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Proton versus neutron excitations in the high-spin spectrum of'%2Cd
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Using the reactiorr®Ni(%°Cr,a 2p) and the coincidence recoil distance Doppler shift technique, we deter-
mined picosecond lifetimes of high-spin states'{%Cd. The positive-parity yrast and yrare cascades evidence
the competition and interplay of the two proton holes in digg orbit and four neutrons in thés;,, g, and
h,1/, orbits, outside th€=N=50 1°Sn core. At positive parity, this interplay leads to multiplets of states in
the spin range 6-10", some of which are connected by very weR transitions. At higher spins, spin-
aligned proton holes and neutrons lead to magnetic rotation. Energies and transition strengths when compared
with the predictions of several shell model calculations reveal the high sensitivity on the model parameters.
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[. INTRODUCTION neutron excitations at low spins is expected to develop, at
higher spins, into a situation where both types of spin-
Having 48 protons and 54 neutrons, the transitionakligned particles contribute to the total angular momentum,
nucleus'?Cd is close enough to the doubly magdf®Sn that ~ giving rise to magnetic rotation. However, due to the com-
its structure may be expected to follow the shell model. Orplexity of the level scheme and the lack of firm spin-parity
the other hand, it has a sufficiently large number of valencé@ssignments and absolute transition strengths, this interpreta-
nucleons to possibly develop collective features, similar tdion of the high-spin spectrum is still very tentatij].
the heavier vibrational-like Cd isotopes. As both protons and
neutrons can occupy high-angular momentum qrb|ts, e, Il EXPERIMENTAL DETAILS
7(9g;2) and v(g72, hqy0), the properties of the high-spin
states should reflect the competition and interplay of both In this paper, we present measurements of transition
types of particles. Indeed, recent in-beasnay work[1-4], strengths which are the result of a recoil distance Doppler
in which the yrast sequence was established up to spih, 19 shift lifetime experiment carried out by means of the reaction
evidenced typical multiplets of states at intermediate spins®Ni(°°Cr,a 2p)1°%Cd. The 205-MeV°’Cr beam was pro-
which appear to arise from just this competition betweervided by the XTU tandem accelerator at the INFN at Leg-
proton holes and neutron particles. In particular, the magnaro. The plunger apparat{is] consisted of a 1.2 mg/cm
netic dipole and the electric quadrupole moment of the 8 stretched®Ni foil and a 12.3um thick, parallel Au stopper
yrast stateg=+1.29(3) andQ=_87(10) e fm?, unambigu-  foil. Data were taken at 12 flight distances ranging from 16
ously determine ther ?(g,) two-proton-hole structure of um to 7 mm. The recoil velocity was/c=3.4(1)% relative
this state. From the extremely retarde@ strength of few to the velocity of light. They radiation was detected in the
mW.u. for the 8 —6* yrast transition, Albeet al.[1] con-  GASP array in close geometf$], containing a total of 40
cluded that the 6 yrast state is a rather pure two-particle Compton-suppressed Ge detectors. Details of the plunger ap-
neutron excitation. The distinct pattern of either promn paratus, the spectrometer, and the coincidence data taken and
their analysis are described in the recéfit%n lifetime
study by Kastet al. [7]. The majority of lifetimes was ob-
*Permanent address: Physics Department, Queens Universitigined using the differential decay curve meth@DCM)
Kingston, Canada. [8,9]. This method is very suitable in the case of delayed
TAlso at: Division of Cosmic and Subatomic Physics, Lund Uni- cascade and/or side feedings typical of irregular shell model
versity, Lund, Sweden. level structures populated in heavy-ion fusion reactions. By
*present address: Katholieke Universiteit Leuven, B-3300 Leumeasuring the intensities of the stop or flight peak compo-

ven, Belgium. nents, S, andlf ., of the decayy ray, with a gate set on the
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FIG. 1. High-spin states if%Cd taken from Refs[1-4]. The . !
positive parity of states above spin 10 is based on the present liff?€aks was not possible, due to the multiplet structures of
time measurements. The ordering of the sequence fys con-
necting the 2677-keV 6 state and the 6746-ke{14) state is ten-
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flight componentyﬁ, of a sufficiently strong direct feeder
transition, one obtains the level lifetime=13,/(dIf,/dt).

