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Decay Properties of Neutron Deficient Osmium and Rhenium Isotopes.
I. Decay Modes of Re"', Re'" Os'", and Os"'t

K. J. HOPSTETTER AND P. J. DALY

Chemistry DepartmerIt, Purdue University, Lafuyette, Iediawa
(Received 9 May 1966)

Scintillation and semiconductor detectors have been used to investigate the decay properties of neutron-
deficient osmium and rhenium isotopes which were produced in proton and helium-ion bombardments of
tantalum and tungsten targets. Re" decays by electron capture with a half-life of 19.7~0.5 min; the
energies, and relative intensities of 14 p rays emitted in Re' ' decay are reported. The positron decay branch
previously assigned to 20-hr Re'~ has been shown to occur in the decay of 13-h Re'", and no evidence for a
Re'" isomer having a half-life longer than a few minutes was found. The existence of 2.45-min Re'~ has
been confirmed; it decays predominantly by electron capture with the emission of intense 902.2- and 103.6-
keV y rays. By establishing its genetic relationship with 2.45-min Re'~, a new isotope Os", decaying by
electron capture with a 21.7&0.6 min half-life, has been identified. The half-life for the electron capture decay
of Os'8' has been determined to be 105+3 min, in disagreement with previous values reported for this isotope.
An intense 238.6-keV y ray is characteristic of Os' ' decay and the energies and relative intensities of other
Os11 y rays are reported. Reasons are advanced for believing that the Re"' Os" and Os' ' activities
identified here have been observed previously by other workers, but have been incorrectly assigned to
Re'", Os'", and Os'"~, respectively.

material and in general this was eliminated by pre-
cipitating OsS4 from acid solution and mounting the
sulphide for counting. Tantalum targets were dissolved,
together with rhenium carrier, in HF containing a
minimum quantity of HNO&. The pH of the solution
was adjusted to about 9 and tetraphenyl arsonium
perrhenate was extracted into chloroform. The rhenium
was back extracted into aqueous solution and precipi-
tated as Re2S7. In cases where extremely fast chemistry
was essential, the solvent extraction step was eliminated.

Gamma spectroscopy was performed using 3-in. &(3-
in. NaI(T1) crystals and lithium-drifted germanium
detectors in conjunction with multichannel analyzers.
A number of germanium detectors with depletion
volumes ranging from 1 to 3 cm' were used at
diferent stages of the experiments; a typical detector
had an energy resolution of about 5 keV for Cs"'
662-keV p rays. Positrons were detected using a con-

I. INTRODUCTION

LTHOUGH the neutron-deficient osmium and
rhenium nuclides lie at the low-mass end of the

interesting rotation-vibration transition region between
highly deformed and spherical nuclei, their decay
properties have not been well established. This has
been mainly due to the extreme difhculty in preparing
radiochemically pure sources; most possible methods of
production yield mixtures of isotopes having com-
plicated y spectra and rather similar half-lives. The
excellent energy resolution which can be achieved with
semiconductor detectors has now made possible reliable
and detailed studies of the decay properties of these
nuclides. In this paper the half-lives and principal
radiations of Re'") Re'" Os'" and Os'" are reported;
the results of y-y coincidence measurements and pro-
posed decay schemes for the various nuclides will be
presented in forthcoming publications. '

TAmE I.Energy standards used in calibrating the y spectrometersII. EXPERIMENTAL

Secondary standards
(see text)

