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1. Introduction

FOr differential investigations of fast neutron reactions, radio
active neutron sources have been extensively replaced by accelerators
which furnish hig'ler neutron fluxes and permit a continuous variation
of neutron energy, while reactors are used practically exclusively
for the generation of induced radioactivities. In spite of this de
velopment, radioactive neutron sources are still highly useful for
some applications. They are extremely compact, have a constant or
only slowly changing source strength and are practically maintenance
free. Consequently, radioactive neutron sources continue to be employed
as standards for the determination of absolute neutron source strengths,
calibration of neutron detectors, investigation of slowing-down and
diffusion properties in different materials, measurement of scatter
ing and absorption cross-sections, and for importance measurements
in fast reactors.

In order to attain the lim!t of error of 1~ for importance
measurements, a precise knowledge of the source spectra is necessary.
For most radioactive neutron sources, the spectrum in the lower energy
region has not been known thus far because the measuring methods util
ized cannot be employed below about 1 MeV, especially with a strong
y-background. In the upper energy region, the spectra measured by
different authors frequently diverge highly from each other and since
usually no information is given on systematic errors, the reliability
and accuracy can hardly be evaluated. Consequently, differences of
up to 5~ result. in the importance measurements, depending on which of
the published spectra is used and what assumptions were made for the
trend in the low-energy region. General information concerning the
necessary accuracy with which source spectra must be known to attain
a 1~ lim!t of error for importance measurements cannot be given beca.use
the spectra are very different. However, it is sufficient if the rela
tive trend of the spectrum is mown within 1~ in the entire energy
region from 10 keV to 10 MeV which is of interest for radioactive neu
tron sources.

The objective of the present stUdy therefore was (1) to develop
a sufficiently sensitive method for radioactive neutron sources with

. which neutron spectra can be measured with an accuracy ot 1(),C in the
range of 10 keV-10 MeV with an energy resolution ot 1(),C, and· (2) to
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determine the spectra of the neutron sources listed in Table 1 which
are used for importance measurements in particular.

Table ~.--Irivestigated sources •
.....

Source type Radioactive isotope hrget lIiIterhl >ource strenIJlh
(n/aoe)

Sb-DO y." Ib
la

" De • • 10·

Ct20a $~l\ln. Cl
252 ..

• 1.1. 10l5s10n -r:-
".-Ll II."

".241 Ll 1,1 • 10

AIA-P II." ".241 P 4.8 ·10~

"D_OIO CI." A11241 010 4,3 .105

"0\11-8 II .•• AD241 B 1.2.10'

AII-Do(5C) II,. ".241 1M 107

- A11-80(0.4C) II •• ".241 De 1.1 • 10
8

AII-ae(l.SC) CI._ _241 Be 1.3.10'

••-80 CI •• ..aau .. 1.2.10'

In Section 2, the various methods to be considered are compared
on the basis of the requirements made of the spectrometer and the
choice of recoil-proton proportional counters is explained; these have
been used successfully for several years to measure fast reactor neu
tron spectra in the energy region from about 20 keV to 1.5 MeV.

In Section 3, the problems which occur below 20 keV and above 1.5
MeV with the use of this technique are discussed. By an accurate
"determination of the relationship between proton energy and ioniza
tion for hydrogen produced in the counter with the use of a so-called
slowing-down time spectrometer, it was possible to increase the reli
ability and accuracy in the lower energy region. FOr the energy region
above 1.5 MeV, the applicability of this method with the use of suit
able counters is demonstrated by measurements with monoenergetic neu
trons.

In Section 4, the neutron spectrum measurements of the sources
listed in Table 1 are discussed. First, however, the spectra measured
for two SUAK systems with the use of proton recoil counters in the
range of 20 keV to 5 MeV are cOqlared ~th the, results of other methods,
showing that proton reco~l counters can also be euployed above 1.5 MeV,
to measure the neutron spectra of fast reactors- In connection with
the neutron spectra ot radioactive sources, the tollowing needs to be
pointed out: (1) For most aln-sources·, the trend ot the neutron spectrum
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below 1-2 MeV is not well known and measurements below 500 keV do not
exist for any of these sources. However, it can be anticipated [1]

that a considerable number of neutrons with energies below 1 MeV are
emitted at least from some a,n-sources. The spectra in the low-energy
region are of great significance for importance measurements and of
some physical 1nterest, ana their aetermination 1s an important part
of this study. (2) FOr the Sb-Be(v-n)-source, which is still used to
day for standard measurements of absorption cross-sections, the dif
ferential neutron spectrum was determined for the first time. (3)
In the studies pUblished thus far on radioactive source spectra, only
one or two sources were investigated and since data on poss1ble sys
tematic errors are usually not fUrnished, it is difficult to evaluate
the accuracy and reliability of results. In this connection, we should
notethe estimate of ~ystematic errors, the comparison measure~nts

with other methods in SUAK and the fact that the spectra of all sources.
used typically were determined by the same method in the present study.

'.
2. Choice of the Neutron Spectrometer

The spectra of a number of different neutron sources, some of
which have very small source strengths (llW 105 n/sec) are to be de.
termined with the neutron spe~tromet~r. The spectrometer must the~e:

fore be ~~sable in the energy region from about 10 keV to 10 MeV and
must have a high response probability. The energy resolution should
be not less than 1~ over the entire energy region, so that the struc
tures present in different source spectra are well resolved and the
mean total error in the measured energy distribution should not be
greater than about 1~. In the following, the choice of the spectro
meter utilized will be explained by a critical comparison of the
different methods to be considered. Three points are of particular
interest here: (1) Measurable energy region, (2) sensitivity, and .
(3) Accuracy.

The methods for the determination of differential neutron spec-
tra can be divided into three groups:

1. Time-ot-flight methods,
2. Neutron-induced nuclear reaction"
3•. Recoil pro~B8eB.
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Generally, the time-of-flight method cannot be used for the

measurement of neutron spectra of stationary sources, since another
radiation coincident with the neutrons, which is suitable to estab
lish the start of the flight ~ime, is emitted only in exceptional cases~

The exceptions include nuclei undergoing spontaneous fission, such as
cr252 •

The methods at Iroup two make use ot reactlons at the tollowlnl
type:

n+A~B+C+Q

The capture or a neutron in nucleus A leads to the product nuc1el
B and C, with the release or energy Q. The sum of Q and of the kine
tic energy or the neutron appears as kinetic energy of the product
nuclei if no product nucleus excitation occurs. Consequently, the
neutron energy can be clearfY determined by measuring the total re
leased energy. However, for a reaction to be useful for neutron
spectrometry, the following conditions must be at least partially
satisfied:

The cross section may not be too small and should be a continu
ous function of energy (no sharp resonances).

In the energy region of interest (~ 10 MeV), no interefering
competing reactions should occur.

The Q-value should be positive, so that measurements can also
be made in the region of low neutron energies. However, Q should also
not be too large, since the energy resolution becomes poorer with 1~

creasing Q-values, particularly at low neutron energies.
The reacting isotope A must be present in a form which permits

the construction of a spectrometer.
There is no reaction which satisfies all conditions. Because

'of the first two conditions, our choice is limited to light nuclei,
and of these, He3, Li6 , B10 and N14 should bo given closer attention.

The reactions N
14

(n,p)c14 and B10Cn.a)L17, however, both have very
small cross-sections. The B10(n.a)L17-reaction furthermore leads
to an excited level in ~7 with a 6_ probability and contains resonances
in the cross-section. Consequently, only the reactions:

•. :I
Li 4,711 MeV,·' :

I a .
•• : ••~•••• 0,714 1IeV•.
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are useable for neutron spectroscopy. The L16 (n,a)H3-reactton was
used for the first time for neutron spectroscopy by Love and Murray
[2] in the form of the Li6 -sandwich-semiconductor spectrometer. This
spectrometer is already being used frequently to measure fast re
actor neutron spectra, but it is not suited to measure source spectra
for the following reasons:

1. The sensitivity is very low because the cross-section is
very small "and because the Li6P-layer must be very thin so that the
energy loss of product nuclei occurring in it will remain small.

2. Because of the large Q-value and the finite energy resolu
tion of semiconductor detectors, measurements are possible only above
about 500 keV.

3. Above 5 MeV, the n,Q-cross section decreases extensively,
so that the ratio of measuring reactions to secondary reactions in
the semiconductor-detector silicon becomes very unfavorable.

4. The relative curve of the n,Q-cross section at the present
time does not seem to be known within better than ±1~ as indicated
by Fig. 1. In principle, all spectrum measurements contain the same
error.

Two types of spectrometers are known which are based on the
He3(n,p)H3-reaction. "He3-filled proportional counters were used
for the first time as spectrometers by Batchelor, Aves and Skyrme
[3]. A summary of these studies up to and including 1957 has been
pUblished by Batchelor and Morrison [4]. Essentially, two problems
remain which have not yet been solved to satisfaction:

1. Calculation of wall effects,
2. Elimination of competing reactions: He3-recoils, He3(n,D)n

above 4.36 MeV and He3 (n,pn)D above 7.32 MeV.
A calculation of wall effects is particularly difficult here

because a three-particle reaction is involved. Moreover, the nuclear"

data required for the calculation are not completely known. A mathe
matical correction of the spectrum which is considerably deformed by

competing reactions also fails because accurate nuclear data are lack
ing. The method of Sayres and Coppola [5], who separate t~e various
proc.esses by means of the pulse shape is more promising. A complete
separation is not possible, however, and in particular, He3(n,p)T-

'"processes, in which the product nuclei release their energy only
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partially in the counter, cannot be differentiated from other reactions.
Consequently, an effective cross section must be introduced and the de
termination of the latter becomes extremely complicated due to coupling
of wall effects and competing reactions, as was demonstrated by Bair
[6J. With regard to the accuracy of the relative variation of the
cross section, an error of %1~ must be expected again as shown by
Fig. 1. Furthermore, it must be kept in mind that measurements below
about 200 keV are impossible with an energy resolution of about 1~
because of the Q-value of 764 keV.

The other spectrometer type in which the He3(n,p)T-reaction is used
is a He3 -sandwich-semiconductor spectrometer. Its sensitivity is

about 10 times higher than that of the Li6 spectrometer. The reason
for this is that the cross section is about 3 times greater than that
of Li6 and that the number of He3-atoms may be about 4 times greater
than that of Li6-atom~ because of the lower specific ionization of
product nuclei. Because of the higher sensitivity, the ratio of prim
ary-to-secondary reactions is considerably more favorable than in the
Li6-spe~trometer, and therefore, spectra can be measured up to 10 MeV.
If a considerable V-background is present, which is always true for
radioac~ive sources, the lower thresholds of the coincidence circuits
must be raised; as a result, (1) the measurable energy region has a
lower limit of about 2 MeV and (2) an effective cross section which
is modified over the entire energy region is obtained, whose precise
calculation again fails because of the lack of nuclear data (9).

Recoil processes have been used for the detection and energy de
termination of neutrons since the beginnings of neutron physics and
accordingly, a large number of different methods exists by now [4).
Most of them use proton recoil processes. This has three reasons:

1. The entire neutron energy can be transferred to the proton.
2. n,p-scattering in the CM system is isotropic below 10 MeV,

leading to the well-known box-shaped distribution of recoil protons
produced by monoenergetic neutrons.

3. The n,p-scattering process is the cross-section which is
best known in general.

In the following, only those methods will be briefly discussed
which can be basically used tor the measurement ot source spectra.
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Scintillators: Protons produced by fast neutrons excite scintil
lators (anthracene, stilben, liquid scintl11ators) to light emission,
the intensity of which depends on the released proton energy and is
measure~ with a photomultip~1er. The detection p~obabilltJ of scin
tillators is very high. It is a di sadvantage that the relation between
proton energy and light yield is not linear and that double-scattering
also occurs as a result of the very high response probability, leading
to very complicated proton distributions, especially at higher neutron
energies [10J. The v-radiation produces fast electrons in the scin
tillators and these have a considerably higher light yield than pro
tons. Consequently, discrimination over the pulse shape is necessary
over the entire energy region to eliminate fast electrons. The resolu
tion hetween protons and electrons becomes more difficult with de
creasing energy, so that measurements below about 1 MeV are impossible.

Nuclear emulsions: This method permits a very good energy reso
lution (~ 3~) and good discrimination with respect to background
radiation. Disadvantages are the low sensitivity and extremely com
plicated analyses of tracks. The lower limit of the measuring range
falls at about 500 keV.

Telescope systems: These systems consist of a hydrogen-containing
radiator and one or several detectors connected in coinciJence which
detect the protons emitted in a very small angular interval and measure
their energy. Good discrimination with respect to th& background is
possible as a result of the coincidence circuit. The detection proba
bility of such systems is very small, however, because (1) the neutron
beam must be collimated, (2) the radiator must be thin to avoid energy
losses, and (3) the detectors may detect only protons trom a small
angular interval.

