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Abstract

A THEORETICAL COMPARISON OF
47 FAST-NEUTRON SPECTROMETERS
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A THEORETICAL COMPARISON OF
41 FAST-NEUTRON SPECTROMETERS

Chul Mo Kim

Lawrence Radiation Laboratory
University of California
Berkeley, California

November 1960
ABSTRACT

The relative merits of various 4w fast-neutron spectrometers
are compared on a theoretical basis. Such features as efficiency,
energy resolution, useful energy range, directionality, time response,
and gamma-ray and background sensitivity are considered, in order
to select the most promising types of 4w fast-neutron spectrometer for

further development.



I. INTRODUCTION

A number of fast-neutron spectrometers have been developed,
most of which require collimation of the neutron source. In practice
there are many situations where the di.rection of incident neutrons is
essentially 4w, for examples, inside a reactor or in the stray radia-
tion fields near reactors, accelerators and contaminated areas.

In principle, a collimator could be used to select only those
neutrons traveling at a small solid angle, and a unidirectional neutron
spectrometer éould be placed at the ends of the collimator, This
solution is not satisfactory for the following reasons: first, the pres-
ence of the collimator will distort the energy spectrum by scattering
neutrons from ifs inner walls in a complicated manner; secondly,
collimation of neutrons limits the counting rate to those neutrons
which leave the source at a very small solid angle. This results in
either long counting times or poor statistics. It should be mentioned
that because of the high penetrating power of fast neutrons, collima-
tion requires a relatively 1arge and heavy collimator. This bulk is
undesirable when a portable instrument is required.

To avoid this, development of 47 fast-neutron (0.01-20 Mev)
spectrometers that count as large a fraction of the incident neutrons
as possible with a:nrodest energy resolution is d\esired, .

In this thesis, such factors as efficiency, energy resolution,
useful energy range, directionality, time response, and gamma-ray
and background sensitivity are considered, with the object of selecting
the most promising 4w fast-neutron spectrorﬁeter for further develop-
ment. Estimated values are used to make comparisons where experi-
mental data are not available.

It must be kept in mind that the numbers quoted are only in-
tended to estimate relative performancé and are subject to change

with improved design and measurement techniques.



A. Notations

The following terms are supplied for convenience:

E"c =energy of neutron, or simply energy;

Ep = energy of recoil proton;

EA = energy of recoil nucleus of mass number A; v
B = bias energy;

H = pulse height;

A = mass number;

Oy < total scattering cross section for neutrons on hydrogen atom;

O'A = cross section for neutron on nucleus of mass number A;

NH = number of H atoms per cm3,

NA = number of atoms of mass number A per cm3;

B. Definitions

The following definitions apply throughout the thesis:
.. _ number of counts per sec
Efficiency n(E) "~ total number of neutrons entering the counter per sec’
AE

- Energy Resolution: &§(E) = = . (1)

where AE is the full width at half maximum at E.

Neutron flux ¢: the sum of the path lengths of all neutrons in unit
volume element in unit time, or, the number of neutrons that enter a

a sphere of diametral plane area of 1 cm? per second.

Neutron energy flux in MZV — = Eo,

¢m® sec
where ¢ is the flux as defined above.
Effective area A: defined as the diametral plane area for the case

of a sphere._ Thus, it follows that
5 4
A = T‘r(i-)z/3£2/3r /3’

for the case of a cylinder of radius r and length 2.
¥
Effective thickness d: defined as the ratic of the total sensitive

volume to the effective area of the neutron detector. For example,

W
3
H

d = = _:4:/3 r,



for a sphere of radius r, apd -
2/3 1/3 2/3
d = (4/3) 1 T
for a cylinder of radius r and length {£.

Decay time of ionization and proportional counter: time re-
quired for the signal voltage to reach half of its final value after the
‘passage of an ionizing particle through the counter.

Decay time of scintillator: time required for the emission of
the fraction 1-(1/e), or 63 % of the photons after the arrival of an ioniz-

ing particle in the scintillator.

C. Basic Relations

Efficiency n(E) is related by

n(E) = Zepr | (2)

where C(E) is the number of counts per sec.
Maximum neutron flux ¢ rax that can be detected is related to

maximum counting rate C_! by
max
C:(E)max

q)max(E) - n(E)A (3)

The energy dependence of the counter efficiency should be com-
pensated for by multiplying the measured spectrum by 1/n(E)to get the

true energy spectrum.



II. SCINTILLATION COUNTERS

A. Plastic Scintillator 4fi Neutron Spectrometer

Fast neutrons entering the plastic scintillator produce proton
recoils which in turn produce flashes of light. A photomultiplier con- ‘ Y
verts these flashes into electrical pulses whose magnitude is propor-
tional to the intensity of the light, which is in turn approximately pro-
portional to the total energy lost by the recoil protons in the plastic
scintillator. These are pulse-height analyzed, differentiated, and
subsequently unfolded to get a neutron-energy spectrum using Eq. (12)
from Sec. IV-A, or simply recorded to get the neutron intensity. The
disadvantage of the plastic scintillator, that it is an efficient detector
of vgamma rays as well as of neutrons, can be overcome by the newly
discovered method of differentiating neutron and gamma-ray pulses
through their different pulse shapes. This promises to produce a very

simple 4w neutron spectrometer.

1. Efficiency
The efficiency n(E) can be estimated by

- B
n(E)~ N o (E)d f(ad) (1-3), (4)
where NH ‘O‘H(E)d is the probability of n-p scattering in plastic, and
_l-exp[-ad] _ .
flad) = — 57— (5)

is the factor for the attenuation of neutrons passing through the scintil-
HUH(E)+NC O'C(E) and 1-(B/E) is the ratio of the

number of recoil protons with E_>B to the total number of recoil

lator, where a = N

protons. Equation {(4) is plotted in Fig. 1 for d = 1 in. using the plastic .
density of 1.06 g/cm3. The actual efficiency of this spectrometer is

smaller than the above estimated valuey, since not all the recoiled pro- g
toens can be counted. Other minor effects on efficiency are the inter-

action of neutrons with carbon nuclei, edge effects, multiple n -p
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Fig. 1. Efficiency vs energy of plastic scintillator for d = 1 inch,
and various values of B, plotted from Eq. (4) using a plastic
density of 1.06 g/cm?2. Dotted line above (Emin = 1.5 B) shows
the useful neutron energy range for values of biased-energy B
setting. N
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scattering. These are discussed extensively by Swaltz and OWen1 and

Rybakov and Sidorov. 2

2. Energy Resolution

The inherent limit in energy resolution of a plastic scintillator
is due to statistical fluctuations of pulse height output, nonlinear re-
sponse of plastic scintillators and effects of multiple scattering.
Garlick and Wright found that the net result of the statistical fluctua-
tions, in a stilbene scintillator and a photomultiplier combination,
gives a distribution of the output pulse height H about a mean value
H, 3 reasonably well represented by the Gaussian function whose width
varies approximately as ﬁl/z and is adjusted to be o = 0.05 Hat H
corresponding to 15 Mev proton energy, where o is the standard
deviation, These relations give

334
A—H - 0— 1/z2 (6)
jE 21

Swaltz and Owen1 calculated and tabulated the nonlinear response
of a scintillator for KB = 0.012 rng/c:rn2 kev in Birk's semitheoretical
formula for stilbene. 4 Assuming the above values for stilbene nearly
true for plastic as well, the recoil proton energy resolution for a
plastic scintillator is plotted in Fig. 2, using these values. Differen- -
tiation and subsequent unfolding of the recoil proton energy spectrum
to get the neutron energy spectrum will introduce further broadening
of energy resolution.

A plastic scintillator should be large enough so that a recoil.
proton of maximum energy can dissipate all its energy in the plastic,
and small enough so that there is little effect on energy resolution due

to the electron pulse height produced in the plastic scintillator.