Nuclide E~ (kev)
Primary standards

Nuclide E„(keV)
Cd109
Co"
Co'7
Hg203
Snl13
P+ annihilation
Bi207
CS137

Mn"
+88
Bi207

Zn
Co60
Co60

87.7
122.0
136.4
279.1
393~1
511.0
569.6
661.6
835.5
898.2

1063.7
1115.6
1173.2
1332.5

Re'"
Os183
OS182
Re181
Os183
Re182
Re182

100.1
114.5
180.2
365.5
382.0

1122.0
1189.3

Based on information in the Nuclear Data Sheets, edited by K, Way et al.
(Printing and Publishing Offices National Academy of Sciences-National
Research Council, Washington 25, D. C., 1961-1965), and on recently
pubhshed data.
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The radioisotopes were produced in bombardments
of tantalum foils and enriched tungsten isotopes with
protons and helium ions from the Argonne 60-in.
cyclotron and from the Oak Ridge 88-in. cyclotron
(ORIC). In general, fast radiochemical separations
were performed. Tungsten targets were dissolved in a
1:5 HF-HNO3 mixture, osmium and rhenium carriers
were added, and Os04 was distilled into ice-cold 6M
NaOH. In a few cases where it was necessary both to
know the time of chemical separation rather precisely
and to start the counting as soon as possible after the
separation, the Os04 distillate was coOected for a
fraction of a minute and the sample was counted in
liquid form. However, the distillate always contained
F' impurity arising from traces of oxygen in the target

f' Supported in part by the U. S. Atomic Energy Commission.' K. J. Hofstetter and P. J. Daly (to be published).
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ventional two-crystal coincidence spectrometer having
a resolving time (2r) of 70 nsec. Standard sources were
used for energy calibrations and for determining the
photopeak efficiencies of the various detectors used.
The primary energy standards used most frequently
are listed in Table I. This table also lists a number of
intense 7 rays of longer lived osmium and rhenium
isotopes, the energies of which have been established
(&0.2 keV) by at least two independent groups of
workers. These p rays were used as secondary energy
standards, and they were particularly useful in inter-
polation and in detecting small changes in ampliier
gain at high count rates. On the basis of the repro-
ducible results obtained using different spectrometers
and different sets of energy standards, the p-ray energies
given in this paper are believed to be correct within
&0.4 keV except where otherwise stated.

III. RESULTS AND CONCLUSIONS

A. The Decay of Re'"

In bombardments of rhenium with high energy
protons, Foster et al.' produced, and assigned to Re'~,
a new rhenium isotope emitting 209-keV conversion
electrons and decaying with a half-life of 18 min.
Subsequently, Harmatz et al.' observed the decay of the
same isotope and reassigned it to Re'" on the basis of
its clear cut genetic relationship with W'". The Chart
of the Nuclides assigns to Re'" a single p ray of 0.28
MeV, which is presumably based on interpreting the
209-keV conversion line observed by Foster et al. as
being due to a K conversion electron. It is most likely'
that this conversion line corresponds instead to I.
conversion of the 222-keV transition in W'".

We have produced Re" in 68-MeV O.-particle bom-
bardments of tantalum and have determined its half-
life to be 19.7~0.5 min. The y spectrum is shown in
Fig. 1 and the energies and relative intensities of the
principal y rays are listed in Table II.The growth of the
222-keV p-ray activity of W'" was observed to follow
the behavior expected for a 5-min daughter activity
being fed. by an initially pure 20-min parent isotope.
As further conhrmation of the mass assignment, the
290.0- and 429.3-keV p-rays were observed in 32-MeV
He' ion bombardments of tantalum, but not in bom-
bardments with 26-MeV He' ions. The threshold for the
reaction Ta's'(Hes, Sn) calculated using semi-empirical
mass tables' is at about 27-MeV bombarding energy.

Recently, Bedrosyan et al. ' assigned to Re'~ a
22-min rhenium activity produced in 660-MeV bom-

s J. S. Foster, J. W. Hilborn and L. YaBe, Can. J. Phys. 36, 55
(1958).

s B.Harmatz, T. H. Handley, and J. W. Mihelich, Phys. Rev.
119, 1345 (1960).

The General Electric Chart of the Nuclides, Eight Edition,
1965 (unpublished) .

5 J. Wing and J. D. Varley, Argonne National Laboratory
Report No. ANL-6886 (unpublished}.

6 P. Bedrosyan, T. Bedike, I. Dema, N. G. Zaitzeva, and V. A.
Morozov, Izv. Akad. Nauk SSSR, Ser. Fiz. 29, 2225 (1965).
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Fm. 1.The y spectrum of 19 7-min Re»s.

bardments of gold. This group reported an intense
0.44-MeV p ray and some weaker p rays which were
systematically 10-20 keV higher in energy than those
listed in Table I.Almost certainly the activity observed
was that of Re'".

