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ABSTRACT,

A method is described for using a B-ray spectrometer to
measure the energies and intensities of the Y-rays emitted at the
instant of capture of a fhermal neutron by a nucleus. The method
is applicable to very weak neutron capturers provided that they are
available in large quantities, as well as to strong neutron capturers.
Experiments were performed in which the capture yY-ray spectra of
carbon, a weak capturer, and cadmium, a strong capturer, were observed.

The carbon spectrum attributed to capture by c13, contains
three discrete Y-rays of approximately equal intensity having energies
of 3.50 ¢+ 0.10, 4.65 * 0.15 and 7.15 * 0.25 Mev. The cadmium spectrum,
due to Cdlls, is sufficigntly complex so that individual y-rays were
not resolved. The hardest Y-rays detected in the capture y-ray spectrum
of Cd113 had an energy of 6.2 *+ 0.15 Mev, These results for the Y-rays
of neutron capturé were shown to be consistent with theoretical expecta-
tion.

In preliminary experiments, new results were obtained on the
disintegration scheme of 08134 (1.7 year) and on an upper limit for the

intensity of a 3.20 Mev yY-ray of ThC".



CHAPTER I. INTRODUCTION

I. Statement of the Problem.

The purpose of this study is to make an examination of the y-
rays emitted at the instant of neutron capture by various nuclear species.
For this purpose, use is being made for the first time of a B=ray
spectrometer to study tpe electrons ejected by the Y-rays from secondary
radiators. This method of studying y-rays enabies the line structure
of a Y-ray spectrum to be measured with a resolution. of the order of 5%
or betters The object of this report is to introduce the method and to
present experimental results for the Y-rays of neutron capzure of car-
bon and cadmium. |

The importanée of the study of Y-rays of neutron capture liés
in the fact that the capture of a thermal neutron in a nucleus of mass
number A gives to the compound nucleus A+l an excitation energy of
several Mev, equal to the biﬁding energy of the neutron in the ground
state of the nucleus A+l. The final nucleus A+l loses its energy of
excitatioﬁ by the emission of oﬁe or more Y-ray quanta. A measurement
of the total energy radiated in the form of Y-rays then gives the bind-
ing energy of the neutron, which in turn gives the mass difference be-
tween the capturing nucleus A and the final nucleus A+l (See Section
III below). In addition, and perhaps more important, the nucleus A+l,
raised to a high excitation level by the neutron capture process, may
lose its energy by the emission of several yv-rays in succession. The
study of the ehergies and intensities of these yY-rays yields informa-
tion about the energy levels of the nucleus concerned. The study of
such nuclear energy levels is of great importance because it is one of

the main keys to an understanding of the structure of the nucleus.



II. Discovery.

The discovery that Yy-rays are usually emitted at the instant of
capture of a neutron by a nucleus was made by Fermi and his collaborators
in 1934 (1) in the course of their pioneer work on neutron-induced radio-
activity. Fermi's experiments showed that most cases of neut%on activa-
tion were due to "simple capture" reactions of the type (n,Y), and hé
correctly proposed that neutron absorption which did not result in radio-
activity of the absorbef was usually due to a similar capture process with
the formation of a stable isotope. He was able to'detect the y=-radiation
accompaﬁying neutron capture in both cases. Among the lighter elements,
there are four known cases where neutron capture is followed by particle
emission, and, as Fermi showed, little or no yY-radiation then accompanies
the capture process. Above Z = 8, simple capture accompanied by Y-radia-
tion is the predominant process. For most capturing elements, Fermi showed
that the capture cross-section is very much greater for thermal neutrons
than for those of higher energies. Since the time of Fermi's work, the
capture Y-rays have been qualitatively observed many times, but only a few
experiments, necessarily rather inaccurate, have been directed towards
measuring the quantitative character of this y-radiation. A sumnary of these

attempts is given later (Section V).
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III Binding Energy of the Neutron.

The study of the y-rays of‘neutron capture yields the most
direct measure of the mass difference between the capturing nucleus and
the final nucleus. Since the total excitation energy of the final nuc-
leus is equal to the binding energy of the neutron in this nucleus, the
measured total energy emitted as y-radiation, Eo (Mev), gives the mass
difference directly:
= (1)

where AM is the mass difference, Mn is the mass of the neutron, and 931

AM =M, -

is the energy equivalent in Mev of one atomic mass unit.

It follows from these statements that a prediction of the total
energy emitted as y-radiation in any particular neutron capture reaction
depends on a knowledge of the mass difference between the capturing nuc-
leus énd the final nucleus. Among the light elements (up to about Z = 20)
many of the;e differences are known from mass-spectrographic studies or
from the energy balances of nuclear reactions, and the estimation of the
binding energy is straightforward. For heavier elements, theoretical
mass formulas must be employeds

A formula for the mass of any nucleus (A,2) has been given hy
Weizéacker (2) and Bethe (3). The formula is semi-empirical in character,
based on the statistical liquid-drop model of the nucleus, with the co-
efficients of the various terms adjusted to fit experiment. We take the
formula in the form given by Fermi (4):

| M(A,Z) = 0.99389 A - 0.00081 Z + 0.014 A%/3+0.083 i‘-‘%ﬂ‘)—z
+ 0.000627 %g +§,
where § = 0.036 A'&/4 (A even, Z odd) . - (2)

§ = -0.036 £3/4 " (A even, 2 even%
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§=0 (A odd).
In the neutron capture reaction, A is increased by unity and
Z is unchanged, so that the mass difference due to neutron capture is
AM(A,2) =M(A+1,2) - M(4,2Z). -

Hence AM = 3%- [M(A,Z)] with an error €0.001 mass units for A = 20
and negligible above A = 40,

so that AM = 1,01464 + 00,0093 A‘l/3 - 0.083 i;
- 0.000209 z2A-%/3 + AS, (3)
where

AS = 0,036 A"3/4 for A even, 2 even or A odd,

Z odd: i.e. for N even, where

N=A-Z = number of neutrons,

AS = - 0,036 A‘3/4 fo'r A even, 2 odd or A odd, Z even:
i.e. for N odd.
The binding energy in Mev then becomes
B.E, = 931 [Mn - AM]
= 77.3 224-2 + 0.195 224-4/3 - 8.66A~1/3 - 5.30+4E,

where

AE = 33.5 A-%/4 (N odd) (4)

=-33.5 A=3/4 (N even)

In every case, A and Z refer to the capturing nucleus. It is
seen that, according to this result, all nuclei are divided into two
classes so far as the binding energy of the captured neutron is con-
cerned: capturing nuclei having odd N yield a systematically higher’
binding energy than those having even N, Of»thevnaturally occurring

stable isdtopas, the great majority ( including all the most abundant

isotopes) have even N.
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On account of the discontinuous and non-unique way in which
A varies with 2 throughout the periodic teble, it is of course not pos-
sible to plot a smooth curve of the neutron binding energy as a function
of Z for the natural elements. A sort of average plot can be made,
assuming A to vary with 2 according to the WeizsacKer - Bethe maximum

nuclear stability formula, again using the form given by Fermi (4):

A
Zy = 5
A " 1,981 + 0.01542/3 (5)

The result is a pair of curves of binding energy versus 2,

the upper one for odd N and the lower one for even N, as plotted in Fig. 1.
The curves can only give the general trend of binding energy, and values
for individual isotopes will in general not lie on the curveé, but will
cluster around them in the same way as the natural isotopes cluster around
the maximum stability curve (ref. 3, Fig. 2.). In addition, the curves
fail rather badly at low Z, as expected from a statistical formula. This
is illustrated in Fig. 1 by the points representing the binding energy of
the captured néutron ip light isotopes, calculated from the experimental

masses in Mattauch's table (5).
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IV Theory of Capture Y-Radiation

The theory of capture y-radiation does not differ appreciably
from ordinary Y-ray theory, and must therefore be considered to be in a
very elementary state. We summarize briefly the information on transi-
tion probabilities and selection rules necessary to our discussion (6).

Transition probabilities.(i) For electric dipole radiation,

the probability of a Y-ray transition between two energy states is pro-
portional to the cube of the energy difference between the states, i.e.
to (EY)S. (1i) Symmetry conditions in the nucleus make the electric
dipole and quadrupole radiations of about equal importance. Higher mul=-
tipolarities are less probable by a factor of (%)2, where R is the radius
of the nucleus and 2w Ais the wavelength of the Y-ray. This factor is

about 10~% to 10~% in most cases. Magnetic multipole radiation is about
®)2
A

Tity.

less probable than electric multipole radiation of equal multipola-

Selection rules. Denoting by Alg-the vector change in angular

momentum, and by "yes" or "no" the change in parity or lack of change in
parity respectively between the two energy states involved, we have the fol-

lowing table of selection rules.

Table I
Parity Electric : Magnetic
A‘ﬁ. change multipolarity multipolarity
0 either cannot occur cannot occur
1 yes dipole cannot occur
no cannot occur dipole
2 yes cannot occur quadrupole
no quadrupole cannot occur
3
es 2%-pole cannot occur
3 yno cannot gccur 28-pole
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According to a distinction made by Bethe (7), only the first y-
ray emitted after the capture of a neutron is a true capture yY-ray: all
succeeding ones come under the heading of ordinary Y-rays from the excited
residual nucleus. The distinction is not of much experimental use, because,
while it is true that the primary capture Y-ray has an energy depending on
the kinetic energy of the captured particle, in dealing with the capture
of thermal neutrons, the kinetic energy can be taken as zero. The theoretical
consideration of the Y-ray spectrum which accompanies neutren capture
does, however, require the distinction to be made.

The discussion is most conveniently divided into two sections,
degling with light and heavy nuclei respeétively. This division is arbit-
rary, and the transition from "light" to "heavy" is of course gradual and

not clearly defined.

