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states of energies

hz
E1=5;[I(I+1)+a(— DH(I+3)
—{Li(To+1)+a(— 1)1 (I+3)}], (2)

where I and I, are the excited-state and ground-state
nuclear spins respectively, and ¢ is the nuclear moment
of inertia. The decoupling parameter, a, reflects the
structure of the wave function of the last odd nucleon.
Values of @ found using Eq. (2) and the energies of the
first two excited states are given in Table I. It is of
interest to note the trends exhibited in the odd
isotopes of even-Z nuclei near closed shells in the light
of the unified model. In tellurium, a particularly good

BONDELID, DUNNING, AND SNYDER

example, the spin and parity of the first excited states
of the odd isotopes near 4 =121 is $+. The position of
these states starting at 4 =121 decreases monotonically
with increasing 4 until the ground state spin becomes
2+ instead of 1*. Equation (2) is consistent with this
behavior if ¢ decreases as 4 increases. If this equation
applies, competition in the filling of the 3s; and 2d; inde-
pendent-particle neutron shells should be reflected in
the values of @ for the odd Te isotopes because @ depends
on the amount of admixture of the competing states.

We are greatly indebted to Dr. E. H. Geer for
valuable aid and many helpful discussions. We are also
grateful to Dr. N. P. Heydenburg and Dr. G. M.
Temmer for several enlightening discussions.
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An experiment has been performed on the neutron-capture gamma spectra of eight elements in the region
of about 100 kev to 2.5 Mev using Nal crystals. Wherever possible, the data have been compared with the
results of previous experiments and existing energy level schemes.

L. INTRODUCTION

HE study of energy levels in nuclei by measuring

the prompt gamma rays resulting from thermal
neutron capture is a relatively recent approach to the
problem of nuclear spectroscopy. The techniques used
in some of the early measurements'™ limited the
information obtained to a general picture of the decay
scheme. However, structural details were rarely obvious.
A very fruitful technique using a pair spectrometert
has given excellent information in the region from about
3 Mev up to the binding energy. The low-energy
component of the spectrum has generally been in-
vestigated by the use of Nal crystals.5=® Motz used
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a lens spectrometer to measure the energy of the elec-
trons emitted by a photoelectric converter exposed to
the capture gamma-ray beam in the region from 300
kev to 3 Mev.

Although the construction of a level scheme is most
easily performed with the high-energy data, low-energy
information is needed not merely as supplementary
data, but to remove the ambiguities inherent when
there are more than one capturing isotope and to give
a more complete picture regarding the multiplicity of
the decay. The experiment reported here covers the
region from about 100 kev to 2.5 Mev.

II. APPARATUS

The target and spectrometer were located opposite an
experimental hole which yielded a flux of about 108
n/cm? sec, on the west face of the Brookhaven reactor.
Figure 1 shows a schematic of the experiment. The
upper surface of those targets for which the capture
cross section is not large compared with the scattering
cross section was covered with an aluminum box
containing lithium fluoride in"order to prevent neutrons
which are scattered from the target from being captured
in the surrounding equipment and detectors.

Spectroscopy was performed by means of a 3 cm X3

8 T. Braid, Phys. Rev. 91, 442(A) (1953).
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1L H. T. Motz, Phys. Rev. 93, 925(A) (1954).
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cm NaI(Tl) crystal (crystal 4 in Fig. 1) in contact
with a DuMont K 1186 photomultiplier tube. This
combination had a resolution of 7.5%, for the 662-kev
gamma ray of Cs¥. Four Nal crystals B were mounted
in a ring with their outputs connected in parallel. These
served as a detector for the scattered gamma rays when
the apparatus was used as a Compton spectrometer.

The experiment was designed so that data could be
obtained by two methods:

(1) Singles—In this case, all gamma rays interacting
in crystal 4 would be measured. This method suffers
from the fact that the lower energy photopeaks are
superimposed upon the Compton-scattered spectrum
of the higher energy gamma rays.

(2) Coincidences—In this case, the equipment was
operated as a Compton spectrometer in a fashion
similar to that suggested by Hofstadter and McIntyre.”?

