold current can be made
small by choosing the current range large enough; and (b) these two amplifiers are nearly
identical, thus reducing the effects of nonlinearity—a problem which has impaired the opera-
tion of other PSD circuits at low energies.
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ABSTRACT

Organic scintillation detectors are useful for neutron spectroscopy because pulses in-
duced by gamma rays and those induced by neutrons can be distinguished by electronic
means. Computer analysis can be used to obtain the energy spectrum of the neutrons from
the measured recoil-proton pulse-height distribution. This report describes a practical neu-
tron spectrometer with improved electronic circuitry for pulse-shape discrimination. A de-
tailed study of the interaction of neutrons with the scintillator is presented in relation to
pulse-height analysis. A computer program that uses a straightforward method of pulse-
height analysis is given in FORTRAN with suggestions for adaptation for use on a small com-
puter. Spectrometer applications are presented for measuring neutron spectra of mono-
energetic neutrons, radioactive neutron sources, scattered neutrons and neutrons from a
photonuclear reaction and also for detection of fission neufrons.

PROBLEM STATUS
This is a final repoi’t on this neutron spectrometer.
AUTHORIZATION
NRL Problem H01-09

Project RR 002-06-41-5005

Manuscript submitted July 8, 1971.
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A NEUTRON SPECTROMETER USING ORGANIC SCINTILLATORS
D.W. Jones* and M.E. Toms

INTRODUCTION

In the past decade interest has increased in the use of organic scintillation detectors for
neutron spectroscopy Historically these scintillators were of little more than academic in-
terest because of the difficulty involved in analyzing pulse-height spectra obtained from these
detectors and because of their inherent sensitivity to gamma rays. More recently, methods
have been developed to distinguish the pulses which are induced by neutrons from those in-
duced by gamma rays, and to derive the energy spectrum of the neutrons incident upon the
detector from the measured pulse-height distribution. The recent interest is due in part to
these developments and in part to the availability of small computers which are needed for

data analysis.

The object of an extensive program at NRL during the years from 1966 to 1969 has
been to develop a practical neutron spectrometer using organic scintillators. The spectrom-
eter developed at NRL consists of (a) a scintillation counter with an organic crystal as the
fast-neutron detector, (b) a circuit for analyzing the shape of the current pulse from the
scintillation counter to identify the particle which induced the scintillation, (c) a pulse-height
analyzer and associated electronics for collecting the pulse-height data and (d) a computer

" program for analyzing the pulse-height data to extract the energy spectrum of the neutrons
incident upon the face of the detector.

In the development of this spectrometer the optimum electronic system necessary for
collecting data was studied in detail, and a new electronic circuit for analyzing the shape of
the current pulse from the scintillation counter was developed. The interaction of neutrons
with the scintillator was also studied in detail to obtain a nearly optimum method of pulse-
height analysis. The neutron spectrometer developed at NRL has been used to measure both
monoenergetic neutron spectra and continuous neutron spectra. In this report, a detailed
explanation will be given of the electronic systems of the spectrometer and the analysis of
the experimental pulse-height data to obtain the energy spectrum of the neutrons incident
upon the detector. Examples will also be presented of the application of this spectrometer
to the measurement of both continuous and discrete neutron energy spectra.

The primary purpose of this development was to provide a neutron spectrometer for
photonuclear spectroscopy. During the course of this development the spectrometer has
been applied to (a) measurement of the energy spectrum of monoenergetic neutrons pro-
duced by D(d,n), T(p,n), and T(d,n) reactions; (b) measurement of the energy spectra of
neutrons from the radioactive a-beryllium sources: PuBe, AmBe, and PoBe; (c) measure-
ment of neutron elastic and inelastic cross sections; (d) measurement of the energy spectrum

*Present address: Memphis State University, Memphis, Tennessee.
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2 JONES AND TOMS

of neutrons from the photonuclear reaction produced by 28-MeV bremsstrahlung on
oxygen-16; and (e) detection of fission neutrons from uranium and plutonium isotopes for a
Safeguards application. Most of these applications will be discussed in this report. Other
potential fields of use include health physics, nuclear bomb tests, and any other need in-
volving the measurement of fast neutrons.

The authors of this report acknowledge the use of the NRL Van de Graaff facilities for
taking data and the advice of Dr. P. Malmberg and Dr. T. May. The advice of Dr. W.L.
Bendel in the early stages of the computer programming is appreciated. Also the encourage-
ment and advice of Dr. T.F. Godlove throughout the course of the development of this
spectrometer are appreciated.

1. GENERAL DESCRIPTION OF NEUTRON SPECTROMETER

1.1 Block Diagram of Neutron Spectrometer

A block diagram of the neutron spectrometer developed at NRL is shown in Fig. 1.1.
The scintillation counter consists of an organic scintillation detector, either stilbene or NE
213, mounted on a photomultiplier capable of high current output. Two pulses are taken
from the photomultiplier: one from the anode and one from the 11th dynode. The pulse
from the 11th dynode is integrated in a preamplifier to obtain an output voltage with an
amplitude proportional to the total charge contributed by the scintillation to the charge
pulse in the multiplier. This pulse is then shaped and increased by a linear amplifier to ob-
tain a voltage pulse with an amplitude and shape compatible with the input to a 1024-
channel pulse-height analyzer.

Because the detector is sensitive to both neutrons and gamma rays, it was necessary to
develop a pulse-shape discrimination (PSD) circuit which analyzes the shape of the current
pulse from the photomultiplier anode to determine the identity of the particle which induced
the scintillation in the detector. The current pulse from the photomultiplier develops a volt-
age pulse at the input to this circuit across the terminating resistor of a length of coaxial

——.( PREAMP H AMPLIFIER "—

SCINTILLATION
COUNTER

NEUTRON
PULSE GATE 1024 CHANNEL
IDENTIFICATION PUIZ\SE—HEIGHT
CIRCUIT ANALYZER

GAMMA
GATE
SCALER

dN COMPUTER ANALYSIS
9E «—— OF PULSE HEIGHT
DATA

Fig. 1.1—Block diagram of neutron spectrometer
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cable. For the electronic analysis of the scintillation pulse the shape of the current pulse
must be preserved at the input to this circuit; this purpose is achieved by properly terminat-
ing the 100-foot-long coaxial cables normally used in this spectrometer. If the PSD circuit
determines that the scintillation in the detector was induced by a neutron, it provides a logic
pulse to open the coincidence gate of the pulse-height analyzer. Therefore, only those pulses
which were induced in the detector by neutrons are admitted to the pulse-height analyzer.

A gamma gate is also provided by the PSD circuit if pulses induced in the detector are identi-
fied as due to gamma rays. This gating pulse may be used in a similar manner to simul-
taneously collect the pulse-height distribution due to gamma rays in another pulse-height
analyzer. A third pulse permits the total number of pulses to be counted in a scaler or the
counting rate to be measured in a count rate meter.

Because of the nature of the detector response, the pulse-height distribution stored in
the analyzer does not bear a simple relationship to the energy spectrum of the neutrons inci-
dent upon the face of the detector. It was necessary, therefore, to develop a computer
program to analyze the pulse-height distribution. The computer program developed at NRL
derives the energy spectrum of the incident neutrons by first converting the pulse-height data
to the energy spectrum of recoil protons and then calculating the neutron energy spectrum
by differentiating the recoil proton spectrum. In Chapter 2 is a discussion of pulse-height
data from recoil protons described in terms of an ideal proton spectrum with perturbations.
Data analysis and the FORTR AN computer program are given in Chapter 3.

In the following sections, the details related to the construction of the scintillation
counter will be discussed. Since the equipment used to collect the pulse-height data is com-
mercially available, only those principles important to the selection of this equipment will be
outlined. The details of the PSD circuit developed at NRL will be given in Chapter 5.

1.2 Scintillation Counter

A cross-sectional diagram of the scintillation counter is shown in Fig. 1.2. As indicated
by this diagram, the scintillation counter consists of (a) a scintillation crystal, (b) a photo-
multiplier with electrostatic and magnetic shielding, (¢) a high-voltage divider and the base
for the photomultiplier tube, and (d) an aluminum case. An RCA-6810A photomultiplier
was selected because the photocathode has high quantum efficiency and its response matches
the emission spectrum from organic scintillators. This tube is capable of a high current out-
put, thus eliminating the need for an amplifier preceding the PSD circuit. The cathode is
operated at negative potential (nominally at 2000 V), and the anode is at ground potential to
permit a signal to be taken directly from the anode without the need for a large coupling
capacitor. A charge pulse is taken from the 11th dynode to provide a linear signal to the
preamplifier.