Light nuclei. Among light nuclei, thermal neuf;on capture may
produce a reaction leading to the emission of charged particles because of

the low potential barriers involved. An outstanding example is

gB1O+ (ol —>3Li” + JHe + 2.9 Mev

Of the excess energy of 2.9 Mev, about 2.5 Mev appears as kinetic energy
and about 0.4 Mev as a single Y-ray (8,9). This reaction is of practical
importance because it has a cross-section of 700 barns X for natural B

11
10 Ye

(20% B™-, 80% B This cross-section follows the 1/v law accurately (10)

and, since the reaction gives rise to soft y-radiation, boron is useful as
a shielding and calibrating material. An (n,a) process also occurs on Li®,

with a cross-sectibn of 70 b for the mixed isotopes of Li, and no y-

radiation (7).

X ] barn = 10-24 cm.z, abbreviated to b.
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Reactions of the simple capture type (n,T) also occur among
light nuclei, and our interest centers on these. Because of the large
spacings of the energy levels in light nuclei (order of Mev, as in-
dicated by proton capture experiments), it seems very likely thgt the
entire binding enerzy of the neutron would in many cases be emitted as
a single primary Y-ray. The direct transition is most probable if it
is electric dipole or»quaarupole, because the transition pfobability
increases fapidly with energy, and the wide spacing of the levels
means that alternative transitions have much lower energy. The measure-
ment of this Y-ray energy then'woula give the mass difference between
the capturing and final nuclei by equation (1). A hypothetical scheme
illustrating this situation is given for Cl2 in Figure 2. Since Cl2 has
angular momentum j = 0 (20), the excited cl3 (denoted C13% ) can only
have j= 1/2, since a thermal neutron can only carry in an angular
momentum equal to its own spin of 1/2. Since C13 has j = 1/2 (20), the
direct y-ray transition tp the ground state is dipole radiation (See Table
I), and should be more probable than any other mode of de-excitation of
cl3%, Tne toﬁai energy available is 4.90 Mev, from Mattauch's mass table
(5). The situation for capture by C1% is somewhat more complicated, and
will be used to illustrate a case where the direct transition to the ground
state may not occur. Starting from j = 1/2 for 013, the bompound clax
could have j = O or 1. The angular momentum of the ground state of cl4 is
known to be zero (47). ‘Tﬁe two possible Qituations in this case are
illustrated in Fig. 3 (a) and (b) for the angular momentum of cléx o 3
and O respectively. In (a), the direct transition is electric dipole radia-

tion, and therefore should occur more than any other. In (b), the direct
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transition cannot occur, and an indirect path, such as that suggested in

the diagram, must be followed. In capture by c13, the total energy avail=-

able is 8,16 Meve.

Heavy Nuclei. The spacing of energy levels in heavy nuclei is
perhaps 0.2 Mev near the ground state, judging by nuclear yY-rays in the
natural radioelements. This spacing decreases rapidly with increasing
energy of excitation (about as ky e~k2 J—E; where E is the excitation
energy (7)), so that there are a relatively large number of energy
levels on which yY-ray transitions from the excited state fo:med by the
neutron capture could end. It is therefore to be expected on the present
theoretical view that the primary y-ray would not carry away all the avail-
able energy in every case, even where it is allowed. We thus expect a
rather complicated yY-ray spectrum resulting from neutron captufe in heavy
elements, and the observation of a single primary Y-ray'carrying all the
neutron binding energy is much less probable. Bethe (7) has calculated a
theoretical energy spectrum for the allowed primary y-rays of neutron
capture in heavy elements for an energy level spacing of 10 volts at the full
excitation energy. His result is given in Fig. 4. In the diagram, iEY is
the relative intensity of y-rays of energy Ey, and E, is the total excita-
tion energy, equal to the neutron binding energy. The figure applies only
to the primary capture Y-rays, and is not meant to suggest that a continuous
Y-ray spectrum is present, but only that a very cemplex spectrum is to be
expected. The choice of different energy level spacings does not alter the
resﬁlt much unless very large spacings are chosen, i.e. the light eleﬁent
case. It is seen from Fig. 4 that according to Bethe's result, comparatively

few y-rays are emitted with the full excitation energy, EQ, or anything



-11-
approaching it. With this picture, it is possible to obtain the bind-
ing energy from measurements on the capture Y-rays only if a complete

de-excitation scheme for one moede of successive Y-ray emission is

obtained.
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V. Previous Work on Capture y-Rays.

Following Fermi's demonstration of the existence of Y-rediaticn
accompanying the capture of neutrons, a number of investigators attempted
to examine the nature of the y-rays. The first of these was Lea (11). He
used a Ra-c-Be neutron source, and attempted to observe the y-rays scatter-
ed out of various materials with an ionization chamber. His effects were
small in £he presence of a large background due to Y-rays and fast neutrons
from the source, and his results probably are all due to inelastic scatter-
ing of fast neﬁtrons, except in the case of paraffin. In paraffin, a large
number of thermal neutrcns would undoubtedly be present, giving rise to v-
raysAby capture in H. Lea obtained an energy of 3-4 Mev for this radiation
by rough absorption methods.

Rasetti attacked the problem of determining the energy of the Y;rays
by the method of absOrptiénboflCompton recoil electroﬁs, using two thin
aluminum-walled Geiger counters in coincidence (13). His arrangement is
similar to that used by several sgbsequent investigators, and is shown in
Figure 5. The source was a Po-Be mixture of about 60 to 90 millicuries
strengthe The source, counters, neutron capturers and electron absorbers were
enclosed in a paraffin block as shown in the figure, the counters being
shielded from the source by a cone of lead. After being slowed dowm to
thermal energies in the paraffin, the neutrons are captured in one of the
blocks of capturing material A, B. Some of the resulting capture yY-rays
generate Compton recoil electrons in the nearest wall of a Geiger counter C,Di
such electrons will give rise to coincidences when both counters are
traversed. The absorption of the coincidences by means of Al or Pb plates

E placed between the counters gives a measure of the Y-ray energy. Rasetti
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Judged the energies of the y-rays from the half and quarter - thick-
nesses of Al or Pb, assuming as a calibration that the Y-rays from the
source were of 5 Mev energy. The mixed energies of fhe Y-rays meant
that Rasetti}s half and quarter-values did not agree with each other, the
amount of the disagreement presumably furnishing an indication of the in-
homogeneity. Rasetti gave figures for C1, Co, Y, Ag, Cd, Ir and Hg. His
results are collected in Table III (below), cols. 4 and 5, at the end of
this sectione

Fleischmann (14) used a Radon-a-Be source of neutrons enclosed in
& large lead block in his work on neutron capture Y-rays. The Y-rays from |
the source were thus attenuated, and the nature of the Y-rays generated by
the capture of neutrons in a large plate of the capturing material was
studied by means of absorption in lead in front of a Geiger counter. RaC
and ThC Y-rays were used as a calibration of the absorption apparétus. He
obtained 1.5 Mev for the Y-ray of capture of a neutron in H by this method.
He also observed the yY-rays from Cu, Fe, Cd and Pb. The results are col-
lected in Table III, col. 6,

In a later éeries of measurements, Fleischmann (15) attempted to
determine the abs§1ute yield of Y-quanta per neutron captured in various
elements. His ﬁeutron source was the same as in the previous work, and he
used a carbon-walled Geiger counter to detect the Y-rays. On the basis of
his previous measurements on the energies of the Y-rays, and some assump-

tions as to the efficiency of the Geiger counter as a function of energy, he

arrived at the results given in Table II. Here the first column gives the
capturer, the second Fleischmann's "relative number of quanta per neutron
absorbed”, and the third gives the number on the basis of H (paraffin) = 1.

The validity of the results seems open to question.
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Table II.
Capturer Relative Lo, Absolute No.

of Quanta of Quanta

Ca 1.13 1.21

Cu 0.87 ' 0.94

Fe 0.80 0.86
Paraffin 0.93 1.00
Pb 1.71 1.84

Ag 1.06 1.14

In a still later work, Fleischmann (16) turned to fhe Compton -
coincidence method, the arrangeﬁent being identical with that of Rasefti
except for the neutron source. His y-ray energies were estimated from
the half-thickness value of the Compton electron absorption curve in Al.

He examined H, Al, Fe, Cu, Se, Ag, Cd, Sm, Gd, Hg and Pb. The results are
given in Table III, col.7.

Haenny (17) used absorption in lead to estimate the quantum
energies of the capture y-rays from Cl, G4, Cd, Hg and Au. His results are
rather rough, and appear in Table III, col.é.

Kikuchi, Husimi and Aoki in a long series of papers, (18), have
investigated the Y-rays emitted from many elements under bombardment by both
fast and thermal neutrons. Only the thermal neutron results will be quoted.
These investigators obtained their neutrons from the D on D reaction (19),
bombarding D20 ice with deuterons at 300 kv from a high voltage rectifier set.
The yield of neutrons was equivalent to a Ra-a-Be source of several curies
and was ne;rly free of Y-rayse. Their mein method of determining the energy

of the capture y-rays was again the Compton - coincidence absorption method,
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but in this case reliance was placed chiefly on the end-point of absorp-
tion curve in Al. The absorption end-point gives only the Y-ray of highest
energy present in appreciable intensity,‘but some estimates of possible
lower energy componehts were'made by noting the shape of the absorption
curve. On this basis, the yY-rays from Cl, Cu, Fe, and Cd were thought
to be inhomogeneous. RATh and Ra (B+C) y-rays were used for calibration
of the absorption curves. The results of these investigators, consist-
ing of a large number of careful measurements throughout the periodic
table, are given in Table III, col. 3.