TAaz, E II. Principal p rays observed in the decay of Re'~.

Energy (keV)

K x ray
82.2

119.8
169.0
189.5
241~1
290.0
296.4
308.7
401.1
414.6
429.3
465~2
477.1
498.2

Relative intensity'

880
8

23
11
28
8

100
24
17
20
3S
99
10
28
13

& Normali2:ed to an intensity of 100 for the 290.0-keV y ray.

r B. C. Haldar and E. O. Wiig, Phys. Rev. 105, 1285 (1957).
s P. J. Daly and J. W. Cobble (to be published).

3. The Nonexistence of 20-h Re'"

In bombardments of tungsten and rhenium with high
energy protons and of enriched W'~ with 10-MeV
protons, Haldar et al. r found a new Re p+ emitter of
about 20-h half-life. The P+ endpoint energy was
measured to be about 1.9 MeV and the new activity
was assigned to Re'~ mainly on the basis of P-decay
systematics. While studying Ta's'(rr, xn) excitation
functions in the bombarding energy range 40—65 MeV,
Daly et al. ' were unable to detect the annihilation
radiation of 20-h Re'" even though the cross section of
the reaction Ta'" (rr, 5rr) Re'ss was expected to go through
a maximum of more than 1 b at about 56-MeV bom-
barding energy. We have therefore reinvestigated the
decay of Re'~.
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)o' TABLE IV. Principal y rays observed in the decay of 2.45-min Re'~.

Z» (keV) Relative intensity'

IO

Ex ray
103.6
511.0 (annihilation radiation)
827~1
902.2

103
27
14
11

100

Normalized to an intensity of 100 for the 902.2-keV y ray.

O~ io'
C
O

40
O
0

72 96
Time (hours)

~x io

l20 H4

Wls2 jn each target and not to the W1so abundance yhe
composite 1.1—1.2-MeV p-ray peak which was prominent
in the p-ray spectra is a well established common
feature in the decay of 13-h Re'~ (spin 2) and 64-h
Re'S2(spin 6 or 7). In the present experiment the 64-h
Re'"—13-h Re'" isomer-production ratio was determined
by decay analysis to be less than 0.065, a value which
reQects the much greater probability of forming the
lower-spin isomer in bombardments of zero-spin W's2

with 10-MeV protons. When the small contribution of
64-h Re'" was subtracted, the decay rates of the
1.1—1.2-MeV photopeak and of the positron activity
were identical within experimental error. It was
therefore clear that the observed positron activities

Fxo. 2. Decay of the position activities induced in enriched
and natural tungsten targets in bombardments with 10.2-

MeV protons.
n4iQ ~ ~

L

Targets of enriched W'~ (7%) and of natural

tungsten were irradiated with 10.2-MeV protons.
Counting of the induced activities, without chemical

separations, was begun about 3 h after bombardment
and was continued for several weeks. Positron intensities
were measured by coincidence detection of the annihila-

tion quanta and y spectra were recorded using a
3-in. )&3-in. NaI(T1) crystal. As the isotopic abundance

of %'" in each sample was accurately known, the ratio
of the proton cruxes incident on the enriched and

natural tungsten targets was established by measuring

the relative intensity of Re'~ 0.90-MeV p rays in the

samples about 20-days after the bombardment.
When a small amount of F"activity initially present

had decayed away, the positron activity in each sample

decayed to background with a 13—14 h half-life and
there was no evidence for a longer lived P+ component

(Fig. 2). As shown in Table III the positron intensity

was directly proportional to the isotopic abundance of

C:

E

a
O
O

~~
~~
O

OJ
O
gl

TABLE III. The isotopic composition of the tungsten samples
irradiated with 10.2-MeV protons and the intensities of the
positron and 1.1-1.2-MeV y-ray activities induced.