A block diagram of the electronics is shown in Fig. 2.
If a pulse from A4 and a pulse from B occur within the
fast-coincidence time (0.1 psec), an output results which
lasts about 2 usec. If, during this time, the pulse from
B passes through an electronic window which has been
adjusted at about 200 kev, depending on the region of
the capture spectrum being observed, an output is
derived from the slow-coincidence circuit which results
in the generation of a sweep pulse. This permits the
pulse from A to be stretched and displayed on a gray-
wedge oscilloscope,’® which was photographed through
a Wratten CS blue filter on 35 mm Eastman-Kodak
Spectroscopic IV-0 or IV-F film. During the time the
sweep is in operation, a ‘“clamp” circuit prevents any
additional pulses in A from entering the stretching
circuit and distorting the spectrum. If the B side of the
fast and slow coincidence circuits are appropriately
biased, all pulses® in the 4 channel are displayed and a
singles spectrum results.

III. NATURE OF MEASUREMENTS

The capture spectrum of each target was obtained
by taking a series of exposures at different gain settings
and in the singles and coincidence positions. Au'®,
Cs¥7, Co®, and Na2* sources were used for the purpose of
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F1c. 1. Schematic drawing of capture gamma-ray experiment.
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energy calibration lines at 411 kev; 662 kev; 1.17 Mev
and 1.33 Mev;and 1.38 Mev and 2.76 Mev, respectively.
In all cases an artificial pulser was used to establish the
low-energy side of an exposure so that in all pictures the
energy range is from zero to some arbitrarily set value.

Singles counting rates varied from about 1.5X10°
per minute to about 2.5)X10% per minute, depending
upon the capture cross section and complexity of the
capture spectrum of the target. Singles pictures required
about two minutes exposure time using IV-O film for
the low-energy part of the spectrum, and about six
minutes when photographing the spectrum up to 3 Mev.
The reason for this difference in exposure time will
become apparent in the description of the general
features of all pictures.

The counting rates of the coincidence pictures varied
from about 60 per minute to about 160 per minute.
This depended upon the capture cross section of the
target and the region of the spectrum being examined.

The window in the B channel was set at the energy
of the recoil photons corresponding to the energy of the
primary gamma rays which were of interest in the
particular exposure. Since the gamma-ray intensity
from all sources incident upon the B crystals rose
sharply in the low-energy region, the coincidence
counting rate was higher when the low-energy part of
the spectrum was being examined.

The coincidence pictures were taken with a sweep
speed about ten times slower than the singles pictures
and required an exposure of about 12 to 20 hours.

Background

The following three distinct mechanisms could
account for a background contribution to the coin-
cidence spectrum of about 35%. It is believed that
there are other factors which make the background still
higher.

(1) Ordinary accidentals.—This accounted for about
109, of the total coincidence rate and could be deter-
mined quite accurately by switching in the delay line
shown in the B channel of Fig. 2. It can be shown
that the accidental counting rate is 28N 4N B(andom)7s
X (142N p(totay7s), where 8 is that fraction of the
events in B which get through the window, N4 is the
counting rate in A channel, Np(andom) is the total
counting rate in B minus those counts in B which
originate in the same excited nucleus as a pulse in 4,
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74 is the fast-coincidence time, 7, is the slow-coincidence
time. Since Nptotany7s is approximately 0.001, the
slow-coincidence time has little effect upon the acci-
dental counting rate and the expression for the random
counting rate may be reduced to 28N 4N g(random)7s-
(2) Cascade coincidences.—These are true coin-
cidences which arise by the following mechanism. An
excited compound nucleus usually reaches the ground
state via other lower excited states. This means that,
in general, the loss of the excitation energy due to
the absorption of a neutron results in the emission of
more than one gamma ray. One of these gamma rays
may strike the spectrometer crystal 4 while another
strikes the detector crystal B. Unlike the accidentals,
these are true coincidences and therefore cannot be
reduced by a reduction of the coincidence time. The
shape of the spectrum arising by this mechanism very
nearly resembles that of a singles spectrum and was
obtained by placing a lead collar about 4 inches long
with walls about % inch thick, directly beneath crystal
A to exclude all Compton coincidences. It can easily be
seen why the shape of the spectrum deviates from that
of a singles spectrum by the following consideration.
The intensity of a gamma ray which arises from a
transition in a chain in which there are many excited
states, will be exaggerated in comparison with the
intensity of a gamma ray which comes from a chain
involving only one intermediate level. Efforts were
made to reduce this cascade coincidence effect by
placing as much lead as possible between the target and
crystal B. The contribution from the cascade effect
was about 159 of the total coincidence rate. It should
be noted that it is the presence of the target which
produces the high accidental and cascade coincidence
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rates. These two effects are practically negligible when
there is no target in place.