Table III summarizes the main experimental evidence on the
energy of the y-rays liberated at neutron capture by a large number of
elements from H to Pb, The headings of the columns are self-explanatory,
except for Col. 9, which contains the total binding energy of the neutron
in the elements shown. Figures in brackets are calculated by formula
(4): other figures are calculated from Mattauch'é table of masses. The
binding energy is given for the isotope mainly responsible for capture
(20) or, where this is not known, for the most abundant isotope.

The results of Table III seem to show that the most energetic Y-
ray of appreciable intensity (which is what is detected by the Compton -
coincidence end-point) from many neutron capturers has an energy of the
order of 0.8 or 0.9 of the total excitation energy due to the capture of
the neutron, while from others the maximum is as low as 0.55. This fact
is not expected from the theory of Bethe, represented by Figure 4, where
the highest energy Y-ray of appreciable intensity‘is at perhaps 0.6 of
the maximup, and large changes in this figure from element to element are
not predicted. We #re thus led to think that at least in some cases the

capture Y-ray spectra may contain more high - energy yY-rays than predicted
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by the Bethe theory. The main conclusion from Table III is, however,

that the combosition 6f the y-ray spectrum due to neutron capture is
unknown for all elements, and that on this account little or no infofma—
tion about the total neutron binding energy can be obtained from the experi-
mental data.

One or two other experimental studies on capture %—rays may be
mentioned. Fontecorvo (21) has studied the Y-rays from Au bombarded with
slow neutrons whose energy composition was varied by means of boron ab-
sorbers. The Y-ray energy was estimated by absorption in lead, and Pontecorvo
beliefed that the spectral composition of the Au Y-rays varied with the
energy composition of the neutrons. In view of the experimental difficul-
ties involved, this result must ﬁe treated with reserv&tion. Burhop) Hill
and Townsend (22) measured the absorption in boron of’the neutrons which
excitéd Y-rays in Cd, Ag, Sb, I and Hg. In the case of the latter three, the
absorption curves consisted of superimposed fast and slow varying components,
due to capture resonances at different energies. The conclusion presumably
is that all neutroné captured, whether of rescnance energy or not, produce
?—rays. |

Aoki (23) has attempted to find the average number of Y-rays emitted
in each capture process, for Cd, Ni and Hg. The method involved two counters
in coincidence, with rather arbitrary assumptions about the Y-ray efficiencies
of the counters. The results given are:

Cd - about 3 Y-rays per neutron.
Ni and Hg - about 2 y-rays per neutron.
The chief value of this experiment is to show that coincidences do occur, so

that in at least some fraction of the cases, more than one Y-ray emerges
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per neutron captured. The result for Cd is in marked disagreement

with the result of Fleischmann for Cd (Table II).
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CHAFTER 2, MELHOD AND APPARALUS

I, Method of Y-ray Spectrometry

The &apture Y-rays are studied by using a P-ray spectro=
meter to analyse the secondary electrons ejected by the YT-rays from
various radiatorss The method was first applied by Elli;ﬁfAston
(24) in the case of the 1800 focusing p-ray spectrometer, and by
Skobeltzyn (25) in cloud-chamber studies. A review of such methods
has been published by Latyschev (26)., The method followed here
agrees in many details with that described by Deutsch, Elliott and
Evans (27) end Elliott (28) for artifically radiocactive substandes,
using & thin lens p-ray spectrometer.

The method will 56 described with reference to some pre-
liminary -experiments done on a source of Rd Th in equilibrium with
its products. These experiments, besides being intrinsically
interesting, yielded valuable auxiliary data for the main experi=-
ments. The arrengement of the thin lens pP=ray spectremeter for the
preliminary experiments is shown in Fig.6. This type of spectro=~
neter has been described very fully by Deutséh, Elliott and Evans (27).
Electrons in a definite momentum interval are focused on the counter
by the magnetic field of the coil., Different momentun intefvals are
selected by varying the current in the coil, and since no iron is used
in the system, the momentum is proportional to the current. The width
of the momentum interval selected is directly proportional to the momen=-
Bum of the electrons focuseds The source arrangement is shown in Fig.7.
The radio=active source is sufrounded by sufficient material of low

etomic number (AJE) to stop all. the primary f-rays. The secondary
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electrons ejected from the Al cap (Fig.7) are then almost entirely
Compton recoil electrons, since the photoelectric and pair product-
ion cross=sections are small at low Ze. The experimental counting
rate from this source, plotted as a function of the monmentum of the
recoil electrons, is shown as a broken curve in Fige8ese The recoil
electron spectrum, for a Y-ray of given energy EY extends from zero
up to a derinite maximum energy given by |

2By

2EY + mcz

. = ™
Bpax = B

Such distributions as that of Fig.8 can be used to determine the eneégy
of a single Y=-ray, but the resolution of close Y-rays is difficult,
The addition of a thin radiator of an element of high atomic number,
‘as shown in Fig.7, gives rise to monoenergetic gréups of photoelec—
trons as well as the recoil electron distribution (solid curve, Fige8).
Teking account of the fact that the photoelectric conversion can take
plece in the K,L ... shells of the atoms of the radiator, the difference
between the two curves is practically a line spectrum of the Y-ray
source. The energy of each electron group must have added to it the
KoL ..+ binding energy of the radiator atoms, to give the Y-ray energy.
In order to obtain the greatest line intensity, the high
atomic number radiator should be made as thick as possible up to the
point where an appreciable fraction of the emerging electrons no longer
fall within the momentum interval selected. In addition, the atomic
mumber of the radiator should be made as high as possible, since the

photoelectric cross=section increases about as the 4,5 power of Z(29).



The influence of these factors for the case of the 2,62 lev Y~ray

of ThC" = ThD is shown in Figure 9, In particular, this figure

shows an increase of about 607 in line height for a nearly constant

- radiator thickness, due to the change in radiator material from Pb

(Z =82) to U (2 = 92)s It also shows that at this energy, no

significant increase in line height can be obtained by increasing
permiss¢ble

the radiator thickness above about 150 Mg/bmz. Thepradiator thickness

increases about linearly with energy but since the photoelectric cross-

section varies about as 1/E in the high-energy region (20), it should

be possible to maintain the photoelectron line height shown in Fig.9

up to very high Y-ray engrgies.

An additional aid to unravelling a complex Y~ray spectrum
is the observation of the positrons ejected from the high=Z radiator
by the pair-production process. The positrons may be separated from
the electrons in the spectrometer by means of a spiral=-fimned baffle,
aé described in Ref.27. With such a baffle in the spectrometer, the
positrons or electrons may be observed at will by merely reversing
' the current in the coil, A typical pair of curves; due to the 2,62
Mev yY=-ray of ThC" =~ IhD, is shown in Fig. 10. <The positron spectrum
is a conbinuum ending sharply at (2,62 = 2 me?) Mev = 1.60 lev, end
having a shape agreeing well with that calculated by Jaeger and Hulme (31).
For higher Y=ray energies, the positron end-point hecomes less abrupt,
and the spectrum of the positrons and electrons from pair-production
becomes identical.

| In Figo,10, which was teken with the spectrometer in its

final experimental arrangement, the line-width of the photoelectron
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line is sabout 3% at half-height, or 6% at the base. Due to this
finite line-width, both the Compton electron continuum and the
positron continuum exbtend about one line-width beyond their

respective theoretical end-points,
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I1I P-Ray Spectrometer.

The spectrometer used in the main experiments consisted of
an evacuated brass tube 100 cm. long end 20 cm. in diemeter, and two
‘symmetrically placed focusing coils, as shown in Figelle The windings
of the coils have an inner dismeter of 22 cm. and an outer diameter of
62 cm. Each coil consists of about 3600 turns of number 10 B & S
gauge enameled copper wire. Layers of 1/4 inch copper tubing are
interspersed at intervals in the windings to provide water cooling,
and the whole assembly is enclosed in & brass casing and vacuum
impregnated with transformer oil. Each coil has a resistance of about
15 ohms at room temperature, and will dissipate about 12 kilowatts.
The use of two coils instead of one has two advantages for this appli=-
cation: first, a smaller current is required to focus an electron of
a given energy, and second, the field distribution’provided by two
coils reduces the spherical aberration and gives a better transmission
for a given resolving power. The design of the spectrometer tube and
coils is the work of D?. L.G. Elliott,

Rough preliminary measurements indicated that the counting
background would bé very high, because of the high penetrating power
and counting efficiency of the energetic Y-rays being studied. To
reduce this Y-ray background, the coincidence counter arrangement of
Fig.1ll was adopteds The end of the spectrometer tube is provided with
a window W of .001" dural sheet (W7 mg/cm?), 18 mm, in diameter. The
focused electrons pass through this window and traverse the thin=-

walled aluminum counter Cy (w30 mg/'cm2 walls), causing it to pulse as
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they pass through. The actual focus of the spectrometer is at the
8 mms hole in the 3 mm. thick brass diaphragm D, and electrons which
pass through this hoie'register in the mica-window P-ray counter Co.
True focused electrons then cause coigcident pulses in Cy and Cp &
The efficiency of this arrangement in reducing background may be
judged from the fact that, in a particular case, 1400 coincidences
due to focused electrons were observed per minute against a background
of 600 coincidences per minute, while the Y-ray background in Cy alone
was 10,000 counts per minute. The coincidence arrangement thus reduces
the background by a factor of 16,

An incidental but very important benefit of the coincidence
counting arrangement is that it almost eliminates the dependence of the
counting rate on the counting characteristics of the individual counters.
The slope of the plateau in an ordinary Geiger counter is mainly caused
by two factors (1) the enlargement of the sensitive volume as the voltage
is raised (2) the occurrence of spurious pulses following & true count.
The geometrical arrangement of the coincidence counters eliminates (1)
end the coincidence arrangement eliminates (2) except for the entirely
negligible number of chance coincidences. The two counters together
constitute a detector of unusual stability, and very reproducible results
have been obtained with them.

