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Measurements were made of the hard y radiation emitted by As™. Six y lines were found
with energies of 1.21, 1.43, 1.76, 2.08, 2.42, and 2.65 Mev. Their relative intensities were
found to be ~ 500, ~ 54, 37, 100, 5.7, and 4.6 respectively. The decay scheme of As™
discussed. It is suggested that the following excited states of Se™ exist: 0.56 Mev (25),
1.21 Mev (2%), 1.76 Mev (1.2%), 2.07 Mev (1.2%), 2.42 Mev (2.3%), and 2.64 Mev (3%).
It is also suggested that there may exist states with energies ~ 1.02 Mev and ~ 1.26 Mev

(0% or 4™).
1. INTRODUCTION

THE radioactive isotope 33ASZ§ (T=26.5hr) is
located between the two stable isobars 3,Gejfs and
sSels. The decay of As™ to Ge™ has not been
observed: €/B~ < 2-107%; Bg*/B~ < 1078.1:2

The decay scheme depicted in Fig. 1 summar-
izes the results of numerous studies of the B~ and
v emission of As™ carried out from 1946 through
1956.571% This scheme agrees satisfactorily with
all measurements of B~, e~, and y spectra of
Asm,s's’“’ 13 and of B-y and vy-y coincidences
and correlations!?™? that had been reported in pub-
lications up to 1956. However, the scheme does
not include the 1.76-Mev < transition observed
by some?% but not by others.%!3

A comparison of the experimental data obtained
by various authors, as well as a discussion of the
As™ decay scheme, can be found in the final section
of this article.

Our aim in studying the hard y radiation from
As™ was to determine (1) whether a vy line with
hv = 1.76 Mev exists, and (2) whether <y transi-
tions with energy greater than 2.1 Mev exist.

2. EXPERIMENTAL ARRANGEMENT AND
METHOD

Hard y radiation from As™ was studied by
observing recoil electrons in a magnetic spectrom-
eter (y hodoscope). The construction of the instru-
ment and its spectral properties have been described
by B. S. Dzhelepov!4 and O. V. Chubinskii.!®> The en-
ergy of a y ray is determined from the strength of
the magnetic field H, the radius p of the projected
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FIG. 1. The As™ decay scheme according to data by J. J.
Kraushaar and M. Goldhaber!! and by Kurbatov et al. 13

trajectory of the recoil electron (onto a plane per-
pendicular to H), and from the angle ¢ between
the direction taken by the y ray and that taken by
the emitted recoil electron. The measurements
were made under standard conditions: the celluloid
target was 150 u thick, the instrument was filled with
a mixture of helium (87%) and methane (13%) to an
overall pressure of 30 cm Hg, and the windows of
the rectangular Geiger-Miiller counters were not
covered with film. To minimize the experimental
distortion caused by electrons scattered over wide
angles in the target, in the counter walls, etc., only
those recoil trajectories with small Compton angles
¢ were included in the results.

For a given magnetic field H, the instrument
registers a determined energy interval whose width
varies roughly with H (from ~1 Mev when H =
500 oersteds to ~ 2 Mev when H = 1000 oersteds).
To include all of the spectral region of interest, the
v radiation was measured for different fields with
overlapping energy intervals.
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FIG. 2. Measurements of y radiation emitted by As™ when
H = 1050 oersteds (As,0, source).

3. EXPERIMENTAL RESULTS

Different sources were used to complete several
series of measurements. The source for the first
experiments was arsenic oxide activated by neu-
trons. Several vy lines were observed, including
some with energies of 2.42 and 2.65 Mev.? Control
experiments revealed that the As,O3 compound
used in these measurements was contaminated with
Sb!* (T = 60 days) and, possibly, with traces of
more long-lived activity. The Sbi# impurity caused
quite a distortion of the As™ spectrum in the 1.3 to
2.0 Mev energy region. In the hard part of the vy
spectrum (hv > 2 Mev) the Sb'?* contribution was
considerably less than 1%.