Target

Natural W
Enriched W'

Percentage isotope abundance
W180 W189 W188 W184 W188

0.14 26.4 14.4 30.6 28.4
6.93 43.7 11.8 18.8 1.67

p+
intensity
(arbitrary

units)

1.00
1.67

1.1-1.2
MeV y-ray
intens1ty
(arbitrary

units)

1.00
1.67

5 IO l5 20 25 30 36 40 45 50 55 60 65
Time (min)

FIG. 3. Growth and decay of the 902.2-keV y-ray activity in an
osmium sample chemically separated at time, t=0. The full line
is a calculated curve representing the production of a 2.45-min
daughter activity in the decay of an initially pure 22-min parent
isotope.
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It is noteworthy that the mass of Re'~ quoted in
many reference books is based" on the existence of a
1.9-MeV Re'~ positron; it should now be deleted.

C
& lo3

8

IO~O 4 6
Time (hours)

+IG. 4. The decay of the 238.6-keV 7-ray activity of Os"'.

arose in the decay of 13-h Reis2 and not of Ream To
con6rm this assignment, a tantalum foil was bom-
barded with He' ions of 37 MeV, the optimum bom-

barding energy for Re'" production, ' and rhenium
was chemically separated. The P+ decay rate and the
intensity ratio of positrons to 13-h Re' ' p rays were
identical with the values observed in the proton
bombardments.

By assuming similar excitation functions for the
reactions W'~(p, e)Re'~ and W' '(p rs)Re' an upper
limit of less than 10 4 20-h positrons per decay of Re"
was calculated. The 13-h Re' ' decay scheme proposed
by Harmatz et u/. ' was used to calculate the intensity
per disintegration of all p rays contributing to the
1.1—1.2-MeV composite 7-ray peak and thus a branch-
ing ratio of (3.55&0.40) &&10 ' positrons per decay of
13-h Re' was derived. This agrees within experimental
error with the 13-h Re's' p+ branching ratio recently
reported by Badalov et O,l."

TABLE V. Principal y rays observed in the decay of 105-min Os"'.

E„(keV)

Exray
117.6
167.5
238.6
1061~1

Relative intensity'

144
28
5

100
10

& Normalized to an intensity of 100 for the 238.6-kev y ray.

' B. Harmatz, T. H. Handley, and J. W. Mihelich, Phys. Rev.
123, 1758 (1961).

~'N. B. Badalov, S. S. Vasilenko, M. F. Haganskii, M. K.
Nikitin, Zh. Eksperimi Teor. Fiz. 44, 35 (1963) /English transl. :
Soviet Phys. —JETP 17, 24 (1963)j.

C. The Decay of 2.45 min Re"

I'"ischer" reported a 2.4-min Re'~ isomer decaying
principally by electron capture with the emission of
106- and 880-keV p rays. We have produced this
isotope in 32-MeV He3 ion and 65-MeV He4 ion bom-
bardments of tantalum and have con6rmed that its
half-life is 2.45~0.10 min; we have also con6rmed the
mass assignment in 10-MeV proton bombardments of
enriched W'~ and natural tungsten targets. As no other
activity which could be assigned to Re'~ was observed
in any of these bombardments, it can be assumed that
the 2.45-min activity corresponds to the decay of the
Re'~ ground state. The most intense p rays observed
are listed in Table IV. The 103.6-keV y ray obviously
corresponds to the well known 2+—0+ transition in the
ground-state rotational band of W'"; however, 7 rays
corresponding to the 6+—4+ and 4+—2+ transitions in
this band were not observed in the spectra. The intense
902.2-keV p ray corresponds closely in energy with a
strong 904-keV transition observed by Graetzer et el."
in conversion electron spectroscopy of the levels of W'"
populated in the reaction Ta's'(P, 2e)W'~. The decay
of Re' will be discussed fully in Ref. 1, when the p-p
coincidence results will be presented.

