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g rays from the bÀ decay of 77Gem
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The decay of77Gem ~52.9 s! populating the levels of77As has been reinvestigated by measuringg-ray
singles spectra as a function of time with an HPGe detector. 13 newg rays are assigned to the decay of77Gem

and three new levels are added to the presently accepted level scheme of77As at the following energies:
503.89, 1604.686, and 1676.49 keV. Fromg-ray intensity measurements and logft values determined in this
work—combined with previously reported results—tentativeJp assignments have been made for the new
levels proposed.

PACS number~s!: 23.20.Lv, 27.50.1e
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Experimental method. We have studied the decay o
77Gem ~52.9 s! populating the levels of77As. Sources were
produced by irradiating 180 to 360 mg samples of 1.5 to
mm-thick detector grade germanium in the RA-6 Bariloc
reactor using a pneumatic tube system~about 1 s traveling
time!. The neutron flux was about 431012 cm22 s21 ther-
mal, and 831010 cm22 s21 epithermal. To enhance the ca
ture of neutrons by76Ge, as compared to the74Ge isotope,
the samples were placed inside 1 mm-thick cadmium cov
and irradiated for 60 s.g-ray singles spectra were obtaine
with a 12.3% relative efficiency ORTEC HPGe intrinsic-
coaxial detector with a resolution of 2.0 keV FWHM, me
suring the samples at a distance of 4.8 cm. A 6.4 mm th
Pb absorber, with Cd and Cu backings, was placed on
detector’s front end to avoid prohibitively high dead-tim
caused mainly by the low-energy~139.5 keV! g-radiation
from the isomeric decay of75Gem ~47.7 s!. Also, these ab-
sorbers help to attenuate the bremsstrahlung produced b
strongb rays from the decay of77Gem. To avoid having to
make variable-count-rate dead-time corrections, coun
was started as soon as the dead-time was below 5%, typi
40 to 110 s after the end of irradiation. Data were collec
in 4096 channels of a Nuclear Data ND76 multichannel a
lyzer ~MCA! which was programmed to count the sample
50 s real time, store the data on a floppy disk, and then c
the MCA data memory, repeating automatically th
counting-storing-clearing cycle ten times. The ND76 is c
pable of start acquiring a new spectrum within about 0.3
of having finished the previous one, thus collecting a se
ten 50 s-spectra in less than 505 s for each irradiated sam
Nine different Ge samples were irradiated and counted
this manner. The spectra were analyzed with the Nuc
Data analyzing package@1#.

Experimental results. The upper part of Fig. 1 depicts
g-singles spectrum which is the sum of the first five 50
individual spectra of all nine sets, that is, the sum of for
five 50 s spectra. The lower part of Fig. 1 depicts the sum
the second five 50 s individual spectra of these nine s
clearly showing the vanishing of the77Gem g rays. For the
calculation ofg-ray emission probabilities, the upper spe
trum shown in Fig. 1 was enriched by the addition of spec
0556-2813/2000/61~6!/067304~4!/$15.00 61 0673
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obtained in several other irradiations of 50 and 300 s du
tion, with counting times of 200 s@13#.

g-ray energies. Energy calibration of the MCA was ac
complished by a quadratic fitting routine@1# that was per-

FIG. 1. Upper spectrum: sum of consecutive spectra 1 to 5
all nine irradiated samples. Lower spectrum: sum of spectra 6 to
for the same nine irradiated samples. Labeled energies corres
to 77Gem decay. Inset shows evidence for ag ray of about 2006
keV.
©2000 The American Physical Society04-1
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TABLE I. Energies and intensities ofg-ray transitions taking place in the decay of77Gem. Uncertainties
shown correspond to one standard deviation.