To insure linearity over a large signal range the voltage divider, shown in Fig. 1.3 is used.
This divider distributes a larger fraction of the anode-cathode voltage over the last few
dynodes than dividers designed for high gain service. For proper operation of the PSD cir-
cuit it is necessary that both the total charge output of the photomultiplier be proportional
to the total light output of the scintillator and the peak current output from the photo-
multiplier be proportional to the peak light output of the scintillator. The linearity of this

GITITSSYTIOND
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Fig. 1.2—Cross section of scintillation counter assembly:
. RCA 6810A photomultiplier

2. Stilbene detector

3. Front-end cap (0.020-in. Al)

4. Holder for detector (0.020-in. Al)
5. Teflon spacers
6
7
8
9

iy

. Magnetic shield

. Electrostatic shield

. Divider string for PM

. Back-end plate (0.060-in. Al)
10. Outside case (0.060-in. Al)
11, Output connectors
12. High-voltage input
13. PM base socket
14. Spacing screws.

peak current, up to 300 mA, is insured by having each dynode bypassed to ground through a
capacitor large enough to reduce the signal voltage at that dynode to less than 1% of the volt-
age between that dynode and the adjacent ones. With this divider the current output of the
photomultiplier is proportional to the light output of the scintillator up to a peak output
current of 0.5 A.

Because of the negative potential applied to the cathode, both the electrostatic and
magnetic shields must be maintained at high voltage. Insulation from the outside case is
provided by Teflon spacers. The entire assembly is contained within a thin-walled aluminum
tube with light-tight end caps. To reduce the neutron interactions with the scintillation-
counter hardware, the thickness of the front end cap was reduced to 0.020 inch and the wall
thickness of the tube to 0.060 inch.

The gain of the photomultiplier is largely dependent upon the voltage impressed be-
tween the anode and the cathode of the photomultiplier with the fractional gain dG/G
approximately equal to N dV/V, where N = 10 for a 14-stage tube. As will be pointed out
in Chapter 4, an overall system stability of +1% is required when it is desired to define the
energy of the neutrons incident upon the detector to within 0.1 MeV. Power supplies stable
to within +0.01% over the range of operating conditions are normally selected for this
purpose.
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Fig. 1.3—High-voltage divider string for RCA 6810A. Al resistors are rated at 1/2
watt and 5%. All capacitors are listed in microfarads. The ratings for the capacitors
are: 3 kV for 0.001 uF; 2 kV for 0.005 uF and 0.02 uF; and 1 kV for 0.04 yF and
0.05 uF.

1.3 Pulse Amplifiers and Pulse-Height Analyzer

As illustrated in Fig. 1.1, the system used to collect a pulse-height distribution from the
scintillation counter consists of (a) a preamplifier for integrating the charge pulse from the
photomultiplier to obtain a voltage pulse proportional to the total charge pulse, (b) a linear
amplifier for shaping and amplifying the voltage pulse to a range compatible with the input
to the pulse-height analyzer, and (c) a pulse-height analyzer to collect the pulse-height data.

A3TITSSYTIONN
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The output of the integrating preamplifier is determined by the magnitude of the charge
delivered from the photomultiplier and is independent of the pulse shape only if the inte-
grating time constant of the preamplifier is much larger than the decay time of the pulse
from the photomultiplier. If the decay of the scintillation pulse is approximated by a series
of exponentials, the decay time of the longest large component is about 300 nsec. There-
fore, the integrating time constant of the preamplifier should exceed 10 usec.

Both charge-sensitive preamplifiers and RC-integrating networks with emitter followers
have been used successfully in this spectrometer. Either type is normally located near the
photomultiplier, and its output is driven through a long cable to a remote linear amplifier.
Because of electromagnetic pickup, it is often necessary to operate both amplifiers remotely
from the scintillation counter. In this case, the current pulse from the scintillation counter
may be converted to a voltage pulse developed across a cable termination and then integrated
in an operational amplifier.

The primary purpose of the linear amplifier is to shape the preamplifier output so that
a high counting rate may be obtained. For this purpose a double-delay-line amplifier is used
in this spectrometer. The voltage gain serves only to convert the amplitude of the output
from the preamplifier to a level compatible with the input of the pulse-height analyzer, while
the double-delay-line differentiation reduces the effective width of the pulse to about 2
usec. Although a shorter clipping time constant would permit higher counting rates, less
than 2 usec should not be used since the integrated charge pulse due to recoil protons does
not reach its final amplitude until about 2 usec after its appearance.

As will be discussed in Chapter 2, the sensitivity of the detector to both neutrons and
gamma rays provides a unique method of calibrating the energy response of the detector. It
is found that this calibration depends upon the characteristics of the detector rather than
the electronics only if the current pulse of the scintillator is integrated with a time constant
greater than 10 usec and the clipping time constant of the linear amplifier is set to no less
than 2 usec.

The PSD circuit requires 1 usec to analyze the current pulse from the photomultiplier
to identify the particle which induced the pulse. Therefore, a delay of 1 usec is required
between the linear amplifier and the pulse-height analyzer. Often this delay may be obtained
from the delayed output of a linear amplifier. The length of the delay varies with the type
of pulse-height analyzer used.

1.4. Summary and Comment

In this chapter the basic features of the NRL neutron spectrometer have been described.
The spectrometer is designed such that the scintillation counter can be operated remotely
from the PSD circuit and the electronics used to collect pulse-height data. The upper limit
of the energy range of the spectrometer is limited by the linearity of the photomultiplier
while the lower limit of the energy range is established by the neutron-gamma discrimination
ratio of the PSD circuit. Within these limits an operating range of 2 to 15 MeV neutron
energy has been achieved. Within this range, the resolution of the spectrometer varies from
12.5% at 4.0 MeV to 6.5% at 8 MeV. The overall resolution of the spectrometer is limited
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primarily by the light conversion efficiency of the photocathode of the photomultiplier.
Examples of measurements which exhibit this resolution are given in Chapter 4.

2. PULSE-HEIGHT DATA FROM RECOIL PROTONS

2.1. Introduction

Although neutrons interact with the hydrogen and carbon nuclei of organic scintillators
by several different mechanisms, the detection of neutrons by an organic scintillator depends
primarily upon elastic scattering collisions between neutrons and protons. From the
scattering collisions a continuous distribution of recoil protons is obtained. These protons
range in energy from zero up to the energy of the neutrons which produced them. As will
be explained in this chapter, the energy-response function of the scintillator is nonlinear;
therefore, the pulse-height distribution obtained from the scintillation counter will not be
directly proportional to the energy spectrum of the recoiling protons. When the response
function is determined, the pulse-height distribution can be converted to the recoil-proton
energy spectrum, and a differentiation process can then yield the energy spectrum of the
incident neutrons. This method is applicable both when the incident-neutron energy spec-
trum is monoenergetic and when it is continuous.

Other reactions of neutrons with the atoms of the detector serve to produce scintilla-
tions which may be considered as perturbations to the recoil-proton energy spectrum. Some
of these reactions are (a) second scattering of the neutrons from hydrogen nuclei; (b) loss of
recoiling protons through the end of the detector; and (c) elastic scattering, inelastic
scattering, and other reactions with carbon atoms of the detector. The effect of each of
these perturbations will be discussed in this chapter.

Gamma rays interact with the scintillator primarily by the Compton scattering process.
As a result of these scattering collisions, recoiling electrons are produced which range in
energy from zero up to a maximum energy called the Compton edge. The response of the
scintillator to these recoil electrons is linear. This linear response provides a method by
which the energy scale of the pulse-height analyzer can be calibrated before each experi-
ment with gamma-ray sources provided that the electron and proton energies for equal re-
sponse are known. This relation between the electron and proton energies for equal
response and the method of calibration will be discussed in detail in this chapter.

