
Lawrence Berkeley National Laboratory
Recent Work

Title
FOUR-?f FAST -NEUTRON SPECTROMETERS FOR DETECTION AND DOSIMETRY

Permalink
https://escholarship.org/uc/item/5sc428cc

Author
Wallace, Roger.

Publication Date
1962-10-18

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5sc428cc
https://escholarship.org
http://www.cdlib.org/


UCRL-10275 -

e~ 

University of California 

Ernest 0. 
Radiation 

lawrence 
Laboratory 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Division, Ext. 5545 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



. ,.· 

UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

·Contract No. W -7405-eng-48 

FOUR-'IT FAST -NEUTRON SPECTROMETERS 
FOR DETECTION AND DOSIMETRY 

Roger Wallace 

October 18, 1962 

UCRL-10275 



.. · 

-iii-

FOUR-1T ·FAST -NEUTRON SPECTROMETERS 
FOR DETECTION AND DOSIMETRY 

Roger Wallace 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

October 17, 1962 

ABSTRACT 
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The proton-recoil and gamma-ray pulse-shape discriminating, He
3

, 

He
4

, Li
6

, double pulsing, moderated BF3, nuclear emulsion,_ threshold and 

semiconductor types of 41T neutron spectrometers are described. These 

nine types are compared as a function of neutron energy on the basis of ab

solute sensitivity and energy resolution. Recent developments in the pulse

shape discriminating -~nd semiconductor types are outlined. Experimental 

calibrations of several of the more promising types are included. The dis

crimination against gamma rays of each type is described. The application 

of these instruments to neutron field dosimetry measurements of biological 

significance is discussed . 
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Four-'IT neutron spectrometers, as contrasted to the many other types 

of neutron spectrometers, have been developed relatively recently which 

depend on a prior knowledge of the neutron-source point or the beam line of 

the neutrons striking the spectrometer. l In the case of the time -of-flight 

proton-recoil, ranger, chopper, or crystal types of spectrometer, the source 

point and perhaps zero time of origin of the neutrons must be known·~in',order 

to measure the flight time or to allow the measurement of a recoil angle and 

associated proton energy. If the point of origin of a neutron is not known,, a 

new approach must be made to measuring neutron-energy spectra. It is con

ceivable that a collimator could be used to define the incident direction in 

order to make the resulting proton recoil angle meaningful. The use of such 

a collimator would largely defeat the purpose of such a measurement in that 

it would introduce a large mass around the detector and consequently distort 

the neutron spectrum . 

. To avoidthis distortion other approaches can be made .. If we analyze 

the statistical distribution of proton recoil energies resulting from the recoil 

of monoenergetic neutrons of a few MeV; we find that all energies from thaJ 

of the primary neutron on down to zero are equally probable. This rectan_: 

gular distribution, shown in Fig. 1, is naturally somewhat distorted by the 

range -energy relation for these protons and other instrumental considerations. 

Nevertheless, in principle if one assumes that the relation between. the in

cident monoenergetic neutron energy and the resulting proton recoil spectrum 

,,, Work done under the auspices of the U .. s .. Atomic Energy Commission 

and the U. S. Air Force;_AFSWC, Kirtland Field, New Mexico, U. S. A. 

For the Symposium on Ne'utron Detection Dosimetry and Standardization, at 

the Atomic Energy Research Establishment Harwell, Didcot, Berkshire, 

United Kingdom:, December 10-14, 1962. 
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1s known for a variety of incident neutron energies, then the pulse-height 

spectrum produced by an unknown incident-neutron spectrum can be unfolded 

by a simple differentiation if the ideal rectangular shape is actually or as

sumed to be present. 