Proportional counters: In addition to the simple recoil-proton
proportional counter which is used in the present stUdy, a number of
other techniques exists. The difficulties due to wall effects can be
reduced considerably if heavier gases are used as the filling, for
example, deuterium or helium. However, in these nuclei, scattering
is anisotropic and therefore, the differential, angle-dependent scat
tering cross sections are contained in the neutron spectrum obtained.
However, at the present time, these scattering cross sections are not

yet known well enough that the desired accuracy of 1~ can be attained
in the spectral measurements.
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Monoenergetic neutrons result in a broad recoil-nucleus distribu
tion which extends from zero energy up to a maximum energy. Several
possibilities exist to obtain a clearer relationship between neutron
and proton energy for neutrons incident parallel to the counting wire
and thus to simplify the evaluation of recoil spectra. Giles [11]
used a counter with a small diameter compared to the length and pro
ton range. In this manner, it 1s possible to detect only the tracks
parallel to the axis which originate from recoil nuclei to which the
maximum possible energy was transmitted. Perlow [12] uses the same
principle in a somewhat modified form. All versions of this type re
sult in a small detection probability bec~use of the telescope-like
geometry. Another possibility for making this selection without neces
sarily reducing the detection probability is that of pulse shape dis
crimination, since the rice of the voltage pulse in the counter de
pends highly on the radial extent of the track. Whether a clean
separation of the tracks running parallel to the counting wire is
possible in this manner is very dOUbtful, however, for the following
reasons: (1) The rise time of the counter pulses also depends highly
on the radial distance of the track from the counting wire. This
dependence can be reduced only by decreasing the counter diameter
and therefore, at the expense of the ~etection probability. (2) It
scattering takes place preferentially in the forward direction, as
is the case with helium and deuterium, the radial extent of all
tracks is small.

Table 2 summarizes the most important results of this study.
The energy resolution of all methods listed there is smaller than or
equal to 10%. A quantitative comparison of the detection probabili
ties is very difficult because these depend on many factors. The
data listed in column 5 of Table 2 represent measuring times for an
Am-B(a,n)-source with a source strength of 106 n/sec. The data were
obtained ~rom pUblished studies [13-16) by converting the listed
measuring periods to the same subdivision of the energy region (1~

group width land to the same mean statistical error per group (1~).

The decisive reasons for the choice of the simple proton-recoil
proportional cO\U1ter can be briefly summarized once more &s follows:
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1. Below 10 MeV, n,p-scattering is isotropic and does not pro
duce competing reactions. The cross section is the best one known of
all (Fig. 1) and the mean error o~ the measured values is less than
2~. In this connection, it is worthy or note that only a small number
of the source-spectrum measurements published to date makes use of .
d1fferent react1ons.

2. The simple proportional counter was selected because Ca) it
can be used in the en~ire energy region between 10 keVand 10 MeV,
(b) its sensitivity is su~ricient ev~n ~or weak sources (105 n/sec),
(c) all data are known for an exact analysis of the relatively simple
proton spectra--in contrast to scinti1lators--and (d) it has proved
to be highly useful in the measurement of fast reactor neutron spectra
in the energy region be1o~ 1.5 MeV as a result of advances made in
recent years in counter development [19,20].

3. Measuring Method
3.1 Proton-Recoil Proportional Counters

Proportional counters filled-with hydrogen-containing gases have
played an important role as neutron detectors since the beginnings
of e~perimental neutron physics. Up to about ten years ago, however,
it was generally believed that they were unsuitable for the measure-

. ment of continuous neutron spectra [4,18]. This opinion was refuted
by Benjamin ~t a1. (19] who determined differential neutron spectra
of fast reactors in the energy region between about 30 keV and 1 MeV
with small spherical proton-recoil counters. In 1964, Bennett (20]
was able to expand the measurable energy range down to about 1 keV
by pulse-shape discrimination. Since then, the 4n-proton-recoi1
method has become one of the most common techniques for the deter
mination of differential neutron spectra in last reactors.

If En is the neutron energy before collision and 9 is the angle
between the path of the incident neutron and the recoil nucleus
(ato~tc weight A) in the laboratory system, then, the energy of the
recoil nucleus according to the law of conservation of energy and
momentum is given by:

J

!
~

• •
4A •......;;--=1·.· --. • .,'

CW) ,!
(1 )
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The recoil energy is highest tor a central collision (e • 0). Then
we have:

_... 4A _

Cl+o\)1 ••

(2)

The rollowln, rllat10n 11 val1~ bltw.ln thl rlco11 Inlray 1n thl lab
oratory system and the scattering angle ot the neutron in the center
of-mass system w:

-. (3)

If ai is the integral scattering cross section and o(w) is the dif
ferential scattering' cross section in the eM system, then o(w)dO/~1

is the probability that the neutron will be scattered in a collision
by ,the angle w into the solid angle element dO. Because dO •
21T sinw dW, the probability that the recoil nucleus will 'absorb an
energy or between E and E + dE then is:

With (3), it then follows that:

cr(wl 7r' SA. 1)3
pclE) • r · 1 •-.. .

(4) .

(5)

~r hydrogen, scattering below 10 MeV is isotropic in the eM system,
i.e. o(w) • 0i141T, and therefore, we have:

, _..:. 1
PCK) • J;

• ,p(5) , .,0

• ..-t. ' for .1- <& I •

;(or~! _. _••, .
(6 )
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The proton spectrum (per MeV) produced by a continuous neutron dis
tribution ~(En) (neutrons per cm2 ·sec.MeV) therefore is:

(7)

which 1s the basis for the determination of neutron spectra from
the recoil-proton distribution. In the above, N is the number of
protons in the sensitive volume of the counter and T is the measur
ing time.

The proton spectrum measured in a counter is significantly modi
fied by two unavoidable effects: Some racoil protons are incident
on the counter wall before they have released their total energies·
to the counter gas. In addition to neutrons, the counters also de
tect the fast electrons which are produced mainly in the counter
wall by v-quanta.

The square proton distribution described by (6) consequently
is deformed as shown schematically in Fig. 2. (The sharp drop at
the maximum proton energy is rounded as a result of the finite
counter resolution.)

As long as the wall effects are sufficiently small, they can
be corrected. There are two possibilities to measure spectra over
a wide energy region in spite of the V-background: One of these is
to eliminate the V-induced pulses by the pulse shape. The other
is based on the fact that the maximum energy released by the elec
trons is considerably smaller than that of protons because of the
considerably lower specific ionization. If Emax is the proton
energy up to which the proton spectrum can be analyzed, the Y~

induced pulses are all below about Emax/l0. With & suitable set or
approximately four dif'terent counters, the entire enerlY res10n trom

. 10 keY to MeV can therefore be determined.

Inversely, by <.' fferentiating (7) for E, we obtain the well-known

relation:

1 K dP(E)
.,ca) • - •.'l ili) d8 •

(8)
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....g. 2. --Recoil-proton spectra for monoenergetic neutrons.

Up until now, simple recoil-proton proportional counters have
not been uSdd for spectral measurements above about 1.5 MeV. The
reason for this is that high pressures and large counter dimensions
are necessary to maintain SUfficiently small wall effects of the
high-energy protons. The filling gases therefore should have a high
slowing-down power and,'to attain a high detection probability, should
also have a large number of hydrogen atoms per molecule. Consequently,
practically on~y hydrocarbons or mixtures of hydrocarbons and heavY
rare gases can be considered. Of the rare gases Xe and Kr to be con
sidered, Kr was used in spite of its smaller slowing-down power be
cause its total reaction cross section is so small (a few me) that
no interferences with the recoil proton spectrum by Kr reaction pro
ducts are to be expected with the mixture utilized here (2 atm Kr

+ 2 atm CH4 ); thi s has been fully explained by Bail' [6]. Table 3
lists the ranges (R) in hydrogen, methane and krypton for different
proton energies for comparison purposes.

we assume that the neutrons are incident parallel to the count
ing wire of a cylindrical COW'lter having a large length cOq)ared to
the diameter D. As will be demonstrated fully 1n Section 3.1, the

proton spectrum can then be anaiyzed up to a proton eneru E..x which



The largest counter used here has a d1a
of 10 MeV protons therefore may not be
The cour.ter therefore must be filled with

atm propane or 4 atm of a krypton-methane
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Table 3.--Range (cm) of protons (760 mm Hg. lS0C)

~ro.t~. ~"e('~y . I 'Hydrogen : Methani'! .~rypton I

(l:oV
I..

0,91 2,61 1,811 I

2 33,_ 8,24 6,27'

:A 70,~ 1',7 ',71
4 118.0 21,1 U,3

Ii 171.0 41.6 21,'
i 246,0 67.8 29.3

'I 326,0 76,3 37.8
a 411,0 01.2 '11.1

I
D 618.0 120.0 61.4

::.., 128.0 14••0 ",1

is given by R(Emax ) 'AI 2D.
meter of 9 cm. The range
greater than about 20 cm.
at least 7 atm methane. 4
mixture.

The determination of neutron spectra can be divided into two
parts: (1) Determination of the proton energy distribution. This
is accomplished by measuring and storing the amplified counter pulse
ampli tudes. The relation between released proton energy and recorded
voltage amplitude therefore must be accurately Imown and will be
investigated more fully in point 3.2.3. (2) Determination of the
neutron spectrum from the measured proton energy distribution. This
point is explained in 3.3 The main problem,here is the calculation
of wall effects.

3.2 Measurement of Proton Spectra
3.2.1. Cbnstruction. filling and energy resolution of the

counters: We used two types of cO\D'lters. For in-core measurements
in fast reactor systems (such as SUAK) in the energy region below
1 MeV. we used primarily so-called spherical cO\D'lters (20th century
Electronics Ltd •• New Addington. Nr. Croydon. Surrey. England.) [19)
in which the cathode has the shape of a sphere, with the result that
the measured proton spectra are extensively independent of the direc
ction of neutron incidence on the counter. By careful design ot the
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insulators it is furthermore possible to obtain a highly constant
field of cylindrical symmetry along the entire wire, so that the dead
spaces at the wire ends become very small and end effects become
negligible. FOr the measurement of radioactive neutron source spec
tra, cylindrical counters (Laboratory of Prof. Dr. Berthold, Wildbad,
Black FOrest) were used primarily in the energy region above 150 keV;
their diameter (9 cm maximum) is small compared to their length
(100 cm maximum). Consequently, end effects do not playa great role
compared to wall effects and no special efforts were made to elimi
nate end effects, such as by the so-called "field tUbes." It is
true, that the cO\.D'lter tubes are equipped with so-called "safety rings"
so that they can be operated at high voltages of up to 6 kY.

In some counter types, the ends have a region in which no gas
amplification occurs any longer, but the primary charge is collected
nevertheless. This is the case particularly in cO\.D'lter tubes with
"hypodermic needles" [20] in which the counter wire diameter is en~

larged at the ends so that a well-defined active volume is obtained.
However, as shown by Fig. 3, two peaks are generally obtained for
monoenergetic protons (764 keV from the He3 (n,p)T-reaction with the
use of such counters. The peak with a small pulse height originates
from protons produced in the dead space, i.e. their primary charge
is only collected. As long as no gas amplification occurs on the
counting wire proper, the two peaks coincide. With increasing gas
amplification, the position of one of the peaks shifts. This effect
which permits the determination of the absolute gas amplification
and of the ratio of dead to active space may completely falsify the
low-energy proton spectrum, on the other hand, because the "COllec
tion II spectrum is superimposed on the "gas-amplified II spectrum. In
L~asurements of the low-energy regions of a neutron spectrum extend
ing up to high energies, it is therefore necessary to use counters
with very small dead volumes or high gas amplification.

The counters were filled with commercial high-purity gases
(Edelgas GmbH., DUsseldorf). The maximum impurities are listed in
Table·4. Filling was performed in such a way that repeated flushing
with the filling gas was followed by heating the filling system for
several hours at about 100°C while evacuating to less than 10-4 torr.
After filling, the filling nipple consisting of soft-annealed copper
was pinched closed.
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Table 4.--Purity of filling gas.

I" lllpUri tie~t.IIiI.!l' (VJllI) I

I rilling ga~ Purity !.
I HaO Ha °a

! Hydrogen ilia a tt....., ~a II 0.1 ~
~O.I

Methaner Cn all... •• •• ~s. 41

I
ProPaner C:Ji. ltl.1S

_.
S40 :JO

11

. Krypton ,:Kr a•••• Jotal I 4 1 1-

In addition to propane, which produced a poor energy resolution
even at pressures below 2 atm, all other gases used here were well
suited as filling gases up to pressures of about 4 atm. Methane was
best; it furnished energy resolutions of about 5~ up to pressures
of 3 atm even with the 1aTgest counters (9 cm·diameter). The energy
resolution became rapidly poorer with increasing pressure above 3 atm
with all gases, particular!y in the large counters, and at 4 atm, it
already amounted to about 2~.

