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The mass of the N = Z nucleus 3824Ge has been measured by determining the positron end-
point energy from the prominent decay to the 427-keV state in 4Ga. The 5 Fe( C, 2n)8 Ge
reaction was used to produce 8 Ge, at a bombarding energy of 36 MeV. Off-line p -7 coin-
cidences were studied, as well as the half-life of the 427-keV transition. The half-life was
observed to be 70+ 7 sec, in ag. .ement with a previous measurement. The observed end-
point energy was 2.96 +0.25 MeV, leading to a total decay energy of 4.41+0.25 MeV, and a
mass excess of —54.43+0.25 MeV for 84Ge. Implications for nucleosynthesis and the solar
system abundance of Zn are discussed.

I. INTRODUCTION

Recently, calculations of nucleosynthesis in
supernova models involving detonation of a "C
core have been made by Arnett, Truran, and
Woosley. ' By allowing the nuclear reaction net-
work to extend beyond the Ni isotopes to include
nuclei as heavy as "Ge, they were able to obtain
excellent agreement with observed solar system
abundances for elements in the iron group. In

particular, the elements on the high-Z side of the
iron peak (Co, Ni) are produced in such a model.

One of the important nuclei' involved in the re-
action network is '„'Ge, an "n particle, " or even-
even N= Z, nucleus. The a-particle nuclei play
a major role in the explosive nucleosynthesis of
elements up to the mass-60 region, because of
their relatively high stability, and also because
the material being processed tends to have nearly
equal numbers of protons and neutrons. These
nuclei are mainly involved in a series of (o., y)
radiative capture reactions [or equivalently, a
series of (a, P)(P, y) sequences], which are usual-

ly thought to be ineffective beyond "Ni. During
explosive nucleosynthesis at high temperatures,
the possibility exists that such a capture chain
could also produce significant amounts of heavier
nuclei, such as ' Zn and "Ge. The final abun-
dances for these nuclei are determined by a partial
equilibrium, in which important parameters are
the binding energy of the last n particle and the
freeze-out temperature (the temperature at which

the nuclear reactions essentially cease). The
participation of '4Ge in this process is of interest
because of the high solar system abundance of
"Zn, which is not completely explained by s-pro-

cess neutron capture. '
Until recently the isotope "Ge had not been ob-

served. It was predicted to be particle stable by
Garvey et a/. ,

' who also predicted its mass. As-
suming a ground-state spin of 0', '4Ge is expect-
ed to decay by positron emission to 1' states in
2.6-min 3]Ga. Using the mass excess calculated
by Garvey et al.4 of -54.03 MeV, and the known

value of the "Zn mass excess, ' the Q value for
the ' Zn(o. , y)' Ge reaction is predicted to be +2.26

MeV. This is also the binding energy or separa-
tion energy S~ of the last n particle in '4Ge.

Robertson and Austin' (henceforth referred to
as RA) have reported the observation of "Ge.
They give a value of 63.7~2.5 sec for the half-life,
revised slightly from their published value, but

they did not measure the mass.
In this article we confirm the observation of

"Ge, and report measurements of its mass and
half-life. The astrophysical implications of the
observed mass are discussed.

II. EXPERIMENTAL METHOD

The isotope "Ge was produced via the "Fe-
("C, 2n)"Ge reaction at 26-MeV bombarding en-

ergy, using the "C" ions from the MP tandem
accelerator at the Brookhaven National Laboratory
(BNL). The target, enriched to 92fp in "Fe, was
evaporated on a 0.038-cm gold backing, and was
about 470 pg/cm' thick. Using the BNL rabbit
facility, the target was cyclically bombarded in
vacuum for 60 sec, and pneumatically transferred
into another room where a 2.5-cm-deep && 4.6-cm-
diam NE102 plastic scintillator and a 60-cm'
Ge(Li) detector were used to detect positrons and
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FIG. 1. Experimental configuration for off-line posi-
tron~ coincidence measurement. Not shown are Pb
shielding blocks surrounding both detectors.

