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A radioactive isotope of 2.4-day half-life has been pro-
duced in bromine by deuteron bombardment of electro-
magnetically enriched Se’¢, and by alpha-particle bombard-
ment of electromagnetically enriched Se™. Assignment of
the isotope is made to Br?”. A positron end point of 0.4 Mev
is determined. In addition to annihilation radiation,
gamma-rays and K-capture are observed. The ratio of
K-capture to positron emission is determined to be 20. The
cross-section ratio of the (d, n) to the (d, 2n) reaction pro-
ducing the isotope is 0.3. The ratio of the sum of the cross
sections for formation of Br?? by Se’®(d, n) and Se?(d, 2n)
to the cross section for Br# by Se®(d, 2n) is 0.4. A radio-
active isotope of 1.7-hour half-life has been produced in

YCLOTRON bombardments have been
made with alpha-particles, deuterons, and
protons on electromagnetically enriched sele-
nium.*** Samples in which the stable isotope Se’*
was enriched from 0.9 percent to 14.1 percent
and samples in which the stable isotope Se’® was
enriched from 9.5 percent to 41.5 percent were
used. For comparison purposes, bombardments
were also made with Hilger selenium.

As a result of these bombardments, two previ-
ously unreported radioactive isotopes in bromine
have been found. The location and characteristic
radiations of these isotopes, and also results of
investigations on the 4.4-hour Br®® isotope, will
be presented in this paper.

* Lt. Col., US.A.F. Research under auspices of Air Uni-
versity, Maxwell Air Force Base, Montgomery, Alabama.
** Captain, U.S.A.F. Research under auspices of Air Uni-
versity, Maxwell Air Force Base, Montgomery, Alabama.
*** Supplied by the Y-12 plant, Carbide and Carbon
Chemicals Corporation, through the Isotopes Division,
U. S. Atomic Energy Commission, Oak Ridge, Tennessee.

bromine by deuteron bombardment and by proton bom-
bardment of enriched Se™. Assignment of the isotope is
made to Br®. A positron end point of 1.6 Mev is deter-
mined. K-capture is observed in the activity. No gamma-
ray activity other than that due to annihilation is found.
The ratio of K-capture to positron emission from the
Se™(d, n) reaction is determined to be 4.4. The ratio of the
cross section for formation of Br™ by Se’™(d, #) to that of
Br#2 by Se??(d, 2n) is 2.1. The 4.4-hour Br#® isotope has been
produced by a Se(a, p) reaction and found to emit posi-
trons with an end point of 0.8 Mev. In producing Br”? by
proton bombardment of Se the (p, v) reaction is observed
to be two-thirds as probable as the (p, ) reaction.

THE 2.4-DAY Br” ISOTOPE

Samples of enriched stable Se’ and Se’® iso-
topes were prepared for alpha-particle bombard-
ment by pressing equal amounts by weight of the
finely ground selenium into the bottom of alu-
minum target holders under approximately 5000
pounds pressure. The two targets were bom-
barded simultaneously in the cyclotron by means
of a rotating probe.

Figure 1 shows the decay of total activity ob-
tained in each of the samples from this bombard-
ment. A new activity of 2.4-day half-life ap-
peared in the Se’ sample but not in the Se’®
sample, in which only 0.5 percent of stable Se’*
was present. It was concluded that this 2.4-day
period was formed from Se’ and must belong
either to Kr? or Br””.

To locate the activity, samples of enriched Se™
and Se’ were bombarded simultaneously with
deuterons. The samples were prepared for bom-
bardment in a manner similar to that in the
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experiment above. Figure 2 shows the decay
curves of Br activity from the two samples.
Measurements were taken on a Wulf electrometer
attached to a Freon-filled ionization chamber.
To obtain the y-activity curves, a %-inch alumi-
num absorber was inserted between the sample
and the ionization chamber. This amount of
absorber was sufficient to stop all 8-radiation and
x-ray radiation present. In both samples, the
established 34-hour Br® activity and the new
2.4-day activity appeared. The 34-hour Br® ac-
tivity appeared in nearly equal intensities in both
samples since the parent Se® isotope was present
in approximately equal percentages in both cases
and since equal amounts by weight of the two
samples were bombarded. The 2.4-day activity
appeared in the Se’® sample approximately 28
times as strong as in the Se’* sample. Since stable
Se’® was 28 times as abundant in the Se’® sample
as in the Se’* sample, it was concluded that the
2.4-day activity was that of a Br isotope formed
by deuteron bombardment of Se’®. Since bom-
bardment of Se with alpha-particles had previ-
ously located the activity as either Kr”” or Br”’,
assignment of the activity was made to Br””.

To determine the character of beta-activity in
the 2.4-day period, a sample of Br activity from
deuteron bombardment of enriched Se’® was
placed in an electromagnetic field, with a Geiger
counter tube located so as to intercept either -
or Bt-activity separately, according to the direc-
tion of the magnetic field. Figure 3 shows the
decay curves obtained from these measurements.
In addition to the gamma- and §~-decay curves
of the 34-hour Br® period, a 2.4-day positron
activity appeared. From the decay curve of this
activity it was determined that the Br?” isotope
emits positrons.

