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Beta-delayed proton decay of 'Ge
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The T, = —2, A =4n + 1 nuclide 'Ge has been produced via the Ca( Mg, 3n) reaction and

identified by its beta-delayed proton emission. A single proton group at 3.11+0.03 MeV with

t&&2
——40+15 ms has been observed, corresponding to decay of the T=

2 isobaric analog state in

'Ga to the ground state of Zn. Searches for the beta-delayed proton decay of the next member of
this series, Se, to be produced by the Ca( Si,3n) reaction, have proven unsuccessful.

INTRODUCTION

The decays of many proton-rich light nuclei have been
identified by their beta-delayed proton emission. This
work is facilitated by the fact that the isobaric analog
state, which is well populated by the superallowed beta
transition, is unbound to (isospin forbidden) proton emis-
sion. In such cases the overall delayed proton branching
ratio is large, and the proton spectra are dominated by
transitions from the isobaric analog state to low-lying lev-
els in the proton daughter. All members of the T, = ——,,
A =4n+1 series of nuclei from ' Ne to Zn, and all
known beta-decaying T, = —2 nuclei, exhibit this decay
pattern. In the present work we have extended the
T, = ——,', A =4n + 1 series by observing the delayed pro-
ton decay of 'Ge. Additionally, we have searched for the
next member of this series, Se.

Observation of the decays of these nuclei in this mass
region provides a means of probing the proton drip line,
whose location we have predicted by applying the
Kelson-Garvey mass relation. ' This charge symmetric
mass relation requires as input the masses of the T, =+ —,

'

and ——,
' nuclei and the mass of the mirror of the nucleus

being calculated. For A &61, the masses of the T, = ——,
'

series are not known, so they have been calculated from
their mirror nuclei using a formula for Coulomb displace-
ment energies derived from a recent fit to data. These
calculations indicate that the lightest particle stable iso-
tope for each element in this region is expected to be Ga,
Ge, As, Se, oBr, and 9Kr. Lack of mass measure-
ments for the T, =+—, series with A ~70 prevents appli-
cation of this technique for higher Z elements. The ener-
gies of beta-delayed protons corresponding to the decay of
the isobaric analog state in the daughter nuclide can also
be estimated in each case, by again applying the Coulomb
displacement energy formula, with the calculated mass of
the T, = ——,

' nucleus and the known mass of the proton
daughter; hence such measurements provide indirect tests
of these mass predictions.

These mass calculations predict that As, the beta
daughter of Se, should be unbound to proton emission
by 570+300 keV, the uncertainty being dominated by the
experimental uncertainty in the mass of Ge; hence, all

beta decays of Se should lead to proton emission. It is
also possible that As is a ground state proton emitter
with a measurable lifetime. However, its observation
would be experimentally difficult since its half-life may be
very short, and the proton energies would be too low for
conventional hE-E silicon detector telescope techniques.

As is also of considerable interest for its role in the as-
trophysical rp process.

EXPERIMENTAL METHOD

Beta-delayed proton emitters have been observed among
the products of the Mg + Ca reaction at energies from
77 to 120 MeV and the Si + Ca reaction from 73 to 128
MeV. The beams were provided by the Lawrence Berke-
ley Laboratory 88-in. cyclotron. Two different methods
were used to observe beta-delayed protons. One setup em-
ployed a pulsed beam technique observing radioactive
recoils stopped in the target, while the other used a
helium-jet transport system. In both cases silicon detector
telescopes were used to detect the activities.

In the pulsed beam experiment, the detectors were pro-
tected from radiation damage by a rotating tantalum
wheel located between the target and the detectors. The
slotted wheel controlled the pulsing of the beam, and per-
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FIG. 1. Diagram of the pulsed-beam target observation sys-
tem and associated electronics which control the pulsing of the
cyclotron beam and initiation of the counting period.
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with energies ranging from 1.2 to 6.5 MeV. Calibration
of the telescope was achieved using delayed protons from
'Mg, Si, S, Ca„'Ti, and Cr produced in the

' N + Ca reaction at 165 MeV (all listed bombarding ener-
gies are "on-target" values). The rotating disk served a
dual purpose: (1) it moved long-lived activities away from
the detectors, and (2) by using two different disk speeds,
qualitative information on the half-lives of the activities
was obtained. The overall efficiency of this system is ap-
proximately twice that of the target counting method.
The beams used in these experiments were produced in an
electron cyclotron resonance (ECR) source coupled to the
cyclotron; typical beam currents were 100 particle nA for
the Mg beams and 100—200 particle nA for the Si
beams.