Initial → Gamma-ray energy~keV! Gamma-ray emission probability
Final level Experimentala Adjustedb Relativec Absolute~%! d

1→0 (194.7660.03) 194.75660.029 —— (0.43660.049)
2→0 215.53260.059 215.52860.059 —— (21.862.3)
3→0 (264.4460.50) 264.4460.32 —— .0.015560.0035e

—— ,0.022460.0084e

5→1 (419.7560.03) 419.74860.030 —— (0.09760.015)
4→0 503.8660.18 503.8960.17 1130697 0.05160.010
5→0 614.4360.18 614.50460.041 1000 (0.045260.0081)
6→5 990.2960.27 990.16460.085 526657 0.023860.0050
7→5 1061.6160.50 1061.9660.12 115633 0.005260.0018
6→4 1100.7960.50 1100.7860.18 73637 0.003360.0018
7→4 1172.3660.50 1172.5860.19 89638 0.004060.0019
6→3 1339.9960.49 1340.2360.32 342645 0.015560.0035
6→2 1389.1360.50 1389.14060.098 157634 0.007160.0020
6→1 1409.9460.16 1409.91260.081 23806120 0.10860.020
7→3 1412.5060.70 1412.0260.33 152641 0.006960.0023
7→2 1461.2560.50 1460.9460.13 140633 0.006360.0019
7→1 1481.7360.24 1481.7160.12 1033665 0.046760.0089
6→0 1604.6560.10 1604.66860.079 48206220 0.21860.041
7→0 1676.4660.14 1676.4760.12 36306170 0.16460.031

aWe do not observe the 195 keVg ray because of our Pb absorber; the 264 and 420 keVg rays are both
strongly interfered by other Ge decays. Therefore, energies shown in parentheses are those adopted@2# for the
corresponding energies in the decay of77Ge~11.3 h!, using the criterion that they are better known than tho
adopted for the77Gem ~53 s! decay. However, since we are here proposing the existence of the 264 kg
ray, we have arbitrarily increased its energy uncertainty to 0.50 keV~the same as for our weakest lines!, with
the sole purpose of allowing numerical computations@4#, which are not sensitive to the precise value of th
uncertainty.
bAdjusted least-squares fit@4# using all energy and uncertainty values shown in the second column.
cThe 1s uncertainties shown include the uncertainties corresponding to the relative efficiency, the pea
as given by the analyzing package@1#, and those associated with the 614 keV reference line. The a
corresponding to the 504, 1062, and 1340 keV lines, were corrected for the contributions from the de
77Ge ~11.3 h!. The area corresponding to the 1100.79 keV peak was corrected for the contribution fro
1101.37 keVg ray from the decay of74Ga ~8.1 min! formed through the74Ge(n,p) reaction. For these
corrections, pertinent data were taken from Refs.@2,5#. 40K-natural–background contribution to the 1461.2
keV peak is negligible and was not taken into account. Except for the 1412 keVg ray, all other peaks
reported in this column are well resolved singlet peaks. Since theg rays under study have high enoug
energy, corrections due to internal conversion were neglected.
dAs explained in~a! above, values shown in parentheses were taken from Ref.@2# for the 195 and 420 keV
g rays. Given that for the 216 keV peak our efficiency uncertainty is of the order of 50%, and that this
strongest and a well established peak, we use the absolute emission probability~internal conversion included!
given in Ref.@2#.
eLower limit: it is obtained under the assumption that the 264 keV level is fed only by the 1340 keVg ray.
Upper limit: from the experimental background around the 264 keV peak we calculate a minimum dete
area@6# in this region and, since the peak is not discernible, take it as the upper limit for that area.
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formed for each sample immediately before its irradiatio
using a mixed source of60Co1( 108Agm1 110Agm)1 182Ta,
with a maximum useful calibration point at 1505 keV. Sin
theg rays under study have energies as high as 1676 ke
fresh source of28Al was placed along the mixed source ea
time, thus getting another calibration point at 1779 keV.
each of the nine spectra~each comprising the sum of the fir
five 50 s individual spectra! we determine—by means of it
06730
,
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individual energy calibration—the energies of nine of t
most intense peaks from77Ge ~11.3 h!, namely@2#: 367.40,
416.33, 558.02, 631.82, 634.39, 810.35, 1085.19, 1193
and 1368.4 keV, all having an energy uncertaintyDE
50.03 keV, except the last one which hasDE50.5 keV.
Depending on the net counts under the corresponding pea
each of the nine spectra, we assigned to each peak an en
uncertainty that varied from 0.15 to 0.50 keV and obtain
4-2
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FIG. 2. Decay scheme fo
77Gem as deduced from the
present results. Thin line: known
transitions and levels. Thick line
proposed new transitions and lev
els. We only show those energ
values andg-ray intensities that
were experimentally determine
in the present work. The 264-keV
transition is shown as a dashe
line because its presence is su
gested, but not actually observe
in our experiment~see text!. Beta
intensities and logft values are
given with their uncertainties in
parentheses, e.g., 56.3~31! means
56.363.1
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the total sum spectrum a weighted average for that ene
These averaged energies coincide, within uncertainties,
the accepted energy values quoted above. The uncertai
obtained for these averages are 0.05 keV for the five stron
peaks, and between 0.07 and 0.11 keV for the four wea
peaks. Having thus checked that our energy calibration,
procedure, are reliable, we apply the same procedure to
77Gem g rays except that, since the areas involved are g
erally smaller, this time we conservatively assign energy
certainties varying from 0.20 to 1.0 keV, again depending
the net area under each peak. The energies and uncerta
thus obtained are those indicated in the second colum
Table I. The peaks shown with energy uncertainties equa
0.50 keV are those lines which are not discernible in any
the nine spectra mentioned above but only show up in
total sum of these nine spectra. This 0.50 keV uncerta
was assigned somewhat arbitrarily, taking into account
when comparing the energies determined by the prev
procedure with those obtained from the total sum spect
@Fig. 1~a! in Ref. @13##—internally calibrated with the77Ge
~11.3 h! main lines—they are within 0.30 keV in the wor
case~989.99 keV for the 990.29 keV line!, and within 0.20
keV or less in all other cases. It is worth noting that we a
now reporting new energy values, with corresponding low
uncertainties, for the known 215 and 614 keV lines.

