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The decay of th€7*) and (21%) isomers of theN=2Z isotope®*Ag was studied at the GSI on-line mass
separator by measuring-delayed protons;y rays, protony and protony-y coincidences as well as the
B-strength distribution. We have observed high-spip to 39/2 states in”°Rh populated by proton emission
following the B decay of the”*Ag isomers. The major part of the population is related toghgecay of the
known (7*) isomer whose half-life is 0.62) s. The assignment of the high-sgi2L*) isomer in®*Ag with a
half-life of 0.394) s has been confirmed. The excitation energy Aritecay energy of th€21") isomer were
measured to be at least 5.4 and 17.7 MeV, respectively. At this excitation ener¢gglthésomer is expected
to be unbound to direct one-proton, two-protonaadecays. The remarkably long half-life of tk21*) isomer
with the highest spin and excitation energy ever observedgfdecaying nuclei makes a new textbook
example of a nuclear high-spin trap. The branching ratios3fdelayed proton emission are about 20% and
27% for the decays of th&*) and(21*) isomers, respectively. The properties of the experimentally identified
%Rh levels are discussed in comparison to shell-model predictions.
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I. INTRODUCTION the two ®*Ag isomers. In view of the comparatively small

Almost all the nuclear-structure properties known to dat 4rot0n-s¢_aparat|on energy MPd and the larg@ec value of

for N=Z nuclei stem either from in-beam spectroscopy, i.e., Ad [estimated to be 4(6) MeV and 13.16) MeV, respec-
the investigation of electromagnetiey ray or conversion tively, [5]] it is not surprising thas-delayed proton(Sp)
electron processes, or from decay studies. The latter experiemission occurs in the decay g [1]. However, the de-
ments generally investigate nuclear disintegrations mediatethiled protony coincidence data presented in this work are
by strong(direct particle emissionweak(8"/EC decay, or  distinctly different from those obtained for other spin-gap
electromagnetic interactions. The decay of isomers of thégsomers, e.g., those occurring Co(19/2), ®Pd21/2"),
N=Z nucleus®*"Ag, which is the topic of this paper, com- or21%p¢(18") (see review irf4,6]), as these states have lower
bines all three of th+ese Interactions. _ spin or decay by internal transitions aremission. One may

By studying thes"/EC decay of"Ag, first evidence for a s consider the present work to represent an example of an
high-spin(l = 17) isomer with a half-life(T,,) 0f 0.32) Sin  experimental technique which may be called “high-spin
this nucleus, in addition to the know(¥") isomer [Tz spectroscopy using-delayed protons.” The potential of this
=0.425) s] [1] and (0) ground state(Ty,=293,m9 [2],  method is iliustrated by the results described in this paper.
was obtained in a recent experimé8} performed at the GSI They concern spin and parity assignments, excitation, and

on-line mass separator. In a follow-up measurement, the dey, + i ; ;
) ; - 7 Pdecay energy of thé21) isomer as well as high-spin states
cay of the two isomers was further studied by improving. y 9y er) gn-sp

93 ‘eai ;
B-vy-y coincidence data. This experiment yielded additionall?f thRehf poo(r;lil)a;en(zlj ?g 1?;9;%%?235'0” following thalecay
information about excited states in the daughter nuciéed W : :

and has allowed to deduce a tentati2d*) assignment for Thg paper is str_ucture_d as follows. After introducing_the
this spin-gap isomer and to estimate its excitation energy t§xperimental techniques in Sec. II, the result_s of the positron,
be about 6.3 Me\[4]. proton, andy-ray measurements are described in Sec. lll.

In this paper we present results obtained by investigatin%ecuon IV contains a comparison of the experimental results

both B-delaved~ ravs and protons emitted in the decay of With shell-model calculations, and Sec. V gives a summary
p yedrtay P y and an outlook. Preliminary results of this work have already

been presented in the conference contributiah§.
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1 MeV electrons in Si is about 1.7 mnThe structure on the
400 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-
200 J 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-
g{i)%)n glectrons in coincidence with the respectivays from

Pb.

ﬂ 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 continuouslygrow-in modé while the tape was

0 r r T r r at rest. In the period between the end of the implantation

0 200 400 600 800 1000 interval and the tape movement the decays of the radioactive

E (keV) source were measured as wélecay modg 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

X 10* such cycles were accumulated, corresponding to a to-

particle-nA “Ca beam from the heavy-ion accelerator {8l measurement time of 80 h. The'/EC-delayed proton

UNILAC at GSI. The target consisted of a 2.6 mgfctnick ~ decay of "Ag was measured by recordingproton, proton-

8Ni foil enriched to 99.8%. The reaction products were ¥, B-proton-y, and protony-y events within a coincidence

stopped in the FEBIAD-B3C ion sour®,10] with two cold  time interval of 100 ns.

pockets, which suppressed the release of the isoB3#pid In a separate experiment, tigefeeding distributions from

contamination by a factor of 30 without reducing g  the *’Ag decays have been measured with a total absorption

yield. Singly charged mass-94 nuclei were separated fromspectromete(TAS) consisting of a large Na | crystal and
other reaction products by means of the GSI on-line masseveral auxiliary detectors for detectingy, B-proton,
separator{11]. The mass-separated beam of ffag iso-  proton-y, and x-rayy coincidence event§l5]. The TAS
mers, whose average intensity amounted to abousetup was almost the same as in the previous measurements