2.2. Neutron-Proton Elastic Scattering
If we consider a beam of neutrons of energy E, with a flux N, incident upon a hydro-
genous scintillator of area A and length L, it follows that the total number of protons Ny,

produced by single scattering collisions is given by

Np =N, Ae(E,,L), 21)

I3TITSSYTIONND
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where €(E,,L), the efficiency of the scintillator for producing recoil protons by single
scattering collisions, is given (1) by :

€(E,,L) = npopL(1 —e-eL)/aL = nyopLf(aL),
with (2-2)
a=nyop +n.0. and f(aL) = (1 —e=9L)/aL.

In this formula, n, and n, refer, respectively, to the numbers of hydrogen and carbon atoms
per unit volume of the scintillator, o is the neutron-proton scattering cross section, and o,

is the total carbon interaction cross section for neutrons. This formula for the single-scattering
efficiency neglects the possible production of recoﬂ protons by neutrons once scattered by
hydrogen or carbon.

As pointed out by Staub (2), it can be shown kinematically that the number of recoiling
protons per unit energy in the laboratory system is proportional to the differential elastic-
scattering cross section per unit solid angle in the center-of-mass (c.m.) system. If the neutron-
proton scattering is considered to be isotropic in the c.m. system, the recoil proton distribu-
tion in the scintillator is given by the following formula which is derived in Appendix 1 (c.f.
Eq. (A1-28)), for a monoenergetic incident beam:

Np(E) = A dN,/dE = [Ny Ae(Eo,L)} /Eo. (2-3)

I the spectrum of the incident neutrons is not monoenergetic but has a distribution
dN, /dE, (neutrons per unit area per energy interval), then we must include the contribution
to N, (E} of alt neutrons above the energy E. Thus, in general

Np(®)= [, [AetBo, LYE,} (AN /AE,) dE,. @4

Differentiating both sides with respect to E and solving gives the energy spectrum of the inci-
dent neutrons in terms of the slope of the recoil-proton energy spectrum:

(dNp/dE,)g = dNy/dE = —(dNp(E)/dE)E/(Ae(E,L))]. (2-5)

Thus, from the energy of the recoiling protons, the energy spectrum of the incident neutrons
can be obtained. However, an organic scintillator produces a pulse-height distribution which
is nonlinear with respect to recoil-proton energies, and its output is subject to a number of
perturbations which will be discussed.

2.3. Nonlinear Pulse-Height Response

Within the linear range of the photomultiplier, the total charge output of the scintilla-
tion counter is proportional to the total luminous output of the scintillation crystal. Details
of the scintillator response have been outlined by Schwartz and Owen (1) and by Birks (3).
As these authors point out, the luminous output of the scintillation crystal is, in general, not
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proportional to the energy lost in the scintillator by the charged particle. To describe this
nonlinear response, the light output per unit energy loss in the crystal dS/dE can be related
to the rate of energy loss by the charged particle dE/dx as it passes through the crystal (1)
by

dS/dE = C[1 + EB(dE/dx)] 1. (2-6)

In this formula, the product of B, a constant, and dE/dx gives the specific density of ionized
and excited molecules along the particle track. The quenching parameter k is characteristic
of the scintillator for the particular ionizing particle, and C is a proportionality constant.

As Schwartz and Owen (1) observed, there are two limiting forms of Eq. (2-6). For
light particles, such as electrons, dE/dx is small enough that the factor RB(dE/dx) can be
neglected and the integrated light output due to electrons S, is proportional to their energy
loss in the scintillator:

Se = CE,. (2-7)

For heavier particles, such as protons, alpha particles, and ionized atoms, the factor
kB(dE/dx) cannot be neglected; hence, S is not directly proportional to the energy loss of
the particle in the scintillator. For very heavy particles, such as fission fragments, dE/dx is
sufficiently large that the term kRB(dE/dx) dominates the denominator of Eq. (2-6). When
this occurs, the integrated light output Sp, becomes proportional to the range R(E) of the
particle in the scintillator:

Sp = CR(E)/kB. (2-8)

As a result of this nonlinearity, the pulse-height distribution collected in the pulse-height
analyzer will not be proportional to the recoil-proton energy spectrum expressed as Ny (E)
in Eqgs. (2-3) and (2-4). However, the pulse-height distribution can be converted to a recoil-
proton energy spectrum if the response of the scintillator is known.

A convenient method of expressing the response of the scintillator is suggested by the
linear relationship between the light output and the electron energy (c.f. Eq. (2-7)). The
response can be expressed in terms of the electron and proton energies for equal total light
output of the scintillator. When this is done, only an electron energy calibration of the
pulse-height analyzer is needed to convert the pulse-height distribution to the recoil-proton
energy spectrum. This electron energy calibration can be obtained from the Compton elec-
trons produced in the scintillator by gamma rays as will be explained in this section. Thus,
the need for a difficult proton energy calibration prior to each experiment is eliminated.

Some early data giving electron and proton response characteristics for several scintilla-
tors are summarized by Birks (3). The relation between the electron and proton energies
for equal light output can probably be expressed best by a polynomial. However, the results
of several experiments, listed in Appendix 2, demonstrate that the formula below can be
used over the range from 2 to 15 MeV as a good approximation of the relation between the
electron energy P and the proton energy E for equal light output.

AITITSSYTIONN
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P=aEP. (2-9)

The constants « and 8 must be determined for each spectrometer; they depend primarily
upon the type of scintillator used and its characteristics rather than the electronic system,
provided that care is taken to insure that the pulse-height distribution collected in the pulse-
height analyzer is proportional to the total light output of the scintillator (c.f. Section 1.3).

An example of the distortion produced by this nonlinear response is shown in Fig. 2.1,
where the recoil-proton energy spectrum (A dN,/dE = Np(E)) was calculated from Eq. (2-3)
and the recoil-proton pulse-height distribution (A dN,/dP = Ny (P)) was calculated from Eq.
(2-9). In this figure the recoil-proton pulse-height distribution is expressed in terms of the
electron energy for equal charge response. The calculation was performed for monoenergetic
neutrons of 8.0 MeV incident upon a stilbene scintillator 1 inch in diameter and 1 inch long.
The constants a and 8 used are 0.150 and 1.5414 respectively with P and E expressed in
MeV. As may be seen from this figure, the recoil-proton pulse-height distribution is distorted
toward the lower energies and must be converted to a recoil-proton energy spectrum before a

differentiation can yield the incident neutron spectrum.

>

Fig. 2.1—Recoil-proton energy spectrum Np(E), here denoted as
N(E), produced by 8.0-MeV neutrons incident upon a stilbene
N(P) erystal. The recoil-proton pulse-height distribution Np(P), here
denoted as N(P), is calculated from Eq. (2-9).
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To obtain the response-function constants « and § of Eq. (2-9) for the neutron spectrom-
eter discussed in Chapter 1, the electron and proton energies for equal charge response were
measured in the following way. For the proton energy calibration, monoenergetic neutrons
were obtained from D(d,n)He3 and T(p,n)He?® reactions using the facilities of the NRL 5-MV
Van de Graaff. As an example, the pulse-height data obtained from monoenergetic 8.0-

MeV neutrons are shown in Fig. 2.2. This distribution resembles the calculated distribution

N, (P) shown in Fig. 2.1. For each of the pulse-height distributions needed for the proton
energy calibration, the midpoint on the dropoff was used to determine the channel number
corresponding to the maximum recoil-proton energy which equals the energy of the incident
neutrons. The electron energy calibration of the pulse-height analyzer was obtained using
monoenergetic gamma-ray sources. Gamma rays interact with the detector primarily by
Compton scattering collisions with atomic electrons of the detector. The maximum energy
of the recoiling electrons E, commonly referred to as the Compton edge, bears a simple
relationship to the energy of the gamma rays E

E,=Ey/(1+ moc?[2Ey). (2-10)
As an example, the pulse-height spectrum obtained from a monoenergetic source of gamma

rays is shown in Fig. 2.3. The energy scale of the pulse-height analyzer is calibrated by as-
signing the energy of the Compton end point to the channel corresponding to the midpoint
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Fig. 2.3—Pulse-height spectrum produced by recoiling Compton elec-
trons produced by monoenergetic gamma rays from Zn65,

of the dropoff in the Compton spectrum. By comparing the electron energy calibration ob-
tained using a number of gamma-ray sources with the proton energy calibration, the electron
and proton energies for equal charge response are determined. The results of this measure-
ment are shown in Fig. 2.4. From a straight line fitted to these data points, the constants «
and § were found to be 0.150 and 1.5414, respectively. The response curves determined by
Wasson (4) for alpha particles and recoiling C12 nuclei are also shown on this graph. Calibra-
tions obtained by various experimenters are given in Appendix 2. The variation in slope and
intercept of these calibrations is likely due to differences in values of the clipping time
constants described in Section 1.3.
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2.4. Perturbations of the Ideal Recoil-Proton Spectrum

In addition to the nonlinear response of the detector described in the preceding section,
several perturbations to the detector response are introduced by the finite size of the detec-
tor, second scattering of neutrons by hydrogen, and elastic or inelastic scattering by carbon
prior to scattering by hydrogen. These perturbations have been discussed by Schwartz and
Owen (1) and by Broek and Anderson (5) for stilbene scintillators and by Batchelor et al. (6)
for NE 213 detectors. The effect of these perturbations may be considered as producing
distortions to the recoil-proton energy spectrum N, (E). These effects are discussed below
and will be illustrated as distortions of a recoil-proton spectrum produced by a beam of
monoenergetic neutrons of 8.0 MeV in a crystal 1 inch long and 1 inch in diameter.