If the modified non.rectangular shape is to be taken into consideration, 

then a matrix inversion process will allow the desired result to be achieved 

with considerably more effort and less precision. This latter process may 

introduce some practical but surmountable difficulties such as negative prob.:. 

ability values, which are of course meaningless. These considerations are 

indicated in Fig. l for a delta-function neutron energy distribution and for 

three mixed delta functions. The extension of this basic idea to more complex 

spectra is the basis for several of the instruments .that we will discuss. The 

actual relation between the proton recoil distribution and the neutron spectrum 

lS 

N (E)dE 
n 

dN (E) 
p 

dE 

EdE 

41T nO" (E) 
np 

( 1) 

where N (E) is the neutron spectrum, N (E) is the proton spectrum (con-n p . 
verted from pulse heights), n is the number of target protons per em -

2
, 

and o- (E) is the n-p elastic cross section. np .. 
This relation is the basis for the <or:ganic-scintillator, double-pulsing, 

nuclear-emulsion, and some semico;nductor types of 41T spectrometers. 

The same relations corrected for the recoil of a heavier nucleus are the basis 
4 

for the He type. 

II. :Q:ESCRIPTION OF THE VARIOUS TYPES 

A. Organic Scintillators 

Probably the most promising development in the 41T neutron-spectrom-

eter field in the past few years has been that of electronic circuits that can 

discriminate against gamma rays while transmitting proton recoil pulses 

with high efficiency.
2

' 
3 

This allows the high gamma-ray detection efficiency 

of the organic scintillators to be larg~ly eliminated. Most neutron fields, 

especially those that approach the detector from all directions, are accom

panied by a considerable number of gamma rays usually due to 2.2 MeV n-p

capture y rays. Unfortunately many detectors for neutrons are. also sensitive 

to gamma rays, especially if they also have an output pulse height which is 

proportional to the incident neutron energy. It is therefore a very significant 
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step forward to be able to discriminate against the gamma-ray-induced pulses 

in the case of the organic scintillators, which in turn are such ideal neutron 

detectors for the application of the statistical recoil unfolding technique de

scribed in the Introduction. 

B. He 
4 

Noble-Gas Scintillate r 

Helium-4 gas of sufficient purity will emit light directly when a charged 

particle passes through it} The recoil spectrum of the He 
4 

ions will have 

the same rectangular shape as that of the protons shown in Fig. 1 except that 

the maximum energy possible· 'for He 
4 

is 4A / ( l+A)
2 

= 64o/o of that of the neutron. 

This scaling down of the recoil energies is a kinetic effect due to the non

equality of the masses of the neutron and the He
4 

The He 
4 

is used under 

several atmospheres of pressure to limit the ranges of the recoils to the 

sensitive volume of the counter. 

C. Li 
6

I(Eu) Scintillator 

Fast neutrons produce the Li 
6 + n-+ He 

4 + T + Q = 4. 7 8 MeV reaction 

in this scintillator. 
4 

The He and T deliver E + 4. 78 MeV energy to the 
n 5-8 

phosphor. Although it is ideal for the detection of neutrons with energies 

of a few MeV,· this reaction tends to mask pulses from low-energy neutrons 

of a few hundred kilovolts since they do not add much to the already large 

4. 78-MeV Q value. Also, for neutrons above 10 MeV competing processes 

set in, making the pulses no longer uniquely associated with one neutron energy. 

D. Double-Pulse Type 

The double-pulse spectrometer is represented by two closely related 

types. 9 -
12 

The first consists of a liquid scintillator in which boron or 

cadmium is dissolved, and the other is a plastic scintillator surrounded by 

or near a thermal-neutron detector such as a BF
3 

proportional counter. 

