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The low-energy levels o%d,, were populated by decay of*2®Rh,, which was produced via projectile
fragmentation of ":113€'>(e82 beam at 120 MeV/nucleon. Delayggigated y rays with energies of 438 and
618 keV were observed in coincidence witifRh,; fragments and assigned to th§ 20" and 4 — 2]
transitions, respectively, if*°Pd,,. Isomericy-ray transitions are also reported f*Rh,. and **Cd,g. The
low-energy structure of?®Pd,, shows remarkable similarity to those of the isotopiéPd;, and isotonic
zgxe74 suggesting that these nuclides share the sanf® andN=82 closed shell structures with neutron-rich

.
DOI: 10.1103/PhysRevC.70.034314 PACS nuni$er23.40.-s, 23.20.Lv, 21.60.Ev, 27.64.

. INTRODUCTION point energy for the decay“Cdy,— **4ng,. They noted that
the experimental mass 8f°Cdg, was higher than expected
The effect of the quenching of neutron shell gaps infrom some mass model calculatioSRDM [8], ETFSI-1

neutron-rich nuclei has been known in self-consistent meang9], Duflo-Zuker mass formulfl0]) assuming a regular neu-
field calculations since the late 19704 and has been dis- tron shell closure. On the other hand, the Hartree-Fock-
cussed extensively in a number of publicatiaisee, e.g., Bogolyubov(HFB) mean field model with SkP Skyrme ef-
Refs.[2—4], and references therginThe microscopic origin fective interaction[2] and the ETFSI-Q model with SkSC4
of the narrowing of neutron shell gaps is found in the inter-interaction[3] both predict the mass 0Cd82 close to ex-
play between properties of the weakening nucleon-nucleoperiment and the neutron “shell quenching”Net82. Con-
potential at the nuclear surface and strong pairing effectssequently, Dillmannet al. [7] proposed that the higlQg
The magnitude of the quenching effect is sensitive to the/alue for ***Cdy, was a direct signature oN=82 shell
form of the effective nucleon-nucleon interaction. For ex-guenching belov%z‘”SnBz. However, the more recent succes-

ample, the Skyrme SkP potential predicts quenching indeSion of microscopic mass models, based on either on
pendently from the method of treatment of the pairing inter-Hartree-Fock + BCHFBCS-1 with MSk7 interatiorj11])

action[2]. For other potentials, pairing plays a decisive role®" HFB (HFB-1 with BSk1 interactiorj12] and HFB-2 with
[4]. It follows that the theoretical phenomenon of quenchingBSk2 and BSk2 interactiorid]) methods predidn=82 shell
is a strong model dependent effect and it is therefore imporduenching but do not calculate the massBEds, correctly.
tant to seek unambiguous experimental indicators of the shell LOw-energy excited states are also sensitive to shell
structure in very neutron-rich nuclei. guenching. In the_ vicinity _of a neutron close_:d she_ll, the low-
The consequence of neutron shell quenching in neutror2N€TGY yrast excitations in an even-even isotopic sequence
rich nuclei in an astrophysical context, first recognized by2® expected to rise with increasing neutron number towards
Haensekt al.[5], has been utilized in attempts to understandtne highest value at the shell closure. Thus, the neutron num-
the significant departures of calculategrocess yields from Per dependence of the energies of the firsf2;)] and 4
the observed solar-process abundances. The key feature[E(41)] states(usually the only states known experimentally
theoretical nuclear masses along therocess path, depends in very exotic nuclei serves as another important indicator
critically on the underlying shell structure in the region. of the presence of shell closures. Experimental dat&(@5)
Amongst many existing mass models, the ETFSBRwith  andE(4;) excitations in even-even neutron-rich nuclei with a
the quenching introduced analytically into the model, signifi-proton number close td=50 and a neutron number close to
cantly improved the agreement between the calculatetl=82 reveal interesting irregularities. For example,
r-process yields and observed abundances in the regidfautzschet al. [13] reported that in*?®Cd,, the values of
112<A<12416]. E(27) andE(4;) are lower than those for the adjacent nuclide
Dillmann et al. [7] recently reported new measurement5126Cd78. Moreover, these energies are significantly different
for the mass oft*®Cdg, deduced from the experimentalend  from the corresponding values for the isotogjte nuclides,
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TABLE I. Experimental 2 and 4 energies for,iPd ands,Xe

nuclides and the IBM-2 calculated energies 1‘6‘?’1%%% (See Ref. l
[15)).
()]