(3) Compton coincidences from stray gamma radiation
not originating in the target.—This is due to the high
level of gamma activity at the equipment, even when
the neutron beam is shut off, and is estimated by
placing a LiF shutter in front of the experimental hole.
Its contribution to the total coincidence rate was about
10%.

There is also a background to all singles exposures.
The counting rate in crystal 4 with no target in place
was about 4 X 10 per minute. The shape is a continuum
rising very rapidly in the region of about 200 kev.

IV. RESULTS
A. General Features of Photographs

Before presenting a detailed analysis of the data, it
would seem worthwhile to list those features which all
pictures have in common.

(1) Singles.—(a) A rapidly rising background in the
low-energy region because of the buildup of the Comp-
ton scattered gamma rays of higher energy capture
gamma rays, and because of the very sharp rise in
intensity of the pile background in the low-energy
region. (b) A prominent annihilation peak. Below this
peak the intensity rises much more rapidly than above
the annihilation peak. (c) A sharp drop in the back-
ground at about 140 kev. (d) An x-ray peak at about
75 kev.

(2) Coincidences—(a) A background which rises
more slowly in the low-energy region compared with
singles photographs. (b) A small peak at 510 kev due
to annihilation gamma rays feeding through as acci-
dentals and by the cascade coincidence process. (c) A
peak at about 320 kev due to Compton coincidences of
the annihilation gamma rays.

In general, the buildup in the singles photographs
below about 600 kev was not as rapid as the increase in
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the photoelectric cross section of Nal. In addition, the
coincidence spectrum below 600 kev was complicated
by two peaks due to the annihilation gamma rays.
These two facts combined to make the singles photo-
graphs in the region below about 600 kev superior to
the coincidence pictures. Several representative photo-
graphs of the data will be shown below.

B. Intensity Measurements

Unfortunately, precise intensity measurements of
peaks were not made because of the high background
upon which the peaks normally were superimposed.
A very small error in the measurement of the height of
a peak on a large background would be greatly magni-
fied compared to the same error on a peak with a much
smaller background. This difficulty became particularly
apparent in the gray wedge method of intensity
analysis because of the logarithmic response of the
wedge, so that a relatively intense transition may appear
only as a slight peak if it is superimposed upon a high
background.

C. Analysis of Data

(1) Vanadium.—A solid block of vanadium one-half
inch thick was irradiated. Because there is only one
isotope, there is no ambiguity regarding the origin
of the observed lines. Level schemes for the capturing
isotope V2 were obtained by Bartholomew and Kinsey!®

7.48620009T°T°1°T°7"
F1c. 5. Proposed decay
scheme for the capture
gamma rays from cobalt.!s
2.58+0.01
1.8420.01 ——p—4—1—1- =
1.52+0.0
1.01£0.01
0.79+0.01
0.62+0.01
0.51+£0.01
0.45+0.01
0.28%0.01
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(1;55 ?) B. Kinsey and G. A. Bartholomew, Phys. Rev. 89, 386
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F16. 6. Coincidence
spectrum of cobalt.

using the reaction V3 (n,y)V% and by Schwager and
Cox!® using the V% (d,p)V?® reaction. That proposed in
the (»,y) experiment is reproduced in Fig. 3. In addition
to the 1.46-Mev radioactive decay line, several addi-
tional lines were observed in the present experiment.
One of these at about 0.82 Mev is shown in Fig. 4.
It seems too broad for a single line and probably
corresponds to the transition of E and E’ to the ground
state of Fig. 3. The line at 0.644-0.02 Mev cannot be
accounted for on the basis of any transitions in the
decay scheme shown in Fig. 3. Another line at 0.43--0.02
was observed which indicates a transition from C to
the ground state of the V%2 level scheme shown in Fig. 3.

