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The decay of thes7+d and s21+d isomers of theN=Z isotope94Ag was studied at the GSI on-line mass
separator by measuringb-delayed protons,g rays, proton-g and proton-g-g coincidences as well as the
b-strength distribution. We have observed high-spin(up to 39/2) states in93Rh populated by proton emission
following the b decay of the94Ag isomers. The major part of the population is related to theb decay of the
known s7+d isomer whose half-life is 0.61s2d s. The assignment of the high-spins21+d isomer in94Ag with a
half-life of 0.39s4d s has been confirmed. The excitation energy andb-decay energy of thes21+d isomer were
measured to be at least 5.4 and 17.7 MeV, respectively. At this excitation energy, thes21+d isomer is expected
to be unbound to direct one-proton, two-proton, ora decays. The remarkably long half-life of thes21+d isomer
with the highest spin and excitation energy ever observed forb-decaying nuclei makes a new textbook
example of a nuclear high-spin trap. The branching ratios forb-delayed proton emission are about 20% and
27% for the decays of thes7+d ands21+d isomers, respectively. The properties of the experimentally identified
93Rh levels are discussed in comparison to shell-model predictions.
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I. INTRODUCTION

Almost all the nuclear-structure properties known to date
for N.Z nuclei stem either from in-beam spectroscopy, i.e.,
the investigation of electromagnetic(g ray or conversion
electron) processes, or from decay studies. The latter experi-
ments generally investigate nuclear disintegrations mediated
by strong(direct particle emission), weak(b+/EC decay), or
electromagnetic interactions. The decay of isomers of the
N=Z nucleus94mAg, which is the topic of this paper, com-
bines all three of these interactions.

By studying theb+/EC decay of94Ag, first evidence for a
high-spinsI ù17d isomer with a half-lifesT1/2d of 0.3(2) s in
this nucleus, in addition to the knowns7+d isomer fT1/2
=0.42s5d sg [1] and s0+d ground statesT1/2=29−10

+29 msd [2],
was obtained in a recent experiment[3] performed at the GSI
on-line mass separator. In a follow-up measurement, the de-
cay of the two isomers was further studied by improving
b-g-g coincidence data. This experiment yielded additional
information about excited states in the daughter nucleus94Pd
and has allowed to deduce a tentatives21+d assignment for
this spin-gap isomer and to estimate its excitation energy to
be about 6.3 MeV[4].

In this paper we present results obtained by investigating
both b-delayedg rays and protons emitted in the decay of

the two 94Ag isomers. In view of the comparatively small
proton-separation energy in94Pd and the largeQEC value of
94Ag [estimated to be 4.5s6d MeV and 13.1s6d MeV, respec-
tively, [5]] it is not surprising thatb-delayed protonsbpd
emission occurs in the decay of94Ag [1]. However, the de-
tailed proton-g coincidence data presented in this work are
distinctly different from those obtained for other spin-gap
isomers, e.g., those occurring in53Cos19/2−d, 95Pds21/2+d,
or 212Pos18+d (see review in[4,6]), as these states have lower
spin or decay by internal transitions ora emission. One may
thus consider the present work to represent an example of an
experimental technique which may be called “high-spin
spectroscopy usingb-delayed protons.” The potential of this
method is illustrated by the results described in this paper.
They concern spin and parity assignments, excitation, and
decay energy of thes21+d isomer as well as high-spin states
in 93Rh, populated by proton emission following theb decay
of the two s7+d and s21+d isomers.

The paper is structured as follows. After introducing the
experimental techniques in Sec. II, the results of the positron,
proton, andg-ray measurements are described in Sec. III.
Section IV contains a comparison of the experimental results
with shell-model calculations, and Sec. V gives a summary
and an outlook. Preliminary results of this work have already
been presented in the conference contributions[7,8].

II. EXPERIMENT

The 94Ag nuclei were produced in the fusion-evaporation
reaction 58Nis40Ca,p3nd by utilizing a 4.8A MeV, 75
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particle-nA 40Ca beam from the heavy-ion accelerator
UNILAC at GSI. The target consisted of a 2.6 mg/cm2 thick
58Ni foil enriched to 99.8%. The reaction products were
stopped in the FEBIAD-B3C ion source[9,10] with two cold
pockets, which suppressed the release of the isobaric94Pd
contamination by a factor of 30 without reducing the94Ag
yield. Singly charged mass-94 nuclei were separated from
other reaction products by means of the GSI on-line mass
separator[11]. The mass-separated beam of the94Ag iso-
mers, whose average intensity amounted to about
1.5 atom s−1, was implanted into a tape which removed the
activity after preselected time intervals. The implantation
point was surrounded by high-granularity arrays of germa-
nium sGed and siliconsSid detectors[7].

Seventeen individual Ge crystals were used forg-ray de-
tection, with fifteen of them being part of three composite
detectors, namely a Cluster[12], two Clover [13], and the
remaining two being single Ge detectors. The photopeak ef-
ficiency of the Ge array amounted to 3.2% for 1.33 MeVg
rays. This value as well as energy dependence of the detec-
tion efficiency were determined by using standard calibration
sources. The energy resolution determined as the full width
at half maximum (FWHM) of the photopeak was about
3 keV at 1.33 MeVg-ray energy. Single-hit events in any of
the Ge crystals were used to createg-ray spectra.

The Si array[14], which was used for recordingb par-
ticles and protons, was positioned inside a cylindrical
vacuum chamber with a 1 mm thick aluminum wall. The Si
detectors were arranged around the implantation point, cov-
ering 65% of 4p solid angle. The array consisted of three
individual Si detectors. Each of them had an area of 6
36 cm2, was 1 mm thick and had 32 strips with two-channel
readouts. The energy response of the Si array measured by
using a207Bi source is illustrated in Fig. 1. The two highest
energy peaks are due toK andL conversion electrons of the
1064 keV transitions13/2+→5/2−d in 207Pb. For this radia-
tion, the energy resolution of the Si detector amounted to
25 keV (FWHM). The broad distribution with the bump
around 400 keV is due to the conversion electrons which are
not stopped in the Si detector(the 99% stopping range of

1 MeV electrons in Si is about 1.7 mm). The structure on the
right slope of the 400 keV bump stems from the 570 keV
conversion electrons whereas the low-energy peak corre-
sponds to x rays emitted in EC or electron-conversion pro-
cesses, its FWHM being 10 keV. The observed peaks have
been used for an energy calibration. From Fig. 1 one can see
that the low-energy detection threshold was about 50 keV. A
b-detection efficiency was defined by measuring the conver-
sion electrons in coincidence with the respectiveg rays from
207Pb*.