3. Useful Neutron-Energy Range

Most of the plastic scintillators used have dimensions greater . ’
than 0.3 cm, the range of a 20-Mev proton, From Fig. 1 we see that

the efficiency of the counter is large enough, and is a smoothly varying
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function of energy at 20 Mev. . Thus it seems poésible to use a plastic
scintillator for 20-Mev neutrons.
"The minimum neutron energy is determined by the bias energy

B needed to bias-out background counts and get favorable counting
-rates with a reasonable energy resolution in the energy range we are
interested in. Therefore, E should be greater than 1.5 B, since the
‘slope of n(E) vs E is very steep for BKE<1.5B (see Fig. 1). As

shown in Fig. 2, a neutron energy smaller than 0.5 Mev is not measur-
able due to bad energy resoclution. Muelhause has detected this energy

- as hlow as 0.1 Mev by employing a photomultiplier coincidence technique

to suppress noise.

4. Directionality

The total recoil energy that protons dissipate in the plastic
scintillator is independent of the incident direction 6f the neutrons pro-
ducing them. Thus, a plastic scintillator can be used as a 4 T neutron
spectrometer by using a scintillator of approximately spherical volume.
This argument can be assumed to apply in general to the spectrometers
discussed in the following sections and will not be restated unless di-

rectionality is explicitly discussed.

5. Resolving Time

Swank gives decay times of 3 myp sec to 4.6 myu sec for plastic
: scintillators.();‘Recovery time of the conventional electronic scaler is -
approx 1l mpsec. Deadtinee of a pulse-heightanalyzer is 10to 15 mpsec
plus 0.5to 1 u-sec pAer channel. A pulse-heightanalyzer géne;‘ally has 100
to 200 channels.. Thus averagedead time of a conventional pulse ~-height
analyzer is of the order of 50 psec. Since this time is much longer than
the decay time of a scintillator, or the rise time of an electronic scaler,
only the decay time will be mentioned in the spectrometers discussed
hereafter. Using a 50 psec dead time, counting rates up to 200
counts/sec can be achieved with less than 1% dead-time loss. The
above statement on the dead time of a pulse-height analyzer applies

also to the spectrometers following that use a pulse-height analyzer.
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6. Gamma-Ray Discrimination

The fundamental shortcoming of a plastic scintillator is that
plastic scintillators are efficient detectors of gamma rays as well as
of neutrons. ~Various methods have been devised to discriminate

against gamma rays:

(a) Different pulse shape of protons and electrons:

The iight pulses from protons have longer decay times than
those from electrons. Owen7 and Brooks& described experiments to
discriminate against gamma rays usiﬁg this method. Brooks8 found -
that by using a l-in. stilbene crystal, 2-Mev neutrons can be detected
with 9.5 % efficiency, and gamma rays of the same energy can be de-
tected with an efficiency less than 0.007 %

(b) Size of plastics:c)» 10,11

Choose a size of plastic large enough for most recoil protons °
to dissipate their energy in the plastic scintillator, and small enough
'so that the electron pulse height produced is small when compared to

the pulse height of the recoil protons.

.. . .. 12
(c) Coincidence and anti—coincidence method:

If we use an inner spherical plastic viewed by a photomultiplier,
and an outer concentric plastic spherical shell viewed by another photo-
multiplier, gamma rays can be discriminated by counting only those
pulses from the central counter which are in anticoincidence with the

pulses from the outer counters.

(d) Shielding the plastic:

Surround-the plastic with the proper thickness of lead. The attenua-
tion coefficient of gamma rays in lead is much larger than the macro-
scopic absorption cross section of neutrons, and increases as trh*.e"
energy of the gamma rays decreases, while the macroscopic absorp-
tion cross section of the neutron remains nearly constant within the
fast-neutron energy range. Attenuation of a 0.1 Mev gamma-ray -

beam by a factor of 10 requires about 0.4 mm of lead, while this same



-15-

thickness of lead will almost fail to affect the fast-neutron beam. Thus,
surrounding the scintillator with only about 1 mm of lead will attenuate
most gamma rays of energy below 0.1-Mev, while fast-neutron beams

are nearly unaffected.
7. Remarks

Using the gamma-ray discrimination methods suggested above,
it seems possible to solve the fundamental disadvantage of a plastic
scintillator &s a neutron spectrometer. Then the plastic scintillator
neutron spectrometer promises to be a very simple 4w neutron spec-

trometer with high efficiency and moderate energy resolution.
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B. He4 Noble-Gas 4 7 Neutron Spectrometer

Fast neutrons entering the He4-fi11ed scintillator produce He
recoils which in turn produce photons detected by a photomultiplier tube,
the intensity of the light pulse being proportional to the energy of the
o particle. The pulses are pulse-height analyzed and differentiated,
then unfolded to get a neutron spectrum. Here the scintillating property
of He4 under the influence of ionizing radiation is used. The He4 must
be under pressure in order to limit recoils to a reasonable volume of

the counter.
1. Efficiency

Efficiency h{E) can be estimated by

HWE)% Ny oy (E)d(1- 2508 ) o

where NHe GHed is the probability of scattering of a neutron in a
He  -filled counter, and
aE - raE dEA B - 1.56B
J(B P.(E)dEA: J ok :1-<1E =1- E . (8)

B

is the ratio of recoil—He4 atoms with E,>B to the total number of

recoil, and a = 4A/(1+‘A)2 = 0.64 for He? nuclei. Equation (7) is plotted
in' Fig. 3 for the case of 5 atr.nospheres»of He4, with d = 10 cm. Northrop
et al. observed maximum light output at a mixture of 10% Xe and 90%

He?. 13

2. Energy Resolution

The energy resolution of a He4 scintillator is determined by
statistical fluctuations in the photomultiplier pulse-height output, wall
and end effects, impurity of gas filling, and n-Xe collisions. Eggler
and Huddleston constructed a gas scintillation spectrometer and ob-
tained an energy resolution of 10% for 5-Mev alpha particles in a

counter filled with 5 atmos of Argon. 14 Sayres and We obtained an
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energy resolution of 4.8 % for Po210 alpha particles (5.3 Mev), using
xenon at 45 psi with quaterphenyl. 58 From this value we can estimate
that the energy resolution of this counter will be better than 10% above
5 Mev, and more than 10%below 5 Mev. Diekirson shows that energy

resolution improves as pressure in the counter increases.

3. Useful Neutron;Energy Range

The range of 15-Mev a particles is about 1 m at atmospheric
pressure of He4. Thus a large high-pressure He4 counter.must be used
to count 20-Mev neutrons. The addition of Xe improves light output as
well as decreasing the range of recoil a particles.

Emin is determined by the bias energy B necessary to bias-
out gamma rays. Ernin of a He4r counter should be greater than 2 B,
since the slope of n{(E) vs E is very steep for B < E < 2B (See Fig. 3).

Due to low sensitivity of gamma rays in the He4 scintillation counter,

E . 1is estimated to be about 0.1 Mev.
min

4. Decay Time

The decay time of a noble-gas scintillation counter is of the
order of mpusec. Neorthrop-and Noble found an inverse relationship

between decay time and pressure for a gas chamber. 13

5. Gamma-Ray Discrimination

One of the advantages of a He4 scintillation counter is its strong
discrimination against gamma rays due to its low density and low atomic
number Z. Sayres and Wu obtained the pulse height of Po?'10 alpha
particles (5.3 Mev) and radium gamma rays as 105 and 5 respectively
for mixtures of 90 % Hearnd 10%Xe dt b0 psiusing quaterphenyl. >8
" Counter filling must be-free of impuritii‘e}s for gdod background discrim= .
ination. Diekirson used a quartz window and eliminated the contaminent

in the system due to the wave shifter, 15
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6. Remarks

A He4 scintillation counter has a‘fast decay time and a strong
gamma discrimination. In addition, the pulse size of fission fragments
is much greater than the background pulses from alpha particles, making
this counter suitable for the study of the energy spectrum of fission

fragments.