A. Half-Life Measurement

BA observed five y transitions which they as-
cribed to the decay of "Qe: 128.2+0.2, 384.1
+0.3, 427.0+0.3, 667.1+0.3, and 774.5+0.3 keV.
For the present half-life measurement, five 50-
sec counting periods were used, and 4096-chan-

decay y rays in close geometry. See Fig. 1 for
the experimental configuration. The sensitivity
for low-energy y rays was hampered somewhat
by the presence of the gold backing between the
target and the Ge(Li) detector, but the most in-
tense transition from "Ge, at 426.9+0.3 keV, was
easily seen. A programmable sequence timer
driven by a crystal oscillator was used to time
the various functions in the timing cycle. For
both the half-life and the mass measurements,
counting began 15 sec after the end of the bom-
barding period. This waiting period allowed short-
lived impurities to decrease before counting began.

nel y spectra were accumulated for each time
"bin." A pulser signal was injected into the Ge(Li)
preamplifier to provide a dead-time normaliza-
tion. Figure 2 shows part of the y spectrum in
the first 50-sec time bin. Of the five y rays from
"Qe decay, only the 426.9 + 0.3-keV y ray was
present with sufficient intensity to be seen. The
other y rays were obscured by contaminant peaks
or high background. Other prominent transitions
in the spectrum are lines from the decay of 2.6-
min "Qa, which was copiously produced by the
"Fe("C,Pn)'4Ga reaction, and lines from 8.4-h
"Cu, arising from the ' Fe("C, nP)"Cu reaction.
The run had a duration of 21 h.

To extract the yield of the 426.9-keV y ray, the
five spectra were each compacted by a factor of
2, and smooth background lines were drawn under
the peaks of interest by eye. The top three com-
pacted channels were used to represent the yield.
The resulting relative yields were corrected for a
contribution from 2.27-h "Qe at 427.8 keV. ' The
magnitude of this correction was obtained from
the intensity of the "Ge line at 381.9 keV; it
ranged from 1.4% for the first time bin to 8.6/0

for the fifth time bin. The effects of differential
absorption by the gold backing, unequal detector
efficiencies at 382 and 427 keV, and differing line
widths at 382 and 427 keV were taken into account.

In contrast with RA no correction for a transi-
tion in the decay of '~Ge at 427.1 keV was applied
to the '~Ge yield. Konijn et al. ' reported such a
transition with an intensity of 4%%up of the prominent
992-keV y ray. Mann, Tirsell, and Bloom' gave
an upper limit for a 427-keV transition of &0.8%%uo

of the 992-keV transition. The observed yield of
426.9-keV y rays in the present experiment to-
taled at most 1% of the observed 992-keV intensity,
but had a much shorter half-life. In a search for
a 427-keV transition in the decay of "Qa formed
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FIG. 2. Part of the y spectrum for first 50-sec time bin. &he 478-keV peak appeared even in the absence of the
rabbit, and is attributed to Be contamination of the pb shielding blocks surrounding the detectors. y-ray energies
are given to the nearest keV.
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Zn(pq n) Gaq Davlds et Qf. Obtallled an up-
per limit for a 427-keV transition in the decay of
"Ga of (0.9 +0.9) X10 ' per 992-keV transition.
For this reason, no correction to the "Ge yield
due to "Ga was applied.

Another possible correction is from a 427-keV
transition following the decay of 38.9-min "Se."
This isotope could be formed by the ("C, 2n) re-
action on a ' Ni target impurity. However, the
"Ni impurity comprised less than 0.02%%u~ of the
'4Fe target, and thus no correction to the "Ge
yield was necessary.

Figure 3 shows the compacted three-channel
yield of 426.9-keV y rays as a function of time,
corrected for "Ge. Uncertainties are statistical,
and reflect a low peak-to-background ratio. The
straight line represents the fit obtained from a
nonlinear least-squares analysis, and results
in a half-life for this transition in the decay of' Ge of 70+7 sec. This uncertainty includes the
least-squares standard deviation, as well as a
contribution due to uncertainty in the value of the
subtracted background. The result agrees with
the value of 63.7+2.5 sec from BA.

As a consistency check, the half-life of the
prominent 992-keV transition from the decay of
"Ga was also extracted. The result was a half-
life of 157.4*0.7 sec, in excellent agreement with
the value of 159-~2 sec obtained by Moss et al."