IIl. EXPERIMENTAL RESULTS

The published level scheme carrying the predominant
v-ray flux and including the parity assignments made in the
present work is shown in Fig. 1 and will be briefly discussed
below. As examples of the DDCM lifetime measurements of
four prominent transitions, Fig. 2 illustrates theray inten-
sities13,, and d15,/dt) and the lifetime values deduced
from them, as a function of the flight distance. Note that the
0.4-ps lifetime of the 5309-keV state, which marks the lower
limit of the present plunger experiment, has not been cor-
rected for Doppler shift attenuation as discussed by Petkov
et al. [9]. Problems in the analysis occurred in the determi-
nation of the lifetimes of the 2, 4, , and § levels, be-
cause the flight peaks of the strong feeder transitions of 856
and 861 keV fully overlap among themselves and with that
of the 860-keV § — 8, transition(see Fig. 1 and therefore
could not be used as individual DDCM gates. In addition,
there occur strong 861- and 592-keV lines in the nucleus
10Iag populated in the reactior®Ni(°°Cr,a 3p)i%'Ag [10].

In the case of the B state, the valuer(10;)=1.8(6) ps
obtained for the 1191-keV transition, was inferred into the
analysis of the 822-keV transition gated with the 368-keV
119 —10" flight peak and led to the lifetimer(8;)
=4.5(10) ps. A less favorable situation occurred for tfie 2
and 4" yrast states for which only the upper limits of their
lifetimes could be determined a2™), 7(47)<8.1 ps, by
considering the 777-keV 2—0" transition and gating on
the flight peak of the 593-keV feeder transition of thé 4
level. Upper lifetime limits were also accessible in the case
of the presumed negative-parity states at 6746, 7789, 8100,
and 8943 keMsee Fig. 1, by gating on the 291- and 1056-
keV flight peaks and looking at the 1089- and 676-keV tran-
sitions, respectively. Gating on the 843- and 1056-keV flight

these lines.
The measured lifetimes and deduced reduced transition

tative [4]. strengths are summarized in Table I. It is noteworthy that
most M1 strengths are of the order of 0.1-1.5 Weisskopf
) " rkev | * 593 kev " 3e8kev ] |% 791 keV
:Egi I ° i : ] " sxo | *
ERIF “ea || ] d . 2 s FIG. 2. Variations of the stop
- fr . et Taedlo [ L peak componerit, and the slope
L, SR . . —° of the flight peak component
;.;% g | = % dif,/dt, of several transitions in
53 . ; ) R 1024, gated with the flight peak
~5° Z"Yf.§ . { ®eee{0 of ° oo oo . componenty, of the correspond-
A it —) bt —— e e ing feeder transitions. The lower
Sf 3 ;g _ Jos parts illustrate the deduced life-
Z 8 } — P s F; - time values and their average
R — 3 P 30w Ao 2y values
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TABLE |. Lifetimes and transition strengths if2Cd.

State? Lifetime Transition
Branching Reduced transition
E, (keV) (K 7(p9 E,(keV) ratio (%) Multipolarity strength(W.u.) ©
777 2 <g8.1P 777 100 E2 >125
1638 Vi <g8.1P 861 100 E2 >75
2231 6" 28(2) 593 100 E2 14(1)
2718 8, 56(4)nd 487 472) E2 5.9(5)x 1073
157 582) E2 1.92)
3053 8 4.5(10) 822 100 E2 17(4)
492 <5 E2 <14
3909 107 1.8(6) 1191 232) E2 2.17)
856 612) E2 24(8)
4008 105 0.92) 1289 6a2) E2 5.512)
955 231) E2 9.321)
198 1q1) M1 1.53)
99 6(1) M1/E2 0.4310)
4277 11 ¢ 1.52) 368 442) M1/E2 0.183)
269 562) M1/E2 0.593)
4518 12 ¢ 2.502) 241 100 M1/E2 0.879)
5309 13 ¢ 0.4(1) 791 100 M1/E2 0.164)
5926 14 ¢ 2.22)¢ 617 100 ML1/E2 >0.06
6746 147) <gP 676 442) E2 >11
665 252) M1/E2 >3%1073
7789 167) <gP 1043 100 E2 >2.9
8100 17) <18 1089 702) E2 >7.3
768 171 El >9x10°°
8845 187) 2.6(2)¢ 1056 100 E2 >7.8
8943 187 <1.8 843 762) M1/E2 >0.02
9234 197) 2.32)¢ 291 100 ML1/E2 >0.50