In order to suppress unwanted activity of daughter nuclei,
a tape-transport system was used to quickly remove the im-
planted sources in a stepwise operation. The activity was
implanted continuously(grow-in mode) while the tape was
at rest. In the period between the end of the implantation
interval and the tape movement the decays of the radioactive
source were measured as well(decay mode). The grow-in
and decay intervals were chosen to be 8.4 and 1.2 s, respec-
tively, which gave a total cycle time of 9.6 s. Data from 3
3104 such cycles were accumulated, corresponding to a to-
tal measurement time of 80 h. Theb+/EC-delayed proton
decay of94Ag was measured by recordingb-proton, proton-
g, b-proton-g, and proton-g-g events within a coincidence
time interval of 100 ns.

In a separate experiment, theb-feeding distributions from
the 94Ag decays have been measured with a total absorption
spectrometer(TAS) consisting of a large Na I crystal and
several auxiliary detectors for detectingbg, b-proton,
proton-g, and x-ray-g coincidence events[15]. The TAS
setup was almost the same as in the previous measurements
of the 96mAg decays reported in[16] where the TAS setup is
described in details. A single Na I crystal with 36 cm length
and 36 cm diameter had a cylindrical well in the center,
where radioactive sources were periodically transported by
using a tape system. The large volume of the crystal allowed
a detection of the sum(or total) energy of theg cascade
following b+, EC, orbp decays with almost 100% efficiency.
The totalg energy was measured in sum with the 1024 keV
positron-annihilation energy forb+ decays. Inside the Na I
crystal well, the sources were viewed by smallb and x-ray
detectors from one side, and byDE-E proton detector from
another side registeringb-delayed activity either in coinci-
dence or anti-coincidence with the summedg rays. With the
germanium x-ray detector we could select characteristic x
rays from 94Ag obtaining a signature for the EC-decay
branch when nog rays from positron annihilation were reg-
istered. The transport-tape time periods consisted of a source
collection time of 1.2 s, a source transport time of 0.8 s and
a measurement time of 1.2 s. During the measuring time, the
next source was being collected on the tape outside TAS. The
off-line analysis of the TAS data is described in detail in
[16]. The94Pd contamination of theb-gated94Ag TAS spec-
tra was measured in a separate experiment with a longer
collection time[17], and the TAS spectra from the94Ag de-
cay were obtained by subtracting the corresponding94Pd
contribution.

III. EXPERIMENTAL RESULTS

In presenting the experimental results obtained in this
work, we use the terms “b decay of 94Ag” or “decay of

FIG. 1. Energy spectrum obtained in the Si detector for posi-
trons, electrons and x rays emitted in theb+/EC decay of207Bi.
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94Ag” for data containing a mixture of theb decays of the
s7+d and s21+d isomers. Only if individual properties of the
isomers are discussed, more specific terms are used.

A. Energy spectra of positrons and protons

The spectrum of charged particles following theb decay
of 94Ag is shown in Fig. 2. It has a pronounced peak around
0.5 MeV due to the detection of positrons fromb decay. The
spectrum falls off exponentially with increasing energy until
2.5 MeV, followed by a broad bump which is centered
around 3.5 MeV. This bump is shown in the inset of Fig. 2 in
comparison with the spectrum ofb-delayed protons from the
94Ag decay as measured in the TAS experiment by using the
DE-E telescope. As can be seen from this inset, the high-
energy part of the spectrum obtained in this work agrees very
well with the independently measuredbp spectrum of94Ag
in the high-energy part. At low energies, the spectrum of
protons measured with the Si array has a low-energy tail in
comparison with theDE-E spectrum because of energy
losses of protons in the collection tape and an admixture of
positrons. The optimal proton-positron discrimination energy
compromising the large enough proton-detection efficiency
(60%) and the relatively small admixture of positrons
sø10%d was estimated to be of 1.8 MeV.

B. Energy spectra ofg rays measured in coincidence with
positrons and protons

The g rays observed for mass-94 samples were inspected
by using four different coincidence conditions. First, theg
rays were measured in coincidence with particles detected by
the Si array, restricting the particle energies(or energy
losses) to a range from 0.2 to 1 MeV which is shown in Fig.
2 by the vertical dotted lines. This is the range whereb
particles dominate. The upper panel of Fig. 3 displays the
resultingg-ray spectrum. Almost allg rays represent transi-

tions in 94Pd, except for theg ray of 853 keV, which is
assigned to known transitions in93Rh [18]. The correspond-
ing 93Rh state is apparently populated via proton emission
following the decay of94Ag. Furthermore, the spectrum dis-
played in the upper panel of Fig. 3 shows a peak at 558 keV
which is known to be the strongestb-delayedg ray of 94Pd
[19].

The results of the fit of the strongestg rays observed in
theb decay of94Ag are shown in Table I. Theg-ray energies
and intensities are given relative to that of the 814 keVg line
and are used in this work for a normalization purpose. In
addition, theg rays observed in the respective tripleb-g-g
coincidence as well as the half-life values derived for the
strongest peaks are listed. Theg-ray energies and intensities
shown in Table I agree with thebg data analysis reported in
[3,4], though the gate condition in the coincidentb spectrum
is more narrow in our case. Almost all coincidentg rays
listed in the last column in Table I are the same as those
found in [3,4], and few coincidentg rays are missing which
might be related to the different ways of data analysis.

With a second coincidence condition, we selected events
that were recorded in the Si array with energies above
1.8 MeV. Such events are estimated to be dominated by
b-delayed protons. The resultingg-ray spectrum changes
dramatically, as can be seen from the center panel of Fig. 3.
Most of the knowng transitions in94Pd are not observed any

FIG. 2. Spectrum ofb particles and protons from the94Ag de-
cay, measured by the Si array(solid-line histogram). The inset
shows the high-energy part of the spectrum together with thebp
spectrum of94Ag measured withDE-E telescope in the TAS experi-
ment (dotted-line histogram).