Figure 2 shows the measurements of the y
radiation emitted by As™ when H = 1050 oersteds.
The line at hv = 2.65 Mev is quite clearly visible.
The counting rate for this line decreased with the
corresponding half-life of As™ (~26 hr ).

Pure metallic arsenic was separated from the
two contaminated As,O3 compounds. The method
and complete procedure for the isolation and puri-
fication of the arsenic was worked out by M. K.
Nikitin. The purity of the metallic arsenic was
checked by measuring the y rays emitted by the
radioactive impurities. The contaminant activity
of the purified compound was less than 107 times
that of the original compound. Thus, two sources
were prepared, each a sealed quartz ampoule con-
taining powdered metallic arsenic (~ 0.4 and
~ 0.7 g) irradiated by slow neutrons. The control
measurements showed that these sources did not
contain any substantial quantity of long-lived radio-
active impurities. Measurements of the y radia-
tion emitted by the two sources were in agreement.
A preliminary report has already been published.!6
Here we discuss the final results.
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The quartz ampoule containing 0.72 g of metallic
arsenic was 45 mm long and 7 mm in diameter and
had an initial activity of ~ 750 mC. During the ex-
periment the magnetic field H was set at 970, 900,
810, 713, 630, 607, and 550 oersteds. The same
line was observed at the different values of H,
which made it possible to determine more exactly
the energies and relative intensities of the y rays.
Figures 3 to 7 show the results of some of the
measurements (with the background activity sub-
tracted).

The vy -spectra components were calculated with
allowance for the dependence of the instrumental
form of the line on hy and H. There was good
agreement among the 7y -ray energies determined
from the line maxima for the different values of H.
For hy > 1 Mev we observed six vy lines with
the following energies: 2.65 + 0.04, 2.42 + 0.05,
2.08 £ 0.03, 1.76 + 0.04, 1.43 + 0.05, and 1.21 +
0.04 Mev.

After the subtraction of the individual lines
from the experimental curves, there remained ex-
cesses of recoil electrons in the 1.5 to 1.6 and 1.8
to 1.9 Mev regions. Since the statistical errors
were rather considerable and the resolving power
of the instrument was not great, it may be that
these excesses were due to an inaccurate resolu-
tion of the spectra into the components.

The relative intensities of the y lines were
determined as follows. The intensity I (in arbi-
trary units) was computed for each +y line at the
different values of H by the formula

I=S|W 2 A,
where S is the area beneath the line, W is the

probability of registering a 7y line for a given H
as obtained from the spectral sensitivity curve,
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2 Ajti is the so-called effective measurement
i

time for a given H, and Aj is the average activ-
ity of the source during the time interval tj. The
intensity unit chosen was that of the 2.08-Mev line,
since this line showed good agreement for the dif-
ferent values of H. Table I (column 12) shows the
average values of the relative intensities 1/I, (5

of the 7y lines.

The relative intensities of soft y lines (espe-
cially the 1.21 Mev line) are in the nature of ap-
proximate evaluations. The probable error in the
determination of the relative intensities of the hard
v rays (1.76, 2.08, 2.42, and 2.65 Mev) does not
exceed 30%. The fall-off of the 2.65 line on the
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FIG. 6. The same as in Fig. 3, but with H = 607 oersteds.
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FIG. 7. The same as in Fig. 3, but with H = 550 oersteds.

high-energy side (Fig. 2,3) permits us to conclude
that the y spectrum of As' apparently has no
harder vy lines. If, nevertheless, such vy transi-
tions do exist, their intensity cannot exceed 10%
(hy = 2.7 to 2.8 Mev) and 1% (hy = 2.8 Mev) of
the intensity of the 2.65 Mev line.