The arrangement has the disadventage that it is sensitive
only to electrons of energy high enough to penetrate the window W and
the walls of €7 without too much scattering. Experiments with C; re-
placed by a temporary counter with very thin walls showed that this
effect is negligible at 5 Mev, but that it reduces the counting rete

to one~half at 2.5 llev,



The source end of the spectrometer was provided with a
bismuth cylinder bored with a comical hole tapering at a half=-angle
of 15° down to 6 mm. dismeter at the inside of the spectrometer,

The Bi cylinder fitted into a hole counter-bored into the lead door
. of the thermal column of the Chalk River pile, and the conical hole
was continued through the 10 inch thickness of the lead door. The
conical hole in the lead door and in +the Bi cylinder could be fitted
with neutron-absorbing linings (cd, Béc) for neutron collimation, or
left unlined for y-ray collimation, when the neutrons are stopped
inside the door, The end of the Bi cylinder at the spectrometer was
closed by 020" copper sheet for the vacuum seal.

Inside the spectrometer, (see Fig.1l), a lead cone tapering
from 4" diameter to 1/2" diameter in & length of 10 inches absorbed
most of the Y-rays leaving the source in the direétion of the counter.
The space marked "baffle" is filled either with an ordinary ‘annular
baffle (See Fig.6) or & spiral positron~electron baffle (see Ref.27),
usuelly the latter,

As indicated in Fig.l0, the/spectrometer in this arrangement
has a line width of the order of 3% at half height. The solid angle
through which transmission is obtained is of the order of 0,1% of the
sphere. The energy calibration is taken from Fig.10, assuning the
photoelectron pesk to consist of electrons of energy 2,505 lMev from

the 2,620 Mev Y=ray of ThC" = ©hD,
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I1I. Magnet Current Stabilizer.

The accuracy of relative energy measurements with thes p-ray
spectrometer depends on the accuracy with which the current in the
coils is set and maintained. The chief factors tending to meke the’
current‘drift with time are the heating of the coils, with consequent
chenge of resistance, and the drifting of the output voltage of motor=
generators end rectifiers used to supply the current. Rapid changes
in current, such as that caused by generator brush noise, must also be
made negligible. The stabilizer built for this purpose maintains the
coil current constant to 1 part in 10% and is self=balancing in its
action: currents are changed by altering a small d-c reference voltage
derived from an accurate potentiometer.

The action of the stabilizer can be followed on Fié.lZ. The
double lines represent the path of the main coil current. The current
" flows from the d=c power source to ground through a large bank of 36
or 72 triode tubes (type 6AS7) in parallel. From ground it flows
through a standard resistance Rg and through the coil, back to the
generator. The voltage Rgl across the standard resistance is compared
with a reference voltage Vi in a d-c amplifier. The difference between
the two voltages is amplified by the d-c amplifier and impressed on the
grids of the triode bank so as to alter the current in such a direction
that RgIl is very nearly equal to VR. At the same time an a-c amplifier
takes the rapid fluctuations of voltage ("ripple") from the high-
potential terminal of the coil, amplifies it and applies it to the grid

of the triode bank in such a direction as to cancel the ripple voltage

of the coil.



Both d=c and a-c emplifiers apply their signals to the grids
of the main triode bank through & mixer amplifier.

The degree of equality of RgI and Vgs or the degree of can-
cellation of the ripple voltage, is easily shown %o be greater, the
greater the gain around the feedback loop concernéd. The following
amplifier gains have been provided:

d~c amplifier (O to 10 cycles) - 60,000

a=c amplifier (10 to 500 cycles) = 100

mixer emplifier (O to 500 cycles) = 5

main triode bank (O to 500 cycles) 1
Since, in a typical set of coﬁditions, the standard resistance may be
1/9 ohm and the coil resistance 15 ohms, we have

gain around d=c loop = 60,000 x 5 x,% xi% = 2,200

gein around a=c loop = 100 x 5 = 500.

It is easily shown that a drift or fluctuation is reduced by the

stabilizer to —— of its value, where G is the loop gain. Thus the

G+l
stabilizer reduces any tendency to drift by'_ﬂ;_d so that an original
2200 '

drift of 22% is held within 1 paLrt in 10%, The point in having the d=c
gain so high is not the anticipation of d=c drifts of the order of 22%,
but the fact that the stabilizer is expected to change currents in the
coil by moderate factors following a simple change in the reference
voltage Vz. Under the conditions stated, the stabilizer should be able
to start from conditions of perfect balance and change the current by 22%
in either direction without adjustment other than the change in Vg, still
holding the current accurate to 1 in 104, This performance is in fact

realized, and enables the automatic switching of coil currents with high

accuracy (see Section IV below).
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The order of magnitude of the reference voltage VR is
1 volt, so that when Vp = RgI to 1 part in 10%, the d=c error dgnal
impressed on the d-c amplifier input is about 1074 volt., Conventional
elect?onic d-c emplifiers are incapable of emplifying signsls of so
low en amplitude without drift, but a d=c amplifier of special design
(Fig.13) has been built %o accomplish this end. In Fig.13, the two
potentials Vp and Rglere applied to terminals A and B These d=c
voltages pass through resistence - cepacity filters, designed %o
eliminate hum and spurious pickup, to the terminals 1 and 2 of a Brown
converter (82). This device is a doublegthrow switch operated at 60
cycles by an suxiliary winding. The ouﬁpuéj;erminal & of the converter
Athus consists of a square wave of 60 cycle frequency, and peak=to=peak
amplitude lVR - IRS‘ « This square wave is amplified in a conventional
60-cycle amplifier (gain = 240,000) emerging at the secondary of trans-
former T as a wave of average amplitude 120,000 | Vg - IRsl o The
phase=sensitive detectof in Figel3 consists of a pair of diodes
synchronously opened and closed by transformer Tp. The resulting
filtered d-c output of the phase-sensitive detector is 60,000 |Vy = IR,
and the d-c output voltage changes sign as VR — IRg changes sign. The
whoie assembly thus acts as a true d-c amplifierrof gain 60,000, stable
and free of drift,

| The a=c emplifier is = single conventional resistance =

capecity coupled stage (type 68J7), as shown in Fig.14, This diagram
also shows the mixer amplifier (6V6), and the method of adding the out-

puts of the d-c and a=c amplifiefé at the grid of the mixer.
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The main triode bank, not shown in a diagrem, consists
rnerely of &6 or 72 tubes (type 6AST, twin-tidde)connected in
parallel, with a 2000 - ohm stopping resistor in each grid lead.
The heaters are supplied in groups of 18 tubes in series from the
110 volt line. A single bank of 36 tubes will pass 10 amperes plate
current with a voltage drop off50 volts &cross the tubes, a perfor-
mance not equalled by any other known tube or comparasble combination
of tubes.

The reférence voltage Vp is supplied by a logarithmic
potentiometerX supplied by a sﬁorage battery and calibrated against
a standard cell, using the stebilizer itself as a mull indicator;
The logarithmic potentiometer gives 60 steps of voltege, each step
increasing the voltage by 2%. The range covered is from 0.5 volt to
1.63 volts. An interpolation knob enables any intermediate voltage
.to be selected. The logarithmic scale provided by the potentiometer
is a convenience in examining electron distributions, because the
spectrometer has a constant fractional line=-width _é!iﬂfl (See Section I),
so that, when plotted on a logarithmic scale of curren% or Hf: all lines
have the same Width. Changing the coil current by 2% merely requires
changing the légarithmic potentiometer switch by one step: the current

then sutomatically adjusts itself to the new value within 1 part in 104

within a few seconds.

& are made of Cenco resistance wire,

The standard resistances
which has zero temperature coefficient at room temperature, in values
of 3,1, 1/3, 1/9 and 1/18 oim. selected by a switch. The relative

values of the resistances are correct to 1 part in 104,

Apesigned by Dr. L.G. Elliott.
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The d=c power supplies consisted of three motor generators

end a rectifier type power supply, as listed here:

TABLE IY
Type Max. Volts Maxs Amps. lax oW,
Motor=generator 250 50 12,5
Motor-generator 270 1 45 7.5
lotor=generator 300 20 5
Rectifier set 350 50 18

Thesé uﬂits could be comnected in any series combination.
The generator voltages could be varied by mesns of the shunt field
fheostats, from about 20% of maximum voltage upwards, but the output
voltage of the rectifier set was fixed at the velue shown.

The stabilizer as described above will handle currents
from 0,167 amperes to about 15 emperes witﬁout modification. For
higher currents, and for inéreased safety, the following steps were
teken:

(1) a resistance of 10 ohms was placed in parallel with
the main triode bank, so that the stabilizer controlled only a portion
of the current. Then two coils are used in series (30 ohms), this
step ensures that no more than 1/4 of the epplied voltage (up to 800

volts) can appear across the triode bank.

(2) the control voltage on the grids of the main triode bank
was used to control a smaller triode bamnk in series with the shunt field

of one of the generators, thus increasing its output voltage at higher
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currents., This step in effect increases the loop gain of the d-e¢
system by edding a second d-c loop: the result is = 50% wider renge
of current variation for a given setting of the controls, when the
current is being varied by VR ‘alone.

(3) while running at high power, the coils were pro=
tected from burning out in case of a water supply failure by connecting
up a Vheatstone bridge in which two.arms were the coil resistance end
the standard resistance, and the third and fourth arms were euxiliary
wire-wound resistors. The b;idge supply voltage was the d-c voltage
across the coil, and eny unbalance of the bridge could only be due to
a heating of the coil with consequent resisﬁance chenge. The unbalance
was indicated by e Vieston Sensitrol relay, and a change iﬁ resistance
of 303 in the coils (temperature rise = 100°C) would cause the relay to
close and throw off the generators.