FIG. 3. Energy spectra ofg rays from the94Ag decay, measured
in coincidence withb particles(upper panel), in coincidence with
protons(middle panel), and in triple coincidence with protons and
one of the intenseg rays of 138, 247, 522, or 698 keV(lower
panel). The energies of the strongest transitions in93Rh, 94Rh, and
94Pd are marked by their energies in keV.
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longer, while the spectrum is characterized by more than 20
other peaks. They match theg deexcitation pattern of high-
spin states in93Rh which are known from in-beamg spec-
troscopy[18]. Table II lists theg-ray energies and intensities,
obtained from this spectrum, the half-life values deduced
from analysis of theg-ray time characteristics(see Sec. II) as
well as coincidentg rays observed in proton-g-g coinci-
dence. From the central panel of Fig. 3 one can see that with
the high-energy condition applied to the Si array, the inten-
sities of the strongestg transitions in94Pd, e.g., those at 324,
659, 814, and 905 keV, decrease by a factor of 60. This
illustrates the efficiency of the proton-b discrimination in
this work.

In order to further inspect the proton-b discrimination and
its relation to the assignments ofg rays, we chose a third,
more restrictive coincidence condition, i.e., one that excludes
events below 2.5 MeV recorded in the Si array. By compar-
ing the Ig values deduced from this spectrum with those
listed in Table II, we conclude that theb contribution to the
high-energy region of the Si spectrum is only about 5
310−3 of the total intensity found for events with energies
beyond 1.8 MeV. For the data analysis presented below, we
accepted theEg and Ig values derived from the Si events
above 1.8 MeV, except for the case of the 698 and 866 keV
lines (see Table II). These data are in quantitative agreement
with those derived by using the 2.5 MeV threshold which
provides more accurate data for a fewg rays, i.e., for those at
191 and 1494 keV(see Table III).

As we have observed the feeding of many highly excited
states in93Rh, populated by proton emission from excited
states of94Pd, an analysis of the proton-g-g coincidences

was performed in order to establish theg deexcitation cas-
cades between93Rh levels. As an example for this analysis,
the lower panel of Fig. 3 displays theg coincidence spectrum
obtained from triple-coincidence proton-g-g events. This
spectrum was obtained by using a fourth coincidence condi-
tion. The latter was defined by selecting single-hit events in
any of the 17 Ge crystals that were coincidental with(i)
Si-detector events above 1.8 MeV and(ii ) 138, 247, 522, or
698 keVg rays detected in any of the remaining 16 Ge crys-
tals. The first column of Table II listsg rays, which are
assigned to represent transitions in93Rh on the basis of the
half-life data(see third column of Table II) and a comparison
of the positron-g and proton-g spectra(see upper and central
panel of Fig. 3). The proton-g-g coincidence data(see fourth
column of Table II) reveal further93Rh transitions, namely
those at 148, 163,(273), 297, 382, 440, 546, 557, 570, 622,
654, 680, 695, 842, and 948 keV(parentheses indicate ten-
tative assignments). Some of these transitions were observed
by using in-beamg spectroscopy[18], others are tentatively
assigned because of matching the established energy levels
in 93Rh.

C. Excited states in93Rh populated in b decay

Table III lists the experimental properties of93Rh levels,
assigned on the basis of the proton-g and proton-g-g coinci-
dence data discussed above. Figure 4 displays the corre-
sponding level scheme of93Rh. It comprises allg rays listed
in the first column of Table II, except the weak high-energyg
rays at 1565 and 1861 keV which are not placed in the93Rh
level scheme.

The non-yrast levels are partially taken from data on theb
decay of 93Pd [20], while the yrast-band assignments are
adopted according to[18]. The 853 and 5447 keV levels are
the only exceptions from this procedure. On the basis of the
larger intensity of the 853 keVg line relative to that of the
866 keV one, we conclude that these two transitions must be
inverted in comparison with the earlier assignment[18]. The
analogous conclusion is drawn for the 5447 keV state on the
basis of the relative intensities of the 247 and 698 keVg
lines. We interpret three weakg lines at 191, 130, and
148 keV, observed in addition to those found earlier[18], as
being members of the odd-parity band(see lower panel of
Fig. 3). As they have very small intensities, we have tenta-
tively placed them on top of the 6389 keV level. If there
were any further higher-energyg transitions from higher-
lying 93Rh states populated bybp emission, they are appar-
ently below the sensitivity limit of the present measurement.
Furthermore, we have observed weakg rays at 368, 382,
440, 622, and 705 keV which were found to be coincidental
with protons and 511 keVg rays only(see Table II). From a
previous study of the93Pd b decay, the 622 and 382 keV
lines have been assigned to depopulate the 5/2+ level of 93Rh
[20]. As other lines have not been seen in coincidence withg
rays from93Rh, we could not place them in the93Rh level
scheme, and therefore did not list them in Table III.

The high-spin levels of93Rh fed inbp decay give further
evidence for thes21+d isomer in94Ag identified in [3,4]. Its
spin can be estimated by inspecting the highest-spin levels

TABLE I. The strongestg rays observed in theb decay of94Ag.
Transition energiessEgd and intensitiessIgd, half-lives sT1/2d and
coincidentg lines are given. TheIg values are normalized to that of
the 814 keV line. Coincidentg lines are only listed for the annihi-
lation 511 keV radiation and for transitions in94Pd but omitted for
those in93Rh and94Rh.

