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High-spin states in th@*%>%T¢ (N=51, 52, and 58nuclei have been investigated using tf€u+ S
reaction at a beam energy of 142 MeV. More than 60 new transitions have been identified and placed in their
level schemes, which now extend up to spgis22% and excitation energieB,~12 MeV. Spherical shell-
model calculations have been performed using different model spaces. A restricted model spad&Susing
the core and ther(p4»,99;2) v(ds,,S1) valence orbitals, reproduces the experimental excitation energies up
to J=144. The higher-angular-momentum states are dominated by the excitatiogggfreeutron across the
N=50 magic core, as indicated by large-basis shell model calculations.

PACS numbsgs): 27.60:+j, 23.20.Lv, 21.60.Cs

[. INTRODUCTION spaces has indicated that the higher-angular-momentum
states are dominated by the excitation ob(@g,,) neutron
It is well established by now, both from experimental dataacross théN=50 shell gap. In particular, the observation of
and from spherical shell-model calculations, that in the vy rays withE,~2 MeV, and the associated fragmentation of
~42—44 region single-particle excitations dominate thethe y-ray flux, provided a clear experimental signature for
level structures of nuclei witiN<51 even at rather high- the breaking of theN=50 core. Finally, in many of these
angular momenta J~=20%, E,~10 MeV) [1,2]. On the nuclei, negative-parity sequences were found involving se-
other hand, nuclei witiN=55 exhibit collective behavior ries of E2 transitions of which the energies increase with
[3]. Until recently, very little was known about tié=52  increasing spin. These “rotational bandlikéZ2 cascades,
—54 intermediate nuclei. In order to understand these “tranalthough indicative of a possible onset of collectivity, were
sitional nuclei,” a program of extensive investigations of reproduced by shell model calculations.
nuclei with 52<N=<54 has recently been undertakeh-6|. In this paper, we report on our investigation of the high-
The study of the level structure 8f*Mo [5], % %Ru[4],  spin states in the*%%Tc (N=51, 52, 53 nuclei. These
and 9°Rh [6] has led to a detailed understanding of thenuclei were obtained as by-products in the study%f**Ru
mechanism responsible for the generation of high-spin statedlclei reported in Refl4].
in this region. In these studies, extensive level schemes have

been established up to rather high spins and excitation ener- Il. EXPERIMENTAL METHODS
gies J~22h, E,~12 MeV). Also, shell model calculations '
with a small configuration spac@ising #Sr as the cone High-spin states if*°>°¢ have been investigated using

were found to be in good agreement with the data for levelshe early implementation phase of the Gammasphere spec-
up to J=~16A (the maximum angular momentum possible trometer[7] which at the time comprised 36 large={70%
within this restricted spageThe use of larger configuration relative efficiency Compton Suppressed Germanium
(CSGé detectors. The®>Cu+3%S reaction was used at a
bombarding energy of 142 MeV. Th&S beam was pro-
*Present address: IUCDAEF-Calcutta Centre, Sector IlI/LB-8,vided by the 88-in. Cyclotron facility at the Ernest O.

Bidhan Nagar, Calcutta 700 091, India. Lawrence Berkeley National Laboratory. Two stacked, self-
On leave from Department of Physics, Universieouaib Douk- ~ supporting, isotopically enriched ®°Cu  target foils

kali, BP20, El Jadida, Morocco. (~0.5 mg/cnt thick) were used. A total of about>4108
*present address: Fullerton Community College, Fullerton, CAevents were accumulated and stored onto magnetic tapes for

92833. further analysis. Even though the chosen reaction conditions
Spresent address: Bio-lmaging Research Inc., Lincolnshire, Ilwere not very conducive to the reaction channels leading to

60069. the °4 %Tc final nuclei, it was still possible to obtain sub-
Present address: NSCL, Michigan State University, East Lansingstantial new information on the higher-angular-momentum

MI 48824, states in these nuclei, as can be seen below. The most
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FIG. 1. Level scheme fof*Tc as established from the present study. The transition energies are labeled in keV. The new transitions are
indicated by an asterisk. The widths of the arrows are approximately equal to the relative intensities of the obsenvsitions.

strongly populated nuclei were th8 %®Ru isotopes, which the spin assignments is provided by crossover transitions ob-
were reported previously by Kharrajt al. [4]; the total ~ served in these nuclei.

y-ray flux corresponding to th&*Tc, %Tc, and °*Tc nuclei

in our data set was about 8, 12 dath % of thetotal reaction- IIl. RESULTS

yield, respectively.