E(2)) IBM-2 E(4}) IBM-2 3
Nuclide (keV) (keV) (keV) (keV) 5
praiale s 434 1046 o
12%pq,, 438 430 1056 1040 -
G 443 1033
2%Pdy, 374 921
rd,, 379 380 953 900 (b)
12%%e,, 388 942 L

130re,; and 13?Tey, Systematics of the known energies of
first 2" states in even-evepCd nuclides show that the neu-
tron number dependence Bf2]) is not very sensitive to the
approaching shell closure At=82. However, we will point

out later that the same effect can be seen in even-even
2-proton-holegHg isotopes approaching=126.

On the other hand, recent investigatigad] of the struc-
tgre_ Of, neuFron-rlch even-ev%l?d nuc_:lldes have_shown a FIG. 1. (Color onling Particle identification spectrum fda) all
similarity with the comparable isotonig,Xe energies oVer fragments incident on the first Si PIN detector aiwl fragments
much of the known range of neutron numbers and the eXreaching the DSSD. The intensity scaling in the two-dimensional
pected rise inE(2]) towards N=82. Low-energy excited pot is identical for botha) and (b). The different isotope patterns
states in even-evepPd isotopes were studied theoretically reflect the difference in ranges for the implanted isotopes.
by Kim et al.[15]. The adjustable parameters of this modern = ) )

IBM calculation are based on the microscopic mapping bedidities Bp;=3.9597 Tm andBp,=3.8397 Tm, with a thin
tween multinucleon system and interacting boson systerﬁ'aSt'C degrader placed at the intermediate dispersive image.
[16]. The choice of the model space assumes regZHeB0 Theomomentgm acceptance of the spectrometer was limited
andN=82 closed shells. At the time of publication, predic- to 1% to avoid charge states of tﬁ?xe& primary beam.

: ) : : The desired fragments were implanted in the NS&tount-
tions of low-energy excm_ad state energies uﬁzﬁﬁdgo were ing system [20.21], which included a 40 mm 40 mm
made, based on experimental values known only up t

115Pd70. Subsequent study of thedecay of“sRh73 o levels Q 1.5 mm thick double-sided silicon strip deteci@SSD

18 i to correlate implants of knowZ and A with subsequent
of “*Pd;, [17] revealed that the observed yrast energies U gecay events. A series of three Si PIN detectors was placed