The principle of operation is that an incident neutron's energy is transferred 

almost entirely to a recoil proton, which is detected in those collisions in 

which the recoil neutron is left with only a small amount of energy. In these 

particular collisions the ,neutron is more likely to be captured by the thermal 

detector, after a time necessary to thermalize. This time is characteris

tically from 10 to 20 ~J.sec. When actuated by an initial pulse due to the proton, 

the associated electronic circuits start a delayed "gate. 11 If a second pulse 
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in the thermal-neutron detector arrives 10 to 20 p.sec later, the original 

proton recoil pulse, which has been traveling along a delay line in the mean

time, is admittedto the pulse-height analyzer. The_:delay,ed second pulse is 

not detected when the initial "proton" pulse was a spurious one due to gamma 

rays. Unfortunately in most neutron fields there are enough gamma rays to 

cause a fairly large number of accidental gamma-gamma coincidences, which 

appear to the electronic circuits as proton pulses. The '1-ray rejection by 

this technique is not as good as in the case of category A organic scintil-
'"··· 

lators. Consequently, these double-pulsed spectrometers are main,ly of 

historical interest, and they will not be mentioned further, except that they 

are indicated by the shaded regions on the final graphs of efficiency, energy, 

and energy resolution. Perhaps the high intrinsic efficiency of these spec

trometers is misleading, because their vulnerability to accidental coincidences 

forces them to be used at somewhat lower counting rates than other types, 

thus cancelling to some extent their high efficiency. 

E. He
3 

Counters 

3 
The reaction He + n-+ T + p + 0. 77 MeV is the basis for several 

recent developments of spectrometers which do not operate statistically as 

is the case in types -A and B, but in which each neutron is individually 

associated with a pulse that is uniquely related to its energy, as in types C 
13-16 

and D. The 770-keV energy release is very useful in making it possible 

to detect neutrons with energies less tpan 1 MeV, which is quite difficult in 
3 - . 

many other types of spectrometers. The He spectrometers usually. take the 

form of proportional counters operating on He
3 

with some other gas addedto 

limit the proton ranges and improve counter performance. -Anticoincidence 

counters have been added to the walls of some proportional counters to elim:

imate those proton pulses that would otherwise escape into the nonsensitive 

volume andthus appear with too small a pulse height. 
16

• 
17

- At energies above 

1 MeV an ambiguity is possible in that He
3 

recoils which have not been in

volved in a nuclear reaction but only in an elastic collision will compete with 

the He 3 
(n, p)T reactio:b.. This ambiguity can be remov~d in the data redu,ction, 

14 

but it reduces the resolution of the spectrometer for higher energies. 
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F. Mode rated BF3 

3 
A BF counter, surrounded by various.thicknesses of moderator which 

in turn is contained inside a Cd cover, will have a counting-rate variation 

with moderator thickness (see Fig. 2) which changes with the incident-neutron 

energy.
1 

These curves are plotted in Fig. 3 as counting rate vs energy for a 

constant moderator thickness. It is seen that they permit this detector to be 

used as a very crude spectrometer, with the exception of the 6-cm thickness 

which is almost energy-insensitive .. Although the resolution of this system 

is very low, the sensitivity is fairly high, and the widespread availability of 

the BF
3 

detector makes this an important method in spite of its serious 

limitations. 

G. Nuclear Emulsion 

The length of proton recoil tracks produced in nuclear emulsion can be 

measured with a properly equipped microscope. This measurement yields a 

proton range spectrum, which can be converted to a proton energy spectrum 

which in turn can be inverted, by a process related to differentiation, to the 

· "d · 18 - 22 Th . 1" "t f th d 1nc1 ent-neutron energy spectrum. e extreme s1mp 1c1 yo e e-

tector is perhaps misleading when the overall effort necessary to exploit this 

method is considered. Since this is a statistical process like A and B, a 

very large number of proton recoil tracks must be measured, each one in

dividually, by a fairly well-trained operator in order to carry out the pseudo 

differentiation process with any precision. The data can be recorded and 

subsequently reduced by computer methods. This detector is recommended 

when the 4rr spectrum is required simultaneously at many points in space, 

and electronic methods would be too costly to duplicate on this scale. 