D. The Decay of Os~

Owing to severe difhculties encountered in obtaining
good coincidence data for 2.45-min Re' because of
its short half-life, a search was made for its even-even
precursor Os'~, an isotope which had not previously
been identified. Enriched W'I (7%) was bombarded
with 32-MeV He' ions and fast osmium chemistry was
performed. The 103.6- and 902.2-keV y rays character-
istic of Re'~ decay were observed to grow in before
decaying finally with a half-life of about 22 min. In
I ig. 3, the growth and decay of the 902.2-keV y-ray
activity is seen to follow the behavior expected for a
2.45-min daughter activity growing in and reaching
transient equilibrium with an initially pure 22-min
parent isotope. Two repetitions of this experiment gave
condrmatory results. The 2-min osmium activity could
not be detected in enriched W's' (92%) targets bom-
barded with 32-MeV He' ions, although Os'" and other
osmium activities were produced in high intensity;
on the other hand, bombardment of enriched W'82

with 68-MeV 0, particles produced intense sources of
the 22-min activity. The evidence favoring the assign-
ment of the new activity to Os'~ is therefore rather

"L.A. Konig, J. H. K. Mattauch, and A. H. Wapstra, Nucl.
Phys. 31, 18 (1962).

's V. K. Fischer, Phys. Rev. 99, 764 (1955).
» R. Graetzer, G. B. Hagemann, K. A. Hagemann, and B.

Elbek, Nucl. Phys. 76, 1 (1966).
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Fxo. 5. Growth and decay of the
365.5-&eV y-ray act1vity of Rezsi 1

an osmium sample chemically sepa-
rated at time, t=0, The full line is a
calculated curve representing the pro-
duction of a 20-h daughter activity in
the decay of an initially pure 105-min
parent isotope.
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400

conclusive. Using the intense sources produced in the
68-MeV n-particle bombardments, the half-life of Os'"

electron capture but does not emit any strong character-
istic y rays.

A 23-min osmium isotope emitting 93™and 101-keV
conversion electrons and produced in high-energy
proton bombardments of Re"', was assigned by
Foster et al.' to Os'" We have found (see below) that
this assignment is not correct. It is very pro a e arobable that

Foster et ul. observed the decay of Os'", and that the
93- and 101-keV conversion lines corresponded to L
and M conversion, respectively, of the 103.6-keV
transition in the decay of Re'~.

E. The Decay of Os'"

Surkov et al."have assigned to Os'" a 2.7-h osmium
activity pro uce in

' 't d ced in 660-MeV proton bombardments
of gold. An intense 230-keV p ray characterized t e
decay, and the mass assignment was confirmed by
Re'" milking experiments. We have produced Os'" in
32-MeV He' ion and 65-MeV He4 ion bombardments of
enriched W'". This isotope decays by electron capture
with a half-life of 105+3 min (Fig. 4) and the energies;
and relative intensities of its principal y rays are listed
in Table V. Diamond et a/. "have reported an osmium
isotope which emits 117-, 236- and 510-keV p rays and
decays with a half-life of about 100 min; they tenta-

ltive y assigne i od it to Os'83~. However, we have carefu y
181measured the growth of the 365.5-keV p ray of Re

into an initially pure osmium sample, and have found
that the parent of Re"' has a half-life of 105~15 min
(Fig. 5). The high quality of the spectral data is
indicated in Fig. 6, which shows clearly the marked
h roduced in the low-energy y spectrum as t e

105-min osmium activity decays into 20- e . e
105-min activity is therefore assigned to Os'" with
con&dence. The 510-keV p ray showed no 105-min
decay component and appears to belong exclusively to
22 h Os1S2.

Evidence for a 2.9-min isomer of Os'", emitting strong
117- and 142-keV p rays has also been observed in
bombardments of enriched W'" with 32-MeV He' ions

. A. S k G. M. Chernov, A. K. Lavrukhina and Z. V."Yu. . ur ov,
er. Fiz. 24 1119 (1960).Khromchenko, Izv. Akad. Nauk SSSR, Ser. 1z.