(2) Cobalt.—Cobalt shavings packed in a thin
aluminum can were irradiated. Since there is only one
stable isotope, the entire spectrum must be attributed
to Co%. The low-energy part of the spectrum was
investigated by Reardon, Krone, and Stump® and by
Hamermesh and Hummel.® The high-energy part was
done by Bartholomew and Kinsey.!® The results of
this investigation agree reasonably well with the decay
scheme (Fig. 5) proposed by the latter. There is almost
a complete lack of agreement with the results of the
first two papers. Figure 6 shows peaks at B energies
of 1.56, 1.23, 0.60, and 0.44 Mev corresponding to
gamma rays of 1.8240.04, 1.48+0.04, 0.824-0.02, and
0.654-0.02 Mev. These are in agreement with transitions
from lines L, J, S, and E to the ground state. In
addition, singles spectra of the low-energy region show
peaks at 0.2894-0.010 and 0.23740.005 Mev. The
peak at 0.289 is consistent with a transition from the
first excited state B to the ground state. Inasmuch as
the intensity of the 0.237 peak is very difficult to
estimate, its origin is doubtful. However, there is no
indication in any of the data of a transition from the
state G at 1.01 Mev to the ground state. A transition
from G to S would result in a gamma ray of about 220
kev which would be consistent with the 237-kev line

16 J, E. Schwager and L. A. Cox, Phys. Rev. 92, 102 (1953).
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F16. 7. Singles spec-
trum of copper.

observed. However, it should be noted that the intensity
of the 237-kev peak does appear greater than that which
could be accounted for by a transition from G to F.
There is also a slight indication of a line at about
430 kev.

(3) Copper.—A target composed of 26 plates of
about 0.065 inch thick copper was irradiated. The only
gamma rays observed were in the very low-energy
region and were detected in singles pictures, one of
which is shown in Fig. 7. The lines are at 208410 kev
and 2024-10 kev. Although the Jatter one is very weak,
it is evident in all exposures. Copper consists of two
stable isotopes, Cu®® and Cu®. Bartholomew and
Kinsey'® report a number of high-energy capture
gamma rays, three of which are of interest in connection
with the data presented here and are shown in Table I.
It seems fairly well established that A4 is the direct
transition to the ground state of Cu®. Because of
discrepancies in the neutron binding energy of Cu®,
they were unable to say whether B represented a
transition to the first excited state of Cu® or the ground
state of Cu®. The 280-kev line reported here lends
very strong support to the first possibility. Also, it is
believed that C is due to the transition to the ground
state of Cu®®. If it represented another excited state
of Cu®, the transition C to B or C to A would most
probably have been observed. Very little can be said
about the origin of the very weak 202-kev line.

(4) Titanium.—Titanium shavings packed in a thin
aluminum box were irradiated. Titanium consists of

TasiLE 1. A partial list of the capture gamma-rays from copper
from Bartholomew and Kinsey.2 )

Intensity in
photon per
v ray Energy in Mev 100 captures
A 7.9144-0.006 20
B 7.63440.006 9
C 7.296+0.009 5.5

s See reference 15.
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five stable isotopes. From a knowledge of isotopic
abundance and cross section,!?” Ti% contributes 95%,
to the total cross section. The next highest is Ti*” with
2.19%,. From the intensity found in the experiment
reported here, it may be assumed every observed peak
is due to capture in Ti%. The decay scheme of titanium
has been investigated in all regions of the spectrum.
Motz!! measured the capture gamma spectrum in the
low-energy region using a 3-ray spectrometer. Figure 8
shows a decay scheme for Motz’s data based on one
proposed by Pieper'® and Kinsey and Bartholomew.1®
The numbers in parentheses of Motz’s data give
relative intensities. The numbers to the left of the
decay scheme are the energy levels inferred from the
five gamma rays found by Motz. Two gamma-rays
found by Braid? are also shown. A singles photograph
showed an intense peak at 33446 kev. Figure 9 is a
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Fic. 8. Ti® decay scheme.18.1

coincidence picture of the spectrum up to about 2.2
Mev. Peak 4 is a beta peak at 1.50 Mev corresponding
to a gamma ray of 1.754-0.04 Mev. Peak B seems too
broad for a single line and probably results from two
or more gamma rays between about 1.53 and 1.58 Mev.
Peak C is at a beta energy of 1.095 Mev, corresponding
to a gamma ray of 1.39420.02 Mev. The above men-
tioned lines are in good agreement with the data on
Fig. 8. Peak D also appears to be due to two or more un-
resolved gamma rays between about 1.06 and 1.10 Mev.
In view of the proposed decay scheme the origin of D is
very uncertain.