IO

B. Mass Measurement

The decay scheme of "Ge as reported by HA

is shown in Fig. 4, By measuring the energy of
the positron in coincidence with the 427-keV y
ray, one can deduce the mass of "Ge. No y rays
from higher states fed by P' decay have even been
observed to cascade through the 427-keV state,
so that, as far as is presently known, there is a
unique p transltlon ln colncldence with the 427-
keV y ray.

Figure 1 shows the P'-y coincidence-detection
apparatus. Positrons leaving the target traversed
a 0.025-cm-thick Be window before entering the
detector. Conventional electronic modules were
used with a time gate 16 nsec wide for the fast
coincidence requirement, allowing a dynamic
range from 300 to 1600 keV for y rays. The P'
counting rate was limited to 20000 per sec, main-
taining the reals-to-randoms ratio greater than
800: 1. Bipolar pulses 600 nsec wide were used
for the linear P -ray signals to minimize pileup,
The P'-ray spectrum in coincidence with y-ray
pulses in the top four channels of the 427-keV
peak were stored in one section of an on-line com-
puter. Digital gates 20 channels wide were set
on either side of the 427-keV peak, and the P'
spectra in coincidence with y-ray pulses within

these gates were also stored separately. These
latter two spectra served as a measure of the
background P' spectrum in coincidence with the
y-ray continuum underlying the 427-keV photopeak.
The positions of the three digital gates were
checked several times during the coincidence mea-
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FIG. 3. Relative yield of the 426.9-keV transition as
a function of time. The straight line represents the non-
linear least-squares fit for a half-life of 70 sec. The
yield has been corrected for a small contribution from
86Ge

FIG. 4. Decay scheme of ~4Qe, taken mainly from RA.
+

The p -ray energies and logft values have been recom-
puted, using the present measured mass. The average
of the present half-life and that of RA is 64.4+2.4 sec.
The half-life shown fox 64Ga is an average of the present
value and that of Ref. 14. All energies are in MeV.



MASS OF "Ge AND ITS ROLE IN NUCLEOSYNTHESIS

surement to ensure that the photopeak gate mas
properly positioned.

For the coincidence work, data vere stored for
two consecutive 60-sec time bins starting 15 sec
after the end of a 60-sec bombardment. The target
was replaced every 3-4 h in a total run of 20 h,
to reduce long-lived activities. The resulting two
background spectra from the 20-channel-wide
gates on either side of the 427-keV peak were
identical within statistics, and one tenth of their
sum vas subtracted from the P' spectrum in coin-
cidence with the four-channel-wide gate. This
was done for both time bins, and the results had
statistically the same shape for each time bin.
The corrected results from both time bins vere
added together and the sum spectrum was com-
pacted by a factor of 4. This spectrum is shown
in Fig. 5.

The solid curve in Fig. 5 is a shape fit to the
data, and vas obtained in the following way. Im-
mediately after the completion of the coincidence
mork, the gain of the plastic scintillator was de-
termined by storing the spectra due to "Y and"Th y rays. This rough electron calibration
indicated a positron end-point energy for the 427
'~oe transition of close to 3 MeV. The same de-
tection system was then moved to the 3.5-MeV
BNI Van de Graaff accelerator, where positron
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FIG. 5. Spectrum of positrons in coincidence with
426.9-keV y rays. The curve represents the spectral
shape deduced for a positron end-point energy of 2,96 MeV.

calibration sources of 66-sec "F [from "O(d, n)'7F]
and 7.33-sec "Al [from 24Mg(d, n)"Al] were pro-
duced.

During the measurement of a positron spectrum,
there exists the possibility of detecting Compton
electrons from annihilation quanta, which could
then sum with the positron pulse and distort the
spectrum. It was therefore necessary to deter-
mine the response of the detector to positrons
under conditions similar to those encountered in
the experiment. "F and "Al are ideal calibra-
tions, since they both have essentially (&99@)a
single P' transition"' '4 of weQ-known maximum
energy. In addition, their respective end-point
energies of 1737 and 3257 keV' conveniently strad-
dle the preliminary 3-MeV estimate of the end-
point energy for the "Ge P' decay under study.

