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Metastable States of Ge"t'*
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(Received July 3, 1933)

The decay of As ' to Ge" has been investigated with scintillation counters. The E capture is followed
by a 53.9-kev gamma ray which in turn is followed by a 13.5-kev transition to the ground state. The total
conversion coeKcient of the 53.9-kev gamma is 4.7 and the lifetime is between 900 microseconds and 10
seconds. The half-life of the 13.5-kev transition is 4.6 microseconds. The available evidence points to the
53.9-kev transition being M2 and the 13.5-kev transition E2 with a possible small admixture of M'1. Spin
and parity assignments are discussed.

S part of a general search for nuclear isomers with

~

~ ~

lifetimes in the millisecond range, it seemed per-
tinent to examine further the disintegration scheme of
Asrs. Johansson, ' on evidence obtained from measure-
ments with a P-ray lens spectrometer, suggested the
decay scheme shown in Fig. 1. It was of particular
interest to investigate the lifetime of the 53.9-kev
transition, as half-lives in the millisecond range are not
expected to be very common. ' A knowledge of the life-
times is also helpful in verifying the spin and parity
changes involved. In addition, it was desirable to con-
6rm the existence of the 13.5- and 53.9-kev gamma rays
by means of scintill. ation spectrometer techniques. The
order of emission of the gamma rays was also investi-
gated and found to be the reverse of that proposed by
Johansson on the basis of shell theory.

SOURCE PREPARATION

As" was obtained from Oak Ridge as carrier-free
arsenite in 2.8M HCl. Metallic arsenic was precipitated
from a hot concentrated HCl solution to which had
been added 0.2-mg arsenic carrier (as AsOs ) and a few

tenths of a gram of sodium hypophosphite. In order to
make sources, portions of the precipitate were trans-
ferred to 0.001-inch Al foils, dried, and covered with a
film of 1 percent zapon. In addition, a NaI crystal was

grown from a melt containing some of the metallic
arsenic and 0.5 percent TlI. This crystal retained only
a small fraction of the added activity and gave a
somewhat poorer resolution than commercial NaI(Tl)
crystals.

At the time the 6nal measurements were made, the
As~4 activity was less than 1 percent of As", and no
difhculties were encountered due to the presence of As '.
No other radioactive contaminants were found.
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EXPERIMENTAL RESULTS

Gamma-Ray Spectrum

The spectrum of the arsenic source was investigated
with a scintillation spectrometer using a -', X-,'g —,'2-inch
cleaved Nal(Tl) crystaP which was sealed against
moisture with a 0.001-inch aluminum foil. The asso-
ciated electronic equipment consisted of DuMont
K1186 photomultipliers, regulated high-voLtage power
supplies, 4 a modified version of the non-overload ampli-
6er, ' and a gray wedge pulse-height analyzer. ' The spec-
tra were photographed on Kodak type IV-0 spectro-
scopic 6Lm, then printed with such magni6cation that
the intensity scale corresponds to that of commercial
semilog paper. DiGerent points on an isodensity line,
traced on such paper, would then have the correct
relative intensities.

Figure 2 shows a trace of the pulse-height spectrum
obtained with an external As" source. The energy scale
wa, s calibrated with silver K x-rays (22.0 kev) from a
Cd'" source. Since the gray wedge used covers an
intensity ratio of only 1:100, diGerent exposures were

required in order to examine the desired range. In

Fro. 1. Johansson's decay scheme for As" and Ga".

'The NaI(Tl} was supplied by the Harshaw Chemical Com-
pany.

4 W. A. Higinbotham, Rev. Sci. Instr. 22, 429 (1951).
6 R. L. Chase and W. A. Higinbotham, Rev. Sci. Instr. 23, 34

(1952).' Bernstein, Chase, and Schardt, Rev. Sci. Instr. 24, 437 (1933).

$ A preliminary report was given at the American Physical
Society Meeting, Washington, D. C. (April 30-May 2, 1953).

*This work was carried out under the auspices of the U. S.
Atomic Energy Commission.

f. Now at the Radiation Laboratory, University of California,
Berkeley, California.

' S. Iohansson, Arkiv. Fysik 4, 273 (1952).' M. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951}.
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FIG. 2. Pulse-height spectrum of an As"o an s source external to a
NaI(Tl) crystal.