The data were sorted into three-dimensional histograms
(E,—E,—E, cubes using the Radwar8] and Kuehnef9] The level scheme of*Tc, as deduced from this work, is
formats. The experimental details, including procedures foshown in Fig. 1 and a typical double-gatgeay coincidence
constructing level schemes, and for multipolarity assign-spectrum is shown in Fig. 2. Prior to this work, the level
ments, are given in Ref4]. In particular, multipolarity as- structure of*Tc was known up to a spin af=20%4 and an
signments were based primarily on intensity rafiyslefined  excitation energy oE,~7 MeV [1]. A total of 25 new tran-
as R=1,(backward)!l(90°), and extracted from angle- sitions has been placed in the level scheme@ic which
sorted matrices: coincidence gates were placed on transitiof&s now been extended upEg~ 10 MeV. The states below
detected in the forward-angle (32° and 37° with respect taJ=154 are in agreement with the previous wdrk]. The
incoming beam directiordetectors, and the rays measured previously-known negative-parity sequernsequence )lin-
at 90° and at backward angles (143° and 147°) were sortecluded five transitions decaying from the 20@evel to the
along the two axes of the matrices. Under these conditionsl5 level [1]. The ordering of they-ray transitions of 705,

E2 transitions, typically, haviR values of~2 andM1’s 517, and 368 ke\W(366 keV in Ref[1]) in this sequence has
~1.5 (see, for example, Ref4]). Supporting evidence for been changed, based on the observed intensity pattern and

A. Levels in ®*Tc
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the coincidence relationships. Notice also that the 355-keV the 291-, 301-, 337-, 627-, 749-, 1179-, and 1265-keV tran-
ray is not in coincidence with the four highest transitions ofsitions. Thesey rays were associated with low-spin states in
this sequence and, therefore, has been placed in parallel withe positive-parity cascade in measurements using the
the 368-keV transition. Three new crossover transitions havé3Nb(«, 2ny) reaction[10]. It is very likely that the states
been observed at low spins between the positive- angssociated with these rays were not populated in the
negative-parity cascades; the energies of the correspondingpresent work due to the use of tH&S heavy-ion induced
rays are 443, 667, and 1110 keV, respectively. The majofaaction which enhances population of yrast states with
change in the level scheme compared to Ref.is the ob- | aiher high spins.

servation of three new cascades with negative parity and one The nucleus®Tc has also been investigated by other

with positive-parity above spin 1%. The negative-parity ; ; _
cascades are labeled sequences 2, 3, and 4 in Fig. 1. The n%\WUpS using the samENb(a, 2n) reaction[11-14, and

IS A . e ®Mo(p, nvy)®®Tc reaction[15]. However, the informa-
transitions in these sequences are of energies of 509, 55 . ; S N
715, and 356 keV for sequence 2; 2392, 170, and 350 keY(’)n ob_talned from these studies has been limited primarily to
for sequence 3; and, 2492, 561, and 613 keV for sequence PW SpIns. . . . . .
The positive-parity sequence consists of the following tran- 1€ NeW transitions belonging to the main negative-parity
sitions: 231, 2278, 2509, 1451, 537, 627, and 561 keV. Se\cascaddcascade Jland feeding the 9/2 level are of ener-
eral y transitions with energies around 2 Me@278, 2509, 9ies 487, 511, 812, 798, 1149, 860, 2467 keV, respectively.
2392, and 2492 keMeeding the (15) level have also been This cascade splits at the (33/2level into 5 pathways. The
observed in the present work. The presence of these highongest emerging cascade includes the 2089, 619, 720, 1400,
energyy rays, and the associated fragmentation ofthmy 1419, and 2382 keV transitions and reackgs-15 MeV.
flux into many competing pathways, is by now a well estab-This group is labeled sequence 2 in Fig. 4. A third lateral
lished feature for alN=50—54 nuclei and provides a clear sequence starts at the (25)2level and includes the 307-,
experimental signature for the breaking of tNe=50 core  657-, 583-, 1134-, and 860-key rays.

(see, for example, Reff4]). The measured spectroscopic data  The positive-parity cascade terminates at lower spin and
(y-ray energies, intensities, intensity rati@sand suggested excitation energy when compared with the negative-parity

spin assignmentsare summarized in Table I. cascade. The topmost transition in this cascade has an energy
of 1000 keV and de-excites a level wittf=(37/2") and
B. Levels in %Tc E,~9 MeV. The new transitions in this cascade have ener-

gies of 176, 177, 192, 403, 714, 970, 1000, 1069, 1681, and

Figure 3 “g'us”ates a typical double-gated_ coinciden_celSll keV, respectively. Table Il lists all therays assigned
spectrum for®Tc and the level scheme obtained for this to %Tc, along with their intensities, the intensity raties

ﬂ/vhere availablg and the suggested placements in the level

observed and unambiguously placed in the level schem heme.

which has been extended upie=47/2h andE,~15 MeV.

In general, there is a good agreement with the results ob-
tained previouslyf10] although some discrepancies need to

be noted. The major change in the level scheme with respect Although °Tc was one of the very weakly populated nu-
to Ref.[10] is the nonobservation of the 608 and 1238 keVclei in this experiment, it was still possible to obtain valuable
transitions feeding the 1/2ground state, and the absence ofinformation on the level structure of this=53 isotope.