The gain of the detection system and the zero
level of the pulse-height analyzer were then ad-
justed so that the Compton edges from 88Y and
"'Th sources matched to within —,"% in channel
number those values found just after the coinci-
dence work. A tantalum oxide target with 300 p.g/
cm' of "0was then bombarded with 2.2-MeV deu-
terons, and carried to the detection system where
"Fpositron spectra were separately stored for
four successive 60-sec time bins. After a delay
of 10 min, four more 60-sec spectra were stored.
After dead-time corrections were made, the spec-
tra were corrected for a very smaQ long-lived
background. Care mas taken to count at nearly
the same rate as encountered during the coinci-
dence mork, and the geometry was reproduced
almost exactly to automaticaQy compensate for
the energy loss in the Be window on the rabbit
system, the gold backing for the '4Fe target, and
nearby lead shielding.

The "Al activity was made by bombarding nat-
ural Mg foil 0.012 cm thick with 3-MeV deuterons,
carrying the foil to the remote counting station
and storing spectra in many successive time bins.
Small corrections for "F and "Mg were made.
It is possible at this energy for the "Mg(d, g) re-
action to make "Al, but a time analysis of the
spectra showed that the "Al yield was very smaQ
compared to the "Al activity. "Al and "Al have
P' end points of 3257 and 3212 keV, respectively. '
This fortunate near coincidence made it unneces-
sary to be further concerned with the small "Al
activity. An end point of 3250+10 keV was chosen
for the resulting "Al spectrum. A further cor-
rection of 10 keV mas made because of the thick-
ness of Mg through which the P' rays had to pass.

The "F and "Al spectra were taken at different
counting rates to observe the rate effect on the
P' shapes. This effect was small, and the cali-
bration counting rate was close enough to the rate
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used during the coincidence work that the un-
certainty incurred was negligible. The "F and "Al
spectra were then normalized to the same height
and the solid curve shown in Fig. 5 was constructed
by interpolating between the "F and "Al shapes.
The result for "Ge is very close to the shape for
"Al, since its energy is only 9/0 lower than that
of ' Al. The normalized Fermi functions for SAl

and "Ge are within 1.4%%uo of each other for all chan-
nel numbers «3 in Fig. 5, The first two channels
were not used in the shape-fitting procedure,
From this fit an end-point energy of 2.96+0.25
MeV is obtained, indicating a total decay energy
for '4Qe of 4.41+0.25 MeV. A logft of 4.53+0.17
is deduced for the ' Qe P' transition under study.

To obtain the mass excess for "Qe from its
total decay energy, the mass excess of '4Ga is
needed. This has recently been measured by
Davids, Matthews, and Whitmire, "using thresh-
olds in the "Zn(P, ny)"Ga reaction. Using their
value for the '~QR mass excess of -58.836+0.006
MeV, the mass excess for "Qe is deduced to be
-54.43 +0.25 MeV. This number is to be compared
with the calculated value of -54.03 MeV. The ex-
perimental mass excess is smaller by 0.4 MeV,
indicating that "Qe is more tightly bound than was
previously expected. The separation energy S„of
the last o. particle is 2, 66~0.25 MeV.

III. ASTROPHYSICAL IMPLICATIONS

In their calculations, Arnett, Truran, and Woos-
ley' studied nucleosynthesis occurring in the core
of an intermediate-mass star (4 &M/Mo& 9) which
has undergone explosive ignition of the "C+"C
reaction. The detonation wave so produced causes
a rapid rise in temperature (to above 6x10' 'K),
setting up a complete nuclear statistical equilibri-
um. After the passage of the detonation wave, the
material expands and cools, passing through a
series of equilibrium configurations until freeze-
out temperatures for the various nuclear species
Rre reRched.

The elements on the high-Z side of the iron peak
are primarily formed in the lower-density outer

region of the core. This is due to the high abun-
dance of helium, which enables the e-capture
chain to proceed as far as '4Qe, and possibly
further. An approximate quasiequilibrium be-
tween "Ni(c., y)"Zn(o. , y)"Qe is formed, finally
freezing out at a temperature of about 2.5 &10'
'K.

This partial equilibrium requires that the num-
ber densities of 'Qe, 'He, and "Zn be related by

N('~Ge) =const xN(' Zn)N(~He)T "'exp(S /kT),

where k ls Boltzmann s constant Rnd T ls the temp-
erature in degrees Kelvin.