4. DISCUSSION OF THE MEASUREMENTS AND
DECAY SCHEME OF As'®

Recent new experiments have broadened and im-
proved our knowledge of the S and y radiation
emitted by As™. Table I summarizes the data on
the energies, relative intensities, and multipolari-
ties of y transitions and on -y coincidences.

Substantially new data on y radiation from As
is to be found in the 1956 article by Dzhelepov et
al.!" So far this is the only paper reporting the
discovery of five new, very weak vy lines in the
0.7 to 1.9 Mev region. To facilitate comparison
between the data given in the above article and
our data, we have shown in Table I (column 10)
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their v -line intensities referred to the 2.08-Mev
line as unity.

Our data on the energies and relative intensities
of the 1.76 and 2.08 Mev 7y lines are in good agree-
ment with the data given by Dzhelepov et al.,!" but
there is considerable discrepancy in the energies
determined for the two hardest <y lines. This
portion of the y spectrum was studied with a
“Ritron” (for a description of this instrument see
Dzhelepov et al.m) operated under conditions of
increased transmission when the half-width of the
experimental lines for hv = 1.76 to 2.65 Mev
amounted to 13.5%. An excess of recoil electrons
was observed in the 2.2 to 2.8 Mev region and it
was possible to break this excess down into its
components in different ways. In particular, the
excess was attributed to the existence of two lines
with energies of 2.5 and 2.75 Mev.

The conditions of measurement with the y hodo-
scope were a good deal more favorable. The half-
width of the experimental lines in this energy re-
gion amounted to ~ 6.5%, and the 2.42 and 2.65 Mev
v lines stood out quite distinctly (Figs. 2 to 4).

With the new data, the decay scheme for As™
has been supplemented as shown in Fig. 8.

Energies and Quantum Characteristics of the Levels

1. The ground state of Se™ is of the 0% type
(even-even nucleus).

2. The ground state of As™ is of the 2~ type.
This follows from direct measurements of the spin
of As™ 1920 35 well as from an analysis of the form
of the hardest component of the B spectrum (AI =2
yes).916,21

3. The sequence of the first excited levels of Se'®
0 — 0.55 — 1.2 Mev, and their quantum character-
istics (0%, 2%, 2%) as represented in our decay
scheme of As' (Fig. 1), have been confirmed anew
by E. G. Funk Jr. and M. L. Wiedenbeck.?? Precise
measurements? indicate that the energy of the first
excited level of Se™ is 0.5605 + 0.0003 Mev. The
energy of the second excited level is not so accu-
rately known (~1.21 Mev).

The first two excited states of Se™ possess all
the characteristic properties of quadrupole vibra-
tion levels of even-even nuclei (the energy ratios,
spins and parity, E2 multipolarity of the 2+—2%
transition, and the large cross section for Coulomb
excitation in the first excited state).?* In all known
cases the intensity of a direct y transition between
a 2% two-phonon vibrational level and a 0% ground
state (for example hv = 1.21 Mev) is less by a fac-
tor of 1.5 to 3 or more than the intensity of a 2+—
2% transition (for example, hv = 0.65 Mev). As
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FIG. 8. Proposed As’™ decay scheme. The energy of the
transition from the 2.64 level to the (1.26) level is 1.38 Mev.

is known, this experimental fact can be explained
within the framework of the generalized nuclear
model (the prohibition of a direct transition with
a vibrational quantum number change An = 2).

So far the only exception to this rule in the region
where A =58 to 90 has been Se";; the intensities
of the 0.65 and 1.21 Mev <y lines are approximately
equal. As will be shown below, it is quite probable
that a portion of the y rays with hyv = 1.21 Mev
(~30%) originate in transitions between other
levels of Se™ (see Fig. 8). The mentioned dis-
crepancy can thus be explained.