RESULTS

24Mg+ Ca

Collimator
Rotating catcher wheel

FICs. 2. Schematic diagram of the helium-jet transport sys-
tem.

mitted the detectors to view the target through a slot in
the wheel while the beam was off. The target, biased to
+ 2.5 kV to suppress electron emission, was positioned at

an angle of 20' to the beam direction. A detector tele-
scope, which consisted of a 15 pm AE detector and a 250
pm E detector, was located perpendicular to the beam and
detected protons emitted by products retained in the tar-
get, with an effective solid angle of 0.24 sr. A typical
timing cycle consisted of an irradiation period of 85 ms
with an inspection period of 15 ms (to establish beam ces-
sation) followed by a counting period of 120 ms which
was divided into eight 15 ms channels. This setup, identi-
cal to that used to discover the beta-delayed proton emis-
sion of Ni and Zn, is shown in Fig. 1. This method
was used with 78 and 85 MeV Mg beams incident upon
a 1.5 mg cm natural calcium target. The beam was
produced in a Penning ion gauge source and gave beam
currents of 20—50 particle nA. Known peaks in the de-
layed proton spectra of Si and 'Ti, produced in
He + Mg and He+ Ca reactions, respectively, were used

to calibrate the detector telescope.
The other experiments employed a helium-jet transport

system which is shown schematically in Fig. 2. Nuclei
recoiling from a 1.9 mg cm natural calcium target nor-
mal to the beam were thermalized in 1.3 atm of helium.
These reaction products were transported on NaC1 aero-
sols through a 70 cm long capillary (1.27 mm i.d. ) to a
shielded detector box. There they were deposited on the
surface of a 15 cm diam rotating disk, directly in front of
a three-element silicon detector telescope consisting of 20
pm AE, 272 pm E, and a 300 pm reject detector. The
AE-E combination permitted the identification of protons
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FIG. 3. The delayed proton spectrum from the Mg + Ca
reaction at 85 MeV using the pulsed-beam target observation
system.

The beta-delayed proton spectrum obtained at 85 MeV
from the pulsed-beam target observation technique is
shown in Fig. 3. This spectrum is the result of 25 mC of
integrated beam (10+ ) on target. A peak is observed at
E&,b

——3.10+0.07 MeV, which can be attributed to the de-
cay of 'Ge (see below). At 78 MeV this peak is also evi-
dent, with a yield two-thirds of that at 85 MeV. Its half-
life was deduced to be 40+15 ms using data from both
bombardments; the decay curve is shown in Fig. 4. Peaks
at 1.78 and 2.08 MeV, which had long half-lives, are iden-
tified as being due to the delayed proton decay of Zn
( t, )q ——210 ms).

Figure 5 shows the delayed proton spectrum obtained
with the helium-jet transport system in the 120 MeV bom-
bardment. In addition to a peak at 3.11 MeV, delayed
protons from Co, Zn, Zn, and Si are evident. The
yields of the proton groups at this energy have been com-
pared to those at 77 and 90 MeV, also measured with this
system. These observations have been compared to calcu-
lations made with the statistical model fusion-evaporation
code ALIcE. The yields of Co, Zn, and Zn were
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trum at 120 MeV, but cannot account for the yield of the
3.11 MeV peak being a maximum at 90 MeV and being
readily observed at lower energies. Also, the observed
half-life of the 3.11 MeV peak is too short for Ca
(t, &z

——175 ms). Further evidence against Ca is provided
by the data obtained with the Si beam, discussed below,
where the peak was again observed while the max-
imum beam energy was below threshold for the
' 0( Si,a3n) Ca reaction.
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FIG. 4. The decay curve for 'Ge, incorporating data taken
at 78 and 85 MeV.

found to be consistent with these calculations. Si is be-
lieved to be produced in transfer reactions on the Havar
target chamber entrance foils where the beam energy is
sufficiently high (146 MeV) for such reactions to occur.
The 3.11 MeV peak is attributed to the decay of 'Ge,
since its yield is a maximum at 90 MeV, as expected from
the ALIcE calculations. This peak is identified as the
transition from the isobaric analog state in 'Ga, fed by
the superallowed beta decay of 'Ge, to the ground state
of Zn. The predicted proton energy for this transition
obtained from the Kelson-Garvey mass relation and the
Coulomb displacement energy calculations previously
mentioned is 3.21 MeV.

Since the energy of the 3.11 MeV peak observed here
coincides with that of the dominant group in the delayed
proton spectrum of Ca, it has been necessary to evaluate
the possibility that Ca, produced in reactions on the
small oxygen contamination in the target, could be the
source of this activity. The effective threshold for the
' 0( Mg, 3n) Ca reaction predicted by the ALIcE code is
at 95 MeV; Ca may, in principle, contribute to the spec-
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The Si+ Ca reaction was studied at several energies
to search for the delayed proton decay of Se, the next
nuclide in the T, = ——,, A =4n+1 series; these experi-
ments also served to confirm the identity of the 3.11 MeV
delayed proton peak seen in the Mg + Ca data. Figure 6
shows two spectra that were obtained with the 128 MeV

Si beam. Only the speed of the rotating disk was
changed between obtaining these two spectra. The figure
shows how the delayed proton peak yields from Co
'Ge, and 'Ti vary with rotation speed. The observed

yield of Co (t, ~q
——247 ms) is clearly suppressed at the

faster speed, while those of 'Ge ( t &&&
——40 ms) and 'Ti
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FIG. 5. The delayed proton spectrum from the Mg+ Ca
reaction at 120 MeV using the helium-jet transport system.

FIG. 6. Delayed proton spectra obtained in the Si + Ca re-
action at 128 MeV with two different disk speeds.