(5) Iron—A sample of very pure iron two inches

17 H, Pomerance, Phys. Rev. 88, 412 (1952).

18 G, F. Pieper, Phys. Rev. 87, 215 (1952).

18 B, B. Kinsey and G. A. Bartholomew, Phys. Rev. 89, 375
(1953).
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thick was irradiated. Iron consists of four stable
isotopes, of which Fe® contributes 929, to the capture
cross section. The line structure found in the present
experiment has been attributed entirely to the com-
pound nucleus Fe®”. Kinsey and Bartholomew! in-
vestigated the high-energy components of the spectra
using the pair spectrometer. Their data show a very
strong ground-state transition in Fe’? and a probable
excited state at 354 kev in Fe®, inferred from a gamma
peak 354 kev below the binding energy of Fe®. J. A.
Harvey, using the (d,p) reaction, inferred an excited
state at 0.36 Mev from an exceptionally wide proton
group. A singles exposure of the low-energy region of the
iron capture spectra showed a gamma-ray peak at 35548
kev. The intensity is estimated at under 5%,. A coinci-
dence exposure revealed a peak probably due to two un-
resolved gamma rays, which have been estimated to be
at about 1.55 and 1.68 Mev. This agrees reasonably
well with Kinsey’s data, from which he infers two
excited states in Fe%” at 1.62 and 1.72 Mev.

F1c. 9. Coincidence
spectrum of titanium.

(6) Chromium.—About 1400 grams of very pure
chromium were irradiated. Chromium consists of three
staple isotopes, Cr®, Cr®, and Cr®, whose contri-
butions to the cross section are 24.5%, 20.5%,, and
55%, respectively. The contribution of another staple
isotope Cr® is negligible. Kinsey and Bartholomew?!
have investigated the high-energy region of the capture
spectrum of this element. The two most energetic
gamma rays (9.716 and 8.88 Mev) they found are
attributed by them to the transition to the ground
state and first excited state of the compound nucleus
Cr%. The energy difference is 835 kev, which is in
excellent agreement with the decay gamma ray of
Mn#* found by Deutch and Elliot?® and the capture
gamma data of Braid.® A singles photograph of the
capture spectrum of chromium showed a peak at
81516 kev. Kinsey estimates the neutron binding
energy in Cr® at 9.07-:0.09 Mev, although the intensity

% M. Deutch and L. G. Elliot, Phys. Rev. 65, 211 (1944).
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TasLE II. High-energy capture gamma rays from
Kinsey and Bartholomew.®

Intensity in

photons per

100 neutron
captures

Gamma ray E (in Mev)

6.494--0.008
6.45340.011
6.310-0.008
6.249-+-0.009
6.146+0.013
5.976+-0.011
5.702+0.016
5.52 +0.03
5.20 +0.03
4.59 +0.04
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s See reference 22.

is too weak for them to detect it. They also find a
gamma ray at 8.4994-0.007 Mev. They interpret this
as due to'the first excited state of Cr®. In addition to
the one at 815416 kev, one at 740420 kev was found.
This is interpreted as being due to the transition from
the first excited state to the ground state of Cr. Some
support for this is lent by the first excited state at
755450 kev found in Cr® by Stelson, Preston, and
Goodman,® using the V®(p,n)Cr® reaction. Adding
0.740 to 8.499 Mev gives a neutron binding energy of
9.24 Mev for Cr®. This is somewhat higher than that
estimated by Kinsey. Coincidence capture spectra of
Cr® showed a peak at 2.134-0.05 Mev and a probable
one at 1.07-£0.06 Mev. Neither of these can be placed
into possible decay schemes with any degree of
certainty. It should be noted that Stelson ef al. report
additional excited states at 1.165, 1.420, and 1.530 Mev,
none of which were observed in the experiment reported
here.