-
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C. Li61(Eu) Inorganic-Scintillator 4w

Neutron Spectrometer

Fast neutrons entering a Li6I(Eu) inorganic scintillator react
according to reaction L16 +nr->He4 +T +4.78 Mev. The resulting helium
nucleus and tritom-dissipate their energy in the phosphor. This energy
amounts to the sum of the incident neutron energy and the Q of 4.78 Mev.
Eu atoms act as activation centers and re-emit energy in the form of
a photon. The resulting pulses aré pulse-height analyzed to give the

neutron spectrum.
1. Efficiency
The efficiency of a LiéI(Eu) scintillator can be estimated from

o ((E)d f(ad), - (9)
Li Li

where N 69 6 (E)d is the probability of a Lié(n, d)T reaction in the’
Li~ Li
Li61(Eu) scintillator, and f(ad) = (1- e—ad)/ad is the factor for the atten-

uation of neutron beams passing through the crystal where

A= NLi aLi(E)+NI o (E), in which oy and o, are the total cross
sections of Li~ and I respectively. Equation (9) is plotted in Fig. 4

for the various thicknesses of scintillator. The actual efficiency of the
counter is smaller than the above value since not all the reaction prod-

ucts can be counted.

2. Energy Resolution

The energy resolution of this counter is proportienal to
A(E-l‘-Q)/E. Thus, energy resolution gets poor as neutron energy de-
creases, due to the high Q (4.78 Mev) and the different scintillation
efficiencies of an a and a T. Murray obtained a greatly improved
energy resolution (30% for 3 Mev, 18% for 5.3 Mev and 7% for 14 Mev)
by cooling the crystal to liquid nitrogen temperatures (Fig. 5). 17
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3. Useful Neutron-Energy Range

Emin is about 1 Mev, since the distinction between a fast and a
slow neutron pulse is not clear below 1 Mev, Emax is about 1 Mev,
since pulses from competing reactions such as Lié(n, dn)He4,
Li'(n,p) He , and elastic scattering of neutrons on Li~ set in at this

and higher energies.
4. Decay Time

Decay time of about 1.2 ysec for a Liél(Eu) inorganic scintillator

is much longer than the decay time of organic or noble-gas scintillators.

5. Gamma-Ray Discrimination

Good discrimination against gamma rays of energies smaller
than 4.78 Mev is possible due to high values of Q(4.78 Mev). Inter-
ference effects due to high-energy gamma rays can be eliminated by

some of the methods suggested in Sec. I-A.
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D. Double-Pulse Total-Absorption 4w

Neutron Spectrometer

Double-pulse total-absorption 4 m neutron s'pectrometers are of
two types. The first type is a cadmium- or boron-loaded organic liquid
or solid scintillator viewed by photomultipliers, where fast neutrons
are slowed down in the hydrogenous medium, and the slowed-down

neutrons are absorbed in Cd113 or B10

, which have large absorption
cross sections for low-energy neutrons. The resulting nuclei emit
gamma rays or charged particles.

The second type is a plastic scintillator viewed by a photomulti-

plier surrounded by a BF, counter or a LiI(E1u) scintillator that identi-

fies epithermal or therma?l neutrons.

The same delayed-coincidence electronic technique is used in
both types of spectrometer to identify those neutrons that lose most of
their energy in the hydrogenous material, and the resulting pulses are
pulse-height analyzed to get the neutron-energy spectrum. The delayed
coincidence t"eehnique in both cases provides good gamma-ray discrim-
ination.

The initial and delayed pulses are detected by the same photo-
multiplier in the first counter. Thus, the second type is relatively
free of accidental coincidences comipared to the first type. A large
hydrogenous scintillator should be chosen if we want to use it for low-
level counting not requiring high-energy resolution.” Otherwise, the
scintillator should be small enough to reduce the effects on energy
resolution due to electron pulses produced in the scintillator, but large
enough so that a recoil proton from a maximum—enérgy neutron can
dissipate most of its energy in the scintillator.

Since both types are essentially the same detector, except for
the differences mentioned above, we will discuss only the Cd-loaded

organic-liquid scintillator.
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1. Efficiency

The efficiency of a Cd-loaded organic-liquid scintillator is de-
termined by the probability of neutrons not interacting in the scintillator,
the probability of recoil neutrons escaping through the tank walls before
being captured by Cd1_13, and the fraction of capture-gamma pulses
below the minimum counting bias. The mean distance of collision of
a 20-Mev neutron in an organic liquid scintillator is about 40 cm. Thus,
a scintillator with sufficiently large dimensions is necessary to count
close to 100 % for fast neutrons. ‘ i

Reines et al. obtained an efficiency of 85% for a cylinder (30 in.
high X 30 in. diam) with a Cd-to-H ratio of 0.00323. '° This counter is

suitable for low-level counting experiments due to its high efficiency.

Z. Energy Resolution

The inherent limit in energy resolution of a Cd-loaded organic-
liquid scintillator results from nonlinear response of the organic liquid
scintillator, statistical fluctuations in the photomultiplier and scintillator,
and occurrence of n-c collisions. Most important is the fact that neutron
energy is measured from the sum of the recoil-proton energies collected
within the finite gate width; that is, a neutron may lose all its energy in
a single collision or from a large number of collisions. Andrew calcu-
lated pulse-height resolution as AH/H = 0.04E fpi’ this case, 19 where
E is the energy of an incident neutron. This result gives better energy
resolution as neutron energy decreases, while the other effects, such
as the nonlinear response of pulse height vs proton energy, background,
gamma effects, and photomultiplier noise, give better energy resolution
at higher neutron energy. Thus, energy resolution is mainly affected
by the latter effects at low energy and the former effect at higher energy.
Since the energy resolution due to the latter effects. is of the order of
10% at 1 Mev, these combined effects give an energy resolution of about

10% at 1 Mev and about 40% at 10 Mev.
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3. Useful Neutron-Energy Range

Emin is determined by the bias energy necessary to bias-out
N . ’ 20
gamma rays and noise. Muelhausegives E iy 2PPTOX 1 Mev. Emax
is determined by the size of the counter. Since the mean distance for

the first collision with a proton for a 20-Mév neutron is about 40 cm,
the counter dimension of a liquid scintillator should be sufficiently large

to count a 20-Mev neutron.

4. . Resolving Time

The decay time of dn organic-liquid scintillation counter is a
few mpsec, comparable to that of an organic-solid scintillator.

The average slowing down time to reach 0.1 kev, starting at
20 Mev, is about 0.3 usec. An average delay time of approx 5 psec and

a gate width of approx 10 psec is used.

5. Gamma-Ray and Background Discrimination

, Since the pulse-height épectrum of 9.2-Mev gamma rays from
Cd1 L is a continuum extending from zero to 9.2 Mev, much background
can be easily eliminated by setting the bias energy at a suitable level.-
Alsb, the delayed coincidence used in this counter serves to discriminate
gamma rays and background, and noise level can be reduced by cooling
the organic—liquid scintillator.

Nicastro and Caswell suggested the Blo—loaded plastic scintilla-

tor for further development. 21 This would have the short resolving

time and high cross section of B10 for slow neutrons.
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E. Two Crystals with a Thin -dE/dx Anti-Crystal Between

This counter is constructed as shown in Fig. 6. Each of the two
plastic scintillators is viewed by a separate photomultiplier, and a
thin Nal(tl) crystal between plastic scintillators is viewed by a third
photomultiplier. -

The energy loss by a recoil proton while passing throughvth_ve
finite thickness of the NalI(tl) crystal is larger than that of an electron
of the same energy owing to the low velocity of a proton as compared
with an electron. Using this property, gamma rays and background
can be discriminated by counting only those pulses formed by proton
recoil that are in coincidence in all three crystals. The proton pulses
are determined by the -dE/dx obtained in the Nal(tl) crystal, and by the
total pulse height obtained in the three crystals at coincidence. But
-dE/dx for recoil protons and electrons differs, depending upon the angle
of incidence with respect to'the Nal(tl) anti-crystal (Fig. 6). Thus, a
47 neutron spectrometer constructed by this method cannot adequately
discriminate against gamma rays.