The cylindrical counters contained a trace of He3(~1 ~). During
irradiation with thermal neutrons, monoenergetic protons with 764 keY
are obtained from the He3(n,p)T-reaction. This He3-peak (shown in
Fig. 4 for some of the counters utilized) serves to verify the counters
and particularly, to determine the gas amplification and constancy of
the energy calibration made with monoenergetic neutrons. In the
~pherica1 counters, use is made of a weak Pu~-specimen (a few dis
integrations per sec) instead of He3 ; it is mounted in the center of
the anode wire. The energy resolution of the counters utilized here
was better than 1~ except for the large cylindrical counter (9 cm
diameter) which was filled with 2 atm Kr and 2 atm CH4 and which was
used in the energy region above 3 MeV and had an energy resolution of
about 2~.
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3.2.2 Gas amplification and rise times: No exact theory exists,
for the gas amplification process. For not too large values of the
gas amplification factor A, the following is valid [21]:

•

a increases approximately exponentially with the counter voltage
V over a broad range and decreases when the gas pressure p or radius
A of the wire is increased (b = cathode radius). FOr reasons of sta
bility of the gas amplification process, ~ should be as small as pos
sible but not much smaller than 10 so that the energy resolution is
not impaired. In the large cylindrical counters, which measure the
region,above 1 MeV, a gas amplification of 10 is sufficient. To
measure the region around 10 keV, gas amplifications of up to about
100 must be used so that the energy resolution will not be impaired by
amplifier noise. Fig. 5 shows an example. The pulse height of the
He3 peak was measured as a function of counter voltage. The gas amp
1ification factor is obtained by dividing the ordinate by the pulse
heights corresponding to zero voltage which is obtained by extrapola
tion.

The formation of a voltage pulse on the counter wire can be de
scribed as follows: The electrons originating from the primary ion
ization migrate to the wire under the influence of the electrical
field. In the immediate vicinity of the wire (a few wire diameters),
the electrons absorb sufficient energy between successive collisions
to be able to ionize. As a result of this so-called gas amplifica
tion, a secondary ionization proportional to the primary ionization
is produced. The electrons from this avalanche migrate very rapidly
to the wire, but because of the approximately equal and oppo8ite
charge induced by the positive ions, 'a pulse is produced only when
the ions move away from the wire. The pulse first rises very rapidly
as long as the ions move in the strong field near the wire, then rises
much more slowly and reaches its maximum after the so-called collect
ing time when the ions are incident on the counter wall. Aecording
to Wilkinson [22], the voltage rise with time in a eylindrieal counter
tube can be described as tollows tor a point-shaped pri_ry ioniza
tion:



(10)

peT) is the pulse height referred to the asymptotic value, T is the
time measured in units of collecting time, and a and b are the wire
and counter radius, respectively.

The collecting time amounts to 1-10 msec and is given by:

~o • a Y It •
(11 )

V is the anode voltage and K = Ko :0 is the positive ion mobility
at pressure p (Ko = mobility at 1 atm).

However, the ionization tracks produced by the fast protons are
by no means point-shaped; rather, their length is comparable to the
counter. dimensions. In this case, the voltage pulse generated is
described by a superposition of expressions (10) and can be given
numerically with some insignificant simplifications (23)- If r i and
r a are the shortest and longest distance of the track from the wire,
the time difference between arrival of the first and last electrons
at the wire is given by:

AT • AT •... fa. dr

• ·(i)

(12 )

where v(E/p) is the electron drift velocity which depends on the ratio
of field strengths and pressure. The finite electron drift velocity
results in a dependence o~ the pulse rise time on the position and
radial extension of the primary ionization. In order to permit an
analysis of the pulses falling into the range of mV and having a
duration of up to 10 msec, they must be amplified to a few Volts and
shortened to a few usec, so that overlapping effects are prevented
and storage in customary pulse height analyzers becomes possible.
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The voltage rise described by (10) is very rapid at first and
accordingly, the times T(2S~) until 2S~ of the asymptotic amplitude
are attained are short compared to ~ (12), as can be seen frommax
the values compiled in Table 5 for t~e counters utilized here.

From (10) and (11), it follows that:

1 b

'rCIIfe) • (~)J.t~:v~ •

-
For ~ma.x' (12) results in:

1 • b ~
AT • ...1 •.. ...·i .v •

(14 )

if V(E/p) = m.E/p is introduced with a constant mobility m, which
can be assumed to be correct for small values of E/p (and these
small values essentially determine ~max)' For the calculation of
the values in Table 5, the following data were used [22, 24, 25]:
Ko(cm/seclv/cm) - 10(~), 1.7(Kr), 10(CH4 ) and m(cm/~eclv/cm.clD.Hg)

- 0.18(H2 ), 1.0(Kr), 1.6S(CH4 ). The relation [25]

1 '1 1 " 1... --.--
• '.,\' Ita

(15)

was used to calculate the ion and electron mobility in mixtures
(p = total pressure, P1,P2 - partial pressures, 1D1'~ - mobilities
of the components of the mixture), even though the values thus ob
tained for the electron mobility can be considered only a rough
approximation.

In the following, it is therefore assumed that the counter
pulses have rise times of between 0 and lfl'MJe' For times longer
than lfl'max' the pulses rise only slowly and in addition, this rise
is the same for all pulses and can theretore be neglected 1n the
following.
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Table 5.--Rise times of the counter pulses.

i~unt~~ Pora aadl... (ca) rm I v 'I'(2$S) .6T... I r
ItOUSing Wire . (ata) (Volt) (,__eo) (,__Ge) (,....·.c;., I It a

1 .eyl. I • 2,'.10·:1 ....ICII. 3eOO 0,. • •i
i

••••10·a
,

I

I
'e,l. I • a. aooo 0,1 I._ t

i ·3 1,1 It••

It :I eyl.. a,l a•••l0
1.6 Ha

JOOO 0,3 • •i, ,
J -3

I • . c,l. 1,1 1,1'10 . Iia 2500 0,0$ .,1 . 4 I

t , I I..
If pulses of identical amplitude but different rise times

(O-4rmax ) are amplified in a system whose differentiation time con
stant is equal to tlrnax and whose upper frequency limit is infinite,
the initial amplitudes [22J ~~y between 1 and e-1 , i.e. by about
6C),( •

This is shown schematically in Fig. 6. This a~litude disper
sion can be improved by reducing the upper limit frequency. With a
view toward minimum aq>l~tude dispersion as well as toward an optimum
signal-noise ratio [26], it is most favorable to select the integra
tion time constant TI to be eql.l to the differentiation time con
stant TO. For 'fI - 'fn - tlrmax ' the relative amplitude dispersion
(22J amolmts only to 4~ and for TI - Tn .. 2m'max' only to 1~. These
theoretical values were verified with the amplifier-analyzer system
utilized here. The rise time I!r of pulse generator signals was
varied and the amplitude was amplified in the amplifier system
(T c: TI - Tn - 4usee) and reco rded in the analyzer. The result s
in Fig. 7 show that the amplitude has dropped to 89.' already for
«r/'f • 0.5. However, these results are not representativ_ for those
obtained with counters, because the rapid decay of the generator
signal (50 usec) already causes the generator output amplitude to
be reduced with an increase of the rise time. In counters this ef-

/."

feet plays no role because of the much greater RC-time constant of
at least 10 msec (working resistance R of a few MO, counter capacity
)10 pF). If this generator effect is compensated, a reduction of
about 6. is obtained tor /1t IT • 1 as shown 1n Pig. 7, wh1ch 1s in
agreement with the theoret1cal values 1n order ot .-gn1tude (22).

'..
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The results obtained here were verified by measurements w1tn
counters. Fig. 8 shows the spectra of an Am-Be-source in the energy
region below 5 MeV measured wi th counter No. 2 (Table 5, lfl'max.
3.5 us~c) with amplifier time constants T. 1, 2 and 4 usec. It can
be seen that the spectra measured witn T • 2 and 4 usec already
agree practically within the statistical errors of about 5~. The
amplifier time constants were therefore selected witn T > lfl'max
(Table 5) in such a way that significant deformations of the measured
proton spectrum due to rise time effects can be ruled out.

J.2.3 Energy calibration and relation between proton energy
and ionization: The dependence of the ionization produced in the
counter on the proton energy must be exactly known since calculation
of the neutron spectrum requires a conversion of the measured ioni
zation spectrum N(I) to the proton recoil spectrum peE):

where

.u)
P(S) • iUT'

wen .• dB(.!l
til

(16 )

(17)

is the proton energy necessary for production of an ion pair. FOr
higher energies, Wis very constant and ionization then depends lin
early on the proton energy, and in many cases, direct proportionality
can be assumed.

Hydrogen: Precise measurements of the relation between ioniza
tion and proton energy are available only above 10 keY [27J, while
very little is known below 10 keY. Accordingly, the relation is
linear above 10 keY, but extrapolation leads to an intersection
~ith the energy axis at an energy Eo between zero and 2 keY. Accord
ing to Bennett [20J, Eo amounts to about 0.4 keV. Since the value
of Eo undoubtedly depends on impurities and additions of quenching
agent, and since measurements to below 10 keVare necessary for the
Sb-Be(v,n)-source and for fast reactors, the energy region below
10 keY was investigated more fully with the counters utilized here.
The details of these measurements have been described fully in [28J,
and only the principle and results will be briefly described here.
We measured the maximum ionization produced by monoenergetic neutrons

at known energy in the comters. Th~ slOWing-dawn-time spectrometer

...
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[29] shown in Fig. 9 was used to produce monoenergetic neutrons. Brief
14 MeV neutron pUlses were moderated in lead. After a very short time,
the neutrons have lost so much energy that only elastic collisions
can take place. In this range, the following applies [291:

".

f.. c ••
('I'. '.)

(18)

i.e. the mean neutron energy ~ can be calculated from the measured
slowing-down time T. Below 30 keV, the neutron energy distribution
with a fixed T has nearly a Gaussian shape. The energy resolution
depends highly on the time resolution of the counters and is shown
in Fig. 10.

Since lead has a very small neutron capture cross section and
excellent shielding properties for v-radiations, the v-background
in the counter is so small that it does not significantly falsify
the measured proton spectra. The electronic instrumentation is
shown in Fig. 11. The counter signals are transm1tted through th6
preamplifier and two main aq>lifiers. The output aq>li tudes of the
Hamner N 302-amplifier are proportional to the ionization and are
recorded in 128 channels of the 128 x 16 storage. The fast output
signal of the HVL-L 120 amplifier supplies the time mark for the
determination of the slowing-down time T. In this manner, the ion
ization spectrum produced by scattering processes between T and
T + ~ is stored in each of the 16 time groups. Fig. 12 shows one
of the measured two-dimensional spectra. Short slowing-down times
correspond to high neutron energies and the spectra accordingly
extend to high ionization values. With increasing slowing'-down
time, the drop of the spectra shifts to smaller ionization values.
Because of the mediocre energy resolution of the slowing-down time
spectrometer, the drop in the spectra is not sharp, but in some of
them, it can be recognized that a region in which the distribution
decreases relatively little is followed by one with a steeper drop.
In the "contour display" the max1mumionlzation decrease with in
creasing slowing-down time can be easily recognized.
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The steep drop in the ionization spectra corresponds to the mean
maximum ionization and thus to the mean neutron energy. The measured
ionization spectra N(I) were analyzed by iteration in two steps in
such a way that the position of the maximum in the neutron spectra
was determined by means of the well-known relation:

::-
r·•·~
I
P,

Iterative analysis is necessary because a preliminary ene~gy-lon1za

tion relation must be determined first for the final evaluation.
Fig. 13 shows three ionization spectra and the analyzed neutron spec
tra. The ionization values corresponding to the maxima 1n the final
neutron spectrum was used to establish the energy-ionization relation
shown in Fig. 14.

The measurements were performed with a cylindrical counter
(100 cm active length, 2.3 cm diameter, 0.5 atm hydrogen fill with
out quenching addition) and with a spherical counter (3.94 cm dia
meter, 2 atm hydrogen fill) ~ No systematic differences could be ob
served in the results from the two counters. The linear relation

This relation also correctly reproduces the curvature occurring below
5 keV (E and I in keV).

For very low energies « 1 keV), W- dE/dI should rise sharply
[20]. However, the measurements show (Fig. 15) that below 5 keY,
Wfirst decreases with decreasing energy to about 7~ of the asymp
totic value at 1 keY. This means that the probability for ionizing
processes is greater in the range of 1-5 keY than in the range of
higher proton energies. It can be estimated that the remaining un
certainties in the energy-ionization relation no longer significantly
impair the accuracy of spectral measurements above 5 keV. The re
sults obtained here are in good agreement with those ot Bennett [20]
but the deviations trom proportionality are somewhat more pronounced
here.

,'I) tv'~ I.u iliJ'

..•• 1.0,41

correctly represents the measuring results within the limits of
error. A better fit is g~ven by

• • • I - 0,16 .... C- Ill,"') •

(8)

(19)
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Above approximately 10 keV, we can assume proportionality between
proton energy and ionization in hydrogen [27). This was verified with
monoenergetic neutrons in the range of 30 keV to 1 MeV for the counterL
utilized here. The neutrons were produced by the Li7 (p,n)Bo7 -reaction
with a 3 MeV Van de G~aaff accelerator. These measurements at the
same time served to verify the calculated wall effects, the energy
c libl~t1on lines and energy resolution. The 764 keV protons from
the He3(n,p)T-reaction produced by thermal neutrons served as calibra
tion lines for the cylindrical counters and the 5 MeV-a-particles of
a very weak Pu239-specimen mounted in the center of the counting wire
serve for the spherical counters. As a result of the spherical sym
metry, a sharp line is' obtained even when the a-particles are not com
pletely slowed down in the counter. The results of these measurements
are shown in Fig. 16 and 17 for two spherical counters. The neutron
energies were determined by time-of-flight measurements.