Eg Ig T1/2 Coincidentg lines observed

skeVd sa.u.d ssd skeVd

267.4(1) 8.7(7) 0.63(5) (95),324,408,597,659,814,905

979,994,1092,1545

324.0(1) 39.5(15) 0.62(4) 95,347,408,597,659,814,905,994

333.9(7) 5.0(16) see Table II

408.3(1) 10.8(5) 267,324,597,814,(905),994

511.0(1) 308(7) all g lines reported

558.3(1) 20.1(9) from 94Pd decay

597.1(1) 10.1(11) 267,324,408,814,(905,994),1545

659.4(1) 50.6(18) (267),324,686,814,905,994

685.8(4) 2.9(12) 659,814

814.0(1) 100(4) 0.61(5) 324,408,597,659,(686),905,979

853.0(1) 8.9(5) see Table II

905.2(1) 98(4) 0.60(4) 95,324,347,597,659,814,979

978.6(1) 40.7(21) 267,324,814,905

993.7(1) 8.6(7) 95,267,324,408,597,659,1092

I. MUKHA et al. PHYSICAL REVIEW C 70, 044311(2004)

044311-4



TABLE II. Gamma rays for the decay of94Ag, observed in coincidence with proton events above
1.8 MeV and assigned as transitions in93Rh. Notifications and normalization are the same as in Table I. All
g rays listed were found to be in coincidence with 511 keVg-rays.

Eg Ig T1/2

Coincidentg lines
observed

skeVd (%) ssd skeVd

130.2(3) 0.4(2) 138,295,333,543,546,853,866

137.6(1) 1.0(2) 0.45(8) 191,247,295,333,
522,543,546,653,

695,698,853,866,(1494)

159(1) 0.4(2) 297,543,546,853,(866)

191.2(2) 0.4(2) 138,148,247,295,(333),
522,543,546,853

240.1(1) 2.0(2) 0.56(9) 557,570,654,680,842,1390

246.9(1) 0.7(1) 0.46(14) 138,148,159,(191),333,(497),
522,544,695,698,
853,866,(1494)

295.4(2) 1.0(2) 0.64(21) 138,163,247,297,333,497,
543,546,653,(695),853,866,(1362)

333.4(1) 1.75(16) 0.56(14) 130,138,163,
247,295,497,522,
543,546,698,853,

866,948,1362,1494

382(1) 0.3(2) –

496.9(3) 0.37(10) (273,295,333),543,(698),853

511.03(3) 46.4(10) 0.52(5) 130,138,(159),191,240,
247,295,(297),333,368,382,

440,522,543,
622,653,698,

853,866,894,1362,1494

522.4(1) 0.92(13) 0.46(16) 130,138,247,333,
543,546,698,

853,866

543.7(2)a 2.4(2) 0.30(13) 130,138,247,333,497,
522,543,546,

698,853,866,(1494)

622(1) 0.5(3) –

652.5(2) 0.56(13) 138,(240),295,333,546

698.0(1) 1.64(19) 0.25(11)b 138,247,333,522,543,853,866

852.9(1) 11.3(5) 0.68(10) 138,247,333,522,543,698,866

866.0(1) 3.24(16) 0.50(14)b 138,247,333,522,543,698,853

894.2(1) 4.3(2) 0.48(12) (333),557,570

1361.7(3) 0.36(12) 247,(295),333

1451.0(7) 0.41(13) –

1463.7(8) 0.43(17) –

1493.8(5) 0.7(3) 138,247,333,522

1565.4(4) 0.50(17) –

1718.4(5) 0.7(2) –

1861.0(3) 0.53(16) –

2197.8(5) 0.88(16) –

aLine interpreted as a doublet consisting of the 542.8 and 545.5 keVg rays (Ref. [18]).
bHalf-life deduced by using a restrictive proton-coincidence condition.

b-DELAYED PROTON DECAY OF A HIGH-SPIN ISOMER IN94Ag PHYSICAL REVIEW C 70, 044311(2004)

044311-5



observed in93Rh. Assuming a(39/2−, 47/2−) spin-parity
range for the highest level placed at 6858 keV, we obtainI
ù18 for the proton-emitting state in94Pd, and henceI ù17
for the 94Ag isomer(assuming allowedb decay). This esti-
mate is based on the assumption that the spin-parity changes
sDIDpd between parent and daughter states respective to
those of parent states are 1no and 3/2yes for b decay and

proton emission, respectively. This estimate agrees with that
obtained earlier[3].

D. Branching ratios for b-delayed proton emission

On the basis of the measuredg-ray energies and intensi-
ties and the respective93Rh level assignments, we can esti-

TABLE III. Level energies, spins, and parities of93Rh states, respectiveg-ray energies, apparent total
probabilities of level population per94Ag decaysPid, and apparentb-feeding intensitiessIbpd observed in
b-delayed proton decay of94Ag.

Elevel skeVd Ip Eg skeVd Pis%d Ibps%d

0.0 s9/2+d - 21(2)a 3.3(7)a

240.1(1) s7/2+d 240.1(1) 1.7(2) 1.7

622(1) s5/2+d 622(1) 0.4(3) 0.4

852.9(1) s13/2+d 852.9(1) 9.6(4) 6.8

894.2(1) s11/2+d 894.2(1) 3.1(2) 3.0

894.2(1) s11/2+d 654(1) ø0.2 ?

1451.0(7) s7/2+d 1451.0(7) 0.3(1) 0.3

1451.0(7) s7/2+d 557(1) ø0.2 ?

1463.7(8) s13/2+d 1463.7(8) 0.36(15) 0.3

1463.7(8) s13/2+d 570(1) ø0.2 ?

1630(1) s9/2+d 1390(1) ø0.2 ?

1718.4(5) s11/2+d 1718.4(5) 0.5(2) 0.5

1718.9(1) s17/2+d 866.0(1) 2.8(2) 1.3

2052.3(2) s21/2+d 333.4(1) 1.5(1) 0.0

2197.8(5) s5/2+d 2197.8(5) 0.7(2) 0.7

2595.1(2) s23/2+d 542.8b 1.5(3)c 0.3

2890.5(3) s25/2+d 295.4(2) 0.9(1) 0.2

3543.0(4) s25/2+d 652.5(2) 0.5(1) 0.1

3543.0(4) s25/2+d 948(1) ø0.2 ?

4088.7(3)d s27/2+d 545.5b 1.3(5)e 0.1

4088.7(3)d s27/2+d 1493.8(3)f

4252.2(5) s29/2+d 1361.7(3) 0.3(1) 0.0

4549.4(5) s31/2+d 297.2b ø0.2 ?