H. Threshold Detectors 

Th f U238 p31_• 5 32, Agl07, 1121. C 12 d B.209 . . e use o , an 1 1n react1ons 

whose thresholds vary from l:j to about 50 MeV provides simple, inexpensive 

d 23, 24 h lf 1.· f 11 . d u238 d B209 etectors. The a 1ves o a reaction pro ucts except an 1 

are long enough to allow the sample to be taken to a counter for assay. In 

many applications the efficiency of the threshold detectors is too low, al

though several recent developments have allowed this to be increased in 

some special cases. In applications where neutrons are present for a very 
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short time with very high intensity as is the case near a nuclear expl<xs7if>n 

or during the burst of a critical assembly, are the only detectors that can 

be used. There is practically no possibility of saturation by high intensities. 

The spectral resolution, while crude, is better than that of type F. 

I. Semiconductors 

These are the most recent detectors to be developed, and in spite of 
. 8,24-27 

their very low efficiency offer some very. attrachve features. Their 

extremely small size and electronic simplicity are great advantages. Bas

ically they detect charged particles such as protons, alphas, or fission 

products. Thus they can be used to. detect recoil protons from hydrogen or 

reaction products from a variety of nuclear reactions. 
5 

III. GAMMA-RAY DISCRIMINATION 

Since, like neutrons <y-rays are uncharged their simultaneous detection 

by any of these spectrometers distorts the neutron spectral measurement and 

produces a spectrum that is a combination of y and neutron effects. It is 

.important that this be avoided, and therefore a discussion of the relative 

y. ray rejection of these spectrometer types. is in order 

Although organic scintillators (type A) are quite sensitive to y rays 

. the rejection ratios for well-designed pulse-shape discriminating circuits 

are of the order of one thousand or better. This is sufficiently high for prac

tical purposes. unless they background is very intense relative to the neutron 

flux. 
4 

Type B He recoil counters are fairly insensitive toy rays because .of 

the low Z of He. Rejection ratios of twenty to one are obtained experimentally. 

In type C, Li
6
I(Eu) crystals, there is good discrimination of the low

energy y rays because.of the high Q value of 4.78 MeV which is added to the 
4 

He and T emitted in the basic neutron-detection reaction. 

The double-pulsing type-D spectrometer is quite vulnerable to y inter

ference, especially at high counting rates. 

Type E He
3 

spectrometers have excellent gamma discrimination, be

cause of the low Z of the He and the 770-keV Q value of the He
3 

(n, p)T reaction. 

In addition when the counter is surrounded by an anticoincidence counter ring 

. to reject escaped protons and ions produced in the counter walls, the y counts, 

which are largely due to wall effects, are automatically eliminated except at 

the ends. 
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Moderated BF
3 

detectors (type F) are very insensitive to gamma rays. 

· Again this: is due. to the large Q value of the B 
10 

(n, d)Li 
7 

reaction, as well 

as. to the inherent insensitivity of a gas counter to y rays. 

Nuclear emulsion, treated as type G, responds toy rays by producing 

random developed grains. Since these are rarely aligned in tracks. it is easy 

for the.microscope scanner to eliminate y contamination. If the backgr~und 

random grain density becomes high, however, it interferes with the measure-

ment of the length of the proton recoil tracks themselves. On a dose basis, 

there is about a ten to one rejection of y rays by emulsion. 

-Threshold detectors (type H), are fairly immune to gamma interference, 

. 11 f 1 I h . 1 . f B· 209 f. · espec1a y or ow-energy y rays. · n. t e parhcu ar case o 1 Iss1on, 

the y sensitivity is small even for y rays with several BeV energy .. -

In type I, semiconductors have such a small sensitive region and usually 

so little material around them that their y response ·is. small. In addition, 

. the low ionization density along electron tracks in the. thin sensitive region 

tends to reduce the Y.pulse heights, permitting effective discrimination: 

In general Y. rejection is accomplished by pulse-height discrimination 

using electronic bias in types B,' C, E F, and I. In the special case of type 

A, the discrimination is on the basis of pulse shape rather than height. In 

·typeD, it is on a time· identification basis, in-type G by visual means, and in 

type H on·the basis of the small cross section for gamma-induced activities. 