8From Refs[1-4] and present work.

bUpper lifetime limit.

Parity assignment from present work.

dEffective lifetime.

€In the case of mixed 1/E2 transitions, a mixing ratio o=0 was assumed. The strengths were corrected
for internal conversion.

fFrom Ref.[1].

units(W.u.) and therefore rather large. As an important result IV. INTERPRETATION AND CONCLUSIONS

of the present study, the short lifetimes of the yrast states 1\, sets of shell model calculations of the level structure
above the 10 level rule out any change of parity and deter- 5nq transition strengths iH2Cd were carried out, in addition
mine the stretched 1 character of the upper transitions in o those published in Refg§2,4]. In the first calculation
this cascade. Although no lifetimes have been obtained forsm1), which was performed by means of the program
the states above the 5926-keVi 14level in this cascade, it RiTsscHIL [15], we adopted a model space of ten protons
is most probablgand in agreement with the results of the (=2 proton holesin the go, and py, orbits and four neu-
shell model calculations presented beldhat all these states trons in theds,, S/, da/2, 972, @andh,y,, orbits, outside the
have positive parity, too. Such sequences of stretched, strorf§Sr (:°°Sn) core. Their single-particle energies and effective
M1 transitions(shears modehave been interpreted as aris- two-body matrix elements were taken from REE3]. The

ing from magnetic or antimagnetic rotatiph1,12. Among  effective single-particleE2 charges were chosen in accor-
the E2 strengths we find moderate ones in the 10-25-W.udance with all our previous calculations,=1.72%, e,
range, which are typical for nuclei of this mass region having=1.44e. For calculating theM1 strengths, we used
several valence nucleon@3,14], but also smaller ones quenched single-particlg factors of the spin partgs ,
around 1 W.u., besides the very weak-86; transiton =0.79 ,(sp). As has been discussed in our recent work on
mentioned before. 104,103 and **Ru[7,16,17, the large number of neutrons in
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SO0 many orbits poses a certain problem, especially concerthis structure as being a magnetic rotation. The calculations
ing the neutrons in thé,,,, orbit. As the spin range of the predict a similar sequence of states at negative parity and a
present study is far below the maximum vall&=24",  very largeM1 strength of 1.8 W.u. for the 19— 18"
which can be reached with ther %(ge)gv*(h11/9 16l Par-  transiton, based on the predominant partition
tition, we restricted the number ¢f;;;, neutrons to a maxi- [77*2(99,2)618,,3((15,2, g2 v(hy19)]in both states.
mum of two for positive parity and one for negative parity,  while the calculationSM1 is rather successful for the
respectively. Proton excitations across fde-50 shell gap  states in which proton holes and neutrons both contribute to
were neglected for reasons discussed in the recent work aghin alignment, it does not do as well concerning the order-
lifetimes and magnetic moments #iRu and**Rh by Jung-  ng of the positive-parity levels at spin€=6"— 10" and
claus and co-workerfl6,17. _ the distribution ofE2 strengths connecting them. In this spin
In Fig. 3, th? calculated Ie\_/el SChem’ﬂ with up to two ange, the calculations predict several strongly retarded
hi1» neutrons is compared with the experiment and the resu (E2) values(as small as 3 mW.i. besides th&2 transi-
of the precision calculation by Schubat al. [2]. The cor- tions of normal size. ON the bas:is. of StroBGE2) values
rect level sequence is reproduced, although the theoretic%}fe favored ekperimental yray  sequence i,s