The current system contains a large number of meters, switches,
fuses and circuit breakers not described more fully because they exist
merely for convenienoé and safety. The entire instrument, apart from
the generators and coils, is housed on. a single stendard relay rack.

In designing the stabilizer to be free of oscillation end
hunting (i.e. low=frequency oscillatioﬁ), the books of Bode (33) and
licColl (34) were referred to. In the design, the Nyquist criterion
(85) for feedback smplifier stability was used as & guide. This
criterion mey be stated as follows: Suppose the total gain of the
feedback loops to be plotted versus frequeﬁcy; if, at all points of

the curve where the gain exceeds unity, the magnitude of the slope of
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of the curve is less than 6 db per octave, the stabilizer will

be stable and overdamped; if between 6 db and 12 db per octave, it
will be stable and underdamped; if over 12 db per octave, it will be
unstable. The chief practical rule derived from this criterion is
that the frequency response of ony amplifier plus feedback loop
should be limited, if possible, by a single R time constant

(which gives 6 db per octave), and that the cascading of nearly
identical RC time constants will cause oscillation. .No great diffi-

culty was experienced in making the device stable, as soon as these

conditions were satisfied.
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IV. Auxiliary Apparatus.

This section will briefly describe some of the instruments

used in the experimental arrangement.

(1) Coincidence amplifier. The requirements on the coincidence

amplifier used for registering the counts from ¢y, and C, (Figo11)

are mainly those of relisbility and freedom from spurious electrical
pickup. The amplifier used consisted of two chennels (one for esach
counter, eech consisting of two stages of amplification) end a coin-
cidence mixer stages The design of a single one of the amplifying
stages is shown in Fig. 15. The plate load impedance of the'pentode
V, consists of L and C with diode D in parzllel. (C includes the plate
capacity of Vi and the grid cepacity of Vz). The epplication of a
sharp negative = going wave front to the grid of V1 would, except for

the diode Dy cause a ringing of frequency f = 1 in the plate

2u VLG

circuit, as shown by the dotted line in Fig.1l5.. The diode cuts off
the ringing after one half cycle, giving a half - sinusoidal plate
pulse of length'nJ—iaz The gain of the stage is easily shown to be
&nJHJTL The stége will not respdnd at all to positive=going wave=
fronts because the‘diode D then cuts off the first half-cycle. Slowly=
varying wave=fronts of either sign have no effect. In the present
amplifier, L = 0,100 mh, C = 20 uuf, Vy = 6AC7 (g = 107%), and we have

gain of stage = g, VF£7E = 22

pulse length = nVLC = 0,13 x 107° sec.

The coincidence mixer stage consists of a similar circuit with two tubes

in parallel replacing Vi » Coincident pulses at the two grids cause a
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pulse of double size at the plate, and suiteble circuits select
only the dcuble size pulses for counting. The coincidence resolv-
ing time is varied by varying L and C, and thus is stable and in-
dependent of tube characteristics. The resolving time has been
varied by this means between 0,08 and 1.75 x 10™% sec. with good
results. The latter figure was used for all the main experiments,
end the amplifier proved very relisble.

(2) Neutron flux monitor. In order to monitor the effective neutron

flux for the experiment, (the flux varied due to changes in pile
operating cenditions and changes in the experimehtal arrangement )

a Geiger Y-ray counter was pleced near the source end of the spectro=
meter, Enough Y-rays were observed in this region ( due to neutron
capture in the collimating holes, etc.) to operate the counter at
rates of 2000 to 10,000 counts per minute. This counting rate was
continuously recorded on the moving tape of a graphic ammeter by means
of a counting rate meter. The latter meter is of a special design
incorporating sceling circuits for range changing and a built=in 60
c&cle célibration circuit, and is considered accurate to 1%. The
resulting record of effective neutron flux was used together with
records from a pile operating ionization chamber, to correct the
observed counting rates in the spectromecter.

(3) Counter Voltage supply. All the counters used in this éxperiment

were supplied with highly stable voltage by a single stabilized volbtage
supplye The circuit of this voltage set is almost identical with

that of the magnet current stabilizer. The d=c generators are replaced
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by & 2000 V. 15 me, power supply, the mein triode bonk by a single

high voltage triode type HK=25G, and the mixer smplifier tube by a
second HK~24G. The reference voltage is supplied by a standard céll,
and the comparison voltage is obteined from & voltage divider of wire-
wound resistors. The output voltage of the device is 1500 volts :;
0.01%, with current cepacity 15 ma. Each counter is supplied with
variable voltage by means of en accurate voltage divider made of
wire=wound resistors, enabling the individual counter voltages to be
veried continuously from 500 to 1500 volts independently of one another.
The power supply has run continuously for over one year with only ﬁinor .
replacements,

(4) Scaling circuits. The pulses from the Geiger counters were

recorded by scaling circuits of British design (36). Each unit is

a scale of 1,10 or 100, consisting of two cascaded scales of 10
operating on the 8+2 principle. When used as a scale of 100,

a mechanical register counts once for every 100 pulses fed into the
input. At the same time, an auxiliary relay closes instantaneously,
so that external timing or recording apparatus can be operated. The
scaling units can be comnected together in cascade to form scales of
1000 or 10,000, etc.

(5) Automatic operation.

Most of the experimental curves presented in the results
of this experiment were recorded automatically, end manual counting
was re;erved for exploratory surveys and calibration runs. The
method of automatic counting used is equal to manual counting in
accuracy end reliebility, and has the advantage of running twenty-

four hours per day. In addition the automatic system is superior in
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wtilization .
percentAof counting timd. A brief description of the system will

be given,

The center of the system is a 50=contact, two-circuit
stepping reley. Cne of the circuits has the moving conbact connected
to the output of the coincidence amélifier; all the fixed contacts
of odd number (1,3,5-~=-=-- 49) are comnected together to a scale of
10 or 100 (the waiting scaler) and all the even-numbered fixed
contacts (2,4,6 ==--50) +to a scale of 1000 or 10,000 (the counting
scaler), Thus, every single advence of the stepping rélay contact
switches the pulses from one scaler to the other, The second circuit
of the stepping relay has the moving coﬁtact connected to the refer-
ence voltage input of the current stabilizer, end the fixed contacts
are connected together in pairs (1-2, 5-4, .....45-50) to 25 closely
speced adjustable voltages, supplied by o storage cell. The stepping
relay is advonced by one step every time either of the two scalers
reaches its full count, and each advance of the relay is marked by
& pulse on the uniformly moving tape of a graphic amﬁeter. A second
graphic emmeter monitors the coil current conmbinuously.

The action of the automatic system can now be explained:
suppose the relay is at contact no.2, so that the counting scaler is
opersting, At the l0,00QEE.pulse, the counting scaler advances the
stepping reley to no.3, simultaneously shifting the counts to the |
waiting scaler and chenging the reference voltage to the stabilizer.
During the few seconds in which the stabilizer is secking its new
balance, the waiting scaler counts up to 100, and at that point
advances the stepping relay to no.4, turning on the counting scaler
and leaving the new current flowing in the coils. The operation then

repeats. After 25 such repetitions, the whole cycle of currents and
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counts is répeated. Under this scpéme, the moﬁing tape contains a
recérd of runs of 10,000 counts at each of 25 currents in the coil,
the distence between marks on the tape giving the time for 10,000
countss The time lost in changing currents is only 1% of the total,
This system has proved very reliable, and the large émount of data

required could not have been collected by manual counting.
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V. Final Experimental Arrangement,

The finel arrangement of the spectrometer at the pile is
illustrated in Fig,16 (see also Fig.ll)e The left-hand part of the
drawing represents the thermal column of the Chalk River Pile. The
thermal column consists of o long column of graphite blocks several
feet sqere in cross-section, leading through the shielding wall of the
pile to the reactive portion. Neutrons diffuse throﬁgh the graphite
from left to right, their intensity dropping by ebout & factor of 2
in every 30 cm. of travel, Part of the loss of neutrons is due to
captufe in the:graphite end its impurities, and the remainder to
leakage out the sides of the column. The column is closed by a Cd=
lined Pb door, 25 cm. thick snd faced 6n the outside with sheet iron.
A "neutron howitzer" (A-B in Fig.16) was formed by removing graphite
blocks at the outer end of the column: the dimensions of this howitzer
were varied to %ary the effective neubtron intensity for the experiment,
but for most of the final runs it was 25 inches square in cross=section
end 5 feet deep. The thermal neutron flux at A under the conditions of
the experiment was of the order of 108 neutrons/%mz/%ec. Due %o the
long diffusion path for the neutrons, the flux of neubrons of energy
above thermal is negligible at the ouber end of the thermal column.

Y-rays from the reacting portion of the pile also travel
down the column towards the spectrometer, attenuated strongly according
to the law exp (1uTx), where x is distance from the inner end of the

thermal column. Of these Y-rays, only those of sbout 10 lMev energy
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and Higher (if any exist) can penetrate the graphite in a manner
comparable with the neutrons. A large Y-rey intensity is being
generated continuously along the length of the colﬁmn by the capture
~of neutrons in the graphite. The intenéity of this y=-radiation varies
elong the column roughly as exp (-m,x) where u, is the effective neutron
absorption coefficient (actually due to capture plus leakage, see above).