Figure 4 shows the results of aluminum absorp-
tion measurements of Br activity from deuteron
bombardment of enriched Se’¢. Measurements of
activity were taken with various thicknesses of
aluminum absorber placed between the sample
and an ionization chamber. The curve of 8-
activity was obtained by a subtraction of the
curve representing electromagnetic activity from
the curve representing total activity. A beta-end
point of 0.097 g/cm?, corresponding to 0.36 Mev
by the Sargent range-energy relation, and a beta-
end point of 0.172 g/cm?, corresponding to 0.50
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Mev, were determined. The former was at-
tributed to the 2.4-day Br?” activity, and the
latter to the 34-hour Br® activity. The end point
of the 2.4-day Br?” period was confirmed by beta-
ray spectrometer measurements.

Figure 5 shows the decay of x-ray activity in
the 2.4-day -Br?” period. The activity was ob-
tained from simultaneous Se’®4d and Se’*+d
bombardments of equal amounts of enriched
selenium. Ionization measurements of (x-+7)-
activity were taken with a magnetic field so
situated as to prevent all beta-radiation from
entering the ionization chamber. The curves of
y-activity were obtained by inserting a %-inch
aluminum absorber between the sample and the
ionization chamber. The difference between the
curve of (x+v)-activity and the curve of «-
activity then represented the activity from the
sample due to x-ray radiation. Curves represent-
ing this x-ray activity from both bombardments
are shown in Fig. 5. In both samples a 2.4-day
half-life was determined as the period of the x-ray
activity. In the Se’® sample this activity ap-
peared with approximately 4.4 times the inten-
sity of the x-ray activity in the Se’* sample. Since
stable Se’® was 4.4 times as abundant in the Se’®
sample as in the Se’ sample, it was concluded
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2.4-dav Br" period is shown in the Se™ sample.
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FIG. 2. A comparison of Br activity decay curves from deuteron bombardment of enriched Se™ and Se’s.
The 2.4-day Br? period is found more intense in the Se’® sample.

that the Br?” isotope emits x-ray radiation. From
energy considerations it was determined that this
radiation was not due to the ‘‘bremsstrahlung”
effect. It was thus determined that the K-capture
process occurs in the Br?? isotope.

2x104
10
Decay oF BR ACTIVITY
FROM A SE”® + d BOMBARDMENT
\ BTACTIVITY
w H SE™ =41.5%
2 . BY ELECTROMAGNETIC SEPARATION
ERd MALF-LIFE
1 B*acTiviTY
a
»
; 2.4- DAY
3 HALF-LIFE
3 34-HOUR
i Y ACTIVITY At L LIFE
34- HOUR
HALF - LIFE

s L
o ' 2 3 4 $ 6 7 " 2 13 4

9 10
DAYS AFTER BOMBARDMENT

F1G. 3. Decay curves of 87~ and B*-activity in Br from
deuteron bombardment of enriched Se’®. B*-activity of the
2.4-day Br" period and the 4.4-hour Br?® period are shown.

The ratio of K-capture processes to positron
emissions in Br?” is computed to be 20. This ratio
was obtained by a determination of saturation
intensities and by corrections made for the rela-
tive ionization produced by beta radiation and
x-ray radiation in the energy ranges involved.
The ratio of reaction cross sections for the
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0.36-Mev positron end point of the 2.4-day Br?? period.
The 0.50-Mev end point of the 34-hour Br®? period is also
shown.
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_ F16. 5. A comparison of x-ray decay in Br activity from
simultaneous deuteron bombardment of enriched Se™ and
Se’8. X-ray activity from the 2.4-day Br?" period is seen
to be stronger in the Se’® sample.

Se™(d, n) and Se’(d, 2n) processes forming the
Br?" isotope is approximately 0.3. The rate at
which the 2.4-day Br" period is produced com-
pared to that of the 34-hour Br® period by
deuteron bombardment of selenium is approxi- .
mately 0.4.

Gamma-ray activity in addition to that due
to annihilation is observed in the Br?” period.