'~ R. M. Diamond, J. M. Hollander, D. J. Horen, an
Naumauu, Nucl. Phys. 25, 248 (1961).
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but a further experiment is necessary to establish the
mass assignment 6rmly.
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Test of Statistical Theory of Nuclear Reactions at 24 keV
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Neutron-activation cross sections have been measured for about 40 nuclei. An Sb-Be photoneutron source
was used for the measurements. The cross sections were measured relative to I",whose cross section was
taken equal to 0.82 b. With these measured values of the cross sections, calculations were made using the
statistical theory of nuclear reactions, to obtain information about the parameter P=D/2mI'y, where D
is the average level spacing and F~ the radiation width. These values of $ were compared with those ob-
tained from low-energy resonance parameters. In general there is good agreement between the calculated
and the observed values of P, which shows that the statistical theory is valid at this energy for all types of
nuclei, It was also found that $ is a smoothly varying function of the capture cross section 0..

I. INTRODUCTION

~' EUTRON —ACTIVATION cross-sections at 24
keV have been measured for about 40 nuclei to

complete the data on cross sections at this energy.
Cross sections in the keV energy region are helpful in
the design of reactors and in the study of the cosmo-
logical theory of element formation, ' as well as in the
study of nuclear reaction theories. ' All cross sections
were measured relative to I",whose cross section was
taken equal to 0.82 b.' ' In all cases we used a thin-
window beta counter for Ineasuring the activation cross
sections.

For very low energy one gets resonances in the
neutron-capture cross sections which can be explained
nicely by Breit-Wigner formulas. ' Some calculations'
of the capture cross sections have been performed in the
energy range of 0.030 to 4.0 MeV for Hf", Ta' ', W'

' E. M. Burbidge, G. R. Burbidge, W. A. Fowler, and F. Hoyle,
Rev. Mod. Phys. 29, 54'7 (1957).' B. Margolis, Phys. Rev. SS, 327 (1952).

'H. Feshbach, C. Porter, and V. F. Weisskopf, Phys. Rev. 96,
448 (1954).

4 A. M. Lane and J. E. Lynn, Proc. Phys. Soc. (London) A70,
557 (1957).' C. Mosson-Kotin, B. Margolis, and E. S. Troubetzkoy, Phys.
Rev. 116, 937 (1959).

'R. L. Macklin, N. H. Lazer, and W. S. Lyon, Phys. Rev.
107, 504 (1957).

'7 R. Booth, W. P. Bell, and M. H. MacGregor Phys. Rev. 112,
226 (1958).

8 J. M. Blatt and V. F. Weisskopf Theoretical Nuclear Physics
(John Wiley R Sons, Inc. , New York, 1952), p. 470.

~ J. A. Miskel, K. V. Marsh, M. L. Linder, and R. J. Nagel,
Phys. Rev. 128, 2717 (1962).

Au", and Th'" nuclei. These workers have compared
the calculated value of the cross section with the experi-
mentally measured value. In doing so they obtained the
value of a parameter )=D/2mI'~ (where I'v. is radiation
width and D is the average level spacing) which gives
the best fit. This value of $ was compared with the value
obtained from low-energy resonance parameters. '0 It
was found that, except in the case of Th'", the calcu-
lated value of $ is very close to the experimental value
obtained from low-energy resonance parameters.

In the present work we have put the measured values
of the cross sections into the expression for the capture
cross section obtained from the statistical theory of
nuclear reactions and have calculated the value of $ for
74cases (fromA=23 toA=232) at24keV. Thevalueof
] so obtained corresponds to zero-energy neutrons. '
From the values of the resonance parameters I'~ (the
radiation width) and D (the average level spacing), the
values of ( were obtained for the cases where these
parameters are known. To check the validity of the
statistical theory, values of $ calculated from the statis-
tical theory are then compared with the values of $
obtained from resonance parameters.

II. EXPERIMENTAL PROCEDURE

The Sb-Be photoneutron sources were obtained from
the Atomic Energy Commission, Trombay, Bombay.

' Brookhaven National Laboratory Report No. 325 (U. S.
Government Printing and Publisbigg 0%ce, Washington, D. C.,
1958), 2nd ed. , Suppl. No. 1,