7Qecause of their greater accurac Johy, Jo ansson s energy values
roug out the paper,

addition to the 9.9-kev germanium — d 5 . -anium x-rays and 53.9-kev
gamma rays, 7 a line appears at 25 k h h

'

y . -kev quanta ejecting photoelectrons from iodine
in the NaI(Tl) scintillator without sub t
o e iodine E radiation in the crystal. The 13.5-kev

conversion coefficient (see Table II). No line at 81 kev,
corresponding to the 75-kev conversion electrons re-

the
ported by Johansson was obser d Thve . e statistics in

e background are such that it would h bwou ave een pos-
si e o see a line 0.2 percent as strong as the 53 9-k

ansson measured the ratio in intensity of the
s e . -ev

e conversion elec-75- ev conversion electrons to the E
rons associated with the y2 transition a d f d

'

e . percent. Thus, the 81-kev quanta, if present in
our source, must have almost h' h

~ ~

as ig an internal con-
version coe%cient as the 53.9-k 1' . S. - ev ine. Similarly, the
crossover transition, which would appear at 67.4 kev
is not found.

~ )

The ulseh
'

p se height spectrum obtained with the NaI(Tl)
crystal containing As7' is shown

' F' . 3 . "'
own in ig. 3a. Since this

source was much weaker than th t 1e ex erna source, the
ai o t e photomultiplier. ,noise is more noticeable and

decreases the peak-to-trough ratio of the 9.9-kev line.
The escape peak at 25 kev is absent because thuse e activity
is is ributed throughout the volum f tho ume o t e crystal.
There is still no indication of the 13 5-ke . — ev transition
reported by Johansson. ' The gray wedge anal zer
requires 200 mimicroseconds to record an event and is

we ge anayzer

insensitive during this period. Consequentl, the 13.5-
kev transition, if it exists, must follow either the 9.9- or

microseconds but
9.9-kev ul

n s, but no pulses were observed aft thacr e

dela ed e
p ses. Figure 3b shows the spectr f hcrumo t ese

were use toaye events. Special trigger circuits
e e gray wedge analyzer sensitive only durin th

time from 5 to 2o 0 microseconds following a pulse with
uring e

an amplitude between 40 and 60 kev. Tev. wo separate
energy measurements gave values of 13.7 and 14.1 kev,
respectively, in agreement with hi To ansson s yi transi-
ion. However, this transition definitely follows rather

than precedes the 53.9-kev gamma ray. The obray. e o servation
no . -kev pulses were seen followin th 9 9-k.'g e . -ev

y on the Tektronix scope proves that the 53.9-kev
ransition must be delayed by th f

seconds.
y more an a ew micro-

Observations with the internal
ualitative

na source permit some
qua itative conclusions regarding transitions from As"
to the 13.5-kev and ground levels in Ge73. lf a ion
constant is

sin e . a ongtime
is used in the amplifier, pulses delayed by

only 2 or 3 microseconds will add to the hei ht of h
'g' pu se. Pictures taken in this wa sho d

p ced asymmetry on the high side of the 53.9-kevronounced
ange . is in icatesine, but left the 9.9-kev line uncha d. Th'

t at, at most, few delayed 13.5-kev quanta follow

, in o er wor s, no directirectly after a E capture in th d,
ecay was observed from As" to the 13.5-kev level.
he relative areas under the 9.9- d 53.9-k. - an . — ev peaks

( ig. Ba) give directly the ratio of Eio o captures to
o a .9- ev transitions. Because the hotom

noise background could not be evaluated accurately,

This shows that E capture t th do e groun state is not
a very probable mode of decay.
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I'iG. 3. Pulse-height spectra of an As 'o an As source incorporated in a
crys a . urve u shows the singles s ectrum

spectrum of pulses followin th 53.9-king e . - ev gamma ray.
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TABLE I. Experimental ratios of the intensities of various
radiations from As".

Intensity ratio

E2/ (I.g+M g)
L,/Mg
(L&+M&)/Auger
(X z-rays) /ys
(E x-rays)/yq

Experimental value

5.6&0.3'
5.4a0.5a
0.
6.2%0.6

&&1400

a See reference &.
b For purposes of calculation, a 10 percent experimental error was assigned

to this value.

s Broyles, Thomas, and Haynes, Phys. Rev. 89, 715 (1953).' M. E. Rose and J. I . Jackson, Phys. Rev. 76, 1540 (1949).' This decay energy was obtained from the threshold of the
Ge'3(p, l)As ' reaction reported by C. C. Trail and C. H. Johnson,
Phys. Rev. 91, 474 (1953}.