Methane: Allen and Ferguson [27) found a linear relationship be
tween proton energy E and ionization I in methane above 250 keV.
Extrapolation of the values to a~ove 250 keV furnished an intersection
with the energy axis between 20 and 40 keV. We verified these measure
ments with a number of different counters and methane pressures of
1 and 3 atm~ The p~se height distributions of recoil protons pro
duced by monoenergetic neutrons and the monoenergetic proton distri
bution from the He3 (n,p)T-reaction were measured. Monoenergetic neu
trons with energies of 3.035 and 2.55 MeV were produced by the
D(D,n)He3-reaction (angle between deuteron and neutron beam 0 and
100°) and below 1 MeV, monoenergetic neutrons trom the Ll7 (p,n)Be7.
reaction were used. The results shown in Fig. 18 confirm the measure
ments of Allen and Ferguson [27). Consequently, we assumed that
E = I + 30 (E and I in keV) for methane as the filling gas. The es
timated uncertainty ot ±10 keV in the position ot the extrapolated
intersection leads to errors of a maximum ot ~ above 600' keY in the
measured neutron spectrum and methane tills were used only in this
energy region.
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Krypton-hydrogen and kryPton-methane mixtures: Monoenergetic
neutrons of 3 and 15 MeV from the D(D,n)He3- as well as the
D(T,n)He4-reaction and 764 keV protons from the He3(n,p)T-reaction
were used to verify the relation between proton energy and ioniza
tion. The results shown in Fig.19 do not contradict the assumption
of direct proportionality made in the evaluation of the proton spec
tra. It can be estimated that the errors in the neutron spectra pro
duced by the deviations from proportionality beyond experimental ac
curacy are not greater than 3~ in the energy regions utilized (> 1
MeV for Kr-H2 and >3 MeV for Kr-CH4 ).

3.2.4 Electronics with and without y,n-discrimination: The
y,n-pulse shape discrimination developed by Bennett [20] is based on
the fact that the specific ionization (ion pairs per cm of track)
is considerably greater for protons than that of y-induced electrons
with the same energy; In the energy regions in which discrimination
ag~inst the V-background is necessary, the proton tracks therefore
are small compared to the counter diameter, while the electron tracks
are entirely within the order of magnitUde of the diameter. Conse
quently, all primary electrons produced by a recoil proton arrive
at the counting wire almost simultaneously and the voltage pulse pro
duced rises very rapidly. The arrival of the primary electrons pro
duced by fast electrons, in contrast, extends over a long period of
time because of the finite drift velocity and the voltage pulse con
sequently rises slowly.

The electronic system for pulse ·shape discrimination is shown
in Fig. 20. The detector signals are transmitted over a fast FET
preamplifier (rise time 50 nsec) and are fed in parallel into two
main amplifiers. The fast amplifier (rise time 50 nsec, 200 nsec
"delay-line" differentiation) furnishes an output signal, the ampli
tude A of which is proportional to the voltage increase per unit of
time of the cOlD'lter signal. The output amplitude B of the slow lin
ear amplifier, in contrast, is proportional to the primary ioniza
tion. An analog pulse height computer [30J calculates the ratio
AlB of the two amplitudes. AlB is proportional to the "radial"
specific ionization of the produced track and therefore is consider
ably greater on the average for recoil protons than for V-induced
fast electrons. The ionization pulse B and the ·pulse AlB corresponding
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to the specific ionization are recorded in coincidence in a two
parameter pulse height analyzer (128 ionization groups with 32 chan
nels each in which the specific ionization spectrum is recorded).
Fig. 21 show.s such a two-dimensional spectrum. The events of iden
tical total ionization stored in one energy group are resolved into
two groups: the broad peak at small specific ionization values cor
respondsto the v-counts, while the narrow peak at high specitic lon
ization values originates from recoil protons.

Recoil protons and V-induced electrons are not completely re
solved, particularly at low energies as indicated by Fig. 21. To
correct the contribution of V-induced ccun~s in the proton peak,
the spectrum of a pure v-source is recorded immediately before or
after measurement in the mixed neutron-Y-fie1d. SUbsequently, in
the range or low specific ionization, where no proton pulses are
recorded any longer, the v-spectrum is then fitted in groups to the
mixed spectrum and subtracted from the latter. At higher proton
energies, the proton peak in the specific ionization spectrum is
no longer symmetrical but extends far into the range of lower speci
fic ionization. Since an intense V-field is usually connected wi th
a neutron field, it is difficult to establish the exact shape of
the proton peak Which is of great importance for a correct Y-back
ground correction. In the Pb-pile of the slowing-down-time spectro
meter mentioned in 3.2.3, howevftr, this is possible because of the
very low V-background, as shOlm in Pig. 22. The measurements were
performed with the Aa-Be(5C)-source Which was at a d1stance of
about 50 cm from the detector. Below about ~O keV, where the Y
background normally rises sharply (see Pig. 21), the' protC'n peaks
are sylllDetrical and -.lte no cont~but1on in the f'1tt1ng range at low
specific ionization. The 8-.11 peaks at low spec1fic ionizat10n be
low 5 keY are v-background.

1:1 the Pb-pile above 5 keY, the V-background 1s saller than 1.
as indicated by Pig. 22, and therefore the neutron spectra _asured
with and without v,n-dlacrlll1natlon mould be Identical. As shown
by Pig_ 23, this 1s the case within the statistical errors_ There
fore, It can be ass1m8d tbat the relatlvel~ COIIpllcated y,n-d18crlll1na
t1nn system is operatlnc correctl~.
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The measuring system without pulse shape discrimination (Fig. 20)
is very simple and is identical with the energy channel in the two
dimensional electronic system. It is important that the integration
and differentiation times of the entire system be sUfficiently long
so that the different rise times of ULe counter puises discussed in
3.2.2 do not falsify the proton spectru~. The important time constants,
i.e. tne largest integration and smallest differentiation time con·
stants, are determined by the main amplifier. Two types of main ampli
fiers were used: anORTEC 440 A active filter amplifier with a select
able time constant T between 0.1 and 4 usec, and a conventional RC
amplifier (HVL-120 modified) with time constants between 0.1 and
10 usee. When the rise times of the counters permitted (see Table
5), the ORTEC 440 A amplifier was used, because as a result of the
good p ...J.se shaping, no cOUJ"\ting rate effects such as those occurring
in in-core me~surements, were detectable even at higher counting rates.

3.2.5 Source-detector geometry and counters utilized: The
y,n-discrimination method was used only below 70 keV because the
measurements and evaluations are quite complicated. Without V,n
discrimination, the measurable energy range of a counter extends
only up to a fairly well-defined lower limit E1 and in the upper
direction, to E2 because of the increase in wall effects. It is
known from experience that E21E1 ~ 8 is independent of counter type,
counter si~e and filling system. Consequently, at least three suit
able counters must be used to measure the ent:rgy range from 100 keV
to 10 MeV. With the use of hydrocarbons as the counter gas, the lower
limit of the measurable energy region in spectra with high-energy
neutrons can also be determined by the appearance of C-recoils.

The maximum energy which can be transferred fr~m a ne~tron to
a carbon nucleus, because of A = 12, is the following according to
[2] :

..... O.IM........
(21 )

However, the energy loss per ion pair is about 40J' greater tor
carbon than for protons in hydrocarbons [4) • . Theretore,

OI:l4Jc..- i .• I ... • ••• I~ • (22)



i.e. the maximum ionization of the C-rccoi1 nuclei produced by mono
energetic neutrons amcnmts only to 2~ of the lI'8.x1mum proton ionim
tion. This value was confirmed by measurements with monoener6ctic
neutrons. The peak produced by C-recoils in the analyzed neutron spec
trum is lower in ionization than the proton peak by a factor of about

5·
FOr the Bpeetru~ meaBurements of the radioaetive sourees, the

fi ve cylindrical cO\D'lters specified in Table 6 were used ,rlmarily
in the parailel geometry shown in Fig. 24. Other counters, including
spherical counters, and other geometries were used only tor control
measurements and measurements below 100 keV. The detection probabil1ty
in the parallel geometry is small but has the fo110w1ng advantages:

1. The source strength can be determined absolutely with good
accura.cy.

2. The partial intervals of an extended spectrum measured w1th
different counters can be referred to each other without arbitrary
normalization constants. This is done by multiplying the neutron
spectra obtained with the factor 41 .d2 , where d1 and d2 are the spac
ings shown in Fig. 24.

3. A calculation of the response matrix is relatively simple.
The distance d1 was four times as large as the counter diameter.

Errors in the neutron spectrum due to non-paral1e11ty tall within
the statistical accuracy of the spectrum measure_nts at about is•.
This is shown in Fig. 25 in which neutron spectra ot the AIl-Be(SC)
source measured with C!O\U1ter No.2 (Table 6, 9 CII dialleter) as well
as d1 - 10,30 and 50 cm. Systemat1c d1tterences appear only below
Co:bout 2.5 MeV and these are caused by the dirterent contribution
of spatially scattered neutrons.

The closest walls were at a distance ot 2 II tram the source and
detector. N~vertheless, with' the large counters (9 cm diameter),
the background of spatially scattered neutrons or 10J' i. so high
that it requires correction. This correction was _de by subtraction
of the spectrum measured with a shadow cone (Plg. 2b.) trOll that ob
tained without a shadow cone. The shadow cone consisted ot steel
and had a length at 15 cm. The probability that neutrons with ener
gies below 10 MeV penetrate the shield without scatter1ns is saller
than~. (The spectra shown in l'1g. 25 and only the•• have not been
corrected with respect to 8,Patially scattered neuerons.)
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Table 6.--Courters used for measurements of the radioactive source
spectra.
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3.3 Analysis of the Pr.oton Spectra
j.j.l Monoenergetic neutrons: The reliability of the neutron

spectra obtained depends essentially on how accurately the response
functions are known, i.e. the pulse height distributions produced
in a counter by monoenergetic neutrons. The total of the response
functions forms the response matrix by means of which the neutron
spectrum is determined :from the measured recoil proton distribution
by unfolding. In general and also in this study, the calculated
response matrixes are used, The absolutely necessary experimental
verification is made most simply by comparison with measured recoil
proton spectra of monoenergetic neutrons.

A number of programs for the calculation ot proton spectra is
already available tor spherical counters. The calculations are
based on a locally constant and isotropic neu~ron flux in the counter.
In fact, however, the trend of the proton spectra in spherical count
ers depends l1~tle on the angular and position distribution ot the
neutron field because of the symmetry and absence of dead space.
This fact as well as the agreement of measured and calculated pro
ton spectra of monoenergetic neutrons in the energy region below

about 1 MeV has been confirmed in earlier studies [19,31]. pj g. 26
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shows the measured and calculated proton spectra of monoenergetic
neutrons for spherical counters. The tt7 (p,n)Be7-reactton served
for the production of monoenergetic neutrons. The distance between
target and detector amounted to 20 cm. The measured proton spectra
were not corrected for spatially scattered neutrons. Aside from
the differences caused by the finite energy resolution of the count
ers, the measured and calculated (32) proton spectra are in good
aFreement. The neutron spectra determined from the measured proton
spectra by unf~lding with the use of calculated response matrixes
[32]. are monoenergetic, i.e. above the sensitivity limit for gammas,
the spectrum has a peak a..~d is otherwise equal to zero within the
indicated statistical accuracy and certain systematic errors.

Response matrixes calculated with a Monte Carlo code [33J
served for unfolding of the proton spectra measured with cylindrical
counters. A locally constant flux in the counter and neutrons with
a parallel incidence to the counting wire or isotropic incidence
from all sides were assumed 'tor the calculation. Verification of
the response functions calculated with the code in the entire Illeasur
ing range up to 10 MeV was not possible, since only monoenergetic

reutrons with energies of less than 1 MeV (tt7 (p,n)Be7 ), with 3.05
and 2.55 MeV (D-D-reaction in direction of the incident ions and
below 100°) and 15 MeV neutrons (D-T-reaction) were available.

On the other hand, the course of the proton spectra in a given
counter is determined not by the neutron energy but by the range
distribution of the protons. Consequently, when the same counter
1s irradiated with monoenergetic neutrons ot different energy, nearly
identical proton spectra are obtained when provision is made by a
suitable counter gas that the max111UJ1l proton range will be the
same in both cases; i.e., if the calculated and measured proton
spectra agree for all reasonable values of the ratio 01" _ximum pro
ton range to counter dimensions (essentially diameter), it can be
assUlDed that the calculations are correct.
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Figs. 27-31 show measured and calculated proton spectra as well
as the neutron spectra determined from the measured proton spectra
with the use of calculated response matrixes fOr a number of different
counters and counter gases. As in the spectral measurements with
radioactive sources, the distance between target and front face of
the counter was four times as large as the COlmter diameter ar.d for
counters with a diameter larger than 4 em, the Rcattering background
was corrected by a shadow cone measurement. In mst measurements,
monoenergetic n~utrons of 3.05 and ~.55 MeV from the D-D-reaction were
used (counter below 0 and 1000 with respect to the incident ion beam).
The agreement between calculated and measured proton spectra is good,
particularly with strong deformation by wall effects.