In view of a recent development in the successful di\écrimination s
of gamma rays using the different decéy times of electron and p'roton

pulses, this topic will not be pursued further here,
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Fig. 6. Different -dE/dx for.protons and electrons incident on
NaI(T1) anticrystals.in different directions (1) and (2).
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F. Two Crystals with a Ag Detector to Select

the Direction of Incident Neutrons

Fast neutrons incident on an organic crystal, e.g., stilbene orv
plastic, produce proton recoils, and only those neutrons that lose most
of their energy by head-on collisions with protons are counted, by plac-
ing the Ag-covered NaI(Tl) crystal normal to the direction of the incident
neutrons (see Fig. 7). Slow neutrons captured by Ag, which has a large
resonance cross section beldw 1 kev, produce gamma rays detectable
in the NaI(T1l) crystal. The delayed-coincidence technique is used be-
tween proton-recoil pulses in the organic scintillator and gamma-ray
pulses in NaI(Tl) to measure the neutron energy directly. Geometric
alignment of two crystals can .be used to determine the scattering angle
of neutrons, but this method produces a low counting rate with a large
statistical error. Higher counting rates are obtained by using the time-
of-flight method that selects only coincidences due to the scattered
neutrons of an energy less than a certain amount. The low-enetrgy
limit of scattered neutrons to be counted, together with the resolving
time of the coincidence counter and the distance between the two crystals,
is chosen to get the desired energy resolution and counting efficiency.
This method requires a collimated neutron beam, and no satisfactory

way of using this counter as a 4 ™ neutron spectrometer has been devised.
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Fig. 7. Block diagram of spectrometer used by Beghian et al.
employing two crystals with an Ag detector to select the di-
rection of incident neutrons (see Ref. 22).
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III. PROPORTIONAL COUNTERS

A. He3(n,p)T Proportional-Counter 4 m Neutron Spectrometer

Neutrons incident on a He3 proportional counter react according
to the reaction He3 +n—-H+T+0.77 Mev. They may also just produce a
He3 recoil. Neutron energy is obtained from the‘combined energy that
proton and tritium dissipate in the proportional counter. This is equal

to the sum of 0.77 Mev plus incident neutron energy.
1. Efficiency

The efficiency of a He3(n,p)T proportional counter can be estimat-

ed from the reaction probability

N .o L(E)d, ‘ (10)

He3 He

where N is the number of I—Ie3 atoms per unit sensitive volume of the
counter,H% 3(E) is the He3(n,p)T reaction cross section, and d is

the effectivlg?chickness of the counter. Thus, high efficiency can be ob-
tained by using high-pressure He3 in the counter and as large a diameter
for the proportional counter as permitted by the counter voltage. He3
has become available in larger quantities, but technical difficulties

that inhibit the obtaining of good energy resolution at high pressure must
be overcome before high efficiency can be obtained.

The actual efficiency of the counter is smaller than the reaction
probability mentioned above. Anticoincidence decreases system-
efficiency with increasing energy, because of increased wall effects.

By using 5 cm as the effective size of the sensitive volume of the counter,

l

and 5 atmos of He3, we obtain a reaction probability of approx

6.24)(10'4 O'H 3(E), as plotted in Fig. 8. At neutron energies of approx

1 Mev, the efficiency of the spectrometer used by Batchelor et al was
-5
10 ~.
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Fig. 8. Efficiency vs energy of He3(n.p)T proportional counter,
plotted from Eq. (10) for d = 5 cm and 5 atmospheres of He3
Actual efficiency is smaller than plotted reaction probability.
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2. Energy Resolution

The following factors détermine energy resolution.
(a) Statistics
According to West,16 the inherent spread in pulse height for
a proportional counter is AE/E = 2.36/m01/2, where m is the mean
number of ions initially released per incident particle in the counter.
This gives a resolution of about 4 % at 0.1 Mev and 1.3%at 1 Mev.
(b) Purity of gas filling

(1) Tritium content of He3 should be as low as possible,
10'_6 cc of tritium corresponds to approx 5><104 beta-disintegration
pulses per sec, which pile up and produce additional spread in pulse
height.

(2) The filling' must be free from electron-capturing impurities
such as O2 and HZO vapors. This is especially important at high energy.

(3) The filling must be free from polyatomic gases.

Since it is difficult to maintain the purity of the gas filling, it is
advisable to use a permanent container.

(c) Wall and end effects .
Wall effects can be reduced by keeping the proton and tritium

ranges small compared to the size of the counter by introducing heavy
gases such as Kr, A or Xe, increasing the pressure, using as large a
counter as permitted by the counter voltage, and using an anticoincidence
ring. This wall effect increases as the neutron energy increases.
Detailed discussion of wall effects is given by Batchelor et a1.23 End
effects can be eliminated by the method proposed by Cockcroft and
Curran,24 and Rossi and S1:aub2."2.5 Bothe and Stetter suggested that the
use of very high pressures can be avoided by using a counter in which
the sensitive volume is not defined by a solid wall. 59

(d) Q value of 0.77 Mev

This Q value spoils energy resolution at low energies, since

resolution is proportional to A(E+Q)/E.
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(e) Other effects

Other undesirable effects are such as variation of the anode
diameter, variations in applied voltage, presence of dust particles on
wire\e, and the position of ionization. Taking all theseifactors‘ into account,
it is. reasonable to expect about 5%counter resolution, with He3 complefely
free of tritium. The energy resolution of the counter used by Batchelor

‘et al. was about 50%for E = 0.12 Mev and about 12%for E = 1 Mev. 23

3. Useful Neutron Energy Range

There is a basic ambiguity in energy determination due to over-
lapping of the reaction He3(n,p)T, Q = 0.77 Mev spectrum, and the
recoil spectrum. The recoil spectrum extends from 0 to 3/4E, where
E is the_ néutron energy producing He3 recoil. The reaction spectrum
- produces a neutron peak at a total energy of Q + E for an incident
neutron energy E.

If Emax <Q4/3 = 1.025 Mev, where Emax is the maximum
neutron energy of the neutron spectrum, there is no ambiguity for the
neutron-energy spectrum. If Eméx$ 1.025 Mev, there is ambiguity for
a continuous spectrum, but it can be analyzed in principle for neutron
energies E between 3/4 Emax-Q<' E< Emax’ and for a neutron energy
spectrum consisting of a distinct group.

Emax for a neutron energy spectrum may be raised by systematic
removal of He™ recoil spectra from a measured spectrum.

Emin is about 0.1 Mev, since for neutron energies below 0.1 Mev

there is an overlapping of the 0.1-Mev neutron peak with the finite width

of the thermal neutron peak.

4. Directionality

A cylinarical chamber with diameter equal to the height of the
cylinder can hecused as a roughly 4w neutron spectrometer, but a spher-
ical chamber constructed by SalviniZ is better than a cylindrical cham-

ber for this purpose.
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5. Decay Time

The decay time of a proportional counter is of the order of lusec.

6. Gamma-Ray Discrimination

This counter has an excellent gamma-ray discrimination for
gamma-ray energies‘ smaller than 0.77 Mev, since the neutrons which
react with He3 gain 0.77 Mev, but gamma rays do not. Using a counter
with an anticoincidence ring, gamma rays and background can be dis-
criminated by counting only those pulses from the central counter which

are in anticoincidence with the pulses from outer counters.

7. Remarks

The advantages of an ion chamber relative to a proportional
counter are that there are no impurity effects, and wall effects can be
avoided by building a high-pressured lafge ion chamber such that the
ranges of secondaries in the ion chamber are small relative to the counter
dimension. The disadvantage of an ion chamber, the production of
different pulse heights with respect t6 different chamber positiéns,

can be avoided by using a grid plate. o
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B. Paraffin-Moderated BF3 Proportional Counter

To measure the neutron energy spectrum, one measures the
counting rate for a series of paraffin covers on-a BF3 counter, by using
the detector efficiency Zi(E) from Figs. 9 and 10, one can obtain the
absolute value of N(E) by doing a series of numerical integrations to get

a value of Ci in agreement with the measured counting rate
Ci =jN(E)Zi(E)dE, - (11)

where C1 = counts/sec, Ni(E) = neutrons/cm2 per sec Mev and
Zi(E) = counts/neutrons per cm"~. Subscript-i denotes a particular
thickness of paraffin. From Fig. 10, we see that the counting rate of

a paraffin-moderated BF, counter is constant, with energy within 10%

when about 6 cm of paraf?in is used inside the Cd cover. The Cd cover
absorbs slow neutrons from the incident neutron flux, and 6 cm of par-
affin provides just enough moderator to thermalize fast neutrons with-
out excessi\..ve absorption. This counter, then, can be used for flux
determination, and also to determine the average neutron energy by
taking the ratio of the count rate from a polyethylene-lined proportional

counter to the counting rate from a BF,-filled proportiohal counter

3
moderated with 6 cm of paraffin (see Sec. III-C).