The relative intensities of the 9.9-, 13.5-, and 53.9-kev
photolines can be used to evaluate conversion coef-
ficients. The ratio of the number of E x-rays to that of
unconverted 53.9-kev gamma rays was measured with
the ~»-inch NaI(T1) crystal and external source. The
best value of this ratio was obtained from the ratio of
the steps in the integral bias curve, the escape radiation
being included with the 53.9-kev photoline. After cor-
rection for absorption in the 0.001-inch aluminum foil,
the ratio is 6.2.

To look for unconverted 13.5-kev gammas, a propor-
tional counter filled to two atmospheres with a mixture
of 90 percent argon and 10 percent methane was used.
No evidence for 13.5-kev photons was found, but an
upper limit of 1/1400 could be set for the ratio of
13.5-kev quanta to E x-rays. A smaller contribution of
13.5-kev gammas would have been masked by the high
energy tail of the x-ray peak. In arriving at the upper
limit, account was taken of the relative counting
eKciencies (88 and 59 percent) and resolutions (14 and
12 percent full width at half-maximum) at 9.9 and 13.5
kev, respectively, and of absorption in the 1.27 g/cm'
of beryllium used to absorb the betas from As~4.

The experimental intensity ratios listed in Table I
were used to calculate the total internal conversion
coeflicient (ns) of the 53.9-kev gamma ray, the E/L
conversion ratio (E~/I.~) and a lower limit for the total
internal conversion coefEcient (n~) of the 13.5-kev tran-
sition. All As" disintegrations were assumed to proceed
according to the decay scheme of Fig. 5.The fluorescence
yieM. of the germanium E x-rays was taken as 0.56, the
fraction of I. capture in As"' as 0.11; this latter value
was computed according to Rose and Jackson' for a
decay energy of 320+30 kev."The results of these cal-
culations for ns, Eq/I. ~, and nq are given in Table II.
As a check on the internal consistency of the data, the

+2+12+~2)/(I-g+Mg) was evaluated using
(I-i+W)/«g«, K x-rays/ys, and n, . The calculated
ratio is in good agreement with Johansson's experi-
mental value.

TABx,E II. Conversion coeScients and ratios of conversion electron
intensities for the two transitions in Ge".

Intensity ratio

Values
Calculated from the Measured by

data of Table I Johansson

~,= (E,yL,+%2)/»
EI/LI

~i = (&i+Ii+~i)/vi
(&s+Is+~2)/(I i+~r)

4.7&0.6
0.63W0.22
~&1300
1.25

&0.5

1.2

Measurements of Half-Lives

A gray wedge time-delay analyzer" was used to
record the data. In this instrument the radiation pre-
ceding the delayed transition triggers the blanked,
horizontal time sweep of an oscilloscope. The delayed
event stops the horizontal sweep and is displayed as a
vertical line trace. The face of the oscilloscope is photo-
graphed through a gray wedge mounted in such a way
that its transparency decreases in the vertical direction.
The gray wedge was calibrated as described by Bern-
stein et al. the time markers from a DuMont 256D
oscilloscope were used to calibrate the horizontal sweep.
The performance of the analyzer wa, s checked by trig-
gering the horizontal and vertical sweeps by random
events. This gave the expected horizontal line.

Since p& is completely internally converted, the
internal source was used to measure the half-life of the
13.5-kev level. The discriminators on the time-delay
analyzer were set such that any pulse between 40 and
70 kev would start the time sweep. A subsequent pulse
between 7 and 70 kev started the display sweep. Figure
4 shows the resulting picture taken on Kodak type IV-0
film. The average half-life measured from it and another
picture is 4.6+0.5 microseconds. The assigned. error is
due to the uncertainty in the wedge calibration. Another
possible source of error lies in the random after-pulses"
created in the photomultiplier by the 53.9-kev pulses.
This eGect was minimized by using a photomultiplier
with silver-magnesium dynodes. "It was not determined
exactly how much of an error this effect could have
introduced, but Fig. 3b shows very little evidence of
after-pulse s.

In an attempt to measure the half-life of the second
excited level of Ge~', a krypton-filled proportional
counter, channeled on germanium E x-rays, was used
to trigger the time sweep of the analyzer. The display
sweep was triggered by the photoline of the 53.9-kev
gammas as detected with a 4-inch diameter by —,'6-inch
thick NaI(Tl) crystal. Pictures were taken with a
Polaroid Land camera; although this results in de-
creased accuracy for ha, lf-life measurements, the data .

are obtained more rapidly. Time sweeps of 3, 8, 26,
60, 150, and 400 microseconds were used. The source
strengths were progressively decreased as the sweep

"Schardt, Bernstein, and Chase, Phys. Rev. 90, 353 (1953)."Mueller, Best, Jackson, and Singletary, Nucleonics 10, No. 6,
53 {1952).