While y rejection is a major hurdle in neutron spectroscopy it has been 

solved fairly well inmany of the types that are outlined here. In general y 

. discrimination breaks down in mos.t types when the y count rate becomes 

very high. This is usually the result of the piling up of many small y. pulses 

that arrive close to each other in time and produce an accumulative effect 

which cannot be distinguished from a real neutron-induced pulse. ·Even in 

the case of the type A pulse-shape discrimination method,. the irregularly 

•·· shaped y accumulation pulses coming from y pileup are not as easily rejected 

by the shape-sensitive circuits as are the single y :eulses for which the cir

cuits were intended. 
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IV. SENSITIVITY AND RESOLUTION 

Sensitivity and resolution are generally mutually ex-clusive qualities m 
29• 30 0 1 b . f h - . . . spectrometers. n y y compar1son o t ese propertles carr a~w1se 

choice be made between the several types. Statistical fluctuations reduce 

the resolution of all types, and since this effect is fairly obvious, it will not 

be discussed in this brief resume. 

Organic scintillators _(A) suffer from nonlinear pulse-height output as 

a function of the deposited energy. In addition there are losses of protons 

from the scintillator in_small scintillators, and in large ones .there may be 

multiple neutron collisions which make incorrect the ·spectral unfolding out

lined in the Introduction. 

Thus-there is a correct size for the organic 'sc"intillators, intermediate 

between these two extremes, for maximum energy resolution for any par

ticular incident-neutron energy. This ideal size is usually a few em on a 

side. In the case of a spectrum that extends over a wide energy range, it 

would probably be best to use several different sizes of scintillator. The 

efficiency of an organic scintillator 2 em on a side is usually greater than 

·o.l over the energy range from 1 to 10 MeV. However, to actually detect 

1-MeV neutrons is difficult, and the usu'al lower limit is 2.5 MeV. competing 

recoil pulses are producedby the carbon in the scintillator. Their pulse 

spectrum is superimposed on that of the H recoils. Fortunately this effect 

1s small. 
4 

The He recoil detectors (B) have the same wall- and end-effect losses 

of resolution as the organic scintillators and the same type of limitations 

on the lower and the upper size of the sensitive volume. -In some of these 

detectors, ~oss of resolution occurs because of collisions with Xe which has 

been added .to limit the recoil ranges, thus producing a spurious pulse distri

bution which is superimposed on that of the He 
4 

Energy resolution improves 

and sensitivity decreas'es as the pressure in the counter decreases. 

The efficiency of a Li
6
I(Eu) crystal (C) a few centimeters on a side is 

equal to a few percent for neutrons of a few MeV energy. For the smaller 
4 

crystal sizes, the resolution is limited by the escape of the He and the T 

products. In the largest sizes, light-collection efficiency might decrease. 

The main limitation on the resolution is, of course, the size of the pulse that 

you wish to detect relative to the Q value of 4. 78 MeV for the Li 
6 

(n, T )He 
4 

reaction. Resolutions near 30o/o are practical in favorable energy ranges. 
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No comment on the double-pulse spectrometer (D) will be made here 

other than the inclusion of this type in the following figures. 

The He
3 

counter (F) has a fairly low efficiency, since it is a gas-filled 

device. Pressures up to 10 atm are often used. Large diameter is desirable, 

but this requires higher voltages with consequent breakdown difficulties. The 

end losses also reduce resolution. Both the end losses and the side losses 

can be compensated for in principle by a proper treatment of the data. The 

anticoincidence schemes also reduce the efficiency with increasing energy, 

since more and more proton pulses actuate the anticircuit .. At best, the 

efficiency is several orders of magnitude below that of types A, F, and G, 

and somewhat below B. Although the resolution of the He
3 

counter depends 

on the usual statistical limitations and such cfia;:acteristic proportional

counter difficulties as recombination, due to the presence of electronegative 

gases such as 0 2· or H 20, the resolution also depends on special He
3 

problems 

such as the possible presence of radioactiv<:! T and the additive Q value of 

0. 77 MeV for the H.e 
3 

(n, p)T reaction. The resolution is thus limited at the 

low-energy end by the Q value and at the high-energy end by the presence of 

competing reactions. The useful energy range in which there is a reasonable 

resolution is more .limited in the He 
3 

spectrometer than i~ most of the other 

types, but the spectrometer's ability to work at energies somewhat below the 

limits of most of the other types is its main virtue. This makes it a device 

that should be thought of as complementary to one of the other types. 