4. We have included the 1.76 Mev level to ex-
plain transitions with hy = 1.76 and 0.87 Mev. The
presence of a relatively intense transition from the
1.76 Mev level to the ground state of Se™ indicates
the possibility of spin values of 1 or 2 for this level.
There should have been transitions with hv = 0.55
and 1.2 Mev from the 1.76-Mev level to lower ex-
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cited levels. This is experimentally confirmed,
albeit by not very accurate data. Thus, P. Hubert?
bases his conclusion as to the presence of a 1.2 —
0.56 Mev cascade on measurements of y-y coinci-
dences. J. J. Kraushaar and M. Goldhaber!! have
observed coincidences involving 1.2-Mev vy rays
and the softer y rays. The counting rate at the
single peak as compared with the counting rate at
the coincidences for the 1.2 Mev line was consider-
ably greater than might have been expected had the
1.2-Mev line been in a direct cascade with the prom-
inent soft lines. For this reason the authors ascribe
the coincidences observed by them to y rays with
hy = 1.4 Mev and with hy = 0.56 Mev. However,
another explanation of this same experimental fact
may be that only some of the y rays with hy =1.2
Mev coincide with those with hv = 0.56 Mev.

We suggest that there actually exist transitions
with hy = 0.55 Mev and hv =1.20 Mev from the
1.76-Mev level. The intensity balance indicates
that, apparently, the most intense transition from
this level is one with hv = 0.55 Mev (~ 0.02 quanta
per decay), that a less intense transition is one
with hy = 1.20 Mev, and that the weakest transi-
tion is one with hyv = 1.76 Mev (~ 0.003 quanta per
decay). This intensity ratio for the 7y transitions
conflicts with the suggestion that the 1.76-Mev level
is of a single-particle nature, but the ratio can be
satisfactorily explained if this level is assumed to
be a three-phonon quadrupole vibrational one with
a 2% spin. Further evidence in favor of this latter
suggestion is the approximate equidistance of the
0.56, 1.21, and 1.76 Mev levels.

5. Ifa B transition with E, ~ 0.88 Mev exists,'®
a level with an energy of ~2.07 Mev and with pos-
sible quantum characteristics of 0%, 1%, 2%, 3%,
or 4% must be included. In the y spectrum of
As™ lines are observed with hv = 2.08, 1.51, and
0.87 Mev and with a total intensity of ~1.2 x 1072
quanta per decay.” These lines can be ascribed
to transitions from the 2.07-Mev level. However,
the existence of a level at ~2.07 Mev cannot be
considered proved, because (a) the data on the
end-point energy and intensity of the B transition
( E.), ~ 0.88 Mev) are very inexact, and (b) y tran-
sitions with hv = 2.08 and 0.87 Mev may occur in
other ways (see Fig. 8).

It is known that y rays with hy = 2.08 Mev
coincide with y rays with hy = 0.56 Mev. Here-
tofore these coincidences have been ascribed en-
tirely to a 2.08 —0.56 cascade (transitions be-
tween the levels 2.6—0.56—0 Mev). Now, how-
ever, another possibility cannot be overlooked, i.e.,
a 0.56 —2.08 Mev cascade (transitions between
the levels 2.6—2.07—0 Mev). At the present time
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it is impossible to settle definitely on either of these
two possibilities. If a S transition with Ey ~ 0.88
Mev exists and its intensity is on the order of 1%,
we are presented with the following logical conse-
quences: (a) the main portion of the y rays with

hv = 2.08 Mev must be attributable to a 2.07—0
Mev transition, (b) the intensity of the y transi-
tion between the levels 2.64 and 2.07 Mev (hy =

0.57 Mev) must be = 1%, and (c) the most probable
spin and parity values of the 2.07 Mev level are 1t

6. The 2.42 Mev level was included because of
two experimental facts: (a) the presence of vy
transitions with hv = 2.42 and 1.85 Mev; (b) the
observation of coincidences for 7y rays with hy =
1.2 Mev and hv = 1.2 Mev.!® The latter argument
cannot be considered to be very rigorously sup-
ported, because the accuracy with which the y-y
coincidences were measured was insufficient for
an unequivocal interpretation of the results.