1.5 atom s, was implanted into a tape which removed the of the ®"Ag decays reported ifiL6] where the TAS setup is

activity after preselected time intervals. The implantationdescribed in details. A single Na | crystal with 36 cm length

point was surrounded by high-granularity arrays of germaand 36 cm diameter had a cylindrical well in the center,
nium (Ge) and silicon(Si) detectorg7]. where radioactive sources were periodically transported by
Seventeen individual Ge crystals were usedfeny de- using a tape system. The large volume of the crystal allowed
tection, with fifteen of them being part of three compositea detection of the sungor total) energy of they cascade
detectors, namely a Clust§t2], two Clover[13], and the following B, EC, orBp decays with almost 100% efficiency.
remaining two being single Ge detectors. The photopeak effhe totaly energy was measured in sum with the 1024 keV
ficiency of the Ge array amounted to 3.2% for 1.33 MgV positron-annihilation energy fog" decays. Inside the Na |
rays. This value as well as energy dependence of the detecrystal well, the sources were viewed by smaland x-ray

tion efficiency were determined by using standard calibratiordletectors from one side, and BE-E proton detector from

sources. The energy resolution determined as the full widtlanother side registering-delayed activity either in coinci-

at half maximum(FWHM) of the photopeak was about dence or anti-coincidence with the summedays. With the

3 keV at 1.33 MeVy-ray energy. Single-hit events in any of germanium x-ray detector we could select characteristic x

the Ge crystals were used to createay spectra. rays from %*Ag obtaining a signature for the EC-decay

The Si array[14], which was used for recording par-  branch when noy rays from positron annihilation were reg-
ticles and protons, was positioned inside a cylindricalistered. The transport-tape time periods consisted of a source
vacuum chamber with a 1 mm thick aluminum wall. The Sicollection time of 1.2 s, a source transport time of 0.8 s and
detectors were arranged around the implantation point, cova measurement time of 1.2 s. During the measuring time, the
ering 65% of 4r solid angle. The array consisted of three next source was being collected on the tape outside TAS. The
individual Si detectors. Each of them had an area of 6off-line analysis of the TAS data is described in detail in

X 6 cn?, was 1 mm thick and had 32 strips with two-channel[16]. The®Pd contamination of thg-gated®Ag TAS spec-

readouts. The energy response of the Si array measured by was measured in a separate experiment with a longer

using a?°Bi source is illustrated in Fig. 1. The two highest collection time[17], and the TAS spectra from théAg de-
energy peaks are due KbandL conversion electrons of the cay were obtained by subtracting the correspondifiep

1064 keV transition(13/2*—5/27) in 2°’Pb. For this radia- contribution.

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 In presenting the experimental results obtained in this

not stopped in the Si detectgthe 99% stopping range of work, we use the termsg decay of**Ag” or “decay of

Counts

200

100

FIG. 1. Energy spectrum obtained in the Si detector for posi
trons, electrons and x rays emitted in ta& EC decay of"Bi.

IIl. EXPERIMENTAL RESULTS
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FIG. 2. Spectrum of particles and protons from tHéAg de- 2
cay, measured by the Si arrggolid-line histogram The inset 5 -
shows the high-energy part of the spectrum together withgihe L = 2g
spectrum of*Ag measured withAE-E telescope in the TAS experi- ~ 2 @
ment(dotted-line histogram 8
%Ag” for data containing a mixture of th@ decays of the
(7*) and (21) isomers. Only if individual properties of the 100 200 300 400 500 600 700 800 900
isomers are discussed, more specific terms are used. Energy (keV)

FIG. 3. Energy spectra of rays from the’*Ag decay, measured
A. Energy spectra of positrons and protons in coincidence withg particles(upper pangl in coincidence with
The spectrum of charged particles following tBedecay protons(midQIe pane), and in triple coincidence with protons and
of %Ag is shown in Fig. 2. It has a pronounced peak around®"€ Of the intensey rays of 138, 247, 522, or 698 keWower
0.5 MeV due to the detection of positrons frgerdecay. The ~ Banel. The energies of the strongest transitionsh, */Rh, and
. cp . . 9%Pd are marked by their energies in keV.
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 intions in ®*Pd, except for they ray of 853 keV, which is
comparison with the spectrum gtdelayed protons from the assigned to known transitions fiRh [18]. The correspond-
%pg decay as measured in the TAS experiment by using thilg “°Rh state is apparently populated via proton emission
AE-E telescope. As can be seen from this inset, the highfollowing the decay of“Ag. Furthermore, the spectrum dis-
energy part of the spectrum obtained in this work agrees verplayed in the upper panel of Fig. 3 shows a peak at 558 keV
well with the independently measurgip spectrum of“Ag ~ Which is known to be the strongegtdelayedy ray of **Pd
in the high-energy part. At low energies, the spectrum ofl19].
protons measured with the Si array has a low-energy tail in The results of the fit of the strongesgtrays observed in
comparison with theAE-E spectrum because of energy the 8 decay of®Ag are shown in Table I. The-ray energies
losses of protons in the collection tape and an admixture ofnd intensities are given relative to that of the 814 keline
positrons. The optimal proton-positron discrimination energyand are used in this work for a normalization purpose. In
compromising the large enough proton-detection efficiencyaddition, they rays observed in the respective triggey-y
(60%) and the relatively small admixture of positrons coincidence as well as the half-life values derived for the
(<10%) was estimated to be of 1.8 MeV. strongest peaks are listed. Thgay energies and intensities
shown in Table | agree with th@y data analysis reported in
[3,4], though the gate condition in the coincidghspectrum
is more narrow in our case. Almost all coincideptrays
listed in the last column in Table | are the same as those
The y rays observed for mass-94 samples were inspectefbund in[3,4], and few coincidenty rays are missing which
by using four different coincidence conditions. First, the might be related to the different ways of data analysis.
rays were measured in coincidence with particles detected by With a second coincidence condition, we selected events
the Si array, restricting the particle energiésr energy that were recorded in the Si array with energies above
losse$ to a range from 0.2 to 1 MeV which is shown in Fig. 1.8 MeV. Such events are estimated to be dominated by
2 by the vertical dotted lines. This is the range whge g-delayed protons. The resulting-ray spectrum changes
particles dominate. The upper panel of Fig. 3 displays thelramatically, as can be seen from the center panel of Fig. 3.
resulting y-ray spectrum. Almost ally rays represent transi- Most of the knowny transitions in®*Pd are not observed any