spectrum is somewhat compressed. Bl calculations b b ot et e . .
pose the 6 yrast state too low, but do rather well for the 2 —4 —61—8; =10 . Theoretically, strong2 transitions

energies of the 8 and 10" yrast and yrare states. As ex- connect the 2-4"-6,-8; and 6 -8/ -10//10; se-
pected there was only a small shift of the theoretical levelgjuences, while the 8 state would be an isomer, due to its
with and without considering thk;;,, neutrons, which evi- very weakE2 decays of 0.1— 0.4 W.u. Obviously, tSévi1
dently contribute very little at low spins. The negative-parity calculation interchanges the roles of thé @rast and yrare
yrast sequence is lowered by about 500 keV. In Table Il angtates. When interchanging their calculated order, the normal
Fig. 4 the calculated transition strengths are compared witE2 strength ofB(E2, 6I—>41+)=14 W.u. would be cor-
the experimental numbers and for tB2 transitions up to rectly reproduced, instead of the calculated wé(€2,

the 8 state with the predictions of Perssenal.[4]. Asto 67 —4})=0.9 W.u. A similar inversion relates to the order-
the level structure in the spin range 1014", the calcula- ing of the 8" yrast and yrare states. Both the highly retarded
tion reproduces fairly well the largkl 1 strengths, although B(E2, 8/ —6;) and the large factor ofg(8;) =1.29 typi-

it overemphasizes the ratio of the 14:10, and 11"  cal for = 2(gey,) [1] would then come out correctly. In their
—10] strengths, which experimentally is 3.5 and theoreti-survey of shell model calculations M, Z<50 nuclei within
cally 75. At high spins, the stronlyl1 transitions are the the (go,,p1,) Model space, Rudolpét al. [14] pointed out
consequence of the underlying seniority: 4 or 6 partitions  that the calculations usually cannot distinguish between
[ 7 2(992)s¥**(ds/2, 97/2)] Which are also listed in Table 1.  states of the same spin and parity whose energy distance is in
Indeed, 60—80 % of the wave functions of the yrast states ahe range of the mean level deviation, i.e., of the order of 250
spins 1Q—14+) have this nature and therefore determinekeV in the present case.
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TABLE Il. Experimental and calculatell 1 andE2 transitions strengths and main partitions'#iCd.

State®  Transition Transition strengttw.u.) Main partitions of initial staté?
Expt. SM1 SM2  Ref.[4] SM1 SM2
E2 transitions:
0 65% g 2v3 64% ;%07
777 27 -0 >12.5 23 25 24 21%m, 2, 37% vj 26% m,2 07, 39% 2
1638 4727 >75 30 38 32 6% m,% 21% v 35% 7,2 21, 13% 4
2231 67 —4] 14(1) 0.9 2.8 0.15 63% vg 49% 6
2561 65 —4] 22 32 25 19% 7, 2v*, 35% vg
28% 7, %21, 23% g2 O
2718 8, —6] 59(5)x10° 22 4x10°° 012 29%r, 2v?, 40% vg
51% g 205 , 28% g 227
8, — 65 1.8(2) 1.1 1.9 2.2
3053 8, — 6, 17(4) 0.10 26 47% g 30% 7, %6, , 32% 8
84 6, <14 0.44 0.12
3578 85 —6; 3x10°® 0.23 41% vg 26% g 221, 11% 7, %4]
85 —6, 27 33
85 —64 0.69 21
3909 10} —8; 2.1(7) 14.8 4.1 33% 7rg 214, 40% v* 71% g 2v*
10; —85 24(8) 0.28 0.27
4008  10; —8] 5.512) 5x10°3 0.019 70% g 22 31% m, 2v*, 18% mg 2v*, 23% m, %87
105 —85 9.321) 0.92 20
M1 transitions:
4008 105 —10f 0.4310) 0.030
4277 117 —10/ 0.173) 0.009 0.20 65% g vt 79% g 2v*
11 —10; 0.592) 0.67 7x10°3
4518 12/ —11; 0.878) 0.64 0.018 66% g 2v* 50% 7rg 2v*, 9% g 2v*
5309 13/ —12] 0.164) 0.73 0.14 80% g 2v* 72% g 2v*, 8% g 2v*
5926 14" —13] >0.06 0.50 0.26 63% g 2v* 8% g 2v*, 24% mg 2v*
8945 18" 87% g gv°v(hyy) ©
8943 18 )—17%4)  >0.02 5x 10 °
9234 197)—-18)  >0.50 1.8 1.1