The intensity balance (see below) indicates
that some of the 1.21 Mev 7y rays are produced,
apparently, by transitions between the 2.42 and
1.21 Mev levels. At the present time there are
no definite experimental data on the quantum
characteristics of the 2.42-Mev level. E. G. Funk
and M. L. Wiedenbeck?? have studied the angular
y-y correlation between 7y rays with hy = 1.20
Mev. These authors attribute their findings to a
1.4 —1.2 Mev cascade (2.64—1.21—0 Mev tran-
sitions ). The only interpretation not in conflict
with the experimental results is that a transition
with hy = 1.4 Mev is purely M1 and that the
level ~2.6 Mev is of the 3% type. Ifa 1.2—1.2
Mev cascade transition exists, this conclusion
could obviously be extended to apply also to the
2.42 Mev level. However, it is difficult to recon-
cile the spin value 3 with the comparatively great
probability of a direct 3t—0" transition (hv =
2.42 Mev). According to the Weisskopf formula,
this transition should be 107 times weaker than
transitions to the 2% levels. If we take this point
of view and assume a transition to the 2.42 Mev
level to be first forbidden, it appears probable
that the 2.42 Mev level is of the 2% type.

7. The existence of a level at ~ 2.6 Mev is
proved by many measurements of B spectra
emitted by As™ and of y-y coincidences, as
well as by the 7y transition with hv = 2.65 Mev
reported here. The energy ratios of the 7y tran-
sitions indicate that the energy for this level is
2.64 to 2.62 Mev. Correlation measurements??:25
have shown that this level is of the 3" type. This
fact, as in the case of the 2.42-Mev level, is diffi-
cult to reconcile with the presence of a relatively
intense direct 7y transition to the ground level of
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Se™. The hypothesis advanced by Funk and Wieden-
beck?? that the level at ~ 2.6 Mev is due to a coup-
ling of a single-particle excitation of the ground
state configuration with a two-phonon vibrational
excitation provides an explanation for the high
probability of a transition with hy = 1.43 Mev as
against the probability of other v transitions, but
this hypothesis makes it even harder to understand
why the direct transition with hy = 2.64 Mev is so
intense. It may be that near 2.6 Mev there are two
close levels with different quantum characteristics.

8. To find a place in the As™ decay scheme for
weak vy transitions with energies of 0.73, 1.40,
and 1.62 Mev,!" it must be assumed that still one
or two more excited levels of Se™ exist. The dotted
lines on the right side of Fig. 8 represent two of the
possible variants. Inclusion of the 1.02-Mev level
makes it possible to explain all three 7y transitions..
If the 1.02-Mev level is of the 0% or 4% type and the
B transition to it is second forbidden (log ft = 10),
then practically the only way in which this level can
decay would be by the emission of a y quanta with
an energy of ~ 0.46 Mev with an intensity of 3 x 1073
quanta per decay (the total intensity of y rays with
hy =0.7, 1.4, and 1.6 Mev). If part of the y tran-
sitions pass through the 1.26 Mev level, the intensity
of the 0.46 Mev line will be even less. A line at hv
= 0.46 Mev is at least 130 times weaker than the
neighboring one at hv = 0.56 Mev. It may be that this
weak line has thus far escaped notice.

The question of the existence of type 0% and 4"
levels near the 1.21-Mev level is very interesting
from the standpoint of verifying the theories behind
the generalized nuclear model. According to this
model, a two-phonon vibrational level (1.21 Mev,
2%) should, because of nucleonic interaction, split
into close sublevels of the 0%, 2%, and 4" types.
Unfortunately, so far there are too little experi-
mental data to settle this question once and for all.

9. Measurements?® of the B spectrum of Br'
lend some support to the Se™ levels presented
here. The Br™ data make possible at least a qual-
itative conclusion that Se’® has excited levels in
the 1.7 to 2, 2.4 to 5, and 2.7 to 3 Mev regions.