through the 6 Ie\_/el were within a few keV of the ENnergies pstream of the DSSD implantation detector to measure the
fzalculated by Kimet al. [15] and observed for isotonic 4] kinetic energy of the incoming fragments. Teount-
*Xe;, as shown in Table I. Under conditions where thejng system was augmented by 12 detectors from the MSU
counting of both neutron and proton bosons is well eStab'segmented germanium arrf82] allowing the detection of
lished, a sirrlligar predictive situation was encountered for th‘?ays correlated with both direct implants and subseqygent
structure of“*Xegg [18]. 1 events in the DSSD. The peakray efficiency of the array,
1252/:\16 report new data for the levels 5Pd,,, "Rhyg, and a5 configured around tha counting system, was 5.3% at
d,g. The principal goal of the investigation was to assess| g pmeV.
the systematic variation cE(2;) as a function of neutron  The particle identification spectrum for those fragments
number for the even-evepPd isotopes as th=82 closed  jncident on the most upstream Si PIN detector is presented in
neutron shell is approached by studying the decay ofig. 1(a). Due to the difference in ranges of the implanted
neutron-rich,sRh isotopes to levels of neutron-rigiPd iso-  fragments, not all incident particles reached the DSSD, as
topes. shown in Fig. 1b). The particle identification was compli-
cated by the fact that not all fragments were produced as
Il. EXPERIMENTAL METHODS fully stripped ions. The presence of <_:har_ge states in the_frag—
ment beam necessitated the determination of the total kinetic
Very neutron-rich,sRh nuclides were produced in the energy, as well as the energy-loss and time of flight, to
fragmentation of a 120 MeV/nucleoti®eg, beam at the uniquely identify each implant on an event-by-event basis.
National Superconducting Cyclotron LaboratqfySCL) at An example of the charge-state contamination is given in
Michigan State UniversityMSU). The beam was made in- Fig. @), where the total kinetic energy of fragments corre-
cident on 188 mg/cf,Be target and the resulting fragments sponding to a gate in the particle identification spectrum on
were separated using the A1900 spectromglt6} set to ri-  what is expected to be fully stripped®Rh, ions revealed
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FIG. 2. (a) Total kinetic energy spectrum derived by gating on
the fragment group representing fully strippEdRh, ions in the 200 400 600 800 1000
particle identification spectrum that includes all fragments incident Energy (keV)

on the first Si PIN detector. The prominent low-energy peak corre-

a4+ FIG. 3. (a)y-ray spectrum correlated with the decay of im-

_ . 17 . - .
fsponds_ o h%(zjmggl ike*'RH73", and the higher-energy tail to planted'?Rh, in the range 0—2000 keV. The derived decay curve
ully-stripped R s . () Same as above but with an additional ' . : . ) .
in shown in the inset, where the data were fitted with a function

requirement that the fragments reached the DSSD. Only the full){ . 12 12 .
; ; , ncluding both parent*?®Rh,.) and daughte(*?%Pd,,) decays with
strlppedlzoR 4? lons are present due to stopping of the hydrogen-a Iinear%ackgrgundé) y—rzg/S)spectrum?:orr((elate?v)vith tijgdecay

lik tami tin th t Si PIN detectors. . .
<€ contaminant Iin the upstream i etectors of implanted**®Rh, in the range 0—1200 keV.

two peaks. The higher-energy peak has been attributed to _ o
120RK43*, while the peak at lower energy is from hydrogen-rent of 1.2 pnA of***eg, is shown in Fig. 3. The most
like “Y'Rh4* ions. The spectrum in Fig.(d) included all intense line in the spectrum is seen at 438 keV and is as-
fragments incident on the most upstream Si PIN detector. Ifigned to the decay of'Rh,s. Weaker peaks are seen at 618,
one examines the same total kinetic energy spectrum as #01, and 1123 keV and are also assignetf¥ah,s decay. A
Fig. 2a), but with the additional requirement that the im- half-life of 120(10)ms was determined fd#°Rh,. decay(see
?Ianted ions reached the DSSD, then only the more energetinset in Fig. 3, based on the difference in absolute times
?Rnj2* ions are present, as shown in FighR The range between identified?Rh,; fragment implants and their cor-
discrimination for the hydrogen-like contaminants was userelatedB decays. As the 438 keY ray is the most intense in
ful in many cases in discriminating against unwanted chargene s-delayedy-ray spectrum, it is our interpretation that the
states. S 438 keV y ray observed following”*®Rh,; 8 decay arises
Correlations were made between an identified decay eveftom the Z to 0! transition in**%d,,, It is unlikely that the
(consisting of a low-energy signal in both the front and backg 18 kev fransition directly populates the ground state of
of DSSD, in anticoincidence with the upstream Si PIN de-1206y a5 there is no precedegeixperimental or theoretical
tectorg and a previous implant in the identical pixel or any ; e jighter even-evenPd isotopes to have a second ex-
of the eight nearest-neighbor pixels. The maximum correla- 6

tion time between implants and subsequent decay events W%'ted state so close in energy to the first tate. The

limited in software to 1 s. This can be compared to the av- 18 keV v ray is therefore suggested to populate the pro-