B. Energy spectra of y rays measured in coincidence with
positrons and protons
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TABLE I. The strongesty rays observed in thg decay of**Ag. was performed in order to establish tyedeexcitation cas-
Transition energiesE,) and intensities(l,), half-lives (Ty») and  cades betweeffRh levels. As an example for this analysis,
coincidenty lines are given. The, values are normalized to that of the [ower panel of Fig. 3 displays thecoincidence spectrum
the 814 keV line. Coincideny lines are only listed for the annihi- gptained from triple-coincidence protonsy events. This
lation 511 keV radiation and for transitions Pd but omitted for spectrum was obtained by using a fourth coincidence condi-

those in**Rh and®Rh. tion. The latter was defined by selecting single-hit events in
- _ any of the 17 Ge crystals that were coincidental with
Ey Ly Tur Coincidenty lines observed Si-detector events above 1.8 MeV afiij 138, 247, 522, or
(keV) (a.u) (s) (keV) 698 keV y rays detected in any of the remaining 16 Ge crys-

tals. The first column of Table Il listyy rays, which are
267.41) 817 0639 (95)‘3927249%8‘;51902251%2;4’905 assigned to represent transitions’i#Rh on the basis of the

I ' half-life data(see third column of Table )land a comparison
324.41) 39415 0.624) 95,347,408,597,659,814,905,994 of the positrony and protony spectra(see upper and central

333.97) 5.016) see Table Il panel of Fig. 3. The protony-y coincidence datésee fourth
408.31) 10.85) 267,324,597,814905),994 column of Table 1) reveal further™®Rh transitions, namely
511.Q1) 3097) all y lines reported those at 148, 163273), 297, 382, 440, 546, 557, 570, 622,
558.31) 20.19) from %Pd decay 654, 680, 695, 842, and 948 kegarentheses indicate ten-

267,324,408,814905,994,1545 tative assignmentsSome of these transitions were observed

597.11) 10.111
1 1 by using in-beamy spectroscopyl18], others are tentatively

659.41)  50.618) (267),324,686,814,905,994 assigned because of matching the established energy levels
685.84) 2.912) 659,814 in 23RN

814.q1) 1004) 0.615) 324,408,597,6508686),905,979

853.01) 8.95) see Table Il ) o3 )

905.21) 98(4) 0.604) 95,324,347,597,659,814.979 C. Excited states in""Rh populated in 8 decay

978.61) 40.7121) 267,324,814,905 Table Il lists the experimental properties GRh levels,
993.11) 8.67) 95,267,324,408,597,659,1092 assigned on the basis of the protgrand protony-vy coinci-

dence data discussed above. Figure 4 displays the corre-
sponding level scheme 8fRh. It comprises ally rays listed

longer, while the spectrum is characterized by more than 2@ the first column of Table II, except the weak high-enefgy
other peaks. They match thedeexcitation pattern of high- rays at 1565 and 1861 keV which are not placed in*ih
spin states irP°Rh which are known from in-beam spec-  level scheme.
troscopy[18]. Table Il lists they-ray energies and intensities, ~ The non-yrast levels are partially taken from data onghe
obtained from this spectrum, the half-life values deducedlecay of **Pd [20], while the yrast-band assignments are
from analysis of they-ray time characteristiogsee Sec. las  adopted according tfi8]. The 853 and 5447 keV levels are
well as coincidenty rays observed in protog-y coinci-  the only exceptions from this procedure. On the basis of the
dence. From the central panel of Fig. 3 one can see that witlarger intensity of the 853 ke line relative to that of the
the high-energy condition applied to the Si array, the inten866 keV one, we conclude that these two transitions must be
sities of the strongest transitions in**Pd, e.g., those at 324, inverted in comparison with the earlier assignmighr|. The
659, 814, and 905 keV, decrease by a factor of 60. Thi@nalogous conclusion is drawn for the 5447 keV state on the
illustrates the efficiency of the protgB-discrimination in  basis of the relative intensities of the 247 and 698 keV
this work. lines. We interpret three weak lines at 191, 130, and

In order to further inspect the protgRidiscrimination and 148 keV, observed in addition to those found earfiE8], as
its relation to the assignments ofrays, we chose a third, being members of the odd-parity bagsee lower panel of
more restrictive coincidence condition, i.e., one that exclude&ig. 3). As they have very small intensities, we have tenta-
events below 2.5 MeV recorded in the Si array. By compardively placed them on top of the 6389 keV level. If there
ing the |, values deduced from this spectrum with thosewere any further higher-energy transitions from higher-
listed in Table I, we conclude that the contribution to the  lying “Rh states populated h§p emission, they are appar-
high-energy region of the Si spectrum is only about 5ently below the sensitivity limit of the present measurement.
x 1073 of the total intensity found for events with energies Furthermore, we have observed wegkrays at 368, 382,
beyond 1.8 MeV. For the data analysis presented below, wé40, 622, and 705 keV which were found to be coincidental
accepted theE, and |, values derived from the Si events With protons and 511 ke rays only(see Table li. From a
above 1.8 MeV, except for the case of the 698 and 866 ke\previous study of thé*Pd 8 decay, the 622 and 382 keV
lines (see Table ). These data are in quantitative agreementines have been assigned to depopulate thé Az of *°Rh
with those derived by using the 2.5 MeV threshold which[20]. As other lines have not been seen in coincidence with
provides more accurate data for a feways, i.e., for those at  rays from*Rh, we could not place them in tHéRh level
191 and 1494 ke\(see Table II). scheme, and therefore did not list them in Table Il1.