Intensity Balance

When the intensity balance condition is con-
sidered, discrepancies appear between the data on
the relative intensities of the partial B spectra,
on the one hand, and the data on the relative intensi-
ties of the vy lines on the other. These discrepan-
cies are attributable first of all to inadequate accu-
racy in the measurements. An intensity balance is
made even more difficult because the intense vy
lines 0.56, 0.65, 1.21, and 2.08 Mev, can be placed
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differently in the scheme. Let us examine these
problems in greater detail.

1. From Table II it is evident that there are
some discrepancies among the relative intensities
determined for hard B spectra and important dis-
crepancies among the end-point energies and rela-
tive intensities of soft B spectra with E, = 1.76
Mev. However, all the reports are in agreement
that the sum of all the B spectra with Ey=1.76
Mev is no less than 14% of the total number of S
transitions.

The article by Grigor’ev et al.!® differs from
the other references in reporting that the authors
used a Kurie plot to analyze the spectrum into its
components without reference to any decay scheme.
Apparently, these are the most objective data avail-
able at the present time.

2. The data given by Dzhelepov et al.!" differ
from those given by Chubinskii et al.? and by Kur-
batov et al.!® with regard to the values found for
the relative intensities of 0.56, 0.65, and 1.21-
Mev vy rays.

We used several different assumptions in order
to compute the relative intensities of the B spec-
tra and obtained the following results.

(a) If the data on relative vy -ray intensities sup-
plied by Dzhelepov et al.!" are used, if the intensity
of the hardest B spectrum is assumed to range
from 52 to 58%, and if the 0.56, 1.21, and 2.08-
Mev vy transitions are assumed to occur only at
0.56—0 Mev, 1.21—0 Mev, and 2.64—0.56 Mev
respectively, then the sum of the intensities of the
B spectra with E, = 1.76 Mev is 3 to 4 times
less than that reported by Grigor’ev et al.!®

(b) If the same assumptions concerning 7y rays
are retained and it is further assumed that the sum
of the intensities of all the B spectra with E, =
1.76 Mev amounts to 14%, we obtain for the B-
spectrum intensities the following values:

I(2.97 Mev) =47%, I (2.41 Mev) = 39%,

1(1.76 Mev) =11.9%, and ZI=2.1% for all the
soft B spectra with E, < 1.7 Mev. This is clearly
in conflict with the results of Grigor’ev et al .18

(c) The discrepancy between the computed and
experimental values for the intensities of the two
hardest B spectra is reduced if one assumes the
0.56-Mev vy line as found by Dzhelepov et al.!Tto
be somewhat more intense than the other vy lines.

(d) The computed and experimental values for
B -spectrum intensities are brought into satisfac-
tory agreement if it is further assumed that a small
portion (~5%) of the 0.56-Mev Yy rays are pro-
duced by 1.76—1.21 Mev transitions and that about
30% of the 1.21-Mev vy rays are due to 1.76—0.56
Mev and 2.42—1.21 Mev transitions.
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Figure 8 shows approximate values for the in-
tensities of B and 7y transitions computed on the
basis of the assumptions in (c) and (d) above. The
intensity of the hard B transitions and the total
intensity of all the soft B transitions with E- <
1.7 Mev are in good agreement with the experimen-
tal data. However, the intensities of individual B
components with E- < 1.7 Mev do not coincide with
the results obtained by analyzing the B spectrum.

" The suggested decay scheme for As™ is basic-
ally in agreement with the experimental data avail-
able at present, but it is not free of all discrepan-
cies. We have attempted to point out the weaknesses
in the scheme. It must be stressed that the quantity
and, above all, the quality of experimental research
have been far from adequate to lead to an unequivo-
cal decay scheme for As®™.
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his opinions on this article.
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