1. Efficiency

Counting efficiency varies with the thickness of paraffin used,
the sensitive area of the detector, and the energy of the neutrons
(see Figs. 9 and 10). Efficiency is of the order of 10_2 and nearly
constant within about 10% in the energy range of 10 kev to 10 Mev when

6 cm of paraffin cover is used.

2. Energy Resolution

The method described above to measure the energy spectrum by
measuring the counting rates for a series of paraffin covers gives an
energy resolutiontofitlre order of 50-100%, and is suitable where high

energy resolution is not reuqired.
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D-T {(monoenergetic) 14 Mev
Po-Be(calculated and measured
average) 4.4 Mev
Mock fission(calculated average)
1.4 Mev

Po-Li (calculated and measured)
' 0.4 Mev

Sb-Be (calculated) 0,025 Mev
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Fig. 9. BF3 counting rate as a function of paraffin thickness

for various neutron sources, corrected to an isotopic flux
distribution. Entire assembly was covered with Cd (after

Wallace et al see Ref. 29).



Counts /neutron/ cm2

-38-

—T T T T T T T T T T7TT7 T lllllTr] |
Sb-Be Po-Li Mock Po-Be D-T
- { { fis;sion | | —
:
.O s PO~
- g @ 7
- =
- .E .S ]
3 %
2.5 | | |
OI ] | S | I I I | ] | S T | 1 1
0.0l Ol 1O 100 -
Energy (Mev)
MU-=22336

Fig. 10, Average efficiency of a BF3 proportional counter as a
function of neutron energy for various paraffin thickness,
corrected to an isotopic flux distribution. Assemblies covered
with Cd averaging over the 4 w solid angle, have introduced
error of up to 10% (after Wallace et al: see Ref. 29).
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3. Useful Neutron-Energy Range

Hess et-al. found that this counter is most useful in the energy

range 10 kev to 10 Mev. 28

4. Directionality

If the BF3 proportional counter is constructed with diameter
equal to height of sensitive volume, and surrounded with a uniform
thickness of paraffin in all directions, it can be used as a 47 neutron

cocunter.
5. Decay Time
The decay time of the proportionalcounter is approx 1 p sec.

6. Gamma-Ray Discrimination

If one uses a suitable electronic bias, gamma rays can be easily
discriminated due to the large value of Q = 2.78 Mev, from the reaction

BOMm. ayLi”.
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C. Polyethylene-Lined Proportional Counter

The polyethylene-lined proportional counter is constructed with
a sheet of polyethylene bent intora cylinder and ve"ry lightly graphited -
with aquadag, the latter serving as the cathode of a ‘proportional counter
filled with A, CO2 or methane. -

Incident fast neutrons produce recoil protons from the polyethylene
that dissipate their energy in the gas. The counting rate of the poly-
ethylene-lined proportional counter is proportional to the energy flux and
is used with an energy-in-sensitive detector to calculate the average
neutron energy present in the field. This is done by taking the ratio of
the counting rate in Mev/cm2 per sec obtained from the polyethylene-

lined proportional counter to the counting rate in n/cmz/sec obtained

from the energy-insensitive detector.
1. Efficiency

The efficiency calculated by Mo_yer30 is reproduced in Fig. 11.
As can be seen from the figure, the efficiency of the chamber? is nearly
proportional to the neutron energy from about 50 kev to 20 Mev for
1/8-in.-thick polyethylene. This counter actually records energy flux

instead of the usual particle flux.

2. Energy Resolution

Energy resolution has no meaning for this counter, which meas-
ures energy flux instead of the usual particle flux. However, when used
in conjunction with an energy-insensitive detector, for example a BF4
proportional counter moderated with 6 cm of paraffin, the average

neutron energy of a neutron spectrum can be measured.

3. Useful Neutron-Energy Range

By use of 1/8-in. thick polyethylene, the efficiency of the counter
increases linearly with energy to 20 Mev. The gamma-ray background

limits the minimum energy response to about 0.2 Mev.
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Fig. 11. Efficiency vs energy of a paraffin-moderated proportional
counter for various paraffin wall thicknesses (after Moyer: see
Rev. 30).
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4. Decay Time

The decay time of a proportional counter is of the order of
1 psec.

5. Gamma-Ray Response

Because of the low Z of the counter gases used in a pblyethylene-
lined proportional counter, electron pulses from photons are generally
small enough to be biased-out by pulse-height rejection. -

v Thompson developed a scintillation counter which measures
energy flux by coating the inner surface of a polyethylene spherical
shall with a phosphor. 31 Scintillations produced by recoil protons are
viewed with a photomultiplier tube through a suitable aperture. The
energy flux can then be measured if the incident neutrons have velocities
normal to the surface of the spherical shell. This counter has an accept-
able counting rate at low flux levels, possesses good gamma discrimina-

tion, and is nondirectional.
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IV. PHOTOGRAPHIC METHODS

A. Nuclear. Emulsion

Neutrons traversing the emulsion produce proton tracks by
recoil that can be measured by a semiautomatic method. The measured
proton range distribution is corrected for recoil proton leakage, edge
effects, emulsion shrinkage, cross section variation and other non-
linearities. Leakage is corrected by using factor F, the fraction of
proton recoils retained in a nuclear emulsion for an isotopic neutron
source, and can be calculated from Figs. 12 and 13. ' The corrected
proton energy range distribution dN /dEp is inverted into the original
neutron spectrum dNn/dE through the relation.

dNn_ 1 E d de (12)

dE NHd O'H(E) dEp ,dE,p

where (d/dEp) (de/dEp) is the slope of measured proton range dis-
tribution de/dEp and is negative. Various methods of measuring y o
proton recoil tracks in nuclear emulsions are discussed by Reines, _
Nereson and Reines, 33 Roberts, 34 and Evans. 35 In parti'c‘ular; ’E{réns
_reporté that anisotropic neutron spectra can be measured without the
difficulties of.recognizing and measuring accurately the nearly vertical
tracks, and higher energies can be measured (without requiring a geo-
metric correction) by exposing two nuclear plates at right éngles to
each other. In one plate, tracks at all azimuthal angles within + 45deg

in the unprocessed emulsion from the plane of the emulsion are measured.
1. Efficiéncy

The efficiency of an emulsion is defined in terms of the average
number of acceptable recoil proton tracks per incident neutron. It can

be estimated from N (E)d, the scattering probability of a neutron

H ’H
on proton in the emulsion.
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Fig. 12. Fraction F(E, T) of proton recoils retained in nuclear
emulsion vs proton recoil energy obtained by
F(E,T) = E-—(-),I?—R(—E—) for R< T and‘F(E,T) = -2—];{1‘7_5) ,
for R > T, where T = thickness of emulsion and R(E) = range
of proton recoils as a function of proton recoil energy (after
D. Lehman of LRL, Berkeley).
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Fig. 13. Range vs proton energy in standard nuclear emulsion:
3.815 g/cm3 at 60% relative humidity (after Barkas: see
Ref. 38).
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. When emulsion 600 y thick is used with a hydrogen content of
approx 3.4X 102'2 atoms/cc, the value of NH QH(E)d is about 2.)(10_.3
(E) is plotted in

oy(E),
where 0y (E) is in barns. The value of 2X10-3 O '
Fig. 14.

2. Energy Resolution

Energy resolution depends upon the method used to count the
proton tracks, the way these are used to calculate neutron spectra, and
the following factors:

.- {(a) Statistics of measurement error:
| Uncertainty due to measurement error decreases as the
number of measured tracks increases; usually about 3% per 103 proton
. tracks. : ;
‘ (b) Statistics of range straggling:

The energy resolution due to straggling decréase‘s with in-
creasing energy. According to Ro‘cblat3 it is about 1% for a proton
energy greater than 3 Mev, and 20-100%below 0.5 Mev (see Fig. '15).