4708.4(11) s33/2+d 159(1) 0.4(3) 0.3

4611.1(4) s25/2−−29/2−d 522.4(1) 1.7(1) ?

4748.9(4)g s27/2−−31/2−d 137.6(1) 2.0(2)h 0.1

4748.9(4)g s27/2−−31/2−d 496.9(3)

5446.9(5) s29/2−−35/2−d 698.0(1) 1.4(2) 0.8

5693.8(5) s31/2−−39/2−d 246.9(1) 0.6(1) 0.6

6388.5(6) s33/2−−43/2−d 694.7b ø0.2 ?

6579.7(6) s35/2−−47/2−d 191.1(1)f 0.4(2) 0.4

6709.9(7)i s37/2−−47/2−d 130.2(3) 0.4(2) 0.4

6858(1)i s39/2−−47/2−d 148(1) ø0.2 ?

aIntensity of theb-delayed proton decay into the93Rh ground state is deduced from the TAS measurements.
bValue is adopted from(Ref. [18]).
cDerived by assumingIgs333d. Igs543d. fIgs295d+ Igs1494dg.
dAverage value of the two experimental level energies 4088.5(4) and 4088.9s4d keV.
eDerived by assumingIgs546d= Igs543+546d− Igs543d.
fLine positions and intensities are deduced by using the coincident-proton threshold of 2.5 MeV.
gAverage value of the two experimental level energies 4748.7(4) and 4749.1s5d keV.
hBoth g de-excitation and internal conversion are taken into account.
iTentative assignment.
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mate the branching ratios forbp emission from both isomers
in 94Ag. We assume that the isomers decay into94Pd+g and
93Rh+p+g channels only, disregarding possible direct
charged-particle emissions and internal transitions of the
94Ag isomers. Therefore the sumIPds7+d+ IRhs7+d+ IPds21+d
+ IRhs21+d should be 100% per one decay of94Ag, where
IPd,Rhs7+,21+d are the respectiveb intensities, i.e., IRh

=oIbp. In such a case all theb intensities listed in Table II
should be renormalized by using the additional condition that
the 814 keV state in94Pd is a “collector” state fed by allb
transitions and subsequentg rays except for 10% of intensity
resulting in conversion electron decays[3,4]: IPds7+d
+ IPds21+d=1.1·Igs814 keVd. The derived partial branching
values,Ibp, are listed in Table III. One should note, that the
intensity of theb-delayed proton decay into the93Rh ground
state was derived from the TAS-experiment data by selecting
the protons coincident with the 1022 keVg peak due tob+

annihilation in TAS. The relative intensity of this decay
branch has been measured to be 0.16s3d ·oIbp. In this case,
we have assumedPisRhg.s.d= IRh.

The proton branching ratios can thus be calculated for
each of the two isomers from the intensities of the decays
connected to proton emission. For this purpose, the respec-
tive intensities from Table II are used, e.g.,bps21+d
= IRhs21+d / fIRhs21+d+ IPds21+dg. A further assumption is that
bp emission from thes7+d isomer occurs predominantly with
angular momentaø3/2, thus feeding states in93Rh with I
ø19/2 only. Hence, the feeding of the higher-spin states of
93Rh is entirely assigned to the decay of thes21+d isomer.
The corresponding intensitiesIRhs7+d and IRhs21+d, derived
from Table III, amount to 18% and 3%, respectively. Further-
more, g rays following ab feeding of 94Pd excited states
with Ipø8+ are assigned to the decay of thes7+d isomer only
[3,4]. By using the94Pd level scheme[3,4] and its g-ray
intensities listed in Table I, we estimate theIPds7+d and
IPds21+d values to be 72% and 8%, respectively. Finally, the
bp branching ratios are estimated to be about 20% and 27%
for the decays of thes7+d and s21+d isomers, respectively.
Using the estimate of the quantityIPd+ IRh, the relative con-

tribution of the 94Ag isomers to the mass-separatedA=94
beam are found to be 89% and 11%, respectively.

A remarkable feature of the observedbp-decay pattern is
the preferred feeding of odd-parity states at high excitation
energies in93Rh, which points to odd orbital momenta of the
emitted protons when assuming even parity for the94Pd par-
ent states[3]. Such a feature may be qualitatively explained
via a simplified structure of thes21+d isomer of94Ag and its
high-spin b-daughterss20+–22+d in 94Pd within the re-
strictedsp1/2,g9/2d model space(see Sec. IV). The spin-parity
range, which can be populated in odd-parity states of93Rh by
emission of ap1/2 proton from94Pd*, is (39/2− to 45/2−). For
the even-parity states in93Rh, the spin range that can be
reached via an emission of ag9/2 proton is(31/2+ to 53/2+).
The barrier penetration is easiest for the highest decay ener-
gies and therefore a population of the lowest spin states in
the two ranges is preferable. Moreover, the centrifugal bar-
rier favors,p=1 over,p=4 emission, which cannot be com-
pensated by the higher decay energy(or lower excitation
energies in the93Rh daughter) for the ,p=4 case. Thus the
odd-parity states in93Rh are populated up to much higher
spin and excitation energy and more strongly than the even-
parity states, in agreement with the observed branching ra-
tios, see Table III.

E. Estimates of theQEC values of the94Ag isomers

We estimated theQEC values of the isomers in94Ag by
three independent methods. The first one is based on deter-
mining the maximum energies(end-points) of the proton
spectra obtained in coincidence with knowng-ray transitions
in 93Rh. Figure 5 shows six energy spectra ofb particles and
protons measured with the Si array in coincidence with dif-
ferentg transitions assigned to93Rh. All spectra are charac-
terized by a broad bump at an energy around 2–3 MeV cor-
responding to protons, and a low-energy peak corresponding
to b particles. The end points of the bumps assigned to pro-
tons are in the range from 5.5 to 6.1 MeV. These values were
used to estimate the highest94Pd excitation energy populated
by bp decay of the94Ag isomers by using the relation