Iwo source arrangements are possible at the outer end of therral
cblumn. These are referred to as the neutron colliﬁation method and the
T=ray collimation method. The two methods each have advantages for the
study of neutron ceapturers with different properties,

Neutron collimation method. This method is applicable to

capbturers of very large cross-section, especially when they are available
only in smell quantities. The space A-B (Fig,16) is left empty, and the
cone C is lined with a strong neutron absorber which does not produce
Y-rays which would interfere with the observations. The material used
here was a layer of boron in the form of ByC, backed by a Cd sheet to

be sure that any neutrons escaping capture in the boron would not escape
from the door of the pile. The sample of capbturer is situated at D,
immediately outside the thin Cu sheet which closes the spectrometer,

and is exposed to the flux of neutrons entering the solid angle defined
by the cone C. The sample of capturer then acts like a small radiocactive
source in the spectrometer, and the discussion of Section I applies.

y-ray collimation method. This method can be used for neutron

capturers of large or small cross=section available in large quantities.
On this scheme, the face A of the neutron howitzer is lined with a layer
of the capturing material of sufficient thickness to absorb a large

fraction of the incident neutrons without absorbing a large fraction of
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the Y-rays generated: that is, & thickness of &bout l{ﬁn or 1/ﬁy.
whichever is the smaller., The entrance B of the collimating cone C

is covered typically with a boron layer to prevent the escape of
neutrons. The Y-rays generated in the layer at A are collimated by

the eone C and fall on a circular area of diameter 6 mm. of the thin

~ Cu sheet closing the spectrometer. This area then acts towards the
spectrometer as if there were & radioactive source imediately behind

it, except that the Y=rays are now fairly strongly collimated.

The Y-ray collimation method has been used only in preliminary
experiments on Cd, with a 0.5 mm., sheet of Cd at A and another similer
sheet at B. It is clear, however, that the Y=-ray collimation method is
actually in operation at all times for neubron capture in the graphite,
no matter which method is being used for the sample under study. In
all studies of capbture yY-rays using the arrangement of Fig.l6, therefore,
the capture Y-rays generated by neutron capture in the graphite are
always present as a background. Since cl2 is not expected to capture
neutrons appreciably, we expect the capture yY-rays from the graphite to
arise chiefly from neutron cepture by cl3, an analagous case existe for
016, 017 and 018(37).

The more exact details of the experimental arrangements will
be given with the experimental results.

The preéence of the iron facing of the lead door of fhe thermal
colunmn would be expected to alter the‘distribution of the magnetic field
of the spectrometer. Experimentally, however, the transmission was not

sériously affecteds The effect on the linearity of the calibration of EP
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versus coil current was checked by running over the 2.62 Mev line

of "ThC" = IhD in opposite directions, Any hysteresis would appear

as a shift in position of the line. No such shift was detected within

the limit of accuracy, about 0,1%.



Y-

W
~
S
%
& o
% =
5
S $
w3 2
L
W
B 2
“ ~
=
<
o
[~
A
SN T T G R TR T R A S T R L S e R T R R
\\\\\\\‘\‘\‘\\‘\‘\‘\ “\“‘\\ “\‘\\‘\\‘\\\‘\“"\“\‘\\““\\\\
e R e MU LY A P L RS AR AR Vo Yoy ey YA
\ NN % \\\\\ Y N \ LT R ¢ A LY b
e S M N NN NN RAREARRIR RS 5 b R
(o e O N N L TR T A "\\“\\l\\l AL WA T W TR 6 W6 VR S SR AL |
]

W
s WEE e
3] | %:I b
3 32 3
o | | l I I wb ' O
| 8| |
A

GRAPHITE

Figure 16



CHAPTER 3. PRELIMINARY SPECTROMETER EXPERIMENTS

1. Search for a 3.20 Mev Y-ray from ThC"

During the period of planning for fhe main experiments on cap-
ture Y-rays, two experiments were performed with the p-ray spectrometer,
of which the first will be described briefly in this section. Since the
2.62 Mev Y-ray of ThC"- ThD was used for the Hp calibration of the spectro?
meter in the maiﬁ experiments, and since the same Y-ray was used in experi-'
mants on radiator thicknesses (Chapter 2, Section I), this experiment on
ThC" entered the procedure very naturally.

Ellis (38) has commented on the importance of knowing the in-
tensity of the Y-ray of energy 3.20 Mev from the disintegration ThC"-ThD,
in assigning nuclear spins to the excited states of ThD. The 3.20 Mev vy-
ray is predicted in the disiﬁtegration schemes of ThC"-ThD advanced by
Arnoult (39) and Oppenheimer (40). The two schemes agree'in their main
details, and the one due to Oppenheimer is shown iﬁ Fige 17. According
to this scheme, most of the B-disintegrations of ThC" také place to an
excited state of ThD having an excitation energyvof 3.20 Mev., De-excita-
tion of this state occurs mainly by successive emission of the two y-rays
of 0.58 and 2.62 Mev respectively. Ellis summarizes the previous attempts
to observe the Y-ray corresponding to the direct 3.20 Mev transition and
adds a measurement of his own. These attempts all resulted in claims to
have observed the y-ray, but due to the very low statistical accuracy in
all the experiments, the estimates given for its intensity varied from
0.8% to 12% of the intensity of the 2.62 Mev Y-ray. The actual existence
of a 3.20 Mev excited state in ThD is attested by the results of
Alichanow and Dzelepow (41), who observed the positrons from internal pair

production due to a transition of 3.20 Mev energy in ThC"-ThD.,
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A search was made for the 3.20 Mev Y=ray in the P-ray spectro-
- meter, using the methods of Chapter 2, Section I (Figs. 5,7,8:9); An

82 m.g/cm2 uranium radiator was used in the final runs and a typical
result is shown in Fig. 18. Here the height of the photoelectron line
due to the 2.62 Mev y-ray is 19,500 counts per minute. To the right the
scale has been expanded by a fa;tor of 50, and it will be seen that the
low background counting rate in this region makes the search for the 3.20
Yev 1iné very sensitive. Taking account of the variation of the photo=~
electric crqss-section with energy, a 3.20 Mev y-ray of intensity 0.2%

of that of the 2.62 Mev y-ray wouldbgive a line of 30 counts per minute
at the position markedkS.OéS Mev in Fige. 18. No such line is visible,
even though the line height jﬁst quoted is more than 3 times the standard
deviation of the points shown. The conclusion is that no y-ray of energy
3.20 Mev is observed, and that such a y-ray, if it exists, must have an
intensity of less than 0.2% of the 2.62 Mev y-ray. This result disagrees
markedly with the previous measurements, and throws doubt on the spin as-
sigmments of the Oppenheimer disintegration scheme.

A more extended description and discussion of this experiment is

being prepared for submission to the Canadian Journal of Research (42).



-50=

Th G Th D Mev

5.0

3-20

313

2-89

’ 262
NG Y’
2-62 3-20

| ' 0

Figure 17

SPIN



oG0=

00l

002

00g

o]0} J

00s

009

(WO - sSNV9 01) dH

Sl ¥ €l 6 8 L
e _ | _
‘06 X
) WO/ 9N 28
| HOLVIOVY N —
|
AOW S80-€

‘AW  029-2-=
SIl-0 +505G-2

000°‘S

000°0I

000!

00002

000's2

000'og

31NNIN ¥3d S1INNOD

Figure 18



=61=

II. The Disintegration Scheme of Csl3% (1.7 Year)

The second preliminary experiment provided experience with
automatic operation and with coincidence techniques. A'source of about
50 uc of Cs13% was available in the form of aqueous CsCl solution.
Cs134 (1.7 year) is one of two isomeric forms of 05154, the other of
which has'a half-1ife of 3 hours (43). Since the source was several
months old, only the long-period activity was present.

The shape of the P-ray spectrum was studied do&h’to the low
energy cut-off of the counter window (~ 0.015 Mev), by use of a source
of thickness ~ 0.1 mg/cmz mounted on a mice backing (~ 1.0 mg/cmZ).

A Fermi plot of this spectrum, using the exact Fermi function of (Z,q)
for Z = 55 is shown in Fig. 19. The spectrum has a maximum energy of
0.658 + 0.030 Mev, and the Fermi plot is very closely represented by a
straight line down to an energy of ~ 0.020 Mev, beloﬁ which a fairly
abrupt rise is seen.

To determine whether the rise at low energies is due to the.
B-ray spectrum being complex, a y-counter was piaced behind the source

between
in the P-ray spectrometer, and coincidences were observedAY-rays and B-
rays having energies above and below the break in the Fermi plot.
The two B-ray energies selected were 0.250 Mev and 0.035 Mev reSpective1y7

These coincidence observations took a long time, because
the coincidence countiﬁg rate was only of the order of 2 counts per
minute, and very long runs were necessaryAin order to achieve a reason-
able statistical accuracy. In order to minimize drifts in the counters
and associate apparatus during the }ong runs, provision was made to al-

ternate between the two P-ray energies in cycles lasting one hour. Two
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reference ;voltages were supplied to a relay cornected to the current stab-
ilizer which would cause currents to flow in the coils to focus the two
P-ray energies. The switching cycle was actuated by a cam drivén at 1
revolution per hour by a graphic ammeter which was also used to monitor
the counting rate of the y-ray counter. Relays, energized by a micro-
switch actuated by the cam, switched the pulses between duplicate scaling
circuits provided for recording the P-ray counts and the coincidence
counts, in synchronism with the relay which switched the current. The
length of time spent at each B-ray energy was aéjusted to give about the
same total number of coincidences at each energy. Each one hour cycle of
operation consisted of a 24 minute run at the 0.250 Mev P-ray energy, a
32 minute run at the 0.035 Mev B-ray energy, and a 4 minute background
count with zero currenfrin the coils. The system ran day and night in a
very satisfactory manner.

The results of these observations showed that on the aversge, each
B-ray at the 0.035 Mev point is accompanied by 1.20 £ 0.03 times as much
Y-ray energy as each PB-ray at the 0.250 Mev point. ‘This indicated that there
is a separate low energy P-ray energy spectrum superimposed on the main B-ray
spectrum. An inspection of the shape of the composite spectrum observed
experimentally indicstes that at the 0.035 Mev point, about half the P-rays
observed are due to the low - energy spectrum and abput half to the high-
energy spectrum. This means that each P-ray in the low-energy spectrum is
accompanied by about 1.40 % 0.06 times as much Y-ray energy as each B~ray
of the high-energy spectrum: This ratio remains unchanged when a 3mm. sheet
of Pb is placed in front of the Y-ray counter, reducing its counting rate

to 0.64 of its previous value. The latter fact means that the Y-rays
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accompanying the P-rays of the low-energy spectrum have energies of the
same order as those occompanying the B-rays of the high energy spectrum;
in other words, the Y-rays accompanying the low-energy spectrum are
similar in energy but larger in number than those accompanying the high-
energy spectrum.