As we have observed the feeding of many highly excited The high-spin levels of*Rh fed in sp decay give further
states in®*Rh, populated by proton emission from excited evidence for thg21*) isomer in**Ag identified in[3,4]. Its
states of/Pd, an analysis of the protopy coincidences spin can be estimated by inspecting the highest-spin levels
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TABLE Il. Gamma rays for the decay 0‘1‘4Ag, observed in coincidence with proton events above
1.8 MeV and assigned as transitions’#Rh. Notifications and normalization are the same as in Table I. All
v rays listed were found to be in coincidence with 511 kgvays.

Coincidenty lines

E, I, Tio observed
(keV) (%) (s) (keV)
130.23) 0.42) 138,295,333,543,546,853,866
137.61) 1.02) 0.458) 191,247,295,333,
522,543,546,653,
695,698,853,8661494)
1591) 0.4(2) 297,543,546,858366)
191.32) 0.42) 138,148,247,296333),
522,543,546,853
240.11) 2.012) 0.569) 557,570,654,680,842,1390
246.91) 0.71) 0.4614) 138,148,159191),333(497),
522,544,695,698,
853,866(1494
295.42) 1.02) 0.6421) 138,163,247,297,333,497,
543,546,653695),853,866,1362
333.41) 1.7516) 0.5614) 130,138,163,
247,295,497,522,
543,546,698,853,
866,948,1362,1494
3821) 0.32) -
496.93) 0.37110) (273,295,338543(698),853
511.033) 46.410) 0.525) 130,138(159),191,240,
247,295,297),333,368,382,
440,522,543,
622,653,698,
853,866,894,1362,1494
522.41) 0.9213) 0.4616) 130,138,247,333,
543,546,698,
853,866
543.72)% 2.42) 0.3013) 130,138,247,333,497,
522,543,546,
698,853,8661494
6221) 0.53) -
652.52) 0.5613) 138(240),295,333,546
698.Q1) 1.6419) 0.2511)° 138,247,333,522,543,853,866
852.91) 11.35) 0.6810) 138,247,333,522,543,698,866
866.401) 3.2416) 0.5014)° 138,247,333,522,543,698,853
894.21) 4.32) 0.4812) (333,557,570
1361.73) 0.3612) 247(295),333
1451.Q7) 0.41(13) -
1463.78) 0.4317) -
1493.85) 0.73) 138,247,333,522
1565.44) 0.5017) -
1718.45) 0.72) -
1861.@3) 0.5316) -
2197.85) 0.8916) -

Line interpreted as a doublet consisting of the 542.8 and 545.5)keAys (Ref. [18]).
PHalf-life deduced by using a restrictive proton-coincidence condition.
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TABLE lIl. Level energies, spins, and parities URh states, respective-ray energies, apparent total
probabilities of level population pefAg decay(P,), and appareng-feeding intensitieg| g,) observed in
B-delayed proton decay SfAg.

Erevel (keV) I E, (keV) Py (%) |5pl%)
0.0 (9/2%) - 21(2) 3.37)°
240.11) (712 240.11) 1.72) 1.7
6221) (5/2%) 6221) 0.43) 0.4
852.91) (13/2%) 852.91) 9.6(4) 6.8
894.21) (11/2% 894.21) 3.12) 3.0
894.21) (11/2%) 654(1) <0.2 ?
1451.Q7) (712 1451.47) 0.31) 0.3
1451.Q7) (712 557(1) <0.2 ?
1463.78) (13/2%) 1463.78) 0.3§15) 0.3
1463.78) (13/2) 57Q(1) <0.2 ?
163Q11) (912" 139Q1) <0.2 ?
1718.45) (11/2) 1718.45) 0.52) 0.5
1718.91) (17/2) 866.01) 2.82) 1.3
2052.32) (21/2) 333.41) 1.51) 0.0
2197.85) (5/2%) 2197.85) 0.72) 0.7
2595.12) (23/2%) 542.8 1.53)° 0.3
2890.53) (25/2%) 295.42) 0.91) 0.2
3543.q4) (25/2%) 652.52) 0.51) 0.1
3543.q4) (25/2%) 9481) <0.2 ?
4088.73) (27124 5455 1.35)° 0.1
4088.73) (27124 1493.83)'
4252.25) (29/2%) 1361.73) 0.31) 0.0
4549.45) (31/2%) 297.2 <0.2 ?
4708.411) (33/2%) 1591) 0.43) 0.3
4611.14) (25/27-29/2) 522.41) 1.7(1) ?
4748.94)° (27/2°-31/2) 137.61) 2.02)" 0.1
4748.94)° (27/2°-31/2) 496.93)
5446.95) (29/27-35/2) 698.01) 1.42) 0.8
5693.85) (31/27-39/2) 246.91) 0.6(1) 0.6
6388.56) (33/2-43/2) 694.7 <0.2 ?
6579.76) (35/2°-47/2) 191.41) 0.42) 0.4
6709.97)’ (3712 -47/2) 130.23) 0.42) 0.4
68581) (39/2-47/2) 1481) <0.2 ?