8From Refs[1-4] and the present work.
PSM1: the partition~2»* denotes two g, proton holes and up to four unpaired neutrons indgg and/orgs, orbits. SM2: the partition
wf,zlrf denotes two proton holes in thg,, orbit coupled to spir’, and the neutrons in theth state of'%Sn.

‘The partitionwggvg’v(hn,z) contains one neutron in the,,, orbit and three neutrons in ttdy,, and/org, orbits.
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A second shell model calculation label&M2 was per-
formed using the single-particle states and TBME given in
Refs.[18,19. The calculated level energies are also inserted
in Fig. 3, while the transition strengths and main components
of the wave functions obtained in this calculation are listed
in Table Il. The wave functions of the lower-spin states are
given in the basi$, I}, i.e., the twogg, proton holes are
coupled to spinl’, which then is coupled to thaeth four-
neutron state of spith in 1%%Sn. This representation high-
lights the parentage of the states i¥Cd with respect to
1043, For the states above spin™1@ve used the same no-
tation as forSM1. When comparing the main partitions in
Table 11, there are evidently pronounced similarities among
the two calculations, in particular for thg 2 67 , 11" —14"
states, but also serious differences, for instance for the struc-

of positive-parity transitions in comparison with the predictions oftures of the § , 8;, 8; , and 1q states. In genera M2
the shell model calculationSM1 andSM2 (see text

reproduces the experimen{E2) better thars M1 does, in
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particular the decays of states up to spin: 8iote the very ordering parameter. None of the shell model calculations
weak QHGI E2 strength of 6 mW.u. which is nicely re- presented reproduces the order of all the yrast and yrare
produced bySM2. On the other hand, the order of the™10 states and the measured distributions MfL and E2

and 11" yrast and yrare states appears to be reveiS82  strengths. Above spin 10 spin-alignedgg, proton holes
reproduces neither the largé1 strengths in the magnetic and neutrons give rise to shears mode yrast configurations of
rotation at positive parity and spin 10—14 nor that of thethe type[ 7 ?(ge)s¥*>4(ds/,97,)] and strongM1 transi-

10, —10; transition. Clearly, none of the shell model ap- tions. The present lifetime measurements fix the positive par-
proaches presented is able to fit the full set of states angy of this level sequence. In additioh®?Cd appears to be an
transition strengths in the critical spin range, which appeargxcellent candidate for applying the recently proposed

to be very sensitive to the shell model parameters and thergygppler-shift transient field technique to determine magnetic
fore may be very valuable for finding a better basis. moments[20].

In conclusion, the doubling of statesldt=6"*, 8", and
10" indicates the competition @fy,, proton hole and neutron
pair breaking at similar energies. This gives rise to retarded ACKNOWLEDGMENTS
E2 strengths, besides those of normal strengths, reflecting
the need to recouple both protons and neutrons in the wave The authors most gratefully acknowledge the hospitality
functions, and may even lead to what we may call seniorityand excellent research conditions provided by the INFN,
isomers. The best example #?Cd is the 8 yrast state. Legnaro. The project was funded by Deutsches Bundesmin-
Despite the rather large number of valence particles in manisterium fur Bildung, Wissenschaft, Forschung und Tech-
single-particle orbits, seniority appears to be a very goodologie.
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