2.4(a) Second Scattering of Neutrons

Because the efficiency for neutron-proton scattering increases with decreasing neutron
energy, there is a high probability that a neutron, once scattered from a hydrogen nucleus,
will collide with a second proton before escaping from the crystal. Consideration of the
velocity of the neutron (1.5 nsec/cm for a 1-MeV neutron), along with the dimensions of
commonly used scintillators, indicates that the pulses due to both protons will be separated
by little more than a nanosecond. Since the decay time of the scintillation pulse is several
nanoseconds, the light from both pulses will add and only one pulse will appear at the out-
put of the photomultiplier. Therefore, the effect of a second scattering event is to remove a
proton from the ideal recoil-proton energy spectrum N, (E) given by Eq. (2-3) and replace it
by one whose energy is the sum of the one removed and the energy of the proton recoiling
irom the second collision. The neutron recoiling from the first collision in which a proton
of energy E is produced has an energy E, — E. Protons scattered by collisions with these
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neutrons will have an energy distribution ranging from zero up to E, — E; therefore, the
energy of the sum pulse will range from E to E,. This summation in effect removes protons
from the recoil spectrum at E and redistributes them from E to E,. For simplicity, the
proton energies are assumed to add although the scintillation response is nonlinear.

As shown in Appendix 1, the energy distribution of neutrons scattered from hydrogen
dNy,/dE is identical in magnitude and shape to the recoil-proton energy distribution dNy /dE.
Therefore, the number of neutrons of energy E, — E which participate in a second scattering
event is given by Np(E)e(E, — E,L"), where €(E, — E,L') is the efficiency of the detector for
neutron-proton scattering for neutrons of energy E, — E produced inside the detector. The
ideal recoil-proton energy spectrum Ny, (E) distorted by.the second scattering of incident
neutrons may be described as

Np(E) =Np(E)—Np(E)e(E,—E,L") + _J; [Ny (E)e(Eo —E,L")/(E, —E)]d(E, —E).
., | R . (21D

In this formula N}, (E) represents the distorted spectrum, and the second term represents
those recoil protons removed from N, (E) at E per energy interval. The third term represents
the number of protons added to the distribution at E after removal from the lower energy -
range by a second scattering event as explained above. This term is based on the assumption
that the scintillation outputs due to the two protons add linearly. If it is assumed that the
efficiency of the scintillator can be approximated by a function of the form KE-™ where

K =K(L') and m ~ 0.5, it is possible to perform the integration and thus derive from Eq.
(2-11) an expression given by Schwartz, Owen, and Ames (7) (c.f. Appendix 3):

Ny (E) = Np(E) {1+K[(m—1 ~1)(E, —E)™ ~m-1E,™ 1} : (2-12)

Using Eq. (2-11), the distorted recoil spectrum N}', (E) of protons resulting from 8.0-
MeV neutrons has been calculated and is shown in Fig. 2.7a. As can be observed from this
diagram, the effect of second scattering is to remove protons from the lower energy range :
and redistribute them in the upper energy range. = :

2.4(b) Loss of Recoil Protons

The range of a recoiling proton varies from approximately 0.02 mm at 1 MeV to 1 mm
at 10 MeV. Therefore, a fraction of the recoil protons will escape the detector before losing
all their energy. To calculate the effect of the loss of these protons from the crystal upon
the ideal recoil-proton energy spectrum N (E), we consider the protons lost through the end
of the crystal and the protons lost through the sides separately. The geometry for the loss of
protons through the end of the crystal is given in Fig. 2.5. The number of protons produced
in the slab of thickness dx at a distance Z from the end of the crystal is given by
NoAe=%%ny 0y dx, and their energy is determined by the angle of recoil E = E,, cos2 6. The
recoiling proton loses all its energy in the crystal only if the range traversed r is equal to the

range R(E) of the proton in the crystal. Therefore, the minimum distance Z; from the back -

surface at which a proton of energy E may be produced and still lose all its energy is given by
Z1 =R(E) cos 0 = R(E)(E/E,)1/2,

3TITSSYTIONN
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3 ~
/
LI | @ Fig. 2.5—Diagram for deriving the effect of proton loss through the end
dx z of a scintillator.

Protons of energy E produced in the region Z < Z; will never lose all their energy in the
crystal and, therefore, will contribute to the recoil-proton energy spectrum at a lower energy.
In the same way the numbers of protons at E may have contributions from protons produced
_in the crystal with energies greater than E. These protons will be produced in the region
Z1 < Z < Zo, where Zg is the distance from the end of the crystal which will allow a proton
of energy E, recoiling in the forward direction to lose an amount of energy E in the crystal.
The number of recoiling protons per unit energy Ny (E') with E' > E produced in slabs dx
between Z1 and Z5 is related to the number of recoil protons per unit energy loss in the
crystal, Np (E), by Np(E) = Np(E')(dE'/dE). Therefore, the ideal recoil-proton spectrum
with its distortion produced by the loss of protons through the end of the crystal is given by

Np(E) = (1/E,)[NoAnpop(Eo (L ~ Z1)f(a,L — Z1)] +
L-Z1
(1/E)[NoAnpop(Eo)] L gy & (0E'/3E) dx. (2-13)

If the range of a proton of energy E in the crystal is approximated by R(E} = KE2,
where K is a proportionality constant, and if it is assumed that the fraction of the energy
lost in the crystal E/E' is equal to the fraction of the range traversed r/R(E') = Z/cos § R(E"),
then, as in Appendix 4, Eq. (2-13) can be reduced to another equation quoted by Schwartz,
Owen, and Ames (7) in their Appendix IV:

Np(E) = Np(E) {1 +(Ro/L)[(2/5) — (7/5)(E/Eo)5/2]} (2-14)

Using this equation the recoil-proton spectrum distorted by the loss of protons through the
end of the scintillation crystal has been calculated for incident 8.0-MeV neutrons and is
shown in Fig. 2.7b. The total number of recorded protons is, of course, not affected by this
distortion, but the energy distribution is increased at low energies and depressed at the higher
energies. Equation (2-14) indicates that the distorted spectrum is depressed most at E = E,,
by the fraction R, /L, but it equals the ideal spectrum Ny (E) at E/E,= 0.6 or for 8.0-MeV '
neutrons at 4.8 MeV.

In the same way that protons produced within a distance Z; of the end of the crystal
do not lose all their energy inside the crystal, those protons produced within some distance
S of the edge of the crystal will also not lose all their energy inside the crystal. With the aid
of Fig. 2.6, it can be seen that the distance S is given by R(E) sin §. The approximations
mentioned above, are used in Appendix 4 to show that
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Fig. 2.6—Diagram for deriving the effect of proton loss through the sides
5 s of a cylindrical scintillator.
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S=KE=[1—-(E/E,)]

The distance S can be writfen in terms of R(E, ) as
S=R(E,XE/E,)2 [1— (E/E,)]1/2.