3Intensity of thep-delayed proton decay into tiféRh ground state is deduced from the TAS measurements.
PValue is adopted fronRef. [18]).

“Derived by assumingt]y(333) > Iy(543) >[I y(295)+ly(1494)].

GIAverage value of the two experimental level energies 4088.&nd 4088.94) keV.

“Derived by assuming,(546)=1,(543+546~1.(543.

fLine positions and intensities are deduced by using the coincident-proton threshold of 2.5 MeV.
9YAverage value of the two experimental level energies 4748and 4749.15) keV.

hBoth v de-excitation and internal conversion are taken into account.

'Tentative assignment.

observed in®Rh. Assuming a(39/2, 47/2°) spin-parity  proton emission, respectively. This estimate agrees with that
range for the highest level placed at 6858 keV, we obtain obtained earlief3].

=18 for the proton-emitting state #Pd, and hencé=17

for the %Ag isomer(assuming allowegB decay. This esti-
mate is based on the assumption that the spin-parity changes
(AI*™) between parent and daughter states respective to On the basis of the measureeray energies and intensi-
those of parent states ar@®land 3/2° for 8 decay and ties and the respectivERh level assignments, we can esti-

D. Branching ratios for B-delayed proton emission
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mate the branching ratios f@p emission from both isomers tribution of the ®*Ag isomers to the mass-separat@d 94
in ®*Ag. We assume that the isomers decay i#fed+y and  beam are found to be 89% and 11%, respectively.
%Rh+p+y channels only, disregarding possible direct A remarkable feature of the observgg-decay pattern is
charged-particle emissions and internal transitions of thé¢he preferred feeding of odd-parity states at high excitation
%Ag isomers. Therefore the sutp{7*)+1gn(7")+1pd21")  energies ir°Rh, which points to odd orbital momenta of the
+1g(21%) should be 100% per one decay YAg, where emitted protons when assuming even parity for #ied par-
lpgri(77,21") are the respective8 intensities, i.e.,lg, €ntstateg3]. Such a feature may be qualitatively explained
=3I, In such a case all thg intensities listed in Table Il Via a simplified structure of the21") isomer of*/Ag and its
should be renormalized by using the additional condition thahigh-spin B-daughters(20*—22") in %pd within the re-
the 814 keV state if“Pd is a “collector” state fed by afg  stricted(py/»,gqe/») Model spacésee Sec. IY. The spin-parity
transitions and subsequeptays except for 10% of intensity range, which can be populated in odd-parity stateSRh by
resulting in conversion electron decay8,4]: lp(7%) emission of g, proton from*Pd , is (39/2" to 45/2). For
+1p((217)=1.11,(814 keV). The derived partial branching the even-parity states i'Rh, the spin range that can be
values,| 4, are listed in Table IIl. One should note, that the reached via an emission ofgg;, proton is(31/2" to 53/2).
intensity of theB-delayed proton decay into tfféRh ground  The barrier penetration is easiest for the highest decay ener-
state was derived from the TAS-experiment data by selectingies and therefore a population of the lowest spin states in
the protons coincident with the 1022 key/peak due tg3*  the two ranges is preferable. Moreover, the centrifugal bar-
annihilation in TAS. The relative intensity of this decay rier favors¢,=1 over¢,=4 emission, which cannot be com-
branch has been measured to be BL&l 4, In this case, pensated by the higher decay enelgy lower excitation
we have assumes(Rhy ) =g energies in thé*Rh daughter for the ¢,=4 case. Thus the
The proton branching ratios can thus be calculated fopdd-parity states i°Rh are populated up to much higher
each of the two isomers from the intensities of the decay$§Pin and excitation energy and more strongly than the even-
connected to proton emission. For this purpose, the respegarity states, in agreement with the observed branching ra-
tive intensities from Table Il are used, e.gh,(21")  tios, see Table III.
=g [1gn(21F) +1p421%)]. A further assumption is that
Bp emission from thé7*) isomer occurs predominantly with E. Estimates of theQgc values of the®Ag isomers

angular momenta=3/2, thus feeding states th”Rh. with | We estimated th€®gc values of the isomers iff'Ag by
=19/2 only. Hence, the feeding of the higher-spin states ofpree independent methods. The first one is based on deter-
Rh is entirely assigned to the decay of ##4") isomer.  mining the maximum energiegend-points of the proton
The corresponding intensitidg,(7*) and Ig,(21%), derived  spectra obtained in coincidence with knoyaray transitions
from Table Ill, amount to 18% and 3%, respectively. Further-in *3Rh. Figure 5 shows six energy spectrgdparticles and
more, y rays following ag feeding of */Pd excited states protons measured with the Si array in coincidence with dif-
with 17<8" are assigned to the decay of 7€) isomer only  ferent y transitions assigned tSRh. All spectra are charac-
[3,4]. By using the®Pd level schemd3,4] and its y-ray  terized by a broad bump at an energy around 2—3 MeV cor-
intensities listed in Table I, we estimate thg(7*) and responding to protons, and a low-energy peak corresponding
Ip{21%) values to be 72% and 8%, respectively. Finally, theto 8 particles. The end points of the bumps assigned to pro-
Bp branching ratios are estimated to be about 20% and 27%ons are in the range from 5.5to 6.1 MeV. These values were
for the decays of thé7*) and (21*) isomers, respectively. used to estimate the highé4Pd excitation energy populated
Using the estimate of the quantityy+1gp, the relative con- by Bp decay of the®*Ag isomers by using the relation
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FIG. 5. Proton and positron spectra measured in coincidencejittys depopulating excited states®Pd. They lines used for the
coincidence gating are indicated for each spectrum.