318 M. A. C. HOTCHKIS et al. 35

20—
25S~

10-
O
O

53 m
Ge

15-

97 MeV Si + Ca
25 mC

1.0 rpm

25S(

peaks, at 1.41, 2.22, and 2.41 MeV, cannot be associated
with Se as 81 MeV is below threshold for its production
in this reaction. These peaks are believed to arise from
the weak beta-delayed proton decays of one or more un-
known T, = ——, and —1 nuclei also produced in this re-
action. In particular, Ga, 'Ga, Ge, Ge, Se, and

Se may be contributing. Mass separation would be re-
quired to identify the origin of these weak proton groups.

CONCLUSION
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FIG. 7. Delayed proton spectrum from the 'Si+ Ca reac-
tion at 97 MeV. This is below the threshold for the production
of 6'Ge.

(t, /z
——80 ms) are not appreciably affected. At the high

disk speed, much of the Co is removed before decay-
ing, while most of the 'Ti and 'Ge nuclei decay while
under the detectors. Ge (t, /z

——31 s), produced in the
high yield 2pn evaporation channel, emits a continuum of
delayed protons ranging from 1.1 to 2.3 MeV; however,
the high reaction cross section is offset by its very small
proton branch (0.013%%uo). 'Ti is produced in reactions on
the oxygen contaminant in the target. The 'Ge peak has
also been observed in much reduced yield at 113 MeV
bombarding energy, but is absent at lower energies, as ex-
pected for the 3n evaporation channel.

The spectra in Fig. 6 show no evidence for delayed pro-
tons arising from the decay of Se, which has a predicted
energy for the transition from the isobaric analog state to
the ground state of 3.75 MeV. If the proton decay were to
feed either the first or second excited state of Ge, a pro-
ton peak at 2.8 or 2.0 MeV would be expected. Since no
data are available for Ge, its level scheme has been as-
sumed to be similar to that of Zn, as expected according
to the N„N„schemeof Casten.

Figure 7 shows the spectrum obtained when the calci-
um target was bombarded with 97 MeV Si. This is
below threshold for the production of 'Ge. Present in the
spectrum are delayed protons from Co, Ge, and Si ~

The Si is once again assumed to be produced in transfer
reactions off the entrance windows of the target chamber.
Again, there is no evidence of protons arising from the de-
cay of Se in this spectrum, or in the data taken at 113
MeV, where its yield is expected to be a maximum. An
early attempt to observe Se with the target counting
method using the same reaction at 105 MeV was also un-
successful.

Figures 6 and 7 also show several small peaks superim-
posed on the Ge continuum, as do data from experi-
ments which used 73 and 81 MeV Si beams. These

1.09—

0.09—

(2',

3.25

0.00, 0)

(J , T)
13.05 (-

6~1 Ge (
3 3

)
)t&

&
=40ms

///
~~//
I

/

-80'/ O

/

/

/

/

/

/

/

/ /

Other
(

levels J
/

/

/

/

/

/

/

30Zn+ P 'Ga

FIG. 8. The proposed decay scheme of 'Ge. Energies are
given in MeV relative to the ground state of 'Ga. Predicted en-
ergies and assumed spins, parities, and isospins are indicated in
parentheses.

In Fig. 8 a partial decay scheme for 'Ge is shown, de-
duced from the results of this work. The beta branching
ratio to the isobaric analog state has been estimated as-
surning logft =3.3 for the superallowed transition. The
spins and parities of the ground states of 'Ge and 'Ga
indicated in Fig. 8 are taken to be the same as in their
mirror nuclei. The laboratory energy of the observed de-
layed proton peak due to 'Ge is 3.11+0.03 MeV, being
the weighted mean of five values obtained in the present
experiments; this is in good agreement with the predicted
energy of 3.21 MeV for the transition, lending credence to
the mass calculations. No evidence has been found in our
data of proton decay feeding the first excited state of

Zn, which would give rise to a peak at E~,b ——2.11 MeV.
An upper limit of 10%%uo of the proton decay can be as-
cribed to this branch. The mass excess of the lowest
T = —, state in 'Ga deduced from this work is
—43.73+0.03 MeV. Since the T = —, analog state in 'Zn

is not known, it is not possible to apply the isobaric multi-
plet mass equation to predict the ground state mass of
'Ge. Such calculations have been possible for all lighter
T = —, , A =4n + 1 multiplets (see, for example, Ref. 4).

While the uncertainties in the mass predictions do in-
crease farther from stability, our calculations indicate that
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Se should decay by beta emission. It is predicted to be
stable with respect to particle decay, with Sp=1.02 MeV
and S2& ——0.62 MeV. Our failure to observe Se may be
due to an unexpectedly low cross section for the

Ca( Si,3n) reaction. However, according to the ALIcE
code, the cross section of this reaction is predicted to be
about two-thirds of the 'Ge cross section produced in the

a3n channel at 128 MeV, so it should have been readily
observable in these experiments. Alternatively, it is possi-
ble that selenium is not transported efficiently in the
helium-jet with NaCl aerosols.
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