The Y-rays of Csl®%

were observed by measuring the spectrum
of photoelectrons ejected by the y-rays from-a 17 mg;/cm2 Pb radiator.
The resulting experimental curve is shown in Fig. 20. Three yY-rays are
observed whose energies are 0.568 + 0.015, 0.602 + 0.016 and 0.794 * 0.015,
with relative intensities 0.26, 1,0 and 1.0 respectively, after allowing
for the energy variation of the photoelectric cross-section.

These results are consistent with the disintegration scheme
shown in Fig. 21. The order of emission of the 0.602 and 0.794 Mev Y-rays
is unknown. The portion of this scheme associated with the 0,658 Me; B~
spectrum is in agreement with the results of Siegbahn and Deutsch (44)
within the combined experimental erfors. The activity available for the
present work was not sufficient to observe the 5% cross-over transition
reported by Siegbahn and Deutsch, and this result has been adopted from
their work. It should be pointed out that if the alternative level arrange-
ment shown as a broken line in Fig. 21 is adopted, the cross-over transition
may occur from the 1.964 Mev level to the 0.602 Mev level. The accuracy
of the energy measurement of Siegbahn and Deutsch is not sufficient to decide
between the two alternatives.

If the B-ray spectra‘are extrapolated to zero energy on the

assumption that each spectrum is represented by a straight line on the

Fermi plot, the integrated number of P-rays in the low-energy spectrum is
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about 28% of all the disintegration electrons. The close agreement of
this figure with the 25% figure deduced from the Y-ray intensities is
consistent with the disintegration scheme of Fig. 21 and suggests that
the true shapes of thesq B-ray spectra may continue as straight lines
on the Fermi plot to zero energy.

A summary of the above results has been published as a letter
to the Editor of the Physical Review (45). A fuller report containing
additional work on the internal conversion and angular correlation of
the Cgl3% Y-rays is ﬁlanned for submission to the Canadian Journal of
Research. Siegbahn and Deutsch (46) have'published a note in the Physical
Revieﬁ agreeing with the revision made here of their previously proposed

disintegration scheme.
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CHAPTER 4. EXPERIMENTAL RESULTS.

I. Choice of Elements for Study

The two elements chosen for study were selected by necessity
in the one case and convenience in the other. It has already been point-
ed out (Chapter 2, Section V) that the y-rays due to neutron capture in
the graphite of the thermal column will always he present as a back-
ground. It is therefore'necessary te study the capture yY-rays of car-
bon before the capture Y-rays of any other element can be investigated.
The choice of carbon is useful because it represents a case among the
light elements, where the capture Y-ray spectrum may be fairly simple
(cf. chapter I, Section 1V).

The second nuclear species for study, Cdllz, was chosen be-
cause it represents a moderately heavy nucleus, is readily available and
has a2 high cross-section for thermal neutron capture.

(20000 b for Call3 or 2500 b for natural Cd(20)). The capture y-ray
spectrum of cqlls has, in addition, a certain practical importance be-
cause Cd is used extensively as a thermal neutron shield. The results
obtained for Cdlls, shown later in this chapter, show its spectrum to
be very complex, and it is possible that further study of heavy neutron
capturers will show that other elements in this category have simpler

capture yY-ray spectra.
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II. Coincidence Measurements on Cdlls.

Before the main experiments started, a few runs were made
using a small neutron flux and a coincidence counting arrangement.
The experiment was in effect a repetition of Acki's experiment
(ref. 23, and Chapter 1, Section V), using calibrated counters.
Two Geiger counters of the bell-jar type were used as Y-ray counters
in an arrangement shown in Fig. 22. A well-collimated beam of thermal
neutrons fell on the small Cd sample and were ca?tured by calls,
The Cd sample then acted as a Y-ray~source between the two counters.

The counters were roughly calibrated by y-y coincidences
with a Csl34 Y-ray source placed at the same point as the Cd sample,
with the beam of neutrons shut off. The counters weré assumed to have
an efficiency proportional to the y-ray energy, and using the known
disintegration scheme of csld4 (Chapter 3, Section II), the efficiencies
of the two counters at 1'Mev were determined in the well-known way (48).

The result was

+

€a (1 Mev) = (3.85 + 0.6)Xx10,”%

+

€p (1 Mev) = (3.65 + 0.6) X10-4
The Cd effect was obtained by taking the difference between
two runs with the neutron beam turned on, one with and one without the
Cd in place.‘ The difference is the Cd effect and was as follows:
Np = counting rate in counter A = 2000 counts / min.
NB = counting rate in counter B = 1850 counts / min.
Ng = coincidence counting rate, corrected for chance
coindidences and cosmic rays = 3,9 + 0.2 counts/min.

The total energy available for y-radiation in the capture of a
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neutron by Cdlls,.as calculated from equation (4), is 8.55 Mev. -

Let the total number of neutrons captured in the sample be N.

Then
NA

Ny = 8.55 NGA, brN-S_.S_S?X’ ' (6)

Suppose that the Cd113 capture Y-ray spectrum consists of m yv-

rays each of energy 8é§5 Mev. Here m can only denote some average

number of Y-rays per neutron captured. The coincidence rate will be,

m=1
o

N, = 8€€p (8455)2 (
<, € (8.55) (H) rrom (6). (M)
Putting in the experimental values and solving for m,
m= 2,7 + 0.5
This result is chiefly of value in showing that iﬁ at least a large
fraction of the cases of neutron capture in c4ll3, several Y-rays

are emitted in succession. The capture Y-ray spectrum from cqllsd

is thus expected to be complex to at least this extent.
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III. Early Spectrometer Measurements on C + Cdl1l3 Spectrum

The first experimental arrangement for fhe observation of
capture y-rays in the spectrometer can be understood by reference to
Fig. 16, The cone C was lined with Cd and had a half-angle of about
1.30, tapering to 6 mm. diameter at the point D inside the spectrometer.
The last 1 cme of the cone consisted of a Cd tube of 6 mm. diameter
with a Cd cap, extending into the spectrometer as shown at D in Fig. 16.

The Cd sheet used was 0.5 mm thick, about 9 neutron half-
thicknesses. The cap of the Cd tube at D was the main source of Cdl1l3
capture Y-rays. This arrangement is seen to give rise to a mixed Y-ray
spectrum, partly due to carbon by Y-ray collimation and partly due to
cqlls by neutron collimation. The neutrons could be cut off by the inser-
tion of a disc of ByC in the neutron path at a gap (not shown) in the
cone C flush with the outer wall of the pile. The insertion of the B,C
disc did not appréciably'alter the portion of the spectrum due to car-
bon, but did cut off most of the Cd113 effect. The spectrometer was ad-
justed to have a line - width of 6% at half-height and a transmission of
0.5% of the sphere. A simple annular baffle was used at the center of
the speétrometer tube, and a single counter having a brass window of
about 20 mg/cm2 thickness registered the focused electrons. Due to'a
combination of circumstances, only a short time was available for observa-
tion with this arrangement. No thin radiator of high atomic number
was used. The observations consisted of runs with and without the boron
disc in the neutron beam, observing chiefly the Compton recoil electrons
from the Cd neutron absorber itself, with poor statistical accuracye.

The results are shown in Fig. 23. All the points shown were

obtainéd by manual counting and the scatter of the points about the curves
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drawn through them indicates the statistical accuracy obtained. The
upper curve is the combined effect due to CL9 +cql13 and the lower
curve should be almost entirely due to 013, with possibly a small
amount of Cdl13 effect from the Cd lining of the portion of the col-
limating cone inside the outer face of.the lead door. In any case the
difference between the tﬁo curves can only be due to calld, The low
statistical accuracy of the points from which the cﬁrves were drawn does
not permit a useful subtraction of the curves to obtain the effect due
to catls,

One conclusion, however, is justifiable: since the two curves
of Fig. 23 are identical within the experimental error above about H]’
= 24,000, the Compton recoil electron spectrum of the capture Y-rays of
¢d113 must end at about H f = 24,000. The maximum energy of the Y-rays
from Cdl1l® is deduced from this figure as follows: the true Compton end-
point of the highest energy y-ray must lie about one full line - width
(12%) below this, or at about H f= 21,000. Converting this value to energy,
the Compton end-point is 5.8 Mev. Then using the relation Epgy, = EY'
?T§%¥535 for the Compton effect (See Chapter 2, Section I), the value EY

113 45 6.03 Mev. Due to

for the capture Y-ray of highest energy from Cd
the large statistical error in the curves of Figure 23, and to the shapes
of the curves, the energy of the highest energy Y-ray from Cd113 capture
cannot be much smaller than 6.03 Mev but may be somewhat larger. The above
procedure is followed in later sections in calculating Y-ray energies from
experimental Compton end~points and will not be explained again.