The ef~iciency of the moderated BF 
3 

counter (F) varies with moderator 

thickness, which is reasonably high however. This variation is not shown in 

the following figures other than as a shaded area because of the very low 

energy resolution. 

The efficiency of emulsion (G) is moderately high, and the resolution 

is largely a matter of the statistics. It is however a formidable task to build 

up enough statistics to increase the resolution above a few percent. 

The efficiencies of some of the threshold detectors (G) are shown as 

dots on Fig. 4. In genera~ the efficiency is low, but the phoswich technique 

of interposing layers of the threshold materia;! between layers of plastic 

scintillator considerably increases this efficiency. The crudeness of the 

resolution is second only to that of the moderated BF 
3 

counter because of the 

infrequent spacing of the threshold value.s and the shape of the activation 

cross sections as a function of energy above the thresholds. Threshold 

detectors are compared in Table I. 
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The efficiency of the semiconductor detectors (I) depends on the reaction 

probability of the material that is used to get charged particles which in turn 

are detected in the sensitive layer. Higher efficiencies can be obtained by 

using thicker layers, naturally at the cost of a reduction inthe energy reso

lution. Efficiencies are of the order of 10-6 , and reaction-layer thicknesses 

are a fraction of a micron .. This extremely low efficiency is somewhat off-

set by the high resolution and small size of the detector. About 3 eV of energy 

are required to produce an electron-hole pair in a semiconductor, compared 

to about 30 eV in a gas counter. This means that for equal energy deposition, 

. the statistics are a factor of tJTO better in the semiconductor. 

V. CONCLUSIONS 

The sensitivity and resolution are shown in Figs 4 and 5. The details 

of the productionof these curves are given by Kim. 
1 

Reasonable assumptions 

.about maximum and minimum detector sizes, minimum pulse-height bias, 

resolving times, counter filling pressures, counter operating voltages, sen

sitive layer thicknesses in the semiconductors, and converter:tliicknesses 

have been made in each case .. These curves express qualitative relations 

only. 

A high value for the efficiency/ resolution ratio TJ/ o makes a desirable 

spectrometer. Unfortunately this ratio is not as meaningful as might be hoped, 

since the energy resolution varies by a small ;:~.mount in comparison to the 

range of variation of the efficiency. The ideal spectrometer would be rep

resented by a point in the upper right corner of Fig. 5. It is seen that with 

the excepti~ri -6f that for the semiconductor the curves for the actual spectrom

eters hug the ordinate, and few of them have better than 10% resolution . 

. The conclusion which seems best supported by the se qualitative rela

tions is that from 2.5 to 15 MeV the pulse-shape-discriminating orga:i:de 

scintillator- -probably in several different sizes- -is to be preferred, while 

below 1 MeV,. He 3 is the only convenient choice .. Thes~ two energy ranges 

can probably be fitted together by a slight downward extension of the orga~c

scintillator lower limit, and the 'removal of the high-energy ambiguities of the 

He 
3 

counter in the treatment of the data. Both of these instruments require 

a multichannel pulse -height analyzer and modest data-handling and computer 

facilities. At present, a single spectrometer which produces a direct readout 
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and a few percent resolution of the energy distribution of neutrons approaching 

the detector from a 4-lT direction seems to be beyond the scope of our tech

nology. 