FIG. 4. States in93Rh populated inb decay of
94Ag via emission of delayed protons. Two yrast
bands ofg transitions between levels with even
and odd parity are shown in the center and on the
right, respectively. Low-energy states which are
not associated with yrast bands are shown on the
left. Level andg-ray energies are given in keV.
Their accuracy is between 0.1 and 1.1 keV. Ten-
tative spin-parity assignments are shown in
parenthesis.

b-DELAYED PROTON DECAY OF A HIGH-SPIN ISOMER IN94Ag PHYSICAL REVIEW C 70, 044311(2004)

044311-7



Es94Pd*d=Sp+Ep+Es93Rh*d, whereSp is the proton separa-
tion energy in94Pd, Ep the proton energy, andEs93Rh*d the
excitation energy of the93Rh level populated by proton emis-
sion. For example, the 698 keVg transition indicates a popu-
lation of the 5447 keV,s29/2−,35/2−d state in 93Rh, thus
excludingg-ray emission afterbp decay of thes7+d isomer
in 94Ag (see Fig. 4). As the proton separation energy in94Pd
is estimated to be 4.5s6d MeV [5], the end-point value of
5.5 MeV of the respective proton spectrum corresponds to a
value of at least 15.4 MeV for the highest excitation energy
of 94Pd states populated inb decay of thes21+d isomer in
94Ag. Similar estimates made for the 138 and 247 keV

g-gated proton spectra, shown in Fig. 5, yield maximum
E*s94Pdd values of 15.3 and 15.5 MeV, respectively. For the
decay of s7+d isomer, Es94Pd*d estimates of 10.3 and
10.7 MeV were obtained in a similar way by using the 240
and 894 keVg-gated proton spectra, respectively(see Fig.
5). Thus theQEC values of thes7+d ands21+d isomers in94Ag
should be at least 12.0 and 16.8 MeV, respectively, assuming
that the measured protons follow a positron emission whose
minimum energy is larger than the detection threshold of
0.3 MeV [i.e. QECùEs94Pd*d+1.022+0.3sMeVd].

The excitation spectrum of94Pd states populated inb de-
cay of 94Ag which are followed by a proton emission into

FIG. 5. Proton and positron spectra measured in coincidence withg rays depopulating excited states of93Pd. Theg lines used for the
coincidence gating are indicated for each spectrum.
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93Rh excited states has been measured by operating TAS in
coincidence with protons registered by its auxiliary Si detec-
tors. The measuredEs94Pd*d distribution is shown in Fig. 6,
where one can clearly see two bumps whose positions and
intensities can be explained in a consistent way as being due
to decays of thes7+d ands21+d isomers in94Ag. By inspect-
ing the high-energy part of theEs94Pd*d spectrum which ends
at 16.4 MeV(see Fig. 6), we have a second method to esti-
mate theQEC value of thes21+d isomer. With the assumption
described abovefQECùE*s94Pdd+1.022+0.3sMeVdg, the
QECs21+d value is found to be larger than 17.7 MeV. Finally,
the low-limit QEC value related to thes21+d isomer is esti-
mated to be 17.7 MeV. A close inspection of theb-strenth
distributions derived on the basis of the excitation spectrum
of 94Pd shown in Fig. 6 will be done in a separate publication
[21].

As can be seen from the comparatively modest intensity
of theb component of the spectra displayed in Fig. 5, the EC
component ofb decay represents an important part of the
processes preceding the proton emission. Therefore the third
way of estimating theQEC value is based on the relative
weights of theb+ and EC decay branches of isomers in94Ag.
The weights were determined by using again the
b+/EC-delayed proton spectra gated by knowng rays. For
this purpose we assumed that(i) the b decay of94Ag into a
highly excited state in94Pd proceeds by a Gamow-Teller
transition via two competing channels, ab+ emission or an
EC decay;(ii ) the 94Pd level under consideration deexcites
by a proton emission into excited states in93Rh, and(iii ) the
latter emit g rays. Thus the intensities ofb+ and EC pro-
cesses can be defined from theb-proton-g and proton-g data,
respectively. The theoretical dependence of theb+/EC ratio
on b-decay energy,Eb, was taken from[22], and theQEC
value of thes21+d isomer of94Ag was then determined as the
sumQEC=Eb+Es94Pd*d+1.022sMeVd. For example, for the
case of ab transition followed by emission of 2.9 MeV pro-
tons and 698 keVg-rays (see the respective proton peak in
Fig. 5), theEs94Pd*d value is found to be 12.9 MeV by using
the level assignment shown in Fig. 4. The corresponding
b+/EC ratio is 1.5(4), which yieldsEb=1.7s2d MeV and thus
QEC=15.6s2d MeV. Actually, this estimate represents a

lower limit, as the 5447 keV state in93Rh, which deexcites
by the 698 keVg ray, can be populated also from higher-
lying states in93Rh, e.g., those emitting the 695 or 191 keV
g rays. We thus conclude that the obtained upper-limitQEC
estimate of 15.6s2d MeV for the s21+d isomer does not con-
tradict the corresponding value of 17.7 MeV described
above.

A similar QEC estimate has been applied to the TAS data,
where we could distinguish twobp transitions only, into the
ground state and the 853 keV excited state in93Rh, which are
mainly populated by decay of thes7+d isomer in94Ag, see
Table III. In the first case we have measured theb+/EC ratio
for the protons detected in coincidence with the 1022 keV
peak in the TAS spectrum and in anticoincidence with TAS,
respectively. The obtainedb+/EC ratio of 15.6−4

+7 corresponds
to Eb=5.10s45d MeV. The average proton energy(calculated
as the position of the peak in the proton spectrum, see
dotted-line histogram in Fig. 2) for this case was 3.49 MeV,
and thusQEC=5.10s45d+3.49+4.47=13.09s45d MeV. In the
second case, theb+/EC ratio of protons detected in coinci-
dence with the 853 keV peak in the TAS spectrum and in
coincidence with thes1022+853d keV peak in TAS, respec-
tively, yielded Eb=4.25s40d MeV. The average proton en-
ergy is 3.37 MeV, and thusQEC=4.25s40d+3.37+4.47
+0.853=12.95s40d MeV. Therefore, theQECs7+d value, de-
duced by averaging the results from all three methods, is of
13.0s3d MeV.