Half-life check. Decay studies@13# on the four most in-
tense peaks agree with the value (52.960.6) s for the77Gem

half-life @3#.
g-ray intensities. Because of our experimental procedu

(Pb1Cd1Cu absorbers!, we can only use as a reference lin
the 614.3 keVg ray. The contribution of the 614.39 keVg
ray from the decay of77Ge ~11.3 h! was taken into account
All areas were corrected for self-attenuation produced in
germanium samples. Details on the measurement of the
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tive efficiency curve can be found in Ref.@13#. Its estimated
resulting uncertainties~one standard deviation!, lie between
1.2% and 2.5% in the energy interval of interest, i.e., 500
1700 keV.

Table I summarizes the energies and intensities of
g-ray transitions taking place in the decay of77Gem. Based
on these results, and energy-sum relations, the decay sch
for 77Gem was established as that given in Fig. 2. Regard
the proposed 264 keV line, since we detect ag ray with an
energy of 1339.99 keV, we assign its origin to a partial d
population of the proposed level at 1604.65 keV leaving
77As nucleus in its well established level@2# at (264.401
60.014) keV: (1604.6560.10) – (1339.9960.49)5(264.66
60.50) keV. We are unable to detect this peak with t
present experimental setup because of strong interfere
from other Ge decays. The absoluteg-ray emission prob-
abilities shown in the last column of Table I are based@2# on
Ig5(0.045260.0081)% for the 614 keV reference line
With these absolute emission probabilities, and throug
detailed intensity balance@7# for each level, we get theb
branching ratios, and thereby the corresponding logft values
shown in Fig. 2. For the detailed intensity balance calcu
tion, the totalb branching for the 160 keV metastable sta
in 77Ge was assumed@2# to be (7962)%. Theb branching
ratios obtained are shown in Table II where the energies
the different levels involved have been corrected for nucl
recoil, although this correction never amounts to more th
0.02 keV.