The relatively large discrepancies in the spectra with small ef
fects probably are caused by the inexact correction of the low-energy
neutrons. Fig. 31 f'or 15.14 MeV neutrons from the D-T-reaction shows
.that the calculation correctly reproduces the measured proton spectrum
even with extreme wall effects. Oblique incidence from a neutron
point source ~ot be treated with the code utilized here. Spectra
measured in such a geometry, however, do not deviate significantly
from those calculated with the assumption of isotropic incidence as
demonstrated by Fig. 30. Consequently, this geometry is entirely
suitable at least for control measurements. The deviations of the
neutron spectra determined from the monoenergetic curve are used in
3.3.3-to estimate the errors caused in the source spectra by the use
of calculated response matrixes.

3.3.2 Analysis program: The analysis procedure will be explained
on the basis of the example shown in Fig. 32, i.e. the spectrum ot
the Am-Be(SC)-source measured with counter No.2 (Table 6):

After SUbtracting the proton spectrum measured with a Shadow
cone from that measured without a shadow cone, we obtain the spectrum
corrected for spatially scattered neutrons which will be used for
further analysis. The backgrOlmd spectrum of the spatially scattered
neutrons drops very rapidly with increasing energy; in our case, it
contributes about 25~ to the total spectrum -.t 1 MeV but only 3~ at
5 MeV. In measurements with spherical cOlmters and small cylindrical
counters, this correction is not made, since the contribution of'
spatially scattered neutrons 1. very small because of the small source
detector distance.
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SUbsequently, the contribution to the ~easured proton spectrum
originating from neutrons with an energy greater than E , i.e.max
6.5 MeV in this example, is subtracted. E 1s defined by the factmax
that the level of the corresponding response function is approximately
twice as high at Ema /2 than at E . The reason for the limitationx max
of the an~lysis range is that if wall effects become very great, pos-
sible systematic errors in the response functions become very promin
ent in the neutron spectrum obtained and the· statistics become very
poor above Emax . To calculate the high-energy contribu~ion, it is
necessary to know the neutron spectrum above E and the responsemax
matrix. The neutron spectrum above E~x is measured with suitable
cotnter' and the response matrix is calculated with the Monte Carlo
program [33 J. After sUbtracting the high-energy contribution, the
proton spectrum originating from neutro~~ with energies below Emax

. remains from which the neutron spectrum is determined by means of
unfolding. The method proposed by Benjamin, Kemshall and Brickstock
[34] is used in which the differentiated proton spectrum is unfolded
by means of the "differential ll response matrix. As shown in [34],
unfolding of the proton spectrum tends to instability already at moder
ate wall effects, while the method used here is inherently stable even
with large wall effects. This is a consequence of the well-known fact
for all unfolding problems, i.e. the unfolding process becomes more
unstable the more the response functions deviate from delta-functions.

To explain the unfolding process proper, we transform (1) in
such a way that the form of the re~~onse function which has been
modified by wall effects is taken into account:

P(I)

00

e ••T!
-

.,(1 )
8 D p(I.,_) tiCK.) G. •. .

(23 )

p(En,E)dE
. E is the probability that a recoil proton produced by a

n
,> neutron of energy En release s.an energy of between E and E+dE in

the counter and p(~,E)lEn is the response function. Differentia
tion fer E, followed by transformation and substitution of the dif
ferential by a finite interval and of the integral by a summation,
furnishes the following:
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(24 )

The width of the energy intervals is chosen such that AE j • e' Ej
with e • const--in this example, C • O.1--cor~espond8 approximately
to the counter energy resolution. We call the matr1x~

(25)

the differential response matrix. It has been plotted for some En
values in Fig. 33 for counter No.2 (Table 6) used in this example.
6(P(E)IT) and ~(En,E) are the changes of the proton spectrum refer
red to the unit of energy and time and of the response function over
the energy interval AS. If the corresponding group indices are also
used instead of the energy values, (24) can be rewritten with (25)
as follolr:s:

(26 )

where 0j = ~(Ej)6Ej is the integral flux in group j. This relation
is the basis for the numerical evaluation. If index n designates
the uppermost energy gro~, then, according to (26), we have:

, • __1_. A(!)
• p' .. or.,.

'.-1 • - p. 1 (A._l(~) - p'.,a-1 ", ". ).. etc ••-1,.-1

(27 )

(28)

i.e., ~he ·lower. the group, the more correction terms are necessary
to calculate the neutron spectrum. The neutron flux per unit of
energy ~E and of lethargy ~u is obtained from (26), .

"

• • ' .. I .,6' .. ' and ., 1& ... I ,6_
oJ - - .J. .~.J ~.
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where ~j and bU
j

is the energy and lethargy interval corresponding
to group j, respectively. For the calculation of the quantities
6j (E) we should still note that this is done by a line fit and multi-T .
plication of the slope by the group width in order to benefit fron
the full information content of the proton spectrum.

The numerical evaluation of the series of proton spectra belong
ing to A neutron spectrum is made in one run on a 7074 IBM computer.
The spectrum of the counter which measures the uppermost energy re
gion is analyzed first. This result then permits a determination of
the high-energy correction for the counter, the measuring range of
which follows directly.

In connection with the spectrum measurements with radioactive
neutron sources, we should still briefly note .the relation between
the neutron flux ~~ (per energy interval) determined according to
(28) and the source ·strength Nj

E (per energy interval) which is
otherwise usually given. If d is the distance between the sourc~

and a (point-shaped) detector, we have:

For cylindrical counters in thb parallel geometry (Fig. 24) used
here, if the counter diameter is small compared to d1 and d2 , we
have:

(30)

."

3.3.3 Estimate of systematic errors: The influence of the
following prrors on the determined neutron spectrum was investigated:

1. Systematic errors in the response matrix,
~. Deformation of the measured proton spectrum by differences

in counter pulse rise times,
3· Background of··spatially scattered neutrons or th~ir inexact

correction,
4. Errors in the neutron spectrum used for. calculation of

the high-energy contribution,
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5. Energy calibration errors,
6. Fitting errors of the partial :i.'egions of a broad spectrum

measured "lith different counters as a result of inaccuracies in the
gas pressure ~ld in the geometry factor (Section 3.2.5).

The error in the vulues p(En,En ) (23) which correspond to the
diagonal elements of the response matrix (Point 1), was estimated
at 0.03 on the basis of measurements with monoenergetic neutrons and
from a series of suitable mLasurements (Figs. 35-37) of the same neu
tron spectrum with different counters, i.e. since the diagonal ele
ments are directly contained in the determined neutron spectrum ac
cording to (26), the relative error caused thereby in the neutron
spectrum increases with increasing energy and increasing deformation
due to wall effects, and for p(En,En ) = 1, O.Sand 0.3, it amounts
to about 3, 6 and 10%. Errors caused by different counter rise times
(Point 2), are included in this information.

The error 6M(~jE) in the neutron flux determined (per energy
interval) as a result of errors in the non-diagonal elements
pli j(i)j) of the response .matrix (Point 1), according to (26) and
(28), is given by:

_ 1 10 f a1 0. ( 31 )
6JJ.<'l/> • p'J,J'&J J.~J fp'J.,,, '1- a

J
PJ,JjJf\~l.J t'1'" CII BJ1fJs~~ ,

if we assume that e: is constant in 6(p I. .) = &p I. • and if we let
J.,J J.,J

a. p .. "" lIE. and a., t.p. ."" lIE., which is justified within the
J J,J J J. J.,J J.

range of this error estimate. The relation is reasonable and es-
sentially states that 0M(~jE) becomes greater the larger the number
of high-energy neutrons which are present and that the influence of
high-energy neutrons decreases with increasing energy Ei . The con

stant C" in (31) was estimated from the measurements with monoener-
!"!

getic neutrons discussed in 3.3.1. It was assumed that the neutrons
emitted by the target are actually monoenergetic and that the measured
proton 'spectrum co~responds to the response function. The values
in the determined neutron flux below the peak which differ from zero
then are to be attributed to errors in the calculated response matrixes

utilized. Accordingly, eM is in the order of magnitude of 0.1-0.2.

The error estimated according to (31) contains all errors--including



63

those of Points 2 and 3--which can result from the use of a calcu-
. i 11 IIlated response matr~x nstead of the correct one.

Errors in the neutron spectrum utilized to calculate the high
energy contribution (Point 4), are a part of the ~rror in the neutron
spectrum determined in the same manner described by (31) but with a
smaller weight. The reason for this is that because of normaliza
tion of the calculated high-energy contribution, only the relative
trend of the neutron spectrum is contained in the range of E tomax
E . 1.05, on one hand, and that pli j (~5) does not vary extensivelymax ,
with i when j is constant, on the other hand. The relatively small
influence of the high-energy neutron spectrum is shown in Fig. 34,
where the same proton spectrum was analyzed with two spectra which
differ in their relative course by up to 50%. If an error of 10% is
assumed in the high~energy neutron spectrum, this leads to an error
in the order of magnitude

>.

(32 )

in the calculated neutron spectrum below E .max
The ener~y calibration is obtained by the energy and analyzer

channe: number of the He3-peak and by the channel number which cor
responds to zero ionization as determined with a linear pulse gene
rater. Errors in energy calibravion (Point 5) are produced mainly
by the finite width of the He3-peak and by the uncertainty in the
energy value Bo assigned to zero ionization (Section 3.2.3). The
finite width of the He3 -peak has the result that an energy value
falling only within a certain limit which corresponds to about one
third of the energy resolution can be assigned to a certain part of

the spectrum.· However, because of the relative constancy of the n,p
cross section, this essentially causes only a corresponding expansion
of the spectrum referred to the unit of energy or a constant shift
of the spectrum referred to the unit of lethargy. The errors in the
spectra caused by uncertainties in Eo--they have already been dis
cussed in 3.2.3--are small compared to the other systematic errors
except in limited energy intervals at the lower end of a given measur

ing range.
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The inaccuracy of the gas p~essures amou~ting to a few atm
(Point 6) amounts to about 2%. The error in the geometry factor
(30), by means of which the partial intervals of a spectrum measured
with different counters are referred to each other 1s caused by the
finite extension ~f the SOJrces and by the dead spaces at the counter
ends, and amount s to about 5% for the small counters (4 Clfl diameter)
and abou~ 2% for the large counters (9 cm 1iameter).

In summary, the si['cificant systematic errors can be described
as follmoJs:

1. Errors due to the diagonal elements of the "esponse matrix:
3, 6 and 10% for p(En,En ) = 1, 0.5 and 0.3. Because of the good
overlapping of the partial intervals measured with different counters,
this error is significant only in the high-energy region of a spec
trum.

2. Errors due to high-energy neutr~ns.

"1QI 0,2 B
J

1: - •
a. >J E 2

I.

(33 )

3. Fitting errors of the partial intervals measured with dif
ferent counters: 5%.

The estimated limits of error were verified by measuring the
same spectra with different counters (different dimensions, different
counter gases). Some of these measurements are shown in Figs. 35-37.
The measurements are in agreement within the systematic errors (these
are listed in the spectra) and the statistical errors (5%). The rela
tively large deviation below 2 MeV in the Am-B-so~ce spectra (Fig.
36) originates from the C-recoils in the methane-filled counter.
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4. Spectrum Measurements

4 .1 eomoa1"1 son Measurements ·../i th other Lethods in SUAK

The fast sUbcritical assembly SUAK, which is described in [35J,
has served in recent years mainly to improve the various experimental
methods for the determination of neutron spectra of fast mult~plying

media. In addit~on to the proton recoil method, the time-of-flight
method and Li6 -sandwich-semiconductor spectrometer have been used in
particular in the energy region above 10 keV. In the following, the
recoil proton measurements will be briefly described and the results
obtained will be compared with those of the other methods.

The spectra were measured in the center of the assemblies. 3elow
1 .4 MeV, small spherical and cylindrical counters were used J loc:...ted
in a cavity in the center of the. assembly. A collir,~.ated neutron beam
incident on a large cylindrical counter (No.2 1n Table 6) which was
extracted from the center and was incident on a large cylindrical
counter (No.2 in TabJe 6) parallel to the counting wire served to
measure the spectrum above 0.8 MeV, similar to time-or-flight measure
ments. The counter was at a distance of about 3 m from the assembly
and was shielded from spatially scattered neutrons by means of a
paraffin layer of about 50 em thickness on all sides. The remaining
background of spatially scattered neutrons was corrected by measure
ments with and without a shadow cone as in the source spectrum mea-
surements.

Fig. 38 shows the spectrum measured in assembly U1B. The 46 1
core consists of pure uranium metal enriched with 20% u235 and ther.e
fore has a very hard spectrum permitting measurements up to 2 MeV
with ~he time-0f-flight li~ethod. The latter measurements aF well a.s
the multigroup spectrum calculations were performed by Wattecamps
and the measurements with the Li6 spectrometer in SUAK UHC were made
by Bluhm [361. In the common energy region between 40 keY and 2 MeV,
the deviations between the pruton recoil and time-or-flight measurf .
ments are smaller than 20%. ~he accuracy of the time-of-flight method
in thi s energy region is reported to be 15% [36].

The UHC core is identical to the VERA 7A core
tigated in detail in Aldermaston and Harwell [37].