The excitation energy of thes21+d isomer in94Ag may be
deduced by using the above-mentionedQEC estimates. On
the basis of the shell-model prediction of 0.66 MeV for the
excitation energy of thes7+d isomer[3], we conclude that the
excitation energy of thes21+d isomer is of the order
5.4 MeV. This lower limit is in qualitative agreement with
the value of 6.3 MeV, deduced from a comparison with
shell-model predictions[4].

F. Beta decay half-lives

The half-life values of both94Ag isomers were obtained
by fitting the time distributions of the activity measured with

FIG. 6. Spectrum of94Pd intermediate states populated inbp
decay of94mAg. The excitation energyEs94Pd*d is a sumEg+Ep

+Sp of the g and proton energies(measured with the TAS and
proton detectors) and the proton separation energy in94Pd. FIG. 7. Time dependence of theb-proton-TAS coincidences

measured with the TAS and proton detectors in decays of94mAg.
The solid lines are the results of data fit.
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the high-resolution and the TAS setups. In the high-
resolution experiment, the time distributions were measured
both in “grow-in” and “decay mode”(see Sec. II). Single-
component exponential decay and grow-in functions were
used for a maximum-likelihood fit of the data. The fit results
are listed in Tables I and II for the most intenseg lines
observed in coincidence with protons andb particles, respec-
tively. In the TAS experiment, the time distributions of the
94mAg decays were measured with the TAS and proton de-
tectors in a decay mode, and they are shown in Fig. 7. The
data are selected from the measuredb-proton-TAS coinci-
dences. The triangles correspond to data obtained fors7+d
isomer decays by demanding that the excitation energy of the
daughter94Pd statesEs94Pd*d is less than 12 MeV(see Fig.
6). The filled circles correspond to the decay of thes21+d
isomer. They were selected with the condition
Es94Pd*d.12 MeV (see Fig. 6). The maximum-likelihood
fits of the data give half-life values of 0.61s7d s and
0.30s6d s for the decays of thes7+d and s21+d isomers, re-
spectively.

Discussion of the half-life of thes7+d isomer. In the high-
resolution experiment, the half-life of thes7+d isomer has
been derived on the basis of the most intenseg transitions in
93Rh whose spin is 17/2 or lower(see data for the 853, 866,
240, and 894 keVg lines in Table II), by assuming that these
states are mainly populated via emission of,=0, 2 protons
from Ipø8+ states in94Pd which are predominantly popu-
lated in b decay of thes7+d isomer. Contributions from the
s21+d isomer may be neglected because of its relatively low
production, see Sec. III D. The statistically weighted average
value of the half-life is thenT1/2s7+d=0.57s6d s. This value
differs from the previous value of 0.36(3) s derived from a
grow-in measurement[3]. Such a difference can tentatively
be explained by a systematic uncertainty that has been dis-
regarded when deriving half-lives from a grow-in measure-
ment only. For example, we reproduce the half-life value
from [3] if we fit only part of the present time distribution
corresponding to the grow-in mode. For a cross-check, the
half-life value of thes7+d isomer of94Ag has been derived on
the basis of the time dependence of the most intenseg tran-
sitions in the94Pd daughter(see data for the 814, 905, 267,
and 324 keVg lines in Table I). This method yields a statis-
tically weighted average value ofT1/2s7+d=0.62s3d s in
agreement with the result of 0.59s2d s [4] obtained by ana-
lyzing b-coincident g transitions in94Pd with a different
b-gate condition(see Sec. III A). Both these values agree
with the result 0.61(7) s obtained for the isomers7+d in decay
mode by using the total absorption spectrometry. All in all,
we recommend the half-life valueT1/2s7+d=0.61s2d s, de-
rived as a statistically weighted average of thebg, pg, and
TAS data of this work.

Discussion of the half-life of thes21+d isomer. In the high-
resolution experiment, the half-life of thes21+d isomer was
determined by using several intenseg transitions in93Rh
which cannot be populated viab decay of thes7+d isomer
(see Table II). On the basis of the assumed decay scheme, the
proton-coincidentg lines at 138, 247, 295, 333, 522, 698,
and 543 keV were chosen for this purpose, yielding a statis-
tically weighted average value of 0.42s5d s, which agrees

with the previous value of 0.3s2d s [1] within the respective
experimental uncertainties. The new half-life value(reported
preliminarily in [7]) is confirmed by the analysis of
b-coincidentg transitions in94Pd [4] fT1/2=0.47s8d sg, and
also agrees with the value of 0.30s6d s measured in decay
mode by means of the TAS. Therefore we recommend the
half-life valueT1/2s21+d=0.39s4d s, derived as a statistically
weighted average value of all mentioned results. We expect
that the present values, being derived from both grow-in and
decay data, are more accurate than those found in the
grow-in measurement only[3].

IV. SHELL-MODEL CALCULATIONS AND DISCUSSION

The experimental levels in93Rh have been compared with
shell-model calculations of two types. The first calculation,
labeled “SM,” has been performed with the codeOXBASH

[23] considering protons and neutron holes within the
sp1/2,g9/2d single-particle orbitals shown on the left panel of
Fig. 8. The empirical residual interaction derived by Gross
and Frenkel from ten nuclei withN=48–50 [24] has been
used. The second calculation, denoted “SM1,” has been per-
formed with the shell-model codeANTOINE [25] by using the
interaction parameters of Sinatkaset al. [26] who assumed a
100Sn inert core and considered proton and neutron holes
distributed in theg9/2, p1/2, p3/2, and f5/2 orbitals as shown in
Fig. 8 on the right panel.

Most of the states in93Rh populated bybp emission can
be explained as even-parity yrast states by using simple
psp1/2,g9/2d6ng9/2

−2 configurations in shell-model calculations.
In Fig. 9, the even-parity states in93Rh derived from theg

rays coincident withb-delayed protons(left panel) in the
present work and partly known from previous study[18] are
compared with the results of SM and SM1 shell-model cal-
culations. One can see that both types of calculations repro-
duce well the data up to high excitation energy and spin
values.