Its maximum value occurs when E = 0.8E,, and is zero when E = E,,. For incident neutrons
of 8.0 MeV in energy, S is maximum for 6.4-MeV protons and has a value of 0.2862 R(E,).
From the range of 8-MeV protons in stilbene given by Brodsky (8) as 79.65 mg/cm? and
with the density being 1164 mg/cm3, Sy, 4 for E, = 8.0 MeV is 0.2 mm. If one considers a
uniform flux on a crystal 1-inch in diameter, the ratio of the area of the ring of width

r — Smax to the total cross-sectional area is 0.03125 or 8.125%. The average value of S is
approximately S, /2 and as one half of the scattering occurs inwardly, the number of pro-

tons that leave the sides of the crystal are less than 1/4 of those scattered in a ring of width
r —Smax. Hence, less than 0.8% of the recoil protons in a 1-inch-diameter erystat escape
through the sides for an incident neutron energy of 8 MeV.

No analytical expression has been derived to describe this small effect, but the recoil-
proton energy spectrum should not be affected at E = E, while being depressed most in the
region £ = 0.8 E,. At the lower energies the spectrum will be increased because of the con-
tributions due to protons that escape the crystal. This effect is independent of the length
of the crystal and depends only upon the radius and E,, .

2.4(c) Elastic Scattering from Carbon

The formula for the efficiency of the recoil proton detector, Eq. (2-2), is based upon
the assumption that neutrons scattered from carbon atoms are lost from the scintillator.
This, however, is true only to a first approximation since these neutrons can still participate
in a proton scattering event. The energy of the neutrons scattered elastically from carbon
nuclei is given by E,, = E, (0.858 + 0.142 cos a), where « is the angle of scattering in the
c.m. system. Therefore, the energy of the neutrons range from 0.716E, to E,. As discussed
in Appendix 1, the energy spectrum of the scattered neutrons in the laboratory system is
determined by their angular distribution in the e¢.m. system. An examination of the dif-
ferential scattering cross sections in this system indicates that neutrons with energies greater
than 5.0 MeV are scattered primarily in the forward direction (8,9).

As shown by Eq. (A1-29), the energy spectrum of neutrons scattered elastically from
carbon atoms is given by

(AN, /dE), = [27None0¢(En,Eo)Lf(aL)] /0.142E,. (2-16)

AIT11SSYIIND
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These neutrons produce a recoil-proton energy spectrum in a scintillator of area A ex-
pressed in integral form as

E ‘.
Np(E) = fo ° A(U/En)[nh0p (Bn)L'f(aL')] (AN /AE)cdEp,. (2-17)

In these formulas, E, represents the energy of the scattered neutrons and L' represents the
effective path length for these neutrons inside the scintillator. The differential-elastic-
scattering cross section is represented by 0.(E,,E,). The recoil-proton energy spectrum pro-
duced by these neutrons is flat from zero up to 0. 72E, and then decreases to zero at E = E,,.
Therefore, the neutron-energy spectrum calculated from the distorted recoil-proton spectrum
will show two broad groups between 0.72E, and E,,. The variation in amplitude within this
energy range reflects the angular distribution in the c.m. system of the neutrons scattered
from carbon nuclei. Because of the peaks in the elastic scattering cross section, the magni-
tude of this effect will vary markedly with the energy of the mmdent neutrons. The effective
length L may also be a function of energy.

To demonstrate the effect of this scattering, the ideal spectrum with this distortion was
calculated for 8.0-MeV neutrons and is shown in Fig. 2.7c. For this calculation, the differ-
ential scattering cross section in the c.m. system was taken from values tabulated by Garber
et al (9). The effective length of the crystal L' was arbitrarily selected as L/2.

uor /
A 100 ‘ -
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Fig. 2.7—Perturbations to the ideal recoil-proton energy

° :;:_ \ spectrum for 8-MeV neutrons produced in a 1-inch-diameter-

by-1-inch long stilbene crystal by (a) escape of protons
through the end of the scintillator, (b) neutrons which have
two scattering collisions with protons, (¢) neutrons which
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2.4(d) Inelastic Scattering from Carbon

A fraction of the incident neutron beam will be scattered inelastically from one of the
excited levels of carbon. In the calculation of the efficiency of the scintillator using Eq.
(2-2), it is assumed that these inelastically scattered neutrons are lost from the scintillator,
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but some of them will also participate in elastic scattering collisions with protons in the
scintillator. These inelastically scattered neutrons produce a perturbation in the recoil-
proton energy spectrum given by

E,
Npex(E) = f " AQUE,) [nhOw(En)L'f(aL)] (@Np/dE)x dE, (2-18)

In this formula, (AN, /dE).* represents the energy distribution of the neutrons scattered in-
elastically from carbon (c.f. Eq. (A1-30)), and L’ again represents an effective path length in
the crystal for the scattered neutrons. Since the energy of a scattered neutron depends on
the angle through which it is scattered, the energy spectrum of the scattered neutrons de-
pends on the differential inelastic scattering cross section in the c.m. system. In the case of
8.0-MeV neutrons scattered from the 4.43-MeV level of carbon, the energy of the scattered
neutrons will vary from 2.05 to 3.50 MeV. Figure 2.7d shows the ideal recoil-proton spec-
trum with the distortion calculated with the assumption that inelastic scattering occurs only
from the 4.43-MeV level of C12, The neutron spectrum derived from the distorted recoil-
proton spectrum will show a group of neutrons between 2.0 and 3.5 MeV as a result of the
inelastically scattered neutrons. Above 8.0 MeV, scattering from the 7.65-MeV level is possi-
ble and the energy spectrum will become more complicated. Because of the high probability
of producing recoil protons by the low-energy neutrons scattered inelastically from carbon,
spectra produced by high-energy neutrons will contain an important distortion in the low-
energy region from this effect.

2.4(e) Alpha-Producing Reactions

Alpha particles can be produced in an organic detector by two reactions, C12(n,«)Be®
and C12(n,n')3a. The threshold of the first reaction is about 6.2 MeV and the cross-section
peaks at 0.08 barns near 8 MeV (10). The @ value of this reaction is —5.7 MeV so that the
energy of alpha particles produced by 8-MeV neutrons will be less than 2.3 MeV and for
14-MeV neutrons less than 8 MeV (c.f. Appendix 1, Eq. (A1-31)). Reference to Fig. 2.4
shows that alpha particles of energy less than 8 MeV produce pulses less than 3-MeV proton
equivalent. Therefore, the energy spectrum of recoil protons for 14-MeV neutrons will not
be distorted above 3 MeV by pulses due to alpha particles. The alpha particles will produce
a peak in the lower energy region of the pulse-height distribution. The energy spectrum of
the alpha-particles dNy/dE is discussed in Appendix 1.

The energy of the recoiling Be® nuclei will also be imparted to the crystal simul-
taneously with the energy of the alpha particles. Therefore, the light output of the scintil-
lator will be the sum of the light produced in each scintillation. This effect, viewed as a

distortion of the ideal proton distribution, is shown in Fig. 2.7e for 8-MeV incident neutrons.

For simplicity, the energy distribution within the peak is assumed uniform. The effective
threshold of the second alpha-producing reaction is 8 MeV, and the energy shared by the
three alphas will produce a broad peak in the pulse-height distribution. This peak might be
‘mistaken as being due to low-energy protons.
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2.5 Interpretation of Perturbations

All the effects discussed in the preceding section will contribute to the distortion of the
ideal recoil-proton energy distribution N, (E). To determine the magnitude of these effects
on the ideal spectrum, the perturbations calculated in the preceding section were added to
the ideal spectrum. The resulting distorted spectrum is shown in Fig. 2.8. For comparison,
the recoil-proton spectrum calculated from the pulse-height distribution produced by
8.0-MeV neutrons incident on a 1-inch-by-1-inch stilbene crystal is shown in Fig. 2.8. The
recoil-proton energy spectrum was obtained by correcting the pulse-height distribution for
the nonlinear response of the detector as described in Section 2.3. For this comparison, the
ideal spectrum was calculated for the same number of neutrons as were incident upon the
detector. This flux was 1.925 X 108 neutrons/cm?2 from a measurement of monoenergetic
neutrons which will be discussed in Chapter 4. As can be seen from this graph, the effect of
the perturbations is to generate a significant group of recoil protons below 3 MeV, although
not enough to explain the experimental data. Some disagreement between calculated and
measured spectra is to be expected for a number of reasons. Since the effective length of the
crystal for inelastically scattered neutrons must be approximated, the calculations cannot be
precise; also no distortion was included for loss of protons through the sides of the crystal.
This distortion would also serve to increase the number of low-energy protons and depress
the spectrum around 6 MeV. The experimental data also include neutrons scattered from
the scintillation counter assembly. The inelastically scattered neutrons from this source will

further increase the recoil-proton spectrum at low energies.