E(*Pd)=S,+E,+E(*RN), where$, is the proton separa- y-gated proton spectra, shown in Fig. 5, yield maximum
tion energy in**Pd, E, the proton energy, anB(**Rh’) the  E"(**Pd values of 15.3 and 15.5 MeV, respectively. For the
excitation energy of th&Rh level populated by proton emis- decay of (7*) isomer, E(**Pd) estimates of 10.3 and
sion. For example, the 698 key/transition indicates a popu- 10.7 MeV were obtained in a similar way by using the 240
lation of the 5447 keV(29/27,35/2) state in%Rh, thus  and 894 keVy-gated proton spectra, respectivéiee Fig.
excluding y-ray emission aftep decay of the(7*) isomer  5). Thus theQgc values of thg7*) and(21*) isomers ir*Ag

in 9Ag (see Fig. 4. As the proton separation energy®tiPd  should be at least 12.0 and 16.8 MeV, respectively, assuming
is estimated to be 4(6) MeV [5], the end-point value of that the measured protons follow a positron emission whose
5.5 MeV of the respective proton spectrum corresponds to eninimum energy is larger than the detection threshold of
value of at least 15.4 MeV for the highest excitation energy0.3 MeV [i.e. Qec=E(*Pd)+1.022+0.3(MeV)].

of %Pd states populated i decay of the(21*) isomer in The excitation spectrum JfPd states populated i de-
%Ag. Similar estimates made for the 138 and 247 keVcay of “*Ag which are followed by a proton emission into
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easured with the TAS and proton detectors in decay¥"¥g.

Rh excited states has been measured by operating TAS & solid lines are the results of data fit

coincidence with protons registered by its auxiliary Si detec-

tors. The measureB(*'Pd) distribution is shown in Fig. 6, |ower limit, as the 5447 keV state #iRh, which deexcites
where one can clearly see two bumps whose positions angly the 698 keVy ray, can be populated also from higher-
intensities can be explained in a consistent way as being dyging states in>*Rh, e.g., those emitting the 695 or 191 keV
to decays of thé7*) and(21*) isomers in*Ag. By inspect-  y rays. We thus conclude that the obtained upper-Iigit
ing the high-energy part of tHe(**Pd’) spectrum which ends estimate of 15.@) MeV for the (21*) isomer does not con-
at 16.4 MeV(see Fig. 6, we have a second method to esti- tradict the corresponding value of 17.7 MeV described
mate theQgc value of the(21*) isomer. With the assumption above.
described abovd Qgc=E"(*Pd)+1.022+0.3(MeV)], the A similar Qg estimate has been applied to the TAS data,
Qec(21%) value is found to be larger than 17.7 MeV. Finally, where we could distinguish twgp transitions only, into the
the low-limit Qec value related to thé21*) isomer is esti- ground state and the 853 keV excited stat&’Rh, Wwhich are
mated to be 17.7 MeV. A close inspection of tBestrenth  Mainly populated by decay of thg"*) isomer in®Ag, see
distributions derived on the basis of the excitation spectrunfable lIl. In the first case we have measured #iéEC ratio
of ®*Pd shown in Fig. 6 will be done in a separate publicationfor the protons detected in coincidence with the 1022 keV
[21]. peak in the TAS spectrum and in anticoincidence with TAS,
As can be seen from the comparatively modest intensityespectively. The obtaine"/ EC ratio of 15.6] corresponds
of the 8 component of the spectra displayed in Fig. 5, the ECI0 Eg=5.10145) MeV. The average proton energyalculated
component of3 decay represents an important part of theas the position of the peak in the proton spectrum, see
processes preceding the proton emission. Therefore the thifiptted-line histogram in Fig.)Zor this case was 3.49 MeV,
way of estimating theQgc value is based on the relative and thusQgc=5.1045)+3.49+4.47=13.00Q15 MeV. In the
weights of thed* and EC decay branches of isomer§iag.  second case, thg"/EC ratio of protons detected in coinci-
The weights were determined by using again thedence with the 853 keV peak in the TAS spectrum and in
B*IEC-delayed proton spectra gated by knowmays. For  coincidence with thé1022+853 keV peak in TAS, respec-
this purpose we assumed th@tthe 8 decay of*/Ag into a tively, yielded E;=4.2540) MeV. The average proton en-
highly excited state i’*Pd proceeds by a Gamow-Teller ergy is 3.37 MeV, and thusQgc=4.2540)+3.37+4.47
transition via two competing channels,& emission or an  +0.853=12.9640) MeV. Therefore, theQg(7") value, de-
EC decayj(ii) the **Pd level under consideration deexcites duced by averaging the results from all three methods, is of
by a proton emission into excited states'fRh, and(iii) the ~ 13.03) MeV.
latter emit y rays. Thus the intensities 8" and EC pro- The excitation energy of th@1*) isomer in®**Ag may be
cesses can be defined from {igroton-y and protony data,  deduced by using the above-mention@g. estimates. On
respectively. The theoretical dependence of itEC ratio  the basis of the shell-model prediction of 0.66 MeV for the
on p-decay energyfg, was taken from22], and theQgc  excitation energy of thé7*) isomer[3], we conclude that the
value of the(21*) isomer of*/Ag was then determined as the excitation energy of the(21") isomer is of the order
SUMQec=Ex+E(**Pd)+1.022(MeV). For example, for the 5.4 Mev. This lower limit is in qualitative agreement with

case of g3 transition followed by emission of 2.9 MeV pro- the value of 6.3 MeV, deduced from a comparison with
tons and 698 key-rays (see the respective proton peak in shell-model prediction§4].