(c) Uncertainty due to the shrinkage factor:

This can be reduced well below 5%by careful handling of the
emurlbaion', for example, bywsaaking it in glycerine or resin. The over-
all energy resolution can be made below 10% for E>3 Mev when used
with a collimated neutron beam. No differentiation ié necessary for the
case of a collimated neutron beam.

For isotopic neutron scurces, differentiation of the proton recoil
energy spectrum, taking into account the fraction of proton recoils re-
tained in the emulsion, gives a resultant energy resolution much larger
than 10%. Usually AE = 1 Mev, and 50-100% energy resolution is ob-
tained using 10% tracks. Evans reports energy resolutions of 32% at
0.827 Nev and 35%at 1.367 Mev were obtained using the method he has

developed. 35

3. Useful Neutron-Energy range

The range of 20-Mev protons in an emulsion is about 1.8 mm for

an emulsion density of 3.815 g/cm3 and relative humidity of 60% (see
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Fig. 14. Efficiency vs energy of nuclear emuls1(>n plotted
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-48-

U 24
:J | | | I | | |
d 20} ]
(@)
g
= -
o
8 -
@
= n
[\ ]
bt | -
O TN T e = S S
0O I 2 3 4 5 6 T 8
. Proton energy (Mev)

MU=22333

Fig. 15. Energy straggling of proton tracks in emuls1on
(after Rotblat see Ref. 36) : -
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- Fig. 12). _At neutron energies higher than 20 Mev, particles from in-
elastic collisions with heavy elements in the emulsion give rise to back-
ground tracks that are difficult to distinguish from valid proton tracks.
Also, the -dE/dx of a high-energy proton in emulsion is too small to
create a track. Thus, Emax for Ilford El ié limited to 20 Mev, C2 to
50 Mev, Eastman Kodak NTS to 20 Mev, and NTB to 50 Mev.

Emin is determined by the following factors:

- (a) A minimum of 3 grains corresponding to about 2 is necessary
for the identification of the track. For Ilford C2, this corresponds to a -
proton of 0.3 Mev, and for the new Ilford L2 this corresponds to 0.2 Mev.

(b) Uncertainty due to straggling increases with extreme rapidity
below 0.4 Mev (see Fig. 15). Roberts predicted that by the use of special
fine-grain emulsions and a careful scanning technique, the low-energy
limit may be extended to 0.2 Mev. 34 For the method developed by Evans,35
he reports that by measuring only tracks that begin or end in a 20-p
layer in the center of a 200-p emulsion, neutron spectra up to 4.16 Mev
can be measured without-requiring a geometric correction factor. And
by measuring only trécks that begin or end in a 100 -p layer in the center

- of a 400-u and 600-p layer respectively, and using the more elaborate

developrhent technique of Stiller et al., 0 the method can be.ext've_nded

to 5.7 Mev-and 7.7 Mev respectively. . If the 2-mm emulsion ca)\stings of

Yagoda are used, spectra can be measured up to 16 Mev. The low-

energy limit is about 0.5 Mev for the method used by Evans. 35

4, Saturation Effects

Saturation effects are determined by the readability of the recoil
tracks among background track density. C2 emulsion with more than
v 109/c1nZ and E> 0.2 Mev is not readable because of the high density of

proton recoil tracks.

5. Gamma-Ray and Background Discrimination

Gamma rays produce no tracks in the proton sensitive emulsion,
but may produce a general fog. The flux of gamma photons required to

produce enough fogging to interfere with proton-track counting is about
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the order of 1 at 0.1 Mev, 5 at 1 Mev, and 10 at 10 Mev. Other back-
ground effects can be discriminated visually.
6. Remarks

Advantages of the nuclear emulsion technique are its relatively
- high efficiency, continuous sensitivity, zero dead time, relative insen-
‘sitivity to ‘gamma and background radiation, small size, light :weight,
very small exposure time, and ability to store infbrmation for a rela-
tively long period. _

Its main disadvantage is the time required to count the tracks.
This trouble is avoidable to a certain extent by using the method of auto-
matic ahalysis of tracks suggested by Speh37 and Barkas. 38 Other dis-
advantages are the problenﬁ.s of shrinkage'énd water content control,
large statistical errorsfor a low concentration of tracks in a low flux

density, and the fadirig of latent images.
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B. Li- Loaded Nuclear Emulsion

Fast neutrons 1nc1dent on a L1 loaded nuclear emulsmn 1nduce
the react1on L16 +n—> He4+H +4.63 Mev, producing tr1trm and alpha-

-pair tracks in the emulsion. The emulsion is scanned for T- and a-pair
*

tracks having a minimum range of 43 p,. by measuring R and -RT, of

‘RT and -0, or R and 0, or Ra-l-RT and. 8, to determlne the neutron
"~ energy Spectrum;, where 'Ro. and RT a're‘the ranges of,the alpha and
triton in emulsion respectively, and 6 is the angle between them in the

' emulsio:n;. :
1. Efficiency

| . E.frfic'iency’ is approxirﬂatvel'y evq_‘ua1> toA.NLi(‘) Ul;ié(E)d'v Using
' NL16 = 5><'1020 atoms/cc and d=200.. .efficiency n(E) is about
10-5,qL,6v(E). This is plotted in Fig. 16.

1

. 2. Energy Resolution

Keeping et al. obtained A E of approximately 0.1 for E <1.3 Mev’.zg

3. Useful Neutron-Energy Range

Barton éf al. made measurements in the energy range from
0.1 Mev to 2.5 Mev. 60 - The pr’esenc‘e of proton recoils having the same
length as the a-T tracks makes it difficult to apply this method above
- 2.5 Mev. Barton et al. also state that a large‘resonance at0.25 Mev =
and other difficulties | _(seé rémarks) .. ' render this method unreliable

below 0.8 Mev.

. Saturation Effects

Saturation effects are determined by the readability of the a-T
tracks and the angle between them among background track &ensity.
. The number of hydrogen atoms in the Li-loaded emulsion is about a
hundred times larger than the number of Li6 atoms, and the scattering
cross section of hydrogen atoms is more than 15 times larger than the

. . .6 .
reaction cross section of Li~ in the fast-neutron energy range. Thus,
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Fig. 16. Efficiency vs energg in Li-loaded emulsion, plotted
from NLi6 0146 (E)d~10- aLié(E), obtained by using

NL16 = 5_><1020 Li atoms per cm3, with d = 200 p.
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saturation effects of a Lié-loaded emulsion are essentially the same as
those of the nuclear emulsion of Sec. IV-A; that is, 109/cm2, with

-E >0.1 Mev.

5. Gamma-Ray and Background Discrimination

This effect is the same as that of the nuclear emulsion in the

preceding section.
6. Remarks

Li-loaded emulsions do not need collimation and are suitable
for measuring 4 mw neutron spectra, but the Lié—loaded emulsion method
has the following difficulties:

(a) It is hard to distinguish between a and T tracks and be-
tween a;, T and proton recoil-tracks, of the same range.

- {b) It is difficult to détermine precisely the point of origin of
tracks. However, Roberts et al. removed this difficulty by loading
'Li6 into an emulsion in the form of glass beads,42 so that the origin
of a-T events in the glass bead could be easily seen in the }hicroscope.

. (c) The differential cross section for the reaction as a function
of neutron energy is not well known. '

| (d) There is a large resonance at 0.25 Mev which complicates
interpretation.

. {(e) Rotblat and Tai studied the shrinkage of a Lié—impregnated
emulsion and estimated an error in track length of the order of 50%

for nearly vertical tracks. 41
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V. THRESHOLD DETECTORS AS 4 1 NEUTRON SPECTROMETERS

A series of threshold detectors haying different i:hresholds can
be employed to obtain a crude measurement of the energy spectrum of
the neutron flux. The value of average-reaction éréss section is ob-
tained by measuring the radioactivity induced in the detector by a known
" flux with the same distribution of neutron energies as the flux to be
measured. At best, threshold detectors do not give a very accurate
determination of the energy spectrum of the neutron flux, but when
accuracy is not too important this method has the advantage of simplicity.
1. Efficiency

The efficiency of threshold detectors depends upon the reaction
cross section g(E) of the various activated materials used. Cowan and
O'Brien obtained a greatly improved efficiency, compared with the con-
‘ventional instrument, by using scintillation detectors in which activated
materials are an integral part of the scintillator. 43
The table compiled by Cowan and O'Brien is inserted here for

‘comparison.