'3 DuMont K1186.
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separation. Thus the half-life must be less than 10
seconds, since otherwise the decay of p2 would have
been discernable on the recorder tape.

awhile this work was in progress, Campbell" measured
the half-life of the 53.9-kev transition. His value is
0.33+0.05 second.
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FIG. 4. The decay of the 13.5-kev level as observed on the
time-delay analyzer. The measured half-life is 4.6&0.5 micro-
seconds.

time was increased so that, if one half-life occurred
during the sweep duration, the number of real coinci-
dences would have been at least ten times the number
of chance coincidences. There was no evidence of any
decay even when using the 400-microsecond sweep.

Measurements with the 900-microsecond sweep of
the time-delay analyzer were made with the internal
source in order to take advantage of its greater detection

efficiency and improved geometry. "The discriminators
associated with the time and display sweeps were set
to trigger on pulses from 5.5 to 65 kev and 40 to 65 kev,
respectively. Again no decay was found, though a life-
time comparable to the sweep time would have been
observable on the Polaroid prints. Thus a lower limit
of 900 microseconds was set for the half-life of the
53.9-kev transition.

It was possible to set an upper limit on the lifetime
of the 53.9-kev transition by making a rapid chemical
separation of arsenic from germanium and looking
immediately for a decay in the germanium fraction.
The procedure" used is as follows: An equal volume of
47 percent hypophosphite-free HI was added to a solu-
tion of pentavalent As~' (containing 0.2-mg As carrier)
in 3Ã HCI. The AsI3 formed was extracted into CHC13,
2—4 mg of germanium holdback carrier (as GeI4) were
added and the CHC13 layer was extracte'd with 1M
H2SO4. Less than 0.4 percent germanium is carried into
the H2SO4 acid layer, while tht; arsenic is removed as
As02 with an eKciency &95 percent. The time re-
quired for the layers to separate and to drain the CHC13
layer into a thin-walled glass vessel for counting is ~15
seconds. p2 was detected-by means of a standard scin-
tillation spectrometer connected to a Brush recorder.
In the two experiments performed the germanium
fraction had decayed to background within the time of

'4 With the external source, processes resulting in Auger and
internal conversion electrons could not be detected. The calculated
accidental rate is low enough with the internal source to permit
use of a 10-millisecond sweep time. However, 900 microseconds is
the longest sweep for which the analyzer was designed.

'"We are indebted to Dr. Rend J. Prestwood, Los Alamos
Scientific Laboratory, for suggesting the separation method.

DISCUSSION

The available evidence on the decay schemes of As"
and Ga~' is summarized in Fig. 5. Johansson's spin and
parity assignments, ' which were made partly on the
basis of shell theory, have been revised to take into
account the order of emission of the two gamma rays.
The Ge" ground state is known to be g9/2 from the
measured spin'~ and from shell theory. The ground states
of Ga7' and, As" are almost certainly p3/2 states, in
agreement with shell structure and in analogy to the
measured spins and moments" of Ga" and As". The
log ft values for the transitions from Ga" and As" to
the second excited state (67.4 kev) of Ge~' are 5.9 and
5.4, respectively, indicating allowed transitions. Thus
the 67.4-kevlevelcouldbe p&~2, p@2, or fq~&, any of these
assignments is compatible with the single-particle
model. However, the f5~2 assignment can be eliminated
because the 67.4-kev crossover transition was unob-
served (&2&&10 ' of unconverted 53.9-kev transitions).
According to Blatt and Weisskopf, " the theoretical

352
gamma half-life for an f~~2 .g9~2 transition of 67.4
kev is ~10 ' sec, a factor of about 10' shorter than the
experimental lower limit.

The 53.9-kev transition can be labeled fairly deh-
nitely as M2. Extrapolation of the E conversion coef-
ficient data of Rose et ul."to lower energies with the aid
of Spinrad's" threshold values shows that the experi-
mental value, o.z ——4.0, is compatible only with a M2 or
E2 assignment. The measured K/L ratio of 6 to 7' is
in excellent agreement with the value 6.8 obtained from
Goldhaber and Sunyar's' curve for M2, but not with the
value 1.7 for E2. In the case of the 13.5-kev transition,
the evidence points to an E2 assignment, with a possible
small admixture of 351. Transitions of multipole order
greater than two can be ruled out on the basis of lifetime
considerations. The threshold values for the total E
conversion coeKcients, "~64 (E1), 44 (351), 670
(E2) can be used to eliminate pure E1 and Mi type
transitions since the experimental lower limit for o,~ is
450. The measured K/L ratio, 0.63&0.22 is higher than
the value, 0.15, obtained by extrapolating Goldhaber
and Sunyar's' curve for E2 from Z'/E= 60 to Z'/E= 75.