In experiments following those just described an attempt was made

to use the Y-ray collimation method for Cd1% as well as C13, in the hope
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of obtaining a greater ratio of call® effect to C13 effect. A

large sheet of Cd was placed at A, Fig. 16, and the entrance to the col-
limating cone at B was closed with a second Cd sheet. The results ob-
tained were similar to those in Fig. 23, and a return to the nsutron col-
limation methpd was made on account of the easy access to the cqlls
sample in the latter method. For capturers of much lower cross-section
than Cdlls, some form of Y-ray collimation would have to be used as ex-

plained in Chapter 2, Section 5.
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IV. Final Observations on C + Cd113

A new experimental arrangement was made.in an attempt to in-
crease, the statistical accuracy of the secondary electron distributions
and if possible to observe photoelectron lines from the capture yY-rays.
The experience gained in the work described in the‘lastisection aided in
the design of the new arrangement. A general description of the final
arrangement was given in Chapter 2, Section V. The description of the
remaining details can be followed on Fige 11. The angle of the collimat-
ing cone was increased to 15° to obtain an increase in intensity. The
portion of the cone bored into the door was lined with ByC in a layer
about 2 mm. thick, backed with Cd for safety. The Bi portion of the
cone attached to the spectrométef was lined with Cd sheet which constituted
the sample. A disc of B4C could be inserted at will in front of the
Bi cone, cutting off the neutrons which otherwise would be obsorbed in the
Cd sample. Thus observations made "with boron" give only the Y-ray
effect from C13, and observations made "without boron" give the c18 4 cqlls
effect. Immediately inside the 0.020 inch copper sheet which closed the
spectrometer a thin uranium radiator of 6 mm. diameter could be mounted.
The ﬁositron-eleotron spiral baffle enabled electrons of either sign to

g1

be observed at will by reversing the coil current. The C Y-rays

which were effective came ckiefly from the 6 mm. diameter section of Cd

at the end of the cone.
Under these conditions photoelectron lines were not observed for

the y-rays of capture of either ¢1% or call® for the following reasons:

In the case of Cdl15 the Y-ray spectrum proved so complex that the spectro-

meter in its present adjustment was unable to resolve them, and the

secondary electron spectrum from Cdalld y-rays was a smooth curve.
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In the case of Cl3 the Y-ray collimation was not effective enough to
limit the effective source diameter to the nominal value of 6 mm. An
estimate of the effective source diameter based on the absorbing power
of Bl for yv-rays having energies of several Mev yields a value of about
20 mm. Using the method of ref. 27, this increase in source size in-
creases the line width of the spectrometer from 3% at half-height to %
at half-height. At this poor resolution photoslectron lines were not
observed. Experiments which support this conclusion are reported later
in this section.

Secondary electron distributions were observed under three sets
of conditions,Afor both positrons and negative electrons:

Condition 1: with boron (i.e. C13 effect alone) with 450 mg/cm?
U radiator,

Condition 2: without beron (i.e. C13 + Call3 erfect) with
450 mg/cmz U radiator. .

Condition 3: with boron (i.e. C13 effect alone), no radiator.
All the observations presented here were taken with the automatic system
described previously. No point was accepted for plotting if fewer than
10,000 counts were recorded for it, and many points plotted represent
over 100,000 counts. The statisticaliaccuracy of all points therefore
is 1% or better. For conditions 1 and 2 at higH energies (HJ’ ? 22,000)
a sheet of aluminum of thickness 800 mg/cm2 was placed in front of the
window of counter C, (Fig.l1l). This step reduced the background by a fac-
tor of 3 while reducing the effect by only a factor of 1l.5.

The complete set of experimental data taken in thesé'runs is

represented in Fig. 24 (negative electrons) and Fig. 25 (positroms). A
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logarithmic scale of H:f has been used throughout. Each complete curve
was made in four or five runs of the automatic apparatus, a typical.run
covering a range of about 1.5:1 in.H‘f « The spacing between successive
points is about 2 or ¥ in HY except where runs were repeated or suc-
cessive runs overlapped. Most of the points shown are averages of several
registgrations of 10,000 counts, but some points represent a single run

of 10,000 counts. The reproducibility of all curves was excellent for

all runs.

Fig. 26 gives the secondary electron distribution for ¢13 witn
background subtracted taken from the Condition 3 curve of Fig. 24, and
Fig. 27 gives the secondary electron distributién for callsd by subtrac=
tion of Condition 1 from Condition 2 in Fig. 24.

The C13.distribution is seen to consist mainly of three distinct
superimposed recoil electron distributions each similar in shape to that
of Fig. 10. The outlines of the three distributions have been extended
with broken lines. The end~points are atlif = 13,800, 18,500 and 28,000
respectively, corresponding to Y-ray energies of 3.50 + 0.10, 4.65 + 0.15
and 7.15 + 0.25 Mev respectively. The relative intensities may be estimat-
ed from the areas under the curves (taking into account the increasing
scattering losses in thelcoincidence counters as we go to lower energies)
as 1.0 + 0.5, 1.0 % 0.3 and 1.0 respectively. The secondary electron
distribution at the highest energy has a slight tail to the hiéh-energy
side whose origin is unknown. '

| The secondary electron distribution due to calld ip Pig. 27 is
remarkable in presenting no features for analysis other than its extreme

sﬁoothness and fairly definite end-point. The smoothness can only mean
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that the ¢qll® Y-ray spectrum is sufficiently complicated so that the
separatc Y-rays camnot be resolved, Judging by the appearence of the dis=-
tritution due to 015, where three yY=rays éppear with an average spacing

of about 2 llev in energy, we can say that the average spacing between the
cqlls T=rays must not be greater than, say, 1 llev end is possibly vefy
much smallers The end point of the recoil electron distribution occurs &b
§f=v25,300 1'2% yielding an energy of 6420 + 0,15 llev for the Y=ray of
highest energy detected in the ca113 spectrun. This energy agrees
satisfactorily with the one obtained from Fig.23,

The positron distributions of Fig.25 serve mainly to support
the conclusions of the analysis of the secondary electron spectrum and the
argument about effective source diameters. Since the pair-production
cross=section increases as Zz, the pair production from a given thickness
of radiator in mg/ﬁmz increases about as Z. Thus the copper sheet
closing the spectrometer at the source end is about %% = 0,3 as effective
as a thick sﬂéetuof U in producing positron-electron pairs. The two
curves Condition I and Condition 3 in Fige 25 show that the ratio of the
yield of positrons with and without the U radiator of 6 mm., diameter is
much smaller than expected.on the above analysis. This means that the
effective source diameter is much larger than 6 mm., and agrees with the
argument to the.same effect earlier in this section.

Only two clear uprises are seen on the Condition 1 positron
curve, the end=points being Hf' 25,000 :|5% and Hf = 15,500.: 5%,
corresponding to Y-ray energies of 7.0 + 0,35 end 4.6 % 0.25 Mev respect=-
ively. The positron rise due to the Y=-ray of 5;5 llev should have its
end=point at H39= 11,4000, At this point on the curve there is only a

slight indication of the positron rise due to this Y=ray. The reasons
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for this small effect are the drop in counter efficiency and the de-
crease of the pair production cross-section with decreasing energye
The two Y-ray energies deduced from the positron spectrum are in sat-

isfactory agreement with those deduced from the secondary electron

spectrum.
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V. Summary and Discussion of Results

The results obtained for the Y-rays due to neutron capture

in 013 and C3l1l3 are sumaarized as follows:

13 Energy Relative
Y of Y-rays intensity of
Y=-ravys.
3.50+0.10 1.0+,5
4,65%0.15 1.0¢,3
7.15+0.25 1.0
cqlld maximum many Y-rays
Zn;gfg is below 6.20
-\ M
Meve spacing<l Moy

The total available energy for y-radiation from neutron
capture in €13 was given in Chapter 1, Section IV as 8.16 Mev from
the known masses. The error in this energy probably does not exceed
0.06 Mev, so that for our purposes it may be considered certain. It
is immediately noticed that the sum of energies of the two lower-emergy
Y-fays from C13 capture is 8.15 Mev. This leads to the surmise that
these two Y-rays are emitted in succession in the de-excitation of the
excited Cl14 formed in the neutron capture, as shown in Fig.3 (b). In
the absence of other information the order of emmission of these two v-
rays would be unknown, but Humphreys and'Watson (48) have measured an
energy level in cl% at 5.24%0.29 Mev and another possible one at 3.44
+ 0,27 Mev. The close agreement of the latter energy level with the
energy of one of the capturc y-rays (3.50 t 0.10 Mev) suggests that the
de-excitation of Cl4 may proceed as shown in Fig.28. It is possible
however that the 5.24 Mev level corresponds to our y-ray of 4.65 Mev,
since the fwo energies differ by only slightly more than the combined

probable errors. The capture Y-ray of 7.15 Mev should be accompanied
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by a total y-ray energy of about 1.0 Mev, probably in the>form of a
single Y-ray. Since Bemnett et al. (49) have found no energy levels
of Cl4 below 2.8 Mev, the 1 Mev y-ray is probably emitted first, if
it exists. The cutoff of the counters in the present experiment did
not permit a search in the 1 Mev region. A possible capture and de-
excitation scheme for C13 (n,y) ¢1% is shown in Fig. 28.

For the C4ll3 case, fewer conclusions can be drawn. If the cal-
culated figure of 8.55 Mev for the total energy is correct, the ending
of the spectrum at 6.2 Mev means that direct transitions to the ground
state do not occur in an appreciable fraction of the cases. Since the
spin of cqlld js L/z (20) and that of €114 should be zero (even-even
nucleus), this fact probably means that the capture of a thérmal neutron
by calld results in4most cases in an excited Cdl1l4 having spin.= 0, so
that the direct transition to the ground state cannot occur.

The method of observation of capture Y-rays described above,
though powerful compared with previous experiments in the field, is cap-
able of much improvement. Experimental steps can be taken to prevent
the effective source diameter from becoming large as described in Section
IV, These steps include the substitution of an annular cone for the col-
limating cone C, Figure 16, and the use of aﬁxiliary baffles in the
spectrometer to limit the effective source size. Fhotoelectron lines would

then be observed in spectra such as that of cl3

and more detail might
appear in spectra such as that of Call3, The method can be applied to a

large number of nuclear species throughout the periodic table.
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