Fig. 5), theE(**Pd) value is found to be 12.9 MeV by using

the level assignment shown in Fig. 4. The corresponding F. Beta decay half-lives

B*IEC ratio is 1.84), which yieldsE,=1.7(2) MeV and thus The half-life values of botl*Ag isomers were obtained
Qec=15.62) MeV. Actually, this estimate represents a by fitting the time distributions of the activity measured with
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the high-resolution and the TAS setups. In the high- SM1

resolution experiment, the time distributions were measurec Ig,,
both in “grow-in” and “decay mode{see Sec. )l Single- 1g,, . 2p,,

component exponential decay and grow-in functions weres_ eeee | =—-5o- If,,
used for a maximum-likelihood fit of the data. The fit results ———ee— 2, ™,
are listed in Tables | and Il for the most intenselines = 2
observed in coincidence with protons gBgarticles, respec- 38 50 50

tively. In the TAS experiment, the time distributions of the 41056 neutrons protons eUtrons
9mAg decays were measured with the TAS and proton de-

tectors in a decay mode, and they are shown in Fig. 7. The FIG. 8. Single-particle shell-model orbitals used in calculations
data are selected from the measug@groton-TAS coinci-  of ®Rh states. The SM configurations applied with the empirical
dences. The triangles correspond to data obtained70r  Gross-Frenkel residual interactigRef. [24]) are shown on the left
isomer decays by demanding that the excitation energy of thganel. The SM1 orbitals used with the interaction of Sinatkzal.
daughter*Pd statesE(**Pd) is less than 12 Me\(see Fig.  (Ref.[26]) are shown on the right panel: The active partieleand

6). The filled circles correspond to the decay of 24") hole () occupation is indicated for the leading ground-state
isomer. They were selected with the condition configuration.

E(**Pd)>12 MeV (see Fig. 6. The maximum-likelihood

fits of the data give half-life +va|ues of 0.60 s and  jth the previous value of 0(3) s [1] within the respective
0.306) s for the decays of the7”) and (217) isomers, re-  gxperimental uncertainties. The new half-life valueported
spec_tlvely._ ) ) ) preliminarily in [7]) is confirmed by the analysis of
Discussion of the half-life of th&*) isomer In the high- B-coincidenty transitions in®Pd [4] [T,,=0.478) s], and

resolution experiment, the half-life of th@") isomer has 350 agrees with the value of 0(B) s measured in decay
been derived on the basis of the most intepsEansitions in - yode by means of the TAS. Therefore we recommend the
93] F . . . L.

Rh whose spin is 17/2 or lowgsee data for the 853, 866, nalf-life value T;,,(21%)=0.394) s, derived as a statistically
240, and 894 ke lines in Table 1), by assuming that these \yeighted average value of all mentioned results. We expect
states are mainly populated via emission(ef0, 2 protons  {hat the present values, being derived from both grow-in and

from 17<8" states in*Pd which are predominantly popu- gecay data, are more accurate than those found in the
lated in 3 decay of the(7") isomer. Contributions from the = gro-in measurement onlig].

(21%) isomer may be neglected because of its relatively low

production, see Sec. Il D. The statistically weighted average
value of the half-life is the,,,(7*)=0.576) s. This value V. SHELL-MODEL CALCULATIONS AND DISCUSSION

differs from the previous value of 0.88 s derived from a The experimental levels i¥Rh have been compared with
grow-in measuremer(8]. Such a difference can tentatively shell-model calculations of two types. The first calculation,
be explained by a systematic uncertainty that has been digspeled “SM,” has been performed with the codeBASH
regarded when deriving half-lives from a grow-in measure123] considering protons and neutron holes within the
ment only. For example, we reproduce the half-life value(, . q..) single-particle orbitals shown on the left panel of
from [3] if we fit only part of the present time distribution riq "8 The empirical residual interaction derived by Gross
corresponding to the grow-in mode. For a cross-check, thgnq Frenkel from ten nuclei witN=48-50[24] has been
half-life value of the(7*) isomer of*’Ag has been derived on sed. The second calculation, denoted “SM1,” has been per-
the basis of the time dependence of the most intensan-  formed with the shell-model codenTOINE [25] by using the
sitions in the®Pd daughte(see data for the 814, 905, 267, jnteraction parameters of Sinatkesal. [26] who assumed a
and 324 keVy lines in Table ). This method yields a statis- 1005 inert core and considered proton and neutron holes
tically weighted average value ofy,(77)=0.623) s in  (gistributed in thege, P1/z Paj andfsy, orbitals as shown in
agreement with the result of 0.69 s [4] obtained by ana- Fig. 8 on the right panel.
lyzing B-coincident y transitions in%Pd with a different Most of the states i°Rh populated by3p emission can
B-gate condition(see Sec. lll A Both these values agree pe explained as even-parity yrast states by using simple
with the result 0.6@7) s obtained for the isomé7*) in decay  s(p,;,,9o/,)°vdy5 configurations in shell-model calculations.
mode by using the total absorption spectrometry. Al in all, |n Fig. 9, the even-parity states ¥fRh derived from they
we recommend the half-life valug;(79)=0.612) s, de- rays coincident withg-delayed protongleft pane) in the
rived as a statistically weighted average of B¢ py, and  present work and partly known from previous stydg] are
TAS data of this work. compared with the results of SM and SM1 shell-model cal-
Discussion of the half-life of th@1") isomer In the high-  culations. One can see that both types of calculations repro-
resolution experiment, the half-life of th@1") isomer was duce well the data up to high excitation energy and spin
determined by using several intensetransitions in®*Rh  values.
which cannot be populated vi@ decay of the(7*) isomer A comparison for the odd-parity states JfRh is ham-
(see Table Ii. On the basis of the assumed decay scheme, theered by the fact that experimentally only tentative spin as-
proton-coincidenty lines at 138, 247, 295, 333, 522, 698, signments are made for these stdte. Therefore a conclu-
and 543 keV were chosen for this purpose, yielding a statissive interpretation cannot be given. In Fig. 10, the observed
tically weighted average value of 042 s, which agrees °°Rh levels are compared with the results of SM and SM1
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shell-model calculations. One can see that the simplenent with the obtained low-limit value of 5.4 MeV. At this
(p1/2,99/2) configuration space fails to reproduce the righthigh excitation energy, thé21*) isomer is expected to be
order of high-spin yrast states. The application of the, unbound to several exotic decay modes, such as dicect
P12 P32 a@nd fg, space improves the situation though a Coulomb-delayedone proton, two-proton o emission to
quantitative description of the data is still to be achieved. _the ground state of the respective daughter nueted, >*Rh