39, the proton recoil measurements are in agreement
measurements within 2~ in the common energy region
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1 and 5 MeV. The accuracy o~ the Li6 -measurements is reported to be
about 1CJ% below 2 MeV and about 20% above 2 MeV [36]. The measure
ments r.Jade in Aldermaston in which recoil proton counters '\'le1'e also

used below 1 MeV, while nuclear emulsions were employed above 1 MeV,
are in agreement with our measurements within 15% in the entire
energy region between 30 keV and 6 MeV, while the Harwell results
above about 200 keV show a marked deviation.

The conclusions from this experiment are as follows:
1. With the use o~ an extracted neutron beam, the protcn re

coil method can also be used above 1.5 MeV for the measurement o~ fast
reactor spectra and there is no reason to doubt the reliability of
results in this energy region. Compared to the other two methods
usually used in this energy region, i.e. the Li6 -semiconductor spec
trometer and nuclear emulsions, it has the following advantages:

The lifetime of protoT1 reccil counters is practtcally unlimited
in contrast to Li6-semiconductor detectors which normally can be
used only once. The measuring time is shorter by a factor of about
10 than that of the Li6-spectrometer.

Evaluation is simpler and more rapid than that of nuclear emul
sions.

2. T:.e discrepancies between individual measurements are con
siderably smaller than the sum of indicated systematic errors. This'
leads to the assumption that the estimate of the systematic error
made in 3.3.3 is too pessimistic.

4.2 Sb-Be(v,n)-Source
In contrast to a,n-sources, Y,n-sources furnish monoenergetic

neutrons and are therefore still ~requently used for cross section
measurements j.n addition to importance measurements. The follow
ing relation exists between the neutron en~rgy En' y-energy Ey the
atomic weight a of the target nucleus and the threshold energy Q
for the y,n-reaction (18):

. 1/3
E • ~ (Ii: • iQl ) + B (2(,\-1) (S-IQI» •

A A Y . - Y 831 &:oV. Aa

(34 )
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The most common Y,n-source is the Sb-Be-source and a number of
studies have been published in which the mean neutron energy was de
termined. Measurement of the differential neutron spectrum is dif
ficult because of the very high v-activity. In cloud chamber meaS'lre
ments of Hughes and Eggler [38], the statistical accuracy is very poor
(~5Q%). Hanson [39] recorded the pulse height spectrum generated by
a Sb-Be-source in a recoil proton counter and compared it with those
of monoenergetie neutrons. Because of the high V-background, howev~,

it was impossible to obtain detailed information on the.neutron spec
trum and only an upper limit could be given for the Sb-Be-neutron
energy.

For the measurement of the differential neutron spectrum, ~he

counter must be shielded from the intense v-radiation. However, if
the y,n-discrimination method is used, the quantity of shielding ma
terial can be reducea to a point where the energy distribution of
the source neutrons is no longer markedly changed.

Reliable v-corrected proton spectra are obtained only if the
yin-ratio is not too high. The limit with the discrimination system
used here is found at about 100. Consequently, a~ shown in Fig. 40,
the lead shield between source and detector must have a thickness of
10, 15 and 20 cm to permit a reliable determination of the neutron
spectrum down to 15, 12 and 8 keY.

The source consisted of a homogeneous mixture of 23 g Sb and
6.6 g Be powders placed in an Al-cylinder (3.6 cm height, 2.3 cm
diameter) and had a source strength of about 5.104 n/sec). The
measurements were performed with a cylindrical counter (25 cm active
length, 4.2 cm diameter) filled with 2 atm H2 and 0.1 atm CH4 (No.
4 in Table 6). From a comparison of the He3-energy calibration with
the resonance structure of an iron transmission spectrum, an error

of 0.8 keY was estimated for the energy determination in the region
between 10 and 30 keY.

Below 30 keY, no wall effects occur and (8) can therefore be
used to determine the neutron spectrum. The dependence between pro
ton energy E (keV) and ionization I (keV) discussed in 3.2.3 ''las
taken into account in th~ evaluation by using the relation E = I + 0.4.
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Fig. l~l shows the three quadratic lead shields utilized and the
corresponding neutron leakage spectra as well as a v-corrected proton
spectrum in the energy region below 30 keY. The maximum of the neu
tron distribution shifts from 24 to 22.5 and to 21 keY when the lead
shield thickness tetween source and detector is increased from 10 to
'5 and finally to 20 cm.

In addition to the determination of the differential spectrum of

the primary neutron group produced by the intense 1 .691 MeV v-radiation,
an attempt was made to detect directly th8 higher nputron groups pro
duced by the gammas of higher energy and, if possible, to determine
their intensities. Above approximately 150 keV, no v-background oc
curs any longer in the counter utilized and it is therefore possible
to make measurements without y,n-discrimination. The proton spectrum

\. ' .

above 150 keV is also shown in Fig. 41. At 363 ± 15 keY, a neutron
group can be clearly recognized, and at 550 keY, a neutron group i~

indicated although the statistics are already very poor here. For
the three spectra below 30 keY, about 10 h of measuring time were
used each and the measurement of the proton spectrum above 150 keY
required 50 h.

The proton spectrum measured above 150 keY was compared with a
theoretical spectrum calculated as follows: The neutron leakage spec
trum produced by monoenergetic neutrons of 363 keY energy was de
termined with the Monte-Carlo neutron transport code MONTE (40). The
corresponding proton spectrum was then determined from this by means
of the Monte Carlo proton recoil code [33]. It was assumed that the
high-energy neutron background originated from the ~50 keY neutron
group. From the good agreement between measured and calculated pro
ton spectra, we can conclUde that if neutrons between 150 and 350 keY
are present at all, their total inte~sity is at least '/5 of that of
the 363 keY-group. The area below the proton spectra of the 26 keY
and 363 keY groups was used to determine their intensity ratio, i.e.
I(363 keV)/I(26 keY) = (5.1 ± 1)%.

With a given photoneutron spectrum, the neutron leakage spectra
modified by scattering on the source and shielding material can be
directly calculated by means of the MONTE neutron transport code.
Consequently, this code can also be.used inversely to determine the

photoneutron spectrum from the measured leakage spectra. This was
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Table 7.--Determination of the photoneutron spectrum •

.~
LOaot- tx-

t group 1 :a 3 " 6 6 7 ~uCl'O- porl-
11 (looV' _1 PH E:.~Q"

l.:;""-
23

7
j 24 ~ 2G Z1 28 29 t ep1,J Y1

(:':oV~ Jal

1 10 - ,. 1,,01:3 0,0003 o,~~ O,Ol~ o,o:)co 0,0003 0,00-:0 0,~O3 0,0

2 14 - 17,& ~,O~11 0,0314 0,0::30 0,0::0 0,0174 0,00:>1 O,Olec 0,02'.0 0,020

3 17"-21,> 1',000< 0,070" o,o:::~O O,O~ O,03~ O,03~ 0,02'0 O,O~<O 0,064

~ ~1~- 2~:>.0::3!)IO'l71 o,lee 0,070 0.05t::> o,O~O O.O'.~ 0.10~ 0.103

Q ~2 - 23 rO,lCO O,lC7 0,110 0,107 0.07CO O,CCCO 0,0370 0,118 0,117

7 ~3 - 24 0,0 0,104 O,lCD O,l=> O,OC17 0,0700 o.oa::;:) 0,137 O,las
l D 24 - 25 0,0 0,104 0, :::)4 0,13(5 0,103 0,07(.0 O,lJB 0,138

0 :5 - 2G 0,0 0,104 0,177 O,13G O,l1~ O,10~ 0.106

:0 ~a - ~ 0,0 0,177 O,lG4 0,114 O,OZC~ O,OCG

11 27-:0 0,0 0,174 O,lca 0.034: 0,0:14

12 :::l - 20 0,0 O,17~ 0.0164 O,O16~ I
LOC:)~-

l:quQro-~1t-
O,O~l: O,lGCOcoefficients 0,233:) 0~2::::lo,21£O 0,1070 0,0037

Qj

done as follows: The leakage spectra ~i,j of monoenergetic neutrons
which had started in the source with energies Ej of between 23 and
29 keY were first calculated for the smallest lead cube. Subsequently,
on the basis of the method of least squares, it was demanded that

1 • 1, 12 • (35 )

.,.

~i is the measured leakage spectrum of the smallest lead cube divided
into groups. Consequently, the coefficients a j determined with (35)
represent the photoneutron spectrum. The results of this calculation

are compiled in Table 7·
The leakage spectra for the larger lead cubes were calculated

with this photoneutron spectrum a j , determined from the measured
leakage spectrum of the smallest lead cube. Fig. 42 shows that the
measured and calculated leakage spectra are in good agreement and
this proves the reliability and consistency of the measurements and

calculations. The errors in the mean energies ~n (measured) of the
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measured leakage spectra amount to 1 keY if the error of 0.8 keY in
the energy calibration is taken into account and an error in the flux
values of 3Q% belo~ 20 keVand of lo,t above' 20 keY, originating main
ly from the V-backgro1md, is taken into consideration.

The influence of some important parameters in the ph toneutron
spectrum on the leakage spectra was investigated. The results can
be summarized as follows:

The leakage spectra are very insensitive to changes in the form
of the photoneutron spectrum, provided the mean energy and width are
not modified. In particular, for example, for a symmetrical distribu
tion, the same leakage spectra are obtained within the limits or error.

Leakage spectra are also relatively insensitive to changes in
the photoneutron distribution width. The width must be changed by
about ±1.5 keY to produce noticeable changes in the leakage spectra.

In contrast, every change in the mean photoneutron spectrum energy'
results in nearly the sallie changes in the mean leakage spectrum energies. 1

In Fig. 43, the photoneutron spectrum a j , source spectrum and
leakage spectrum of the smallest lead cube are compared. The mean
energy of the photoneutron spectrum is 26.0 ± 1.3 keY and the width
amounts to 3.5 ± 1.5 keY. These values should be compared with that
of 22.8 ± 1.0 keY calculated according to (34) from the v-energy of
1690.7 ± 0.4 ~eV [41] and the threshold energy of 1665.1 ± 0.6 keY
[42], and with that measured by Schmitt [43] of 24.8 ± 2.4 keY for
the mean photoneutron energy and the theoretical width of the photo
neutron distribution of ±1.4 keY due to the center-of-mass displace
ment of the (Be9+v)-system, calculated according to (34).

The mean energy of the neutrons emitted by the source used here
amounts to 24.4 ± 1 ~ keY (the source spectrum was calculated from
the phatoneutron spectrum a j by means of MONTE). Earlier published
values of mean source neutron energies of 35 ± 10 keY [38], 24 ± 3
keY [39], 24.0 ± 2.4 keY [43] thus can be compared only conditionally
because the energy losses caused primar~ly by beryllium are different.

The values of 363 ± 15 keVand (5.1 ,± 1)% for the energy and
intensity of the second neutron gro11p confirm the values of 375 keY
and 5.4% ca:culated by Tutt:e [H4]. The neutron group indicated at
about 550 keY probably originates from the very weak 2.26 meV_Sb 124 _

V-line which according to (34) would lead us to expect neutrons of
530 keY energy.
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4.3 Cr252 -Source
Since Cf252 has been 'available in sUfficient quantities ror snme

time, its V-background is very insignificant and the neutron spectrum,
in contrast to a,n-sources does not depend on secondary effects, such
as the pa,..ticle size of the po·..'ders used for tte mixture, this spon
t~neously splitting isotope has become a convenient standard in neu
tron spectroscopy.

~ number of spe~trum measurements above about 1 MeV exists [9,10,
45,46] but they deviate by up to 5Q% from each other. More precise
measuremp.nts below 500 keV were made by Meadows [47] with the time
of-flight method.

The source utilized here consisted of 1 ug cr252 located in a
small steel cap.sule (18 mm height, 7 mm diameter, 0.6 mm \'lall thick
ness, 90% of the interior filled with platinum) and at the time of

. 6
the measurements, it had a source strength of about 1.7 . 10 n/sec.
The spectrum was measured in the region of 60 keV to 6 MeV and is
shown in Fig. 44. As in tbe case of the a,n-sources, the spectrum.
is plotted with respect to the unit of en.ergy as well as of lethargy
and the systematic errors discussed in 3.3.3 are indicated. The
spectra of other authors have been normalized to the same area in
the common energy region. Counter No.2 was used above 1 MeV and
counters No.3 and l~ were used below this value (Table 6). The
measuring time amounted to a total of about 7 h. The average sta
tisticw.accuracy is about 5% as for the a,n-sources.

The spectLum deter~:ned here (per enp~gy unit) drops somewhat
more rapidly wi'ch increasing energy above 1 MeV than in most other
studies [9,10,45,47], but in this range is in excellent agreement
with the trend measured by Conde and During [46] (below 1 MeV, the
errors of the spectrum measured by Conde and During are v~ry large).