(7) Gold—About 90 grams of high-purity gold were
irradiated. The high-energy region of gold was in-
vestigated by Bartholomew and Kinsey?? and found to
be very complex. A list of gamma rays found by them
is shown in Table II. H, I, and J refer to the highest
energy of an unresolved group. A singles photograph
of the capture spectrum of the low-energy region of
gold revealed a gamma ray at 248413 kev. This is
interpreted as a transition from level D to 4 in Table II.
While the gamma ray 4 was the highest one found
and agrees with the neutron binding energy of
6.35+0.15 Mev found by Harvey? for Au'8, Bartholo-
mew and Kinsey claim that the intensity of line 4 is
much too high for an M2 transition based on a spin
of one* and an even parity for the compound nucleus
and the spin of 3 and odd parity?® for the ground state of
Au'%s, However, a more recent measurement by Wood?®

2 Stelson, Preston, and Goodman, Phys. Rev. 80, 287 (1950).

2 B. B. Kinsey and G. A. Bartholomew, Can. J. Phys. 31, 1025
(1953).

23 J, A. Harvey, Phys. Rev. 81, 353 (1951).

2 J, Titman and C. Sheer, Phys. Rev. 83, 746 (1951).

2% Elliot, Preston, and Wolfson (to be published).

2 R. E. Wood, Phys. Rev. 95, 453(A) (1954).
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gives a value of 2 for the spin of the 4.91-ev resonance
of the compound nucleus of Au'®. This results in an
E1 transition from the capture state to the ground
state which is consistent with the intensity of gamma-
ray A. (See Table II.)

(8) Manganese.—A solid block of very pure man-
ganese was irradiated. Since manganese has only one
stable isotope, all the lines observed must be due to
capture in Mn%. The level scheme proposed by
Bartholomew and Kinsey'® is shown in Fig. 10. A
singles photograph of the low-energy region of the
manganese capture spectrum showed peaks at 9845
kev, 20610 kev, 266415 kev, and 308415 kev.
The first two gamma rays are probably transitions
from the first two excited states of Mn® to the ground
state as shown on Fig. 10. These are in agreement with
gamma rays of 90 kev and 190 kev found by Hamermesh
and Hummel.® The origin of the 266 and 308 kev
gamma-rays cannot be inferred by the decay scheme
with any reliability. In addition to the low-energy
capture lines three other gamma rays were observed
at 2.05, 1.77, and 0.82 Mev, which are presumed to be
the decay radiation of the 2.6 hr Mn?®.

(9) Iodine—About 700 grams of very pure iodine
were irradiated. Very little structure could be observed.
A weak peak was seen at about 255 kev although a
strong possibility exists that there may be several very
weak lines in that region. The fluorescent radiation
in iodine was exceptionally broad. It is believed that
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this is due to a very intense capture gamma ray at
about 85 kev.

D. Summary

Table III lists the gamma rays observed in this
experiment.

TaBLE III. Gamma rays observed in this experiment.

Element FEnergy in Mev

Vanadium 0.64, 0.43, two unresolved lines at about 0.82.

Cobalt 1.82, 1.48, 0.82, 0.65, 0.289, 0.237.

Copper 0.280, 0.202.

Titanium 1.75, two unresolved lines between 1.53 and
1.58, 1.39, two unresolved lines between 1.06
and 1.10, 0.334.

Iron two unresolved lines between 1.55 and 1.68,
0.355.

Chromium 2.13, 1.07, 0.815, 0.740.

Gold 0.248.

Manganese 0.308, 0.266, 0.206, 0.098.

Todine 0.255, 0.085.

V. CONCLUSIONS

Virtually all the lines observed are consistent with
the previously proposed decay schemes and with the
high-energy data. In most cases they represent a
transition from an excited state directly to the ground
state. In spite of this fact, one would have to be
extremely cautious in constructing a decay scheme for
an element on the basis of the low-energy data alone.
A conclusion which seems justified on the basis of the
data presented here is that the average number of
gamma rays per neutron capture is only slightly more
than two. However, even this statement must be made
with a great deal of caution ; for each element may decay
by a number of three- or four-step processes which
involve the emission of gamma rays in the region of 2
to 3.5 Mev, which are too weak to be detected by the
Compton spectrometer used in this experiment or by
the pair spectrometer used by Kinsey et al.
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Fic. 4. Vanadium
singles capture spec-
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I16. 6. Coincidence
spectrum of cobalt.




F1c6. 7. Singles spec-
trum of copper.




Fic. 9. Coincidence
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