. , f
erage time 0f=100 s between implants in a single pixel of PS€d 7 state at 438 keV, and is a candu_jate for tne_4
thegDSSD. P glep — 2] transition in*?%Pd,,. The current data did not contain

This same setup also provided for the identification ofsufficient statistics_ to corr_aborate. thg tentative assignment of
microsecond nuclear isomers in these neutron-rich fragthe 618 keV transition usingy col|n0|dences_;.
ments. Many of those fragments do not have sufficient en- I their study of thes decay of'**Rhy,, Jokinenet al. [17]
ergy to reach the DSSD, but stop instead in one of the thregeported a total of eight delayegd rays, all of which we
upstream Si PIN detectors. As mass and charge are detebserved in correlation with'*Rh,, fragments(see Fig. 3.
mined by flight time to and energy loss in the first Si PIN They also noted the presence @idecaying low- and high-
detector, isomers can be observed over a much wider rangpin isomers in the lightejsRh isotopes, and the possibility
of nuclides than thg-decay correlations, which require im- of such isomers in the decay blfBRhn, owing to the weak
plantation into the DSSD. In this experiment, a 20 time  (18%) population of the known 6level in **%d,,. A single
window for isomeric decay was used. Again, the measurepeak at 211 keV was observed in the prompty spectrum
ment of total kinetic energy was instrumental in discriminat-gated on**"Rh,. implants as shown in Fig.(4). The average
ing between fully stripped and hydrogen-like ions that over-flight time for 1520Rh75 fragments from the production target
lapped in the particle identification spectrum. to the 8 counting system was 860 ns. The observation of an
isomeric transition in*°Rh,; and the apparent absence of
population of higher spin states in daughtéiPd,, would

The p-delayedy-ray spectrum gated f&FORh75 that was  suggest that the high-spin isomerl?r?Rh75 de-excites via an
accumulated in 140 h of running time with an average curisomeric transition, rather than vja decay, and that th@

Ill. RESULTS
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FIG. 4. Isomericy rays occuring within a 2Qus time window 500 ...'!0
after implantation ofa) **Rh,., and(b) *?°Cd,g. i
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decay is from an isomer with lower rather than higher spin.
Isomericy rays were also correlated with the implantation
of ?°Cd,g fragments as shown in Fig(). Strong lines at FIG. 5. (Color onling Energies for the first 2 levels in the
652, 814, and 401 keV, the same strong lines reported in th2-hole (particle) nuclei ;,Te (open black squargs,sCd (open red
decay 0f126Ag79 by Kautzschet al. [13], were observed circles, andgHg (open blue diamondsand the 4-holgparticle)
along with a number of weaker lines. Based on the scatter ofucleisXe (filled black squares 4Pd (filled red circleg, and,gPt
points across the accessible range of the time-to-amplitudéilled blue diamondg The data for Pd, Cd, Te, and Xe make use of
converter spectrum for the isomerig rays assigned to the neutron range 50N <82, while the data for Hg and Pt are
126Cd,, the half-life of the'?®Cd, isomer is most likely —referenced to 114 N<126.
longer than_ the 2Gis time window available for Prompt  haytron shell as is “seen” by isotorﬁEBXeM, as well as the
y-ray detecthn. There were not enough events from which t ameZ=50 closed proton shell.
derive any coincidence results. However, the large number of 5|50 included in Fig. 5 are th&(2}) values for the