A comparison for the odd-parity states in93Rh is ham-
pered by the fact that experimentally only tentative spin as-
signments are made for these states[18]. Therefore a conclu-
sive interpretation cannot be given. In Fig. 10, the observed
93Rh levels are compared with the results of SM and SM1

FIG. 8. Single-particle shell-model orbitals used in calculations
of 93Rh states. The SM configurations applied with the empirical
Gross-Frenkel residual interaction(Ref. [24]) are shown on the left
panel. The SM1 orbitals used with the interaction of Sinatkaset al.
(Ref. [26]) are shown on the right panel: The active particles•d and
hole s+d occupation is indicated for the leading ground-state
configuration.
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shell-model calculations. One can see that the simple
sp1/2,g9/2d configuration space fails to reproduce the right
order of high-spin yrast states. The application of theg9/2,
p1/2, p3/2, and f5/2 space improves the situation though a
quantitative description of the data is still to be achieved.

We have made tentative spin-parity assignments to some
low spin and low excitation energy non-yrast states in93Rh,
which have been derived from a comparison of the experi-
mental scheme, established on the basis ofb-proton-g data
and the results of shell-model calculations, e.g., the SM cal-
culations presented in the right panel of Fig. 11. These states
do not belong to the main yrast cascades as most of them are
bypassed by the deexcitation of the 853 keV state to the
ground state of93Rh. An interesting feature of the94Ag decay
is the much weakerb feeding of thes5/2+d state in93Rh (the
respective 622 keVg ray is observed in coincidence with
protons and 511 keVg rays only) in comparison with the
strongly feds7/2+d ands11/2+d levels. Such a difference can
tentatively be understood as a preferable emission of protons
with ,=2, j =5/2 from the 6+ and 8+ states in94Pd while the
s5/2+d level can be populated via emission of,=4, j =9/2
protons, this mode being suppressed by the much higher cen-
trifugal barrier. The suggested interpretation gives one more
evidence in favor of the spin-parity assignments7+d for the
first isomer of94Ag.

The excitation energy of 6.3 MeV predicted for thes21+d
isomer by shell-model calculations[4] is in qualitative agree-

ment with the obtained low-limit value of 5.4 MeV. At this
high excitation energy, thes21+d isomer is expected to be
unbound to several exotic decay modes, such as direct(or
Coulomb-delayed) one proton, two-proton ora emission to
the ground state of the respective daughter nuclei:93Pd,93Rh
and 90Rh. The Q values estimated for these disintegration
modes are 5.4, 1.8, and 3.8 MeV, respectively[5]. Such de-
cays suffer from a strong angular-momentum hindrance,
whereas transitions to highly excited high-spin states in the
daughter nuclei have presumably small or negativeQ values.
Therefore, the branching ratio of thes21+d isomer for direct
charged-particle radioactivity should be very small. In addi-
tion, b-delayed two-proton and three-proton emissions from
the 94Ag isomers can be investigated. Due to the high cen-
trifugal barrier, all the listed decay modes may result in the
excited states of the daughter nuclei93Pd, 92Rh, 92Ru, 91Tc,
and therefore may be followed by correspondingg deexcita-
tions. However, none of theg rays from the low-lying states
of the nuclei mentioned above has been observed neither in
proton-g nor in proton-g-g events. The detailed report of the
search for direct particle emission will be published else-
where[27].

At last, we would like to note that the super allowed
Fermi decay of the 0+ ground state of94Ag, with a half-life
of 29−10

+29 ms [2], has not been observed in this work. This is
apparently related to the fact that the heavy-ion induced
fusion–evaporation reactions such as58Nis40Ca, p3nd prefer-

FIG. 9. Even-parity yrast states in93Rh pre-
dicted by the shell-model calculations SM and
SM1 (see center and right panels, respectively) in
comparison with the experimental scheme de-
rived from the g rays observed inb decay of
94Ag in coincidence with delayed protons(left
panel). Energies of the states andg rays are given
in keV.

FIG. 10. Odd-parity yrast
states in93Rh. Shell-model predic-
tions (center and right panels) are
shown together with the experi-
mental scheme derived from the
proton-g data(left panel).
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ably populate high-spin states. Correspondingly, thes7+d and
s21+d isomers receive the major share of the58Nis40Ca, p3nd
cross section and, in the absence of major internal branches
of their deexcitation, “block” the population of the ground
state in this reaction. Contributions of the ground state of
94Ag to the mass-separatedA=94 beam are further sup-
pressed due to the delay occurring in ISOL ion sources.

V. SUMMARY AND OUTLOOK

We have studied in detail the decay properties of the iso-
mers in94Ag by measuringb+/EC-delayedg rays, protons,
proton-g and proton-g-g coincidences as well asb-strength
distribution. The applied detection techniques have supplied
a detailed spectroscopic information. In particular, the

method of g ray spectroscopy using coincidentb-delayed
protons was allowed to measure the decay branching ratios
as small as 3310−3.

In addition to the knowns7+d isomer in94Ag, the s21+d
isomer with T1/2=0.39s4d s has been observed. Thes21+d
excitation energy andQEC values were measured to be at
least 5.4 and 17.7 MeV, respectively. This relatively long-
lived state has presumably the highest spin ever observed for
b-decaying nuclei. The delayed proton emission from the
b+/EC decay of thes21+d isomer, has the branching ratio of
27% and results in a population of dozens of high-spin(up to
39/2) states in the daughter nucleus93Rh. The properties of
the experimentally identified93Rh levels are compared to
shell-model predictions. The simplesp1/2,g9/2d configuration
space describes well the93Rh even-parity yrast states up to
the highest energy and spin values, however it fails to repro-
duce the right order of high-spin odd-parity yrast states. The
application of the largeg9/2, p1/2, p3/2, and f5/2 space im-
proves the situation though a quantitative description of the
data still needs to be achieved.

The s21+d isomer is estimated to be open to several exotic
decay modes like direct one-proton, two-proton, ora-particle
emission, and further search experiments for such exotic ra-
dioactivity may bring new exciting results.
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FIG. 11. Low-excitation energy states in93Rh resulting from
shell-model calculations(right panel) are shown in comparison with
the experimental scheme derived from theg rays observed inb
decay of94Ag in coincidence with delayed protons(left panel).
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