Table I. Comparison of Various Threshold Detectors

Reaction Threshold Min. detectable Efficiency Half-life
Used - - (Mev) Neutron flux - %
: T (n/cm?/sec)
vy 11 6.6, 1073
P3ln.pwsidl . 2.0 - 200 - 160 min
s3%m.p)p32 . 20 . 230 5 14.5 d
Agl07(n. 2n)Agl06 9.6 350 8-10 24.5 min
1127(n. 2n)1126 10 20 - 13 d

Cl2(n. 2n)cll 20 2.3 90 20.3 min
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-2. Energy Resolution

Threshold detectors do not give accurate measurement of the
‘neutron- energy spectrum and are used only when a ¢rude determination

of the energy spectrum is requ1red

. 3. Saturat1on Effects

~ By-adjusting irradiation time, . cooling time, .and counting time,
there is practically no upper limit to the makximum neutron flux that can
be counted. The actual minimum detectable neutron flux is five to ten
times the value given in Table I, béfore reasonably accurate measure-
ment can be made. . By irradiating and counting for a longer time,
fluxes of the order of 1 n/cm2 per sec can be detected, 'aind measure=.. |

ments can be made in the reg1on of 5 to 10 n/cmz per sec.

4. Gamma and Background ResponSe

Gamma-ray and background response varies with threshold
detectors. Most threshold detectors have interfering reactions and must ,;
therefore be used with care. Such materials as Al and Mg are used for
counter constructiomiin order to minimize spurious background from

gamma-induced fission.

5. General Remarks

The foils used - as threshoid detector_sware usually too insensitive.
A great improvement in 'se.nsitivity can be obtained by the use of a.
scintillation technique instead. However, threshold detectore are weil
suited for use where a reaction is extremely short, such as radiation-

bursts from critical assemblies or nuclear explosions.
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VI. SEMICONDUCTOR FAST-NEUTRON DETECTOR

A charged particlevpassing through a semiconductor creates
electron-hole pairs. If created in the depletion zone of a p-n junction,
or in a surface barrier where an appreciable field exists, these carriers
may be separated by the field. This produces a pulse which can be am-
plified and counted. The resultant pulse—height spectrum is differen-
tiated, and then unfolded when.'necessary,' to obtain the neutron energy
spectrum. In order to detect fast neutrons, they must react with some
Qutside nucleide to prodlice charged particles, such as p, a, and fis-
sion products, which can be detected. Some nucleides that may be used
are: hydrogenous materials for recoil of protons; Th232, 'U238’ Np237
4(n,ﬁ) C14, S32

; Li6(n, a)H3, or Blo(n, a) Li7 with paraffin cover for a particles.

for fast fission products; Nl (n, p) 13'32 for protons, and

1. Efficiency

The efficieﬁcy of a semiconductor depends upon the reaction pro-
bability of the material we use to get charged particies. Higher effi-
cienéy is obtained by using thicker matérial', but the thickness should be
small compared with the minimum range of charged particles produced
inside the material, so that a ”sharp énergy resolution may be obtained.
For example, the range of a 1-Mev a particle with_in LiéF is about 3.
Using 0.5-p thick LiéF, we get a reaction probability of about 1078,
Thicker reacting material can be used at higher-neutron energy, but the
reaction cross section usually decreases for higher-energy neutrons and
vice versa for lower-energy neutrons. Thus the efficiency of a semi-
conductor using LiéF' is of the order of 10—6 in the fast-neutron energy
range. Thus the couﬁting rate of a semiconductor is rather low because
of its small size and low efficiency. The counting rate can be increased
by ﬁsing larger areas combined with deeper depletion layers, or by
stacking 5 or 10 semiconductbré togethfé'r. Efficiency increases as

energy increases at high e.nerg'ies when a thick paraffin layer with Li
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or B10 -is used as an activator..
Love and Murray obtained an efficiency of approx 10_6 for 2-Mev
neutrons, using _lSO-pg/cmZ-thick _LiéF layers evaporated onto a Si-Au

surface-barrier counter. '

2.. Energy Resolution

Energy resolution appears limited By the hoisé level of the am-
plifier and the thickness of activation mater1a1 used. ﬁ: requires only
about 3 ev to produce an electron hole pau' in a sem1conductor as com-
pared to about 30 ev for an ion pair in a gas. Thus, for the same amount
of the energy deposited in the sensit.ive volume of each detector, the
standard deviation of a sem1conductor is reduced by a factor of approx
10 1/2.
high.

" Barshal et al. obtained 0.6% resolution at 6 Mev for an a par-

Therefore, energy resolut1or_1 of sem1conductor is extremely

ticle, 45 and Love and Murray obtained AE approx 0.3 Mev for energies
between 0.6 and 3.5 Mev. 44 Dearnaley et al. obtained an 'e.nergy reso-
lution of l._'3 % at room temperature with a 15 mm2 Au-Si detector.

Most impressive of all, Dear.nal‘ey‘ ‘reports‘ that 0.38% resolution has
been obtained for 5.48{Mev a particles at 77(_) K. ﬁsé of a low-noise
~cascade preamplifier, and reduction of stray capacitance to a minimum,

should result in even better energy resolutidn.

3. .Useful Energy Range

Friedland reports a linear résponse to protdns up to 4.5 Mev and
to a particles up to at least 20 Mev, obtamable with a suitable reverse
bias. 47, Dearnaley et a1 predict that a lmear response to protons up to
10 Mev may be achieved. 46 By usmg a suitable activation material with
the width of the depletion 1ayer of a suitable semiconductor greater than
the distance necessary to d1ss1pate most of the energy of charged par-
ticle from maximum neutron energy we want to count, we should be able

to detect any fast neutrons below 20 Mev.
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4. Gamma-Ray and Background Discrimination

Gamma rays may d"ep'osi.t. only a very small amount of their
energy in the sensitive region due to its small size, aﬁd by appropriate
pulse-height biasing we can obtain a semiconductoer relatively insensitive
to both gamma rays and background radiation, except for pileup pheno-
mena encountered in an extremely high flux.

On radiation damage in semiconductors, Babcock etial. report
that an exposure corresponding to :5><109 fission fragments per cm

produced no change in counting efficiency.

5. Time Response

Dearnaley and Whitehead report that a pulse-rise time of 1eés
than 3)(10-9 sec has been measured. They calculated that rise time

should be about 5X10_10 sec at 7’7'0 K. 46

6. Directionality

The semiconductors using such reactions as Th232 {n, f), UZ'38

{n, ), Np237(n,'f), N14(n,p) C14,- and S3Z(h,p) P32 to get charged
particles are nondirectional, while those semiconductors that use hydro-
6

. . 7.6, 10 . .
genous materials for recoil protons, or Lii~; B"~ with a paraffin cover

for a particles, are directional.

7. Remarks 46 v
Dearnaley et al. think a p-i-n detector should extend the range
of usefulness considerably. N. A. Bailey, of Hughes Aircraft in Los
Angeles, claims that he has made a detector of Li drifted into Si with a
sensitive layer about 3-mm thick that can accomodate protons up to
more than 20 Mev with an energy resolution of 3%.
The semiconductor neutron spectrometer, due to its extremely
good energy resolution, fast time response, insensitively to gamma ray's,
small size and broad fast-neutron energy range, promises to replace the

scintilldtion counter as most used for the wide variety of purposes after

further development.
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VII. . CONCLUSIONS

In general, no pafticular counter can satisfy é.llvtlie requirements
for different situations. Table II and Figs 17 and 18 werebconstructed
so that they might be useful in selecting a desired counter for a different
situation. However, for the case where a high counting rate is not re-
quired, further development of semiconductor neutron spectrometers
seems most promising because of their extremely high energy resolu-
tion, fast time response, broad neutroh—energy range, insensitivity to
gamma rays and small size. It seems these will replace the scintillation
counter as the most used for a wide variety of purposes after further
development. The counting rate of semiconductors can be improved by
various methods stated in Sec. VI, but it seems it will not have the high
efficiency possessed by such a counter as the plastié scintillator.