At present no reliable procedure has been developed which can be used to remove all
the effects of these perturbations from the neutron spectrum as derived from a distorted re-
coil spectrum. For monoenergetic spectra it may be possible to identify the effect produced
by each perturbation and to discount it in the interpretation of the data. However, con-
tinuous neutron energy spectra are not so easily interpreted. Broek and Anderson (5) have
developed a correction factor which removes most of the effects of second scattering and
the loss of protons through the end of the detector. Their expression will be discussed in
the next chapter in the section on data analysis.

Fig. 2.8—Recoil-proton energy spectrum,
shown as curve, calculated with sums of dis-
tortions for 8.0-MeV neutrons incident upon
a 1-inch-by-1-inch stilbene crystal. Experi-
mental data are shown as the dots. In each
case the flux was 1.925 X 106 neutrons/cmz.
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3. DATA ANALYSIS AND COMPUTER CODE

3.1. Data Analysis

In this chapter is described a method of analysis for converting pulse-height data, pro-
duced by recoil protons in a scintillation detector, to neutron spectra. This analysis is much
simpler than the widely used matrix or Monte Carlo methods. It includes corrections for
second scattering of neutrons by hydrogen and for loss of protons through the end of the
detector. The computer code was originally developed for a small computer which had a
30-bit, 4096-word memory; hence, the code can be adapted for use with comparable com-
puters, such as 16-bit minicomputers, small enough for field use. However, for the sake of
clarity the program is presented here in FORTRAN IV compatible with a CDC 3800
computer.

In Chapter 2, the basic concepts concerning pulse-height data from a scintillator due to
recoil protons have been discussed. Certain characteristics of the detector have been de-
scribed as causing perturbations on the ideal recoil-proton energy spectrum. To obtain a
recoil-proton energy spectrum from which to derive a neutron spectrum, the pulse-height
distribution must be corrected for the nonlinear response of the detector. Since the scintil-
lator was calibrated in terms of proton energy vs electron energy for equal pulse height, the
response function expressed in Eq. (2-9) is used. For this spectrometer, it is

P =0.150E1.5414 (3-1)

where P is the electron energy and E is the proton energy. Values of P for 0.1-MeV energy
intervals of E are listed in Appendix 5. Calibration of the pulse-height analyzer with gamma-
ray sources relates the electron energy P of the Compton edge E. defined in Eq. (2-10) to
the channel number k& by

P=aqa+ bk (3-2)

For each pulse-height distribution the constants a and b are obtained from a least-squares fit
to the gamma-ray calibration data. The computer program uses stored values of Eq. (3-1)
together with Eq. (3-2) to relate channel numbers to proton energies. It then sums over
channels to obtain protons per energy interval as here described. Let the channel number
corresponding to the lower limit of a proton energy interval be designated kg, and the one
for the upper limit designated k;. As these are generally noninteger, let ks = i + f; and

ks = it + f to separate the integer and fractional values for each limit number. By letting the
numbers of counts per channel be designated N, the number of protons in an energy inter-
val Ny, is given by

Np = (1= fo)Nigr1 +Nigs2 + woes + Nig + (F)Nigp1. (3-3)

Equation (2-5) relates the neutron spectrum to the proton spectrum. With the shape-
correction factor B included, the neutron flux dN,,/dE can be expressed as the product of a
spectrum conversion function (E) with the negative of the slope of the proton spectrum
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defined as —q/AE = dN, (E)/dE, at the center of the corresponding neutron energy inter-
val AE:

dNp/dE = Y(E)(—q/AE), (3-4)

with Y (E) = E/Ae,B. In the expression for Y(E), E is the neutron energy, A is the cross-

sectiocnal area of the detector, B is the shape-correction factor, and ¢, is the Pffl(‘]Ph("V for
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neutron detection by means of recoil protons as expressed in Eq. (2-2). This expression con-
tains neutron cross sections for hydrogen and carbon. For the latter, tabulated values of the
total cross section (10), were used, and for the neutron-proton scattering cross section the
formulation given by Schwartz, Owen, and Ames (7) as the sum of two terms was used. The
first term is 1/4 of the singlet interaction while the second term is 3/4 of the triplet inter-
action. The expression in barns is

op, = 5.6037/(1 + 7T.417E + 0.1105E2) + 0.8652m/(1 + 0.2427E + 0.0028E2)  (3-5)

with E expressed in MeV. The products of the number of atoms of hydrogen and carbon per
cm3 of stilbene with their respective cross sections, ny 0y, and n.0, are listed in columns 3
and 4 of Appendix 5. The values of neutron efficiency €, for three lengths of stilbene are
listed in Appendix 6 and are graphed in Fig. 3.1. The deviations from a smooth curve are
due to fluctuations in the carbon cross section. For short crystals, up to 1/2 inch, these
fluctuations are negligible. As the graph indicates, the effect of the carbon cross section is
increasingly pronounced with increasing length. To understand this, the expression for €,
can be written as

n = (npop/a)(1 —e-el), ' (3-6)

which shows that the length dependence is only in the exponential term.

0.8 r T T T T T

Fig. 3.1—Neutron efficiency €y, given by Eq. (3-6) as
a function of energy for stilbene crystals of lengths:
(a) 1/2 inch, (b) 1 inch, and (c) 2 inches.
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The shape-correction factor B, given by Broek and Anderson (5), removes most of the
effects of second scattering of neutrons by hydrogen and the loss of recoil protons through

tho and nf the cryetal T+ mav ha writton ac
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B=1-0.780(R,,/L) + 0.090n0,L + 0.07Tny0p"r, (3-7)

where o}’ is the value of oy, at 0.068E. In the second term, which corrects for the escape of
protons through the end of the crystal, L must be in the same units as R,,, the range of a
proton that receives the full neutron energy. In the third and fourth terms, which correct
for second scattering, L and r, the radius, are expressed in centimeters. For stilbene,
Brodsky (8) gives R,, = 1.780(E — 0.119)1.815 mg/cm2. The coefficients in the expression
for B were obtained by Broek and Anderson by correcting at 90% of full pulse height the
distortion caused by the end effect and by second scattering by hydrogen. The magnitude of
the neutron peak derived from a pulse-height distribution produced by monoenergetic neu-
trons is corrected by this factor.

The spectrum conversion function Y (E) from Eq. (3-4) is tabulated in Appendix 6 for
1-inch-diameter crystals of lengths for which the neutron efficiencies are listed and also for
a crystal 3/2-inches in diameter and 1 inch long. This crystal has a volume only slightly
larger than that of the 1-by-2-inch crystal; hence, a comparison of the y-function values for
these two crystals illustrates the dependence of Y (E) on the crystal shape.

To select an optimum method for calculating the slope of the recoil-proton energy spec-
trum, various formulations were used. Early calculations showed that it was possible to
standardize on a neutron-energy bin width AE of 100 keV. It was found that resolution
could be maintained and statistical accuracy improved by omitting, in the calculation of the
slope, the numbers of protons in energy bins on each side of the neutron energy. If we let
the numbers of protons in energy bins from the neutron energy be labeled Py, Py, P3, and
P4 toward increasing energy and P_y, P_o, P_3, and P_4 toward decreasing energy, five
formulations for the slope and its uncertainties are

—q2/AE = (P_3 — P3)/3AE 82 = (P-p + P3)!/2|3AE

—q3/AE = (P_3 — P3)/5AE 83 = (P-3 + P3)'/2/BAE

—q4/AE = (P_4 —P4)/TAE 84 = (P-4 +P4)12[TAE

—q23/AE = (P_3 +P_g —P2 —P3)/8AF 893 =(P-3 +P_g +Py +P3)1/12/|8AE
—q34/AE = (P_4 +P_3 —P3 —P4)/12AE 834 =(P-4 +P_3 +P3 +P4)12/12AF

Tests with actual data verified that for —g9/AE the greater resolution is more than offset by
greater statistical fluctuation. For —q3/AE and —q4/AFE the resolution decreased while the
statistical fluctuations also decreased. For —g93/AF and —q34/AE the resolutions were approx-
imately equivalent to those for —q3/AE and —q4/AFE respectively while the statistical
fluctuations were significantly less. The formulation for —q93/AE was chosen over that for
—q34/AE as the improved resolution was more important than a slight decrease in statistical
uncertainties.
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As discussed earlier, scintillation neutron spectrometers must incorporate a means of
distinguishing between pulses due to neutrons and those due to gamma rays, either by time-
of-flight separation or by pulse-shape discrimination. Even with PSD circuitry, there remains
the problem of pile up of gamma-ray pulses. In some cases, such as detection of neutrons
from photonuclear reactions, the detector must be shielded with lead to decrease the gamma
flux. The efficiency of such detectors for gamma rays as well as for neutrons is important
in choosing the length of the detector. A study (11) has been made of the efficienciesasa
function of length for various energies and of the effect of size and shape upon the correc-
tion factor B and the spectrum-conversion function . The graphs of gamma-ray and neutron

efficiencies for stilbene are shown in Fig. 3.2.
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Fig. 8.2—Gamma-ray and neutron efficiencies for stilbene for
energies from 0.1 to 24 MeV.