The "Qe so produced rapidly decays to "Zn
through "Qe after the explosion. In the original
calculations which used the Garvey et aE.' esti-
mate for 8, the amount of "Zn produced by the
explosion normalized to "Fe totalled only about
1/0 of the solar system abundance. Using the ex-
perimental value for S, a straightforward use
of the above relation yields a larger production
of '4Ge, as much as a factor of 40 greater. This
estimate is confirmed by preliminary calculations
of Arnett and %oosley, "incorporating the experi-
mental S„, which show that 20%%uo or more of the
solar system abundance of "Zn can be produced
as "Qe in such an explosive event. These results
are in disagreement with those of BA, who con-
cluded that e-capture reactions play no role in
the nucleosynthesis of "Zn.

Because the amount of "Qe produced in this
type of explosive event is significant (mass frac-
tions of Sx10 ' or greater), it is reasonable to
expect that further e-capture reactions might
carry the Qow of nucleosynthesis in regions of
high helium density to even higher masses. Ex-
perimental and theoretical studies to investigate
this possibility are presently under way.
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Excited states of 20F which deexcite via y-ray cascades through the 823-keV state were
studied using the ~ 0(3He, P) reaction at a beam energy of ESH =2.88 MeV. Particle y-ray
angular correlations in a standard collinear geometry were obtained using NaI detectors for
observing those y rays which were in coincidence with proton groups representing excited
states up to 4.3 MeV excitation. The analysis of these data involved the simultaneous fitting
of the correlations of all possible cascading y rays from the state under study and resulted
in the measurement of spins, branching, and multipole mixing ratios for some excited states
and their subsequent electromagnetic deexcitations. Coincident y-ray spectra were also ob-
tained with a Ge(Li) detector which provided additional information regaxding the more com-
plex decay schemes. Previously unreported lifetime information for the 1824- and 1972-keV
states was obtained using the Doppler-shift-attenuation method and the O(t, ey) F reaction
at a beam energy of E&= 2.85 MeV. These mean lifetimes are ~65 fsee and «1.1 psec, re-
spectively. The combined data for the 1824-keV state, as well as recently reported two-
parti. cle transfer data, suggest that the 823- and 1824-keV states are the J"=4+ and 5+ mem-
bers, respectively, of the ground-state rotational band. Data obtained regarding the 1972-
keV state suggest that this state has a J~ =3 assignment, while those for the 2195-keV state
imply a J~ =3+ assignment. The results of this experiment are compared with recently re-
ported shell-model calculations.

I. INTRODUCTION

The nuclear spectroscopy of the excited states
of "F is not well understood despite a large num-
ber of completed experimental investigations.
This is due in part to the fact that many of the
combinations of targets and reactions normally
used with conventional standard investigative
techniques do not always yield unambiguous spin
assignments. One recent study' reviews the avail-
able spectroscopic information and compares this
information with the results of the Oak Ridge shell-
model calculations. ' These shell-model calcula-
tions have been very successful in describing nu-
clear properties of many nuclei in this mass re-
gion and should, as a consequence, be just as
successful with the nucleus 'OF. One of the re-
sulting features of these calculations (independent
of the Hamiltonians used) is a set of rotational-
band-like states starting with the J' = 2' ground

state. The predicted J"=4' state is consistently
positioned in the region of excitation equivalent
to 1 MeV, while the J"=5' state is generally pre-
dicted to be at an excitation energy of about 2 MeV.
A recent report' points out the consistency between
experiment and theory if it is assumed that the
656- and 823-keV states are the J' =3' and 4'
members of this rotational band, although the 823-
keV state was known to have spin J =2 or 4. In
addition to positive-parity states generated by the
presence of the active nucleons in sd-shell orbits
as calculated by the Oak Ridge shell-model group, m

it is expected4 that there should be some low-lying
negative-parity states whose origins are outside
of the sd shell.

The present investigation consisted of a study
of the excited states of "Fusing the "0('He, Py)-
'OF and "O(t, ny)"F reactions at bombarding ener-
gies of E3„,=2.88 and E, = 3.0 Me7. The investi-
gation was undertaken in an effort to better under-