"E. C. Campbell (private communication).' Way, Pano, Scott, and Thew, NNclear Data, National Bureau
of Standards Circular 499 and Supplements (V. S. Government
Printing Once, Washington, D. C., 1950).' J. M. Blatt and V. F. Weisskopf, Theoretica/ NucE. ar Physics
(John Wiley and Sons, Inc. , New York, 1952).

"Rose, Goertzel, Spinrad, Barr, and Strong, Phys. Rev. 83, 79
(1951).

~ B.I. Spinrad and L. B. Keller, Phys. Rev. 84, 1056 (1951).
I
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However, a recent accurate measurement" of the E/I.
ratio for the 84-kev transition in Yb'rg, 0.36+0.04 at
Zg/E=57, indicates that the E2 curve is too low for
large values of Zg/8; considering the experimental
accuracy of the original data used to construct the
curve, such a displacement is not unreasonable. Even
so, the observed E/I. ratio for the 13.5-kev transition
appears to be somewhat high for pure E2, and a small
admixture of M1 (K/I ~7.4)' cannot be excluded.

Since the 67.4-kev level of Ge" is either pits or pgtg,
the 13.5-kev level must be either 5/2+ or 7/2+, respec-
tively. Thus the two possible assignments for the
gamma cascade are

-390

-67.4

—13.5 46', sec

-0

kev Ga"
-1470 5.0 ht

As"
76 day - P&/e

/
/

r K"CAPTURE

r
P)/a Ps/g

7& 53.9 kev MP

I( 1 ~

5/e 4 &/2+

7.', 13.5 kev

M2 E2
pits -5/2+ :gWs, pcs -7/2+ Fzo. 5. Revised decay scheme of As'3 and Ga".

The intermediate level cannot be interpreted on the
basis of the single particle model since no low-lying

d5/2 or g7j2 levels can be expected for the forty-first
neutron in Ge~'. A reasonable assumption would be
that three neutrons are in the gg2 shell and that this
(ggtg)' configuration has spin 5/2+ or 7/2+. The (gg/g)'

configuration is also compatible with the fact that the
53.9-kev transition has a half-life about 600 times
longer than would be expected for a single particle M2
transition. The gamma half-life of the 13.5-kev transi-
tion (&~6)&10 ' sec) is to be compared with the theo-
retical values" 4&(10 ' sec for E2, and 9X10 ' sec for
Mi. Thus, at first glance, the lifetime would appear to
favor a pure E2 assignment for the transition and.
therefore a 5/2+ designation for the 13.5-kev level.
However, as discussed above, this level most likely has
a (ggtg)' configuration and therefore one would expect
the transition to the ground. state to be considerably
slower than a single particle E2 transition. A 7/2+
assignment for the 13.5-kev state and a mixed M'1+E2
transition to the ground state is thus a definite possi-

"Graham, Wolfson, and Bell, Can. J. Phys. 30, 459 (1952).

bility, although this interpretation would require an
exceedingly small matrix element for the Mi transition.

The fact that the lifetimes of the two gamma transi-
tions are long compared with those expected for M2
and M1 transitions, respectively, points to a relatively
high purity of the postulated (ggts)s configuration of the
intermediate level. This is in accord with recent con-
siderations on mixed configurations" which make it
plausible that purer configurations occur at the be-
ginning than in the middle of shells.

The authors would like to thank Dr. M. Goldhaber
and Dr. J. Mihelich for valuable discussions. A great
deal of help with electronic problems was given by Mr.
R. L. Chase, who also designed the time-delay analyzer.

Note added in, proof. In a rece—nt paper (Compt.
rend. 236, 1872 (1953)) R. Barloutaud and M. Sartory
propose a decay scheme for As" substantially different
from that of Fig. 5 and incompatible with the evidence
given in the present paper. However, Dr. Barloutaud
has kindly informed us that his experimental data are
consistent with our decay scheme.

~ A. De-Shalit and M. Goldhaber (private communication).