3.2. Computer Code

The FORTRAN code, listed in Appendix 7, processes, in 0.1-MeV intervals, pulse-height
data from a 1024-channel analyzer to obtain neutron spectra up to 16 MeV. The 160 values
for P, listed in Appendix 5, are designated PTAB. Likewise the 160 values of {/, appropriate
to the detector being used, are designated PSI. Another input is a control labeled KEY which
designates the number of data sets (up to 9) which are to be combined. For each data set,
DATAC(I), a title card and values of A and B from the gamma-source calibration are required.
Storage is provided for the proton energy spectrum PROT, the neutron spectrum SPEC, and
its uncertainty, DEL. As seen in Appendix 8, the title, the calibration values, and the
heading of the output table are printed. If KEY is greater than 1, a new output table is
printed for each summing process.
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Calculations begin with the DO 50 statement. The calculation loop is set for a maxi-
mum of 159 cycles to correspond with the maximum neutron energy of 16.0 MeV. The
values of P corresponding to the current E and E + 0.1 are obtained from the P table and
used with A and B to find the lower and upper channel numbers, designated C1 and C2. If
C1 is negative or zero, the loop recycles for a new £ = E + 0.1. The number C2 is tested for
being greater than 1024 and when this occurs the loop is terminated. When C1 is positive
and C2 is less than 1024, the calculation continues by obtaining the sum of the protons for
that energy bin. As C1 and C2 are generally noninteger, the sum is obtained as follows:

(a) the integer part of C1, L1, is increased by one and designated D1 and the fraction F1,
given by D1 — C1, multiplies the number of proton pulses in channel D1; (b) the integer part
of C2, D2, plus one gives the channel number for the number of proton pulses to be multi-
plied by the fraction F2 = C2 — D2; (c) to the numbers found in steps (a) and (b) are added
the number of proton pulses in the channels from D1 + 1 through D2. This sum of the pro-
tons in the energy interval E to E + 0.1 is stored as PROT(J) and in a working energy bin.
The first value is stored in the bin labeled PP1, the second one in PP2, and the third and
subsequent ones in PP3. The first three entries in the table (Appendix 8) give the lower limit
of the proton energy, the lower channel number, and the numbers of protons in the 0.1-
MeV energy bin. When fourth and subsequent protons sums are obtained, the values in the
bins are shifted toward PM3 before the currently calculated value is placed in PP3. After
the sixth sum is found, PM3 contains the first sum and the first neutron flux value can be
obtained. The negative slope —¢q is found as (PM3 + PM2 — PP2 — PP3)/8. It is designated
QNEG in the program and is listed in the output table. The neutron flux value, designated
SPEC(K), is obtained by multiplying —g by the value of { at the central energy E and
dividing by AE (0.1 MeV in the program). The statistical uncertainty, designated DEL(K),
is obtained by substituting for —q its uncertainty, i.e. (PM3 + PM2 + PP2 + PP3)1/2/8. These
two values are listed in the output table under NEUT and DEL. After the looping is com-
pleted, the last two values of E, the channel number, and the number of protons are printed.
Sums of protons PROT(J) and neutrons SPEC(K) having energies in the ranges 4.0 to 6.9,
7.0 to 10.9, and 4.0 to 10.9 MeV are found and printed. Limits on these sums were chosen
for a photonuclear experiment and can be modified easily to suit any experiment.

Besides the tabular output, provision is made for punching the neutron-flux values and
their uncertainties on cards. The input CID is a card identifier of four characters. Eight
values of neutrons are punched on a card with the CID and a card number and likewise for
the uncertainties. This computer analysis together with a discussion of its advantages and
limitations has been described elsewhere (12).

3.3 Programming for a Small Computer

Features concerning the original code for the data analysis of this chapter will be given
only as a guide. Some suggestions are made for modifications to conform to the require-
ments of newer and faster small computers. The data analysis was first programmed for a
Librascope General Precision computer which had a word length of 30 bits, LGP-30. It had
a magnetic-drum memory consisting of 64 tracks and 64 words each or a total memory of
4096 words. Fixed-point, machine-language programming was used together with certain
subroutines. The more standard word length of 16 or 18 bits in recent computers may make
double-precision or floating-point arithmetic necessary so that, in general, double the num-
ber of words of memory should be sufficient.
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For the LGP-30, a Program Input Routine (3 tracks), which interprets simplified
machine-language programming, is used for reading in the program, subroutines, and tables.
Subroutines used by the program were a Square-root Routine (1 track), Data Input (0.5
tracks), and a Data Output Routine (4.5 tracks) used for printing the output table. Two
additional subroutines were stored on the drum, the Hexidecimal Print and Punch (5-tracks)
used for making data output tapes and the Decimal Memory Print (4 tracks) used for
diagnostic purposes. With one track assigned for storage for subroutines, a total of 19 tracks
were kept constant for this data analysis. The 1024 items of pulse-height data occupied
another 16 tracks. The P table and the { table needed 160 locations each for a total of 5
tracks. Storage needed for program-generated quantities amounted to 12.5 tracks (2.5
tracks each for the proton spectrum, the neutron data spectrum, its uncertainties, the neu-
tron background spectrum and its uncertainties). The program itself including working
storage fitted into 9.5 tracks. This left only two tracks not utilized.

Without the Decimal Memory Print and the separate storage for the background neu-
tron spectrum and its uncertainties, there would have been 11 tracks not utilized. The
separate locations for background and data were needed for the photoneutron experiment
as will be explained in Section 4.3. Tapes of the data and background spectra made using
the Hexidecimal Print and Punch permitted the spectra to be read back into the same loca-
tions for further processing by an additional program.

Programming in machine or assembly language rather than a compiler language saves
memory space and time for execution; both features were important for the LGP-30 com-
puter. Maximum use of looping, sense switches and subsections, such as a section for clear-
ing 160 locations, was made in the LGP-30 program to minimize the program length. For
newer, faster computers a section to calculate P might occupy less space than that needed
for the P table.

The FORTRAN code, listed in Appendix 7, can be used as a guide for determining the
various steps and looping processes needed for this type of data analysis. The individual
small computer may have features that simplify certain procedures when machine-language
programming is used. As an example, the process of separating the integer and fractional
parts of the calculated channel numbers was easily accomplished using an extract order with
an appropriate mask.

4. EXAMPLES OF DATA ANALYSIS

4.1. Monoenergetic Neutron Spectra

A good test of both the equipment and the method of analysis is performed when the
energy spectrum of a monoenergetic beam of neutrons is measured. For this purpose a
deuterium target was bombarded by deuterons accelerated to 4.754 MeV by the NRL Van de
Graaff. The deuteron target was 40-keV thick so that a nearly monoenergetic beam of neu-
trons, 8.0 + 0.025 MeV, was produced at zero degrees. The detector described in Chapter 1
was oriented such that the neutrons were incident normally upon the face of a cylindrical
stilbene crystal 1 inch in diameter and 1 inch long.
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The pulse-height data, collected in 1024 channels, were analyzed by the method de-
scribed in the preceding chapter. The derived neutron spectrum is shown in Fig. 4.1 where
the fwhm of the peak, centered about 8 MeV, is 500 keV. This value indicates that, after
taking out the effect of energy spread of the neutrons from the target, the overall resolution
of the system was 430 keV at 8 MeV. The computer output for the analysis of these data
is given in Appendix 9, where it can be seen that at channel 600, 100 keV of proton energy
corresponds to 14 channels of pulse-height data. As the usefulness of this spectrometer
depends upon the accuracy with which the energy scale is defined, the energy drift must be
contained within a single 100-keV bin. This equipment provides the required stability of
7 channels at channel 600 by having an overall drift of +1%%*.