In the tracing referred to the lethargy unit, the maximum of the
spectrum mea~~:red here is about 0.3 MeV lower and in the energy region
between about 200 ~eV and 1 MeV, there are more neutrons thar. in the
s~ectrum reported by Meadows [47]. This leads to a mean neutron energy
of about 2 MeV wh~ch is in good accord with the values of 2.12 and
2.05 MeV reported by Conde and During [46] as well as by Bonner [48],
respectively, but is about 0.3 MeV lower than the values of other

authors [45,47,49].
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Terell [50] showed that the fission spectrum at higher energies
car. be described by the relation:

N(Z) ~ 1 1/ 2 exp(- lIT)
(36 )

As shown by Fig. 45, the experimental values above 1 MeV are in excel
lent agreement with this relation for T = 1.4 MeV. Conde and Dur~ng

[46] found T m 1 .39 MeV, while the value of Meadows [4 7 ] with T 
1.592 MeV is clearly higher. Below 1 MeV, the experimental values
are clearly above the theoretical curve, an effect which was also
observed by Meadows but not in the measurements of Conde and During.

4.4 a,n-Sources

4.4.1 Theoretical background: Reactions of the tYre

A A.a
x .11- X ••• ca

Z Z+2

(37 )

are observed in many nuclei. The excita~ion energy occurring by ab
sorption of a a-particle amounts to about 10 MeV and the energy of

.the (monoenergetic) a-particles of the radioactive isotopes used for
neutron sources is about 5 MeV; since the binding energy of the last
neutron of the compound nuclei varies between 2 and 20 MeV, exothermic
(Q > 0) as well as endothermic (Q < 0) reactions occur.

Only the isotopes with the highest neutron yields are practically
useful as targets for neutron sources. Table 8 lists the yields of
the most common target materials measured with Po-a-particles [4].

Beryllium has the highest yield, followed by boron, fluorine
and lithium. The yield of most other a,n-reactions is considerably
smaller.

The neutrons produced by ffionoenergetic a-particles, referred to
the eM-system, are also monoenergetic. Their energy is given by
[ 1] :
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Table 8.--Measured yields for common a,n-sources (Po-a-particles,
thick targets); from [4J.

Tal':ot. Reaction
Yielg

(neutro,s/IO
. a- particles)

~ ~
o 13

Co + ,,-.C + A + 6.7 ~V CO

r
10 13

D D + ,,-.n + Jl + 1.07 C:lV
24

\1 14
!

D + ClC - N + D + 0 .1~3 CaV

CQ1
2 I 10 22

7 + ClC~UQ + Ii - 1.03 l.:~V G

Ll
7· 10

Ll + Cll~D + D - 2,70 l.::lV 2.6

MT, MF and ~ are the masses of the target nucleus, product nucleus
and of the neutron, Ea is the a-particle energy and Q is the reaction
energy. In contrast, the (measured) energy in the laboratory system
depends on the angle between neutron and a-particle and can be cal
culated from (38) by an angular transformation. If the angular dis
tribution is known, the energy distribution in the laboratory system
can therefore be calculated.

The a-particles of the radioactive isotopes used for neutron
sources are practically monoenergetic. Most a-particles of a radio
active neutron source lose their entire energy by ionization. Very
few (Table 8) produce a a,n-reaction curing this slowing-down process.
The neutron spectrum generated as a result can be calculated with a
knowleqge of the (energy-dependent) a,n-cross section an,a(Ea ), the
specific a-particle energy loss dEa(Ea)/dX in the source material

and of the disintegration mechanism of the compound nucleus forming
by absorption of the a-particle. Hess [1J has made such calculations
for a few important a,n-sources. The agreement of the spectra cal
culated in this manner with measured spectra is very mediocre in most
cases, h0wever, because the data necessary for the calculation are
not known with sutfici ntaccuracy and neutron scattering processes
can modify the spectr~m noticeably, particularly with large sources.
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Since the energies of the a-particles of the radioactive iso
topes used most commonly (Am241 5.46 MeV, P0210 5.3 MeV, pu239 5.13
MeV) differ little, the neutron spectra for the same target material
generally are entirely comparable.

4.4.2 Am-Li-source: Most of the neutrons of this source are
furnished by the Li7 present with an abundance of 92.5% by the reaction:

. 1 10
Ll • GI-D • II • 3,19 z.:ov • (39)

which represents the back-reaction of the well-known B10(n,a)L17 _
reaction. This reaction has a very well defined threshold at 4.379
MeV and the ground state is the only one energetically possible for
the residual r.ucleus B10 . The threshold of the Li6 (a,n)-reaction
amounts to about 6.64 MeV, and this reaction therefore furnishes no
neutrons [4].

The Am-Li source (fabricated by Amersham, Buckinghamshire,
England) consisteu of a homogeneous mixture of Am02(3C) and LiH (10 g)
and had a source strength of 1.1 . lOS n/sec. The source material
was place~ into a cylindrical steel capsule (22.4 mm diameter, 48.5
mm height, 2.4 rnm wall thickness).

The measured neutron spectrum is shown in Fig. 46. Above 500
keV, we used counter No.5 and below this value, counter No.4 (Table
6) as well as a hyd~ogen-filled spherical counter. The total measur
ing time amounted to about 5 h.

The spectrum measured here is in excellent agreement with that
of an Am-Li-source determined by Bennett [50] also with proton re
coil counters, but it differs considerably from the spectrum of a
Po-Li-source ~etermined with a cloud chamber by Barton [51] and that
calculated by Hess [1] for a Po-Li-source. The energy of the Am-a
par~icles is higher by about 180 keV than that of the Po-a-particles.
Accordingly, the spectrum measured h3re extends to about 1.6 MeV,
while according to the calculation of Hess, no neutrons can be expected
any longer above 1.3 MeV for a Po-Li-source. The theoretical spectrum
of Hess as well as the measurements of Bennett and the spectrum mea
sured here result in a mean neutron energy of 500 keV which is in good
agreement with the value of 480 keV determined experimentally by Hess
for a Po-Li-source, while a mean neutron energy of 250 keV was mea-

sured for the source utilized by Barton [52J.
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4.4.3 Am-F-source: This source is based on the f lowing re
action:

19 22
P + G_Na + .. - 1.02a l:oV • (40)

The neutron spectrum is simple and considerably softer than that of
Am-Be-sources and since the yield is relatively high, Am-F-sources
are frequently used when high-energy neutrons are undesirable.

Spectrum measurements of Am-F-sources have not been pUblished
thus far, although a number of measurements concerning PuF4 - and
Po-F-sources are available but only in the energy region above
500 keV.

The Am-F-source (fabricated by Amersham, Buckinghamshire, Eng
land) consisted of ~ homogeneous mixture of Am02 (3C) and CaF2 (19 g) .
and had a source strength of about 4.6 . 105 n/sec. The source
material was placed into a cylindrical steel capsule (22.4 mm dia
meter, 48.5 mm height, 2.4 mm wall thickness).

The measured neutron spectrum in the region of 50 keV to 3.2
MeV is shown in Fig. 47. Counter No.2 was used above 800 keV,
while counter No.4 (Table 6) and a hydrogen-filled spherical counter
W1.S used below this 'falue. The total measuring time amounted to
about 10 h.

The spectrum of the Am-F-source is in good agreement with the
measurements of Szilvasi, Geiger and Dixon [53] for a PO-F-source,
but deviates noticeably from the spectrum of a PU-F4-sour~e measured
by Lehmar! [54]. In accordance with the different a-energies (Am-a
5.48 MeV, Po-a 5.30 MeV, Pu-a 5.12 MeV), the high-energy neutron
contribution is somewhat greater in the Am-F-source than in the Po
F-source and considerably greater than in the Pu-F4-source. The maxi
mum in the neutron spectrum measured here at 1 .35 MeV falls between
the values of the Po-F-source (1.2 MeV) and the PuF4 -source (1.5 MeV).
The neutron peak found at about 900 keV by Lehman is not present in
the other two spectra, but in the Am-F-spectrum, a peak can be clearly
recognized at about 400 keV which contradicts the assumption of a
continuous drop below 500 keV of Lehman. The high low-energy neu
tron contribution con~irms the results of n-y-coincidence measure
ments with the Po-F-source (53] indicating that a considerable part

. 22 .
of all transitions in the Na -residual nucleus leads to excited levels.
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4 .4 .4 10Am-B -source: The Am-B10-source is based on the reaction:

10 13
B .. a - N ..... 1,07 a.OOV

(41 )

Geiger and Jarvis [15J determined the spectrum of a PO-B'O-source
above 400 keV; measurements for Am-B 10-sources have not been published
thus far.

The source (fabricated by Amersham, Buck nghamshtre, England)

consisted of a homogeneous mixture of Am02 (2C) and B10 (13.2 g, 96%)
and had a source strength of about 4.3 . 105 n/sec. The source ma
terial was placed into a cylindrical steel capsule (22.4 mm diameter,
48.5 mm height, 2.4 mm wall thickness).

Fig. 48 shows the measured neutron spectrum of the Am-B10-source.
Counter No.2 was used above 1 MeV and counters No.3 and 4 (Table 6)
as well as a hydrogen-filled spherical counter was used below this
value. The total measuring time amounted to about 20 h.

Above about 600 keV, the Am-B10-spectrum is in good agreement
with that of PO-B10-sources [15J, although the maximum at about 3
MeV is somewhat more pronouced in the PO-B10-spectrum. Below 600 keV,
the spectrum me~sured here clearly indicates more neutrons than would
be expected by an extrapolation of the PO-B10-spectrum.

Hess [1] calculated the spectrum of a PO-B10-source with the
assumption that all transitions lead to the ground state of the
N'3-nucleus and accordingly, he obtained a very simple neutron spec
trum with a maximum at 4 MeV. The measurements of Geiger and Jarvis
[15] as well as those made here show, however, that the neutron
spectrum is considerably more complicated and that transitions to
higher excited states of the N13 -residual nucleus also occur. Geiger
and Jarvis concluded from the shape of the neutron spectrum measured
by them that about one-third of all transitions leads to the ground

state and to the next two excited levels of the N13 -nucleus; it is
true that the estimate for the occupation of the second excited level
is essentially based on the course of the neutron spectrum below 1 MeV
where its measurement -undoubtedly is no longer very reliable. It fol
lows from. the spectrum measured here that about 40-50% of all transi
tions lead to the second excited level and the rest is approximately
equally distributed over the ground state and the first excited state
in agreement with the findings of Geiger and Jarvis.
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4.4.5 Am-B-Source: Approxiwately 95% of all neutrons of Am-B-
, 0 11

sources with a natural boron composition (1~ Be' , 81% B' ) originate
from the reaction:

(42 )

The spectra of B (natural composition) and of Bl1 -sources consequently
differ little. A number of spectrum measurements exist for Po-B
sources above about 500 keV and one measurement has been made by
Bluhm and stegemann [13] for the Am-B-sourc€S utilized here by means
of a Li6 -semiconductor spectrometer, but also only in the ene~gy re
gion above 500 keV. All authors found that the spect~um above 500
keV essentially consists of one peak with a maximum bet\lleen 2.5 and
3.0 MeV. although the measured widths of this neutron distribution
vary between 1.5 and 3 MeV, particularly in the older studies.

The source utilized here (fabricated b;y- Amersham, Buckingham
shire. England) consisted of a homogeneous mixture of Am02 (2C) and
B(14.2 g) of natural composition and had a source strength of 1.2 . 106

n/sec. The source material was contained in a cylindrical steel cap
sule (22.4 mm diameter, 48.5 mm height, 2.4 mm wall thickness). The
total measuring time amounted to about 20 h.

Fig. 49 shows the measured neutron spectrum together with the
measurements of Bluhm and stegemann [13] and those of Geiger and
Jarvis [15) for a Po-B-source. The measurements of Geiger" and Jarvis
are in good agreement with tr~se made here; the maximum of the neu
tron distribution is found at about 3 MeV in both. The spectrum
measured by Bluhm and stegemann. in contrast, is considerably harder
and the maximum of the spectrum and mean neutron energy are about
0.5 MeV higher than in the other two measurements. Since the dif
ference i.n the a-energies of Am and Po lead us to expect a difference
in mean neutron energies of only about 100 keY, it may be assumed
that the ex~remely high mean neutron energy of the spectrum measured
by B1uhm and stegemann compared to other measurements is attributable
to uncertainties in energy calibration or in the sensitivity of the6 .
Li -spectrometer.

Measurements below 500 keY have not yet been published; the cal
culated spectra of Geiger and Jarvis [15J and of Hess [1J decrease
continuously from 500 keY to zero energy. However, in this region~
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the measurement shows a sharp peak with a maximum at about 340 keV,
amounting to about ~ of the total neutron intensity. The disintegra
ti0n mechanism on which this peak is based 1s still not clear. It is
kno\m from n, v-coincidence measurements with Po-B-sources [15 J, that

transitions to the first excited level (2.312 MeV) occur with a prob
ability of about 5% in addition to the transitions into the ground
state of the N14 -nucleuB which lead to the mnx1mum at about 3 MeV in
the neutron spectrum. Transitions to this excited level, however, ~hould

result in a neutron distribution with a maximum at about 1 MeV accord
ing to the calculations of Geiger and Jarvis. It is true that the
position of the maximum in the calculated spectrum depends on the
nuclear data utilized which are still extensively unkno·n. Transi-
tions to the second excited level of the N14 -nuc1eus (3.945 MeV) are
energetically possible already with Po-a-particles. but could not be

detected in the n,y-coincidence measurements. Transitions to this
level would lead to a neutron peak with a maximum corresponding ap
proximately to the measured neutron peak energy.