We have made tentative spin-parity assignments to somand “*Rh. The Q values estimated for these disintegration
low spin and low excitation energy non-yrast stateS®Rh,  modes are 5.4, 1.8, and 3.8 MeV, respectii&ly Such de-
which have been derived from a comparison of the expericays suffer from a strong angular-momentum hindrance,
mental scheme, established on the basig-piroton-y data  whereas transitions to highly excited high-spin states in the
and the results of shell-model calculations, e.g., the SM calelaughter nuclei have presumably small or negafvealues.
culations presented in the right panel of Fig. 11. These stateBherefore, the branching ratio of tii21") isomer for direct
do not belong to the main yrast cascades as most of them agparged-particle radioactivity should be very small. In addi-
bypassed by the deexcitation of the 853 keV state to th@on, g-delayed two-proton and three-proton emissions from
ground state of°Rh. An interesting feature of tf?ééag decay the 9“Ag isomers can be investigated. Due to the high cen-
is the much weakeg feeding of the(5/2") state in"Rh(the  trifugal barrier, all the listed decay modes may result in the
respective 622 keVy ray is observed in coincidence with excited states of the daughter nuclé®d, °°Rh, %°Ru, **Tc,
protons and 511 ke rays only in comparison with the  and therefore may be followed by correspondindeexcita-
strongly fed(7/2") and(11/2') levels. Such a difference can tions. However, none of the rays from the low-lying states
tentatively be understood as a preferable emission of protonsf the nuclei mentioned above has been observed neither in
with €=2, j=5/2from the 6 and 8 states ir”*Pd while the  proton-y nor in protonsy-y events. The detailed report of the
(5/2%) level can be populated via emission ©£4, j=9/2  search for direct particle emission will be published else-
protons, this mode being suppressed by the much higher cemhere[27].
trifugal barrier. The suggested interpretation gives one more At last, we would like to note that the super allowed
evidence in favor of the spin-parity assignméft) for the  Fermi decay of the Oground state of*Ag, with a half-life
first isomer of**Ag. of 29'2 ms[2], has not been observed in this work. This is

The excitation energy of 6.3 MeV predicted for tt#l*)  apparently related to the fact that the heavy-ion induced
isomer by shell-model calculatiofd] is in qualitative agree- fusion—evaporation reactions such’&@si(*°Ca, p3n) prefer-
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1718 _ 12 g 117, method of y ray spectroscopy using coincidegtdelayed
1630 L) 1640 ———— 9/, protons was allowed to measure the decay branching ratios
as small as %1073,
Tigd 7/2+) 1468———— 727, In addition to the known7*) isomer in®*Ag, the (21%)
il isomer with T;;,=0.394) s has been observed. TIi21")
excitation energy an®g: values were measured to be at
994 —— 11 least 5.4 and 17.7 MeV, respectively. This relatively long-
894 aipt) i . )
N N ived state has presumably the highest spin ever observed for
622 6427 28 5/2 B-decaying nuclei. The delayed proton emission from the
240 7o) 263— — 7¢ BY1EC decay of thé21") isomer, has the branching ratio of
v o+ 27% and results in a population of dozens of high-gpmto
%Rh,exp. ©OL) 93Rh, SM 39/2) states in the daughter nuclet®h. The properties of

the experimentally identified®Rh levels are compared to
FIG. 11. Low-excitation energy states fiRh resulting from  Shell-model predictions. The simplp,,,dg/2) configuration
shell-model calculationgight pane) are shown in comparison with  Space describes well tHéRh even-parity yrast states up to
the experimental scheme derived from therays observed i3 the highest energy and spin values, however it fails to repro-
decay of**Ag in coincidence with delayed protoiieft pane). duce the right order of high-spin odd-parity yrast states. The
application of the largeyg,, P12 P32 and fs, space im-
ably populate high-spin states. Correspondingly,(#ig and ~ Proves the situation though a quantitative description of the
(21) isomers receive the major share of fni(*°ca, p3n) ~ data still ”f?ds to be achieved. _
cross section and, in the absence of major internal branches 1h€(21") isomer is estimated to be open to several exotic
of their deexcitation, “block” the population of the ground decay modes like direct one-proton, two-protoneeparticle
state in this reaction. Contributions of the ground state ofMission, and further search experiments for such exotic ra-
%pAg to the mass-separateli=94 beam are further sup- dioactivity may bring new exciting results.
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