The spectrum, produced by 8-MeV incident neutrons, was obtained by using the computer
code previously described which included corrections for second scattering by hydrogen and for
loss of protons through the end of the scintillator. Asno corrections were made for the other
perturbations discussed in Chapter 2, this computer analysis permits the observation of these
effects, namely, the appearance of groups of neutrons in the spectrum between 6.0 and 7.5 MeV
and between 2.0 and 3.5 MeV. Inview of the discussion in Chapter 2, the first group immedi-
ately below the peak is considered to be due to neutrons elastically scattered with carbon before
producing recoil protons. The energy range of the lower energy group is that which was pre-
dicted for inelastically scattered neutrons from the 4.43-MeV level of carbon. The magnitude
of this group is 184,860 neutrons/100 microcoulombs compared with 1,849,000 neutrons/
100 microcoulombs in the main peak at 8 MeV (the numbers for the lower energies were
made symmetric with the high-energy tail). If the effective length for neutron-proton scatter-
ing after a scattering from carbon is taken to be L/2 and the average value of the scattered-
neutron energy is used, the ratio of the inelastically scattered neutrons to the full-energy
neutrons is calculated to be 0.06 compared with 0.10 from the measured peaks. The dis-
crepancy between these ratios indicates that additional neutrons appear in the measured spec-
trum. These neutrons could be derived from additional inelastic scattering reactions with the
material surrounding the scintillator which is composed primarily of aluminum. No attempt
has been made to estimate the effect of these reactions.

An additional test of the method of analysis is obtained by comparing the number of neu-
trons in the peaks of the derived spectra with the number of neutrons incident on the crystal as
calculated from the H2(d,n)He3 differential cross section at zero degrees and experimental
parameters. The neutron flux at the detector position in units of neutrons/cm2-uC is obtained
from

F =3.15 X 105Pko(d,n)(1/D2), (£x10%) (4-1)

where P is the pressure in atmospheres, % is the thickness of the gas target, and D is the
distance from the center of the gas target to the face of the detector. For this test, the energy
spectra of neutrons of 2.0, 4.0, 6.0, and 8.0 MeV were measured using a stilbene crystal 1
inch long and 1 inch in diameter. The neutron spectra derived from these measurements are
shown in Fig. 4.2. Similar measurements were made using a 1/2-inch-by-1-inch crystal, and

*In Chapter 1 it was pointed out that an electronic stability of 0.01% was desirable to provide the required
stability.
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Fig. 4.1—Neutron spectrum derived from the pulse-height
distribution produced by a flux of 1.925 X 106 neutrons/
em2 of 8.0-MeV neutrons on a 1-inch-by-1-inch stilbene
crystal. This spectrum was derived from the recoil-proton
distribution shown in Fig. 2.8, and the computer output of
the analyzed data is given in Appendix 9.
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the derived spectra are shown in Fig. 4.3. The measured values, based on the peak only (as
the code compensates for loss of scattered neutrons), are compared with calculated values for
both detectors in Table 4.1. Although the uncertainties in the measurements were not
analyzed in detail, the discrepancies show that these uncertainties are about equal to the un-
certainties in the calculations of the neutron flux.
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Table 4-1
Comparison of Measured and Calculated Neutron Flux
Energy (MeV) | Resolution (keV) | Measured Flux | Calculated Flux | Discrepancy
1-inch-X-1-inch Stilbene
8.0 478 19804 26760 —26%
6.0 624 10234 12770 —20%
4.0 480 9544 11194 -15%
2.0 500 9541 7774 +23%
1-inch- X-1/2-inch Stilbene
8.0 568 21767 22530 - 4%
6.0 535 11360 13360 -15%
4.0 440 2586 3443 —25%
2.7 444 757 664 +14%

4.2. Energy Spectra of Neutrons from a-n Sources

The usefulness of this spectrometer for measuring continuous neutron spectra is iltus-
trated by the results of measuring neutrons from a 1-curie PuBe source. For this measure-
ment, a 1-inch-by-1-inch cylindrical stilbene detector was placed 30 cm from the neutron
source for 2635 minutes. The computer analysis of the pulse-height data is given in
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Appendix 8, and the measured spectrum is presented in Fig. 4.4. This spectrum has better
resolution than published spectra measured with scintillation spectrometers and processed
by other computer codes (c.f. Ref. 12).
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Neutrons from a PuBe source are produced by the Be9 (y,n)C12 reaction. For an average
alpha energy of 5.14 MeV from Pu, this reaction is such that neutrons emitted with energies of
6 MeV or greater leave C12 in its ground state, neutrons between 3.3 and 5.9 MeV in energy
leave C12 in the 4.43-Mev excited state, and neutrons emitted with energies below 2.8 MeV
leave C12 in the 7.66-MeV excited state. A theoretical calculation by Van der Zwan (13) and
the measurement by Rubbino et al. (14), who used a different method of detection, are com-
pared with the NRL measurement in Fig. 4.5. For this comparison, the theoretical calculation
and the data of Rubbino et al. were normalized to the NRL measurement of ground state neu-
trons by normalizing the integral of their values above 6 MeV. Asboth experimental measure-
ments below 6 MeV are lower than the magnitude predicted theoretically, the indication is that
this theory predicts too much excitation of the 4.43-MeV state of C12.
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Fig. 4.5—PuBe neutror. spectra: NRL data
(same as Fig. 4.4) shown as the bars indi-
cating the extent of statistical uncertain-
ties, smooth curve is the theoretical
calculation by Van der Zwan (13); points
with error bars are the data of Rubbino et
al. (14). Spectra are normalized to the
same value of the integral for data above
6 MeV.
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The occurrence of peaks in the present measurement at 7.9 and 9.6 MeV is in good
agreement with the theoretical predictions, but those at 3.4, 5.4, and 6.7 MeV are somewhat
higher than the predicted values. This disagreement may have been introduced by inaccurate
v-ray calibration or an inaccurate value of « in Eq. (2-9) for the electronic system used.

A calibration using neutron moderators and BF'g detectors at the National Bureau of
Standards indicated that 1.38 X 108 neutrons per second were emitted from the PuBe
source. Integration under the measured spectrum from 2.5 to 10.8 MeV with an adjustment’
for lower-energy neutrons using Van der Zwan’s calculation yields a measured value of
1.3 X 108 neutrons per second, in good agreement with the NBS value.

The energy spectrum of neutrons from an AmBe source was also measured, and the
derived energy spectrum is presented in Fig. 4.6. The agreement with theory is similar to
that for the PuBe source. One point to be noted concerning the AmBe spectrum is that the
dip at 6.1 MeV is shallower than in the PuBe spectrum. This is in agreement with the theo-
retical calculations of Van der Zwan (13). '
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Fig. 4.6—Energy spectrum of neutrons from an AmBe ¢ .
source. Since the geometry of exposure was not opti- =
mized (as it was for the PuBe source, Figs. 4.4 and 4.5), < .
the rise in the spectrum at low energies is due in a large § 6l . . ]
part to scattered neutrons. 5 "--..'__.a
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4.3. Other Spectra

~ Besides the measurements just described, this spectrometer has been used to measure
two additional spectra: (a) the energy spectrum of neutrons scattered from carbon and (b)
the energy spectrum of photoneutrons from the 016 (y,n)015 reaction. The energy spectrum
of neutrons scattered from C2 is shown in Fig. 4.7. For this measurement ring geometry
was used with an 18-inch-long brass scattering bar shielding the detector from the 8.0-MeV
neutrons produced by a D(d,n) reaction. The scattering ring of carbon was placed such that
the scattering angle was 76°, defined by the angle between the line of flight of neutrons inci-
dent on the ring and the direction of the detector from the scatterer. In the spectrum, the
peak around 6.7 MeV represents neutrons scattered elastically from C12. The peak around
2.7 MeV represents neutrons scattered inelastically from the 4.43-MeV state of C12,
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