v rays observed suggests a complex decay scheme inVOIVir}gproton-holeg Hg nuclides and 4-proton holgPt nuclides
possible high-spin 2-neutron states \(vi;h spin and parity 7yst pelow theN=126 closed shell25]. What can be seen in
and 10 as are well-known in isotonic**Sny, as well as  these comparisons is that the 4-proton-hgparticle nu-
possible involvement of the™®-proton state. The 401, 814, ¢jides, ,.Pd, -¢Pt, and,Xe exhibit nuclear structure trends
and 652 keVy rays were placed by Kautzsét al. [23], as  fully consistent with the number of neutron boson holes
arising, respectively, from the cascade from alével at  present and a smooth approach to the closed neutron shells.
1869 keV (1902, through 4 level at 1467 keV(1594  |n contrastE(2;) for the 2-proton-holéparticle) ,,Cd, gHg,
through a 2 level at 652 keM740) to the 0" ground state in  and;Te nuclides exhibit nuclear structure features that are
E_Bc_dm- The numbers in parentheses are th%'eVe' positioRominated by shell properties, rather than collective proper-
arising from a recenbxeasH calculation[7] for **Cdrgand  ties. Notice also the divergence f&x(2;) in the light ;,Te
are seen to average about 80 keV above of the observegsiopes as thél=50 closed shell is approached. The rela-
positions. The ISOMENSy rays recently 1r§7ported by Hell- tively good agreement between the three observed yrast lev-
strom et al. [24] for **Cd,,, **In,;, and **In;g were also  g|s in 126cd,. and the positions of those levels calculated

neutron number

observed in correlation with those fragments. within the oxBASH code, truncated by neglecting the contri-
butions of the deeprfs,, hole states, is consistent with the
IV. DISCUSSION notion that shell properties will dominate nuclear structure

. 12 o within two particles(holeg of a closed shell, but that collec-

~ The proposed new value &(2;) fo+r Pd,, is displayed  {jye properties will become increasingly important for nu-
in Fig. 5, together with the knowR(2)) values in the,,Xe,  ¢jides that lie four or more particlegholeg away from
521€, 4¢Cd, and,Pd nuclides. The proposét27) andE(4])  closed neutron and proton shells. It would be difficult to
values for**Pd,, are shown in Table I, along with previ- envision circumstances in whidk(2}) andE(4) for 12%d,,
ously published 2 and 4 energies for,Pd ands,Xe nu-  could be almost identical to those in isotohteXe,, and also
clides and the IBM-2 predictions fdt*Pd, andlzopdﬁ- The  pe fit, within a few keV, by an IBM-2 calculation which is
determination of thé=(2;) andE(47) for lfgpdm and*“Pd,,  tuned to fit the whole range of even-evgfd nuclides as a
reveal a extraordinary two-way isotopic symmetcgntered  function of the number of neutron bosons, if both th¥e
on **Pdyg) with *%Pd;, and *%*Pd;, and isotonic symmetry  and ,;Pd nuclides did not share almost identiéé 82 and
with **Xe;, and'**Xe,,, as well as excellent agreement with 7=50 closed shells. Results of recent mass measurements for
the earlier IBM-2 calculations of Kinet al. [15]. the neutron-rich,Pd isotopes are, on average, within one

Given the remarkable proximity of the ne#(2;) and  standard deviation of the values calculated by the FRDM
E(47) energies in?°Pd,, to the calculated energies, to isoto- [26], providing added support for the regular neutron and
pic 108Pdﬁz, and to isotoni0128>(e74, we infer that the protons proton shell closures influencing the low-energy structure of
and neutrons if?®Pd,, nuclide “see” the samhi=82 closed !2%Pd. This agreement between measured ground-state
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masses and the FRDM predictions can be contrasted with theis sufficient to explain the difficulties in mang-process
results for*%Cd mentioned earlief7], where most of the models to reproduce the observed &< 124 abundances
models, including the FRDM, did not adequately reproducen the solar system.
the observed mass.

In conclusion, the new results for the energies of the first
2" and 4 states in*%Pd,, support the notion that the neutron ACKNOWLEDGMENTS
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