4.4.6 Am-Be-sources: The reacti0n

o 12
~ + G-C • Ii + :;.700 z.::,v (43 )

is by far the most frequently used for neutron sources since it
furnishes the highest neutron yield with radioactive a-emitters

(Table 8). Until a few years ago, p0210 • Pu239 or Ra226 were usually
used as a-emitters. However, Ra226 has a very intense high-energy
v-radiation, P0210 is very short-lived (138 d) and Pu239 has a very
long half-life (2.4 . 104 y) and therefore relatively large quantities
are needed. Since Am241 is available in sufficient quantities, it
is used most commonly since it has a convenient half-life (458 [?J y)
and emits on1:" low-energy gc:..mmas.

The trend of the neutron spectrum above approx. 2 MeV is fairly

well known and has also been elucidated theoretic&lly in its basic
principles on the basis of nuclear data. Essentially, it consists
of two peaks at 3 MeV and 4 MeV which are produced by transitions in
~n thp ground state and the first excited state (4.43 MeV) of the
C12-residual nucleus ['IJ. However, measurements with good resolution
show that these two main peaks are again each composed of individual

peaks. This fine structure has also been explained theoretically
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by the anisotropic neutron emission of the C12-residual nucleus [55].
However, this fine structure in particular depends highly on the energy
losses of the a-particles in the radioactive material and on neutron
scattering processes in the source material [1, 55] and is therefore
manifested to a different degree for different sources. Below 1.5 MeV,
no spectral measurements with Be9(a,n)-sources have been made as far
'as we know, although this energy region is of gr~at interest for oom~

appllcations, especially for importance measurements and Hess [1] has
already suspected the presence of a neutron peak in it.

Geiger and Hargrove [56] determined a relative neutron contribu
tion of 17% below 1 .5 MeV from the source strength and the absolute
measured spectrum above 1.5 MeV which ~-s in good agreement with the
value f0und by St. Romain et ale [57] with the co~nter ratio technique.
The mean neutron energy of the postulated low-energy peak of 0.33
MeV determined experimentally by St. Romain et ale indlcates that the
low-energy neutrons originate primarily ~rom the reaction:

9 9+ a
Do + aa-..~ + CI'-De • a' + .. (44 )

Three different sources with the following specifications were
used:

~e(5C) (Fabricated by Amersham, Buckinghamshire, England):
Homogeneous mixture of Am02 (5C) and Be (40 g) in a steel capsule
(30 mm diameter, 60 mm height, 2.4 rom wall thickness); source strength
of 107 n/sec.

Am-Be (0.4 c) (Fabricated by Amersham, Buckinghamshire, England):
Homogeneous mixture of Am02 (0.4 C) and Be (4.4 g) in a steel capsule
(~2.4 mm diameter, 48.5 mm height, 2.4 mm wall thickness); source
strpngth of 1.1 • 106 n/sec.

Am-Be (1.5 C) (Fabricated by Institute for Transuranium Elements,
Gesellschaft fur Kernforschung mbH, Karlsruhe): (Inhomogeneous) mix
ture of (coarse) Am02 (1.5 C) and Be (2g) in a steel capsule (12 ~m

diflrneter, 20 mm height, 1 rom ,,:all thickness; source strength of
1.3 • 106 n/sec. We intentionally dispensed with homogeneity.

The three measured spectra are shown in Figs. 50-52 together
wit~ the results of Geiger and Hargrove [56] and of Cloth and Hecker
[9]. Above 3 MeV, measureme~ts were made with counter No.1 and be
low it, with counters No~. 3 and 4 (Table 6). The measuring time
amounted to about 20 h for the Am-Be(5C)-source and to about 60 h
each for the two weak sources.
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In their general trend above 2 MeV, the spectra measured here
are in agreement with the two comparison spectra but extend to some
what higher energies and do not have as pronounced a fine structure.
The reason for this energy shift presumably resides in inaccuracies
of about ±5% in the energy calibration because of the mediocre energy
resolution of 2~ of the counter used in this region (No.1, Table 6)
and the relatively low energy of the He3-calibration peak. Although

particularly coarse active material was used in the Am-Be (1.5 C)
source and homoge~eity was neglected, the fine structure surprisingly
is somewhat more defined than in the other two sources. To investi
gate whether the source spectra already have a weakly defined fine
structure or whether the fine structure is lost because of the poor
counter resolution, the 3-6 MeV region was measured in addition with
counter No. 2 (~able 6) which has an energy resolution of about 5%.
The result is shown in Fig. 53. From the clear definition of the
minimum b~tween the peaks at 3 and 5 MeV in the spectrum with 5%
resolution, we recognize that the fine structure of the source util
ized here is comparable to that of other sources and is smeared by
the mediocre energy resolution of counter No.1 (Table 6).

IQ the various studies on Am-Be-source spectra, the spectrum
of only one source was usually measured and the very extensive dis
crepancies found in some of the spectra measured by different authors
were then attributed to differences in the source spectra. For this
reason in particular, the spectra of three different sources were de
termined with the same method here. Fig. 54 shows a comparison of
the measured spectra above 3 MeV. The spectra of the Am-Be(5C)-
and the Am-Be(O.4 C)-sources are identical within the statistical
limits of error of about 5% each. The Am-Be (1 .5 C)-source, in con
trast, definitely has fewer neutrons between 3 and 5 MeV and more
between 7 and 10 MeV than the other two sources. This is to be ex
pected, for the a-particle energy distribution in the source is shifted
toward lower energies as a result of the coarse granulometry and
transitions to the ground state of the c12 -nucleus are consequently
favored.

All three spectra show an intense peak at about 400 keV and a
pronounced minimum at about 1.5 MeV. The neutron contribution below

, 1·5 MeV amounts to (22 ± 5) % in the Am-Be(sC)- and the Am-Be(0.4 C)
source and to (18 ± 5) ~ in the Am-Be(1.5)-source, which is in
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agreement with the values of other authors within the relatively broad

limits of error [56.57]. The Am-Be (1 .5 C)-source clearly has fev/er
low-energy neutrons than the other two sources (this conclusion is
possible in spite of the wide limits of error because the systematic

errors are identical in the three spectra); this is confirmed by other
measurements [58]. The mean energy of the low-energy peak of about

400 keV is in agreement with the value measured by St. Romain et al.

[57] and thus supports their interpretation.
4.4.7 Ra-Be-source: The neutrons of Ra-Be-sources are produced

by the same reaction (43) as those of Am-Be-sources. The relatively
small differences in the spectra of these two sources are primarily
the result of the occurrence of several a-groups with energies between
4.8 and 7.7 MeV in the Ra-disintegration scheme.

Spectrum measurements with Re-Be-sources are very difficult.
particularly in the lower energy region. because of the high-energy
and approximately one thousand times ~~re intense V-background com
pared to Am-Be-sources. Some measurements in the energy region above
about 2 MeV have been pUblished but they show pronounced discrepan
cies in some cases [lJ. A number of observations indicates the exis
tence of an intense neutron group in the energy region below 1 MeV
[4J; a precise determination of the spectrum in this region he'S not
been pUblished to our knowledge.

The source (Buchler and Co .• Braunschweig) consisted of a homo
geneous mixture of Ras04(100 mC) and Be placed into a nickel capsule
(29.5 mm height. 18 rom diameter) and had a source strength of 1.2 . 106

n/sec. The measured spectrum is shown in Fig. 55 together with the
measurement of Thompson and Taylor [16J. The total measuring time
amounted to about 45 h. Measurements were made with counter No.1
above 3 MeV and with counters No.3 and 4 (Table 6) below this value.

As indicated in Fig. 55. the intense v-radiation was somewhat
smeared by a small lead cylinder between source and detector. Elastic
collisions practically do not change the neutron energy, but about
20% of all neutrons with energies above 3 MeV which fly in the direc
tion of the detector undergo an inelastic collision in the lead
cylinder. Monte Carlo mlculations show that this notably distorts
the source spectrum only b~low 3 MeV. where the flux (per energy
interval) on the average increases by a value corresponding to about
2~ of the flux value in the maximum at 4 MeV. -
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(45)

results [53].

IC • 41t -cll • cl2J "B G

and are compared in Table 9 with mangane se ba":.Il

The measured spectrum is in good agreement with that determined
. by Thompson and Taylor in the energy region above 3 MeV. As in the

Am-Be-sources, a neutron peak is again present in the region below
1 MeV. The mean energy of this peak amounts to about 400 keY as in
the Am-Be-sour"es, indicating the same disintE'gration process (44)
proposed by st. Romain et all [57J; in this case, however, the inten
sity of this peak is about twice as high as in the Am-Be sources
([36 ± 8]% of all neutrons are below 1.5 MeV in the measured spectrum).
The deformation of the measured spectrum in the lOvl-energy region
caused by the lead shield has the result that the minimum at about
1 .5 MeV is not as well defined here as in the Am-Be-sources and that
the above-indicated intensity value for the low-energ;," neutron peak
must be reduced by about 3% to (33 ± 8) %.

4.5 Source strengths: The source strengths were estimated by
integration over the measured spectra by means of the relation ob
tained from (30):

rable 9.--Source strengths (n/sec) of the sources utilized.

I c::5:Z Aa-Ll A":J-~ AO_D1O Ae-I)
h::1-~:l f.:-:;:l

(0.1 C) _(;'•.5 C)

Manganes£
~ 1.00.10

G
.- of '.-=C. G

'1 G
:i

1.32'lO
C

bath 1.0~.10 ".~O·10 4.:33·10 1.21.10 .. 1.10.10

From I •lOG 4 3.7 -1O~
:) ~ ~ 1.21·10°

spectrum
1.7 9.3 -10 3.' -10 '.3 ·10 0.7 -10

Spectrum B o.eo o.ga
Mn bath ~

1.01 o,~ 0.01 Ot e1 0,77

The source strengths determined from the spectrum on the average
are about 15~ lower than the manganese bath results An estimate
shows that a flux depression of this order of magnitUde results from
the fact that neutrons are scattered from the counter front face which
consists of 3 mm iron. When this is taken into account, the source
strengths calculated from the spectra concur with the manganese bath
results within the mean systematic error of slightly more than 10%.
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5. Summary

This study demonstrated that reliable neutron spectrum measure

ments ~re possible with proton recoil counters even below 20 keV and

in the region of 1.5-10 MeV, and the spectra of all normally used

neutron sources were determined in the entire energy region 0: interest.

The reliability in the low-energy region was considerably in

creased by an accurate determination of the relation betwep.n proton

energy and ionization produced in the counter for protons in hydrogen

in the energy region above 1 keV. For the high-energy region too, the

relation between proton energy and ionization had to be experimentally

verified first for the counter gases utilized. The greatest diffi

culty in the high-energy region resides in the long range of the pro
tons which increases markedly with energy. By the use of very large

counters filled with gas mixtures with a high slowing-down power and

under a high pressure, it was possible to create conditions for a suf

ficiently high probability that the energetic protons would also re

lelse their total energy in the counting gas. A specially adapted

electronic system had to be used to process the long IJulse rise times

of such counters. A prerequisite for unfolding of the measured re

coil-proton spectra by means of calculated response matrixes was to

furnish proof with monoenergetic neutrons that the measured and cal

culated response functions are in agreement for all counters utilized

in the entire energy region. These preliminary measurements were

completed by measurements with two SUAK-assemblies. A comparison

with the results of time-of-flight- and Li6 -spectrometer measurements
showed agreement within the estimated systematic errors.

The differential neutron spectrum of a Sb-Be-source was deter
mined accurately for the first time and the measurements show that

with the use of the y,n-discrimination method, proton-recoil counters

furnish good results also in the low-energy region even with an ex

tremely high y-background. The spectrum measurements of the a,n

sources generally confirm the findings of earlier studies in the

energy region above about 2 MeV. All a,n-sources investigated here
emit a notable number of neutrons in the energy region below 1-2 MeV

for which no differential spectrum measurements have been available

thus far with the exception of the Am-Li-source. The low-energy

neutron peak which has been postulated to exist on the basis of
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theoretical considerations and indirect measurements with Ra-Be- and
Am-Be-sources was c0!lfirmed and its fine structure was determined.
In the Am-B-source, a clearly defined neutron peak 1s also present
in the region below 1 MeV, even though it is less intense compared to
Ra-Be- or Am-Be-sources, while the spectrum -.i th the other a,n-sources
is relatively continuous in this region. The spectral meas'-lrements
for three different Am-Be-sources show that the particle size of the
radioactive material in particul~r can notablJ influence the a,n
source spectra (up to 10%), but generally, these differences are small
compared to the discrepancies in the spectra measured by different
authors.

At this point, I would like to thank Prof. Dr.-Ing. D. Stegemann
for suggesting thic study and for his inte~est in its progress. I
am indebted to Prof. Dr. K. vlirtz for perrrdtting it::; performance at
the Institute of Neutron Physics and Reactor Engineering of the
Karlsruhe Nuclear Research Center. I aM grateful to Dipl.-Phys. G.
Fieg for stimulating discussions and suggestions and to Dipl. Phys.
E. Karthaus for making the neutron sources available to me.
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