Where high energy resolution is not required and where high ef-
ficiency is required, further development of a plastic scintillator in
which it is possible to discriminate gamma rays using the methods sug-
gested in Sec. II-A, and a development of methods to differentiate and
unfold pulses to get the neutron spectrum without introducing large errors,

is required.
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Table II. Comparison of 4t Fast-Neutron Spectrometers
Typical Useful Neutron s ;
X Decay Time in sec, o ) o
Instrament Typical Efficiency Energ(y%l)lesnlu!xon Ener(%}el‘})ange oF Sauration Effects; Gmma Sensitivity Reactions Advantages D R
@ . j . Sensitive Proton recoil High efficienc | High gamma 8], [91.03).10),.12]
. s g ney, | High g L[91.03).110), a2l
5 |Plastic See Fig. | See Fig. 2 0.1-20 3 mu-4.6 musec fast decay time | sensitivity BRGHOKMBOROR

5 Het See Fig. 3 <10%above 5 Mev 0.1-20 ~Lmpsec Insensitive to v | Low His), 141,126, (571,
S ~10%at 5 Mev Insensitive Alpha recoil rays, fast decay i efficiency (131,154}, (a5
PN >10%below 5 Mev time : S -

s

g — - - Biasable due to N {Cooltoliquid nitrogen
E Li°I(Eu) See Fig. 4 See Fig. 5 1-14 1.2 psec 4.78 Mev Q-value i“n“;‘d:ff T+ High efficiency ¥ point for improved ! 171,531
g : : . __ : i resolution .

2 - = N Tood discrimination - — H t
K3 Cd-Loaded ~85%1for 30X30 in. _;g:’;at v 1-20 ! mpgec due to delayed coinci- ca'P3ypacal® High efficiency, goad| Poor energy 119],(20],{18]

Organic Liqui o a ev | dence and 9.2 MevQ-value| +y49.2 Mev :z‘;y":g;’:;‘i:;g expi | resolution o )

- =3O T Mev | Biasable due to 0.77 3 ol —Tow efficiency T23]T56],[Z4].[50
_ 3 ) - . - 1 Hed4n~p+T+0.77 | Easy y biasing, High B { { J
3, He’(n,p)T See Fig. 8 _xo%l Mev 0.1-1.025 1 psec ! Mev Q-value and He3 recoil efficiency ’ | narrow useful F51 {271,826 .{57],
£o 5%10 Mev i | energy range 161
23 H
5% Paraffin- 2 . ! }Tj[‘:‘fg’_l:s:: to 2.78 B104ndsLi?+ l‘u“fin:“:gy re80- ! poor energy [28],(11]

83  Moderated BF3 [ ~10 ~50%- 100% 0.01-10 *1psec i 2.78 Mev ition, easy y ; Tesolution .
20 See Fig. 10 : 1 biasing ! R
[ ; !
! i Low efficienc
Polyethylene- Measure energy ! - . . i ¥, [30],f31]
Polye See Fig. 11 Thea i 0.2-20 ~1 psee : Insensitive Proton recoil Insensitive toy rays ,ca:::: messure
i energy spectrum
=Tt ol 0.1 Mev Tigh efficiency, no  Large amoant of

L Nuclear - gh efficiency, g 32} ,{33},{34),1(35]
Ea A . ~1o. . _1p9 s Srof 1 Mev g . dead time, insensitive time required to SFael (431 fani- fda1- "
£3] Emulsion See'Fig. 14 10-100% 0.2-20 x_oE :é:;n =10 ¢ of 10Mev Proton recoil to y Tays, smail sinelmeasnre tracks. ,[;(;] .137), (38}, [49]
i2 . : - {gammas permissible) small exposure time . shrinkage control :

2% |Li-Loaded AE= 0.1 Mev ~109 nfcm? b Same as above Li%+n--Het+n3 Same a8 above {Same as above; 1(35),39], (401, (41],

£ Emulsion See Fig. 16 for E<1.3 Mev 0.1-16 E>0.1 1 (nuclear emulaion) +4.78 Mev llow efficiency if42] . [60)

. | Uﬁs(n,n M Extremely short oor energy [43]
) k . P3ln,piSi reaction time iresolution, high
~s50. R i . s i . hig
Threshold Detectors See Table I 50-100% 0.01-20 [No Saturation 1 Sensitive 5321(6'7’ o3z | imete o aee v o
Agl07(n, 2n)Ag ¢
i] 232, Extremely good en- | -
) 3 (n(“icq" ergy resoiution, ex. |LOW counting {:g]}.[{g}],us_l,[u],
-7 E . Insensitive Lib(n tremely fast decay :'2'¢ [48],1.
Semiconductors ~107%-10 Extremely high, 0.01-20 ~10-0.1 mpsec . i time, insensitive to
up to 0.2% Proton recoil y rays, small size,
. broad energy range
NOTE: The 20 Mev and 0.01 Mev, as the E___ and E_, quoted above, imply just E___ and
E__ of fast-neutron energy ranges we are interested in, and do not imply the counter

min

cannot be used at higher or lower than 20 Mev and 0.01 Mev.

-09-
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Figure 17. Efficiency vs energy of various counters at the conditions
stated for comparison: The relative vertical positions of curves
are not fixed but can be moved up or down vertically by several
factors, by changing the conditions stated. The top curve does
not imply the best counter. It merely states that it has a rela-
tively high efficiency. The usefulness of a counter is determined
by various factors such as energy resolution, gamma sensitivity,
energy range and time response as well as by efficiency.

Curves (IM2)(35K8)9)(11) are drawn from the calculated re-
action probabilities and represent the highest theoretically pos-
sible efficiency at the conditions stated. Downward arrows are
drawn to indicate that the actual efficiency will be smaller by
several factors. Curve (4) is the probable range of efficiency
for a large (~ 30 in.X 30 in.) Cd-loaded organic s_czinti].lator.
Curve (6) shows an efficiency of the order of 10 ~ in the energy
range shown.. Curve (1) is the calculated efficiency of Moyer
(Ref. 30). Curve (10) shows the threshold energy of various
threshold detectors of Cowan and O'Brien (Ref. 43) with the
order of their efficiency.
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Figure 18. Qualitative relation between efficiency and energy
resolution for various counters.

(1) Plastic scintillation counter for d=1 inch and B=0.1
Mev. Drawn from Figs. 1 and 2.

(2) He4 scintillation counter for d=10 cm and 5 atmos.,
and B=0.1 Mev. Drawn from Fig. 3 and the energy resolution
obtained by Eggler and Huddleston i.e., 10% at 5 Mev {see Ref.
14).

(3) Liél(Eu') scintillation counter for d=1 cm.

(4) Cd-loaded liquid scintillator. Drawn from the esti-
mates made in Sec. II-D.

(5) He3 proportional counter for 5 atmos. and d=5 cm.
Drawn from Fig. 8 and the energy resolution obtained by Batche-
lor et al., i.e., about 5% at 0.12 Mev and 12% at 1 Mev (see
Ref. 23).

(6) BF, counter with 6 cm of paraffin cover. Drawn from
the estimates made in Sec. III-B.

(8) Nuclear emulsion for d= 600|.L Drawn from Fig. 14
and AE =1 Mev.

(9) Lié—loaded emulsion for d=200 p and N . = 5)(10 a,toms/c:c=
Drawn from Fig. 16 and AE =0.1 Mev for E < 114 Mev as obtained
by Keepin et al. (see Ref. 39).

(11) Semiconductors. - Drawn from the best energy resolution
of 0.38% obt%me b;;' Dearnaley et al. (Ref. 46) and the efficiency
range of 1077 - 10~ The sideward arrow is drawn to indicate -
that usually a poorer energy resolution than the indicated value is
obtained.

Downward arrowsare drawn to indicate that the actual effi-
ciency will be smaller by several factors. Numbers on curves
indicate neutron energy in Mev.

The range of efficiency (n)of various counters is of the order
of the seventh power, while the range of energy resolution (&) of
these counters is of the order of the third power. The 7/8& vs
energy does not give correct intepretation of the importance of the
counter, since the small variation in the range of energy resolution
is more important than the same variation in the range of efficiency.
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