THE 1.7-HOUR Br”* ISOTOPE
A 1.7-hour half-life has been observed in Br
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activity from simultaneous deuteron bombard-
ment of equal amounts of enriched Se”™ and Se’.
Figure 6 shows a comparison of this 1.7-hour
activity in the Se’™ and Se’® samples. A Br??
B-activity of 4.4-hour half-life appeared in both
samples. The activity was somewhat stronger in
the Se’* sample than in the Se’ sample due to
the fact that the Se’ sample contained 40.4
percent of the parent Se®®, while the Se’® sample
contained 30.2 percent of Se®. Gamma-ray ac-
tivity, due to 34-hour Br®, was also found in both
samples. In addition to these periods, a B*-
activity of 1.7-hour half-life appeared in both
samples. The intensity of this activity in the Se”
sample was greater than that in the Se’® sample
by a -factor equal to the enrichment of stable
Se’™ in the two samples. It was then concluded
that the 1.7-hour positron activity was produced
by deuteron bombardment of stable Se’.
Simultaneous proton bombardments of equal
amounts of enriched Se’* and Se’® were also made.
Figure 7 shows the decay of activity from the
Se’4-p bombardment, and Fig. 8 the decay of
activity from the Se’®+p bombardment. Meas-
urements were made with the samples in an
electromagnetic field to separate 8—- and B*-
activity. Activities of the 4.4-hour Br® and
34-hour Br® periods appeared in both samples in
intensities proportional to the abundance of
stable parent isotopes present. The increased
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F16. 6. A comparison of 8- and 8*-activity in Br from simultaneous deuteron bombardment
of enriched Se™ and Se’8. B*-activity in the 1.7-hour Br™ period is seen to be stronger in the

Se™ sample than in the Se’® sample.
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intensity of the 1.7-hour half-life in the Se’
sample over that in the Se’® sample indicated
that the activity was produced by proton bom-
bardment of stable Se’.

As a guide to the likelihood of a (p, v) reaction
taking place to produce the 1.7-hour Br activity,
the relative probability of the (p, #) to the (p, v)
reactions in forming 2.4-day Br?” was estimated.
The observed intensities of Br?? activity, from
simultaneous proton bombardments of enriched
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Se’ and Se’®, were compared with known abund-
ances of Se’® and Se?” present in the two samples.
From these comparisons it was determined that
in producing Br? by proton bombardment of
selenium the ratio of the (p, n) to (p, v) reactions
is 1.5. It is therefore quite possible that the
1.7-hour Br activity is formed by the Se?(p, v)
reaction.

In the decay curve of activity from Se’*+p
bombardment, a 12545-day half-life appeared
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F1G. 9. Aluminum absorption measurements showing the
1.6-Mev positron end point of the 1.7-hour Br? period.

which was presumed to be that of Se’. The ratio
of reaction cross sections for production of the
1.7-hour Br activity compared to the 127-day
Se™ activity by proton bombardment was de-
termined to be approximately one. This indi-
cated that the 1.7-hour Br activity decays into
the 127-day Se™ period. From this data, assign-
ment of the 1.7-hour activity was made to Br™
as a Se’¥(p, v) reaction.

Figure 9 shows the results of aluminum absorp-
tion measurements of Br? activity from deuteron
bombardment of enriched Se’. The end-point
energy of Br positron emission was determined
to be 0.75 g/cm?, corresponding to 1.6 Mev.

The presence of x-ray emission due to K-
capture in the Br” period was determined in the
manner described in the preceding section. The
ratio of K-capture processes to positron emissions
in Br” from deuteron bombardment of selenium
is approximately 4.4. The rate at which 1.7-hour
Br™ is produced by the Se’¥(d, #) reaction com-
pared to the rate at which Br® is produced by
Se®(d, 2n) is approximately 2.1.

No gamma-radiation, other than that due to
positron annihilation, was found in the 1.7-hour
Br? activity.

THE 4.4-HOUR Br® ISOTOPE

A 4-hour Br?®® period was first reported! as a
result of slow neutron bombardment of bromine.
Emission of negatively charged beta-particles in
the Br?® period was reported? as a result of neu-
tron and deuteron bombardments of bromine,
and also? as a result of proton bombardment of

1 M. L. Pool, J. M. Cork, and R. L. Thornton, Phys.
Rev. 52, 239 (1937).

2 A. H. Snell, Phys. Rev. 52, 1007 (1937).

3J. H. Buck, Phys. Rev. 54, 1025 (1938).
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F1G. 10. Se and Br section of the periodic table. The new
Br” and Br™ isotopes and new reactions reported are indi-
cated by heavy lines.

selenium. It has also been reported* that most
of the nuclei in the upper 4.4-hour isomeric state
of Br® decay by falling into the lower 18-minute
state from which observed disintegration elec-
trons are emitted. Existence of 49 kev and 37 kev
internally converted gamma-rays from the 4.4-
hour Br®® period has been shown.’

Figures 7 and 8 show a 4.4-hour bromine
Bt-activity resulting from proton bombardment
of enriched Se’™ and Se’s. By comparing the ac-
tivities of this period with the abundance of Se®?
present in the two samples, it was determined
that the 4.4-hour B+-activity was due to the Br?®®
period. By spectrometer measurements the end
point of the 4.4-hour Br®® g+-activity was esti-
mated to be approximately 0.8 Mev.

Figure 3 shows B*-activity of the 4.4-hour Br®’
period resulting from deuteron bombardment of
selenium.

The 4.4-hour Br?® period was also obtained by
alpha-particle bombardments of selenium.

Figure 10 shows the Se and Br section of the
periodic table. The new Br?” and Br” isotopes
and new reactions reported are indicated by
heavy lines.
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