Spin assignments. All log ft values found in this work
agree within uncertainties with those given in Ref.@2# for the
previously knownb decays to the levels at 0, 195, 215, a
614 keV. Therefore, in what follows we shall refer only
the newly proposed levels in77As.
4-3
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264 keV level. The intensity measured for the 1412 keVg
ray shows that theb branching to the 264 keV level lie
below 0.01% and is probably zero. This result is compati
with the well established valueJp55/22 for this level be-
cause this assignment would suggest a second forbiddeb
transition for the decay of77Gem to this level.

504 keV level. Our logft value of 7.8 for this level would
seem to indicate that it is probably fed through a first forb
den transition. However, it is not uncommon to find hi
log ft values for allowed transitions in this region of the n
clide chart and, in effect, there is enough evidence for aJp

51/22 or 3/22 assignment from nuclear reactions expe
ments performed by Bettset al. @8#, Schraderet al. @9#, and
Rotbardet al. @10#.

1605 and 1676 keV levels. Our respective logft values of
5.7 and 5.8 for the decay to these levels suggest an allo
transition in both cases. Therefore, since theJp51/22 value
for the 160 keV parent level in77Ge is well established, we
proposeJp51/22 or 3/22 for both these levels. This assign
ment agrees with theJp found by Bettset al. @8# for their
1674 keV level, and with the work by Rotbardet al. @10# for
their 1606 and 1660 keV levels.

Discussion. Reference@2# reports a level diagram for th
decay of77Gem that is almost exclusively based on the wor
of Imanishi and Nishi and of Meeker and Tucker@11#, both

TABLE II. Beta branching ratios in the decay of77Gem.

Intensity balance (b2%)
Level Energy~keV! This work Ref.@2#

0 0.0 56.363.1 5763
1 194.75660.029 0.18460.056 0.4160.07
2 215.52860.059 21.862.3 21.262.3
3 264.4460.32 0.000060.0094
4 503.8960.17 0.04460.011
5 614.50760.041 0.11360.018 0.13860.019
6 1604.68660.079 0.37660.047
7 1676.4960.12 0.23360.033
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dating back to 1970. Since Imanishi and Nishi were trying
establish the existence of a low-lying triplet of levels
77As, they only measuredg rays up to an energy of abou
580 keV. Meeker and Tucker measuredg rays with an en-
ergy cutoff at 1000 keV. Therefore, in both cases, they w
unable to see most of the newg rays we are reporting here

Except for the energies of the 195, 264, and 420 keVg
rays, the intensities for the 195, 216, and 420 keVg rays,
and the spin assignment to the 504 keV level, the le
scheme and data shown in Fig. 2 were obtained from
energy and intensity measurements performed in the pre
work. As can be seen in the inset of Fig. 1, we also obse
in the decay of77Gem a peak at an energy of 2006.2 keV
with an absolute intensity of about 0.005%. Insufficient d
prevent us from placing thisg ray in the decay scheme give
in Fig. 2.

A few words about expected—but not observed—g rays:
The levels of 77As that are fed by the decay of both th
ground and metastable states of77Ge, are the 195, 215, an
614 keV levels. All g rays depopulating these levels an
observed for the ground-state decay but not for the m
stable decay originate in the 614 keV level, having the f
lowing energies: 350, 399, and 420 keV. Theseg rays should
also be present in the decay of77Gem, but a study of the
spectrum obtained shows that the expected count rates
the peaks at 350 and 399 keV are both well below the ba
ground count rate in these energy regions. The 420 keVg
ray—although observed—is strongly interfered by pea
from both 75Ge ~1.38 h! and 77Ge ~11.3 h! decays.

Except for slight differences, the main results of this wo
have been reported by Farhan and Singh in@12# as a private
communication.
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puter processing of some graphs; E. Browne~Lawrence Ber-
keley Laboratory! for an early discussion of preliminary re
sults. The financial support by the Fundacio´n Jose´ A.
Balseiro is gratefully acknowledged.
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