The need for a 4lT neutron spectrometer was originally motivated by a 

desire to be able to multiply the resulting spectra by the RBE as a function 

of energy in order to secure the REM dose in biologically significant radiation 

fields. During the time that these spectrometer developments and calculations 

have been carried out, the 1 to 10 range of RBE values has apparently c<;n

tracted somewhat, perhaps to as little as one to two. Thus the need for such 

a device has been somewhat reduced for the calculation of REM values. How

ever, in the evaluation of the effectiveness of reactor and accelerator shield

ins, such a spectrometer retains its practical value. It is hoped that the next 

few years will see the increased use of some of these relatively new tools. 
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Table I. Comparison of various threshold detectors. 

Reaction Threshold Min;. detectable ' Efficiency Half-life 

used {MeV) neutron flux {o/o) 
2 

(n/cm /sec) 

u238{n, f) 1.1 6.6 J0-3 

p3l(n. p)Si31 2.0 200 160 min 

·. 5 32(n, p)P32 2.0 230 5 14.5 d 

, A 107 ( 2 )A 106 g n, n g . 9.6 350 8-10 24.5 min 

1127(n, 2n)Il26 10 20 13 d 

C 
12

(n, 2n) C 11 20 2.3 90. 20.3 min 
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FIGURE CAPTIONS 

I. . The relation between a monoenergetic incident neutron and the resulting 

proton (or heavier A) recoil spectrum, and its extension to the meas

urement of an unknown neutron: spectrum from its proton recoil spec

trum. 

2. The BF 
3 

counting rate as a function of paraffin thickness. for vadous 

neutron sources, corrected to an isotopic flux distributiom The entire 

assembly was covered with Cd. 

3. Average efficiency of a BF 
3 

proportional counter as a_ function of neu-

. tron energy for various paraffin thicknessel?,,correctedto an isotropic 

flux distribution. Averaging counting rates over the 41T solid ang-le, an 

error of up to lOo/o is present. 

4. Efficiency vs energy of vc;Lrious 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 relatively 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 effi

ciency. 

-Curves {A) to {I) are drawn from the ca,lculated reaction probabilities 

and represent the highest theoretically possible efficiency at the conditions 

stated. Downward arrows are drawn to indicate that the actual efficiency 

will be smaller by several factors. Curve ,(D) is the probable range of 

efficiency for a large {- 30 X 30 in. ) Cd-loaded organic scintilla:tor. 
-2 Cur.ve {F) shows an efficiency o~ the order of 10 in the energy range 

shown. 

5. Qualitative relation between efficiency and energy resolution fo_r various 

counters. 

:(A) Plastic scintillation counter for d = 1 in.- and B = 0.1 MeV. 

(B) He 
4 

scintillation counter for d = 10 em and 5 atm .. 

(C) Li
6
r(Eu) scintillation counter for d = 1 em. 

(D) Cd-loaded liquid scintillator. 
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(E) He 3 ,proportional counter for 5 atm. and d = 5 em. Energy re~;>
olution obtained by Batchelor et al., i.e., about 5% at 0.12 MeV 

and 12o/oat l·MeV • 

. (F) BF 
3 

counter with cover of 6 em of paraffin. 

{G) Nuclear emulsion for d = 600 1.1 thickness • 

. (I) SemiConductors •. ·· Drawn from the best energy resolution of 0.38o/o 

. obtained by Dearna1ey et al. (Ref. 26) and the efficiency range of 

10- 5 to 10- 7• The sideward arrow is drawn to indicate that usually 

a poorer energy resolution than the indicated value is obtained. 

Downward arrows are drawn to indicate that the actual effiCiency 

will be smaller by several factors. Numbers on curves indicate 

neutron energy in MeV •. The range of efficiency ( 71) of various 

counters is ofthe order of the seventh power, while the range of 

energy resolution (o) of these counters is of the order of the third 

power. - The 11/o vs energy does not give correct interpretation of 

the importance of the counter.· since the small variation in the 

range of energy resolution is more important than the same var

iation in the range of efficiency. 
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