C. Levels in %Tc
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TABLE I. Energies, initial and final spins, relative intensities, While only a limited number of transitions were placed in
and the intensity ratioR (as defined in the textfor transitions  the level scheme, it was still extended up to spins and exci-

assigned td**Tc. tation energies comparable to those achieved“ifc and
%Tc. In effect, the level scheme was extended oveyti-
E,(keV)® Ji—JfP° 1,° RY cally (i.e., along the ground-state “bany’because of the
N rather limited data set.

918 (1562H(1+4 ) 7.7 (20 13 %Tc has also been studied in the past via the
103.4 i 6.0 (10 1.6 (3) 9%Nb(a, ny) fusion-evaporation reactidri6]. Many transi-
170.0 (11)—(107) 45 1503 tions were observed and placed in the level scheme at low
170.2 (18)—(167) 4.0 (8) spins: the highest spin and excitation energy reached in the
187.0 (10)—(97) 32 1.6 (2 previous measurements were only=13 and E,~2.6
231.3 (15)—(15") 6.0 (10 MeV. Of all the y rays reported in Ref.16], only the 927-
283.4 13 —11* 65 1.9(2 keV transition, feeding the ground state, is observed in the
350.1 (19)—(18") 3.9 (6) present study.

355.2 (18)—(177) 5.9 (10) Due to the excellent efficiency for high-fold coincidence

356.2 (20)—(197) 4.1 (6) events provided by Gamm_asphere, we were akl)lle to observe

368.1 (18)—(17") 8.1 (12) 15 (2) and place 21 newy transitions in the main positive parity

4430 4.0(7) cascade of théGT_c level scheme, extending it up to spin J

485.1 (16)—(15) 4.2 (7) ~ 244 and excitation energﬁ_x~ 11 M_eV. The Ievel_scheme

509.0 (17)—(167) 6.1 (9) of *Tc, as deduced from this work, is shown in Fig. 5 and a

517.1 (17)—(16") 14 15(3) represe_ntatl_ve double-gategray co_mudence spectru_m is

537.0 (18)—(17") 7.9 (11) 16 (2) _showr! in Fig. 6_. Tablg Il summarizes theray energies,

553.1 (18)—(177) 5.1 (9) intensities, and intensity ratid? of all the observed transi-

_ tions of %Tc.

561.0 (17)—(16") 4.0 (7)

561.1 (19)—(18") 3.0 (5)

605.2 (15)—(13) 48 1.8(2) IV. DISCUSSION

613.1 (18)—(17") 3.0 (6) Spherical shell model calculations have been performed

613.2 (21)—(207) 8.1 (12 1.6 (2 in order to explain the low-lying levels in thd=51—54

619.2 (9)—(87) 21 13(2 Mo, Tc, Ru, and Rh nuclei. For instance, the basis set with

627.2 (19)—(18") 4.9 (8 883y as the inert core andr(py/2,94) ; ¥(ds/1,S12) ] valence

667.0 4.0(8) orbitals (codenamed GL in thexBasH code[17]) leads to

690.4 1 —9* 67 1.9(3 reasonably good agreement between the experimental and

693.0 (9)—(9%) 12 1.8(2) calculated quantum numbe(spins, parities, and excitation

705.2 (16)—(157) 20 1.5(1) energies up to the maximum angular momentum possible

715.2 (19)—(18") 5.1 (13 1.5 (2 for these nuclei using this small configuration sppte6].

880.0 (10)—9* 13 1.3(2 In particular, in an earlier workl] the experimental val-
1032.0 (13)—(11") 40 1.9 (2) ues obtained if*Tc were reproduced rather well up to spin
1105.2 (19)—(18) 8.0 (9) 1.6 (2 15~ and 1I" using this model space. As can be seen in Fig.
1110.0 (13)—13" 5.2 (8) 7, similar results are obtained in the present study as well.
1167.1 (20)—(197) 8.0 (12) 1.6 (2) Also, the experimental excitation energy for the" llével is
1230.1 (16)—(15") 4.1 (7) about 2 MeV lower than in the shell-model predictions. This
1344.4 (8)—6" 6.2 (12) 1.9 (2) could be due to the omission of higher lying orbitals such as
1374.0 g7+ 100 2.0(2) 972 andh_ll,z. Hence, to ot_Jtain a more appropriate de_scrip-
1447.8 (8)—7" 14 15(2) tion of this Ievej and the higher spin states, Iarge—bgss shell
1451.1 (17)—(16") 10 15(2) model calculations are necessary. These calculations have
1622 14 13" 50 15(2) been performed fq?“Tc using the mod_el space named SNE
2278 (16)—(15%) 6.1 (10) in oxBAsH, wherein the>®Ni nucleus is used as the core.
2392 (16)—(157) 42 (9) Howe_ver, due to tht_a large dlmensmn_allty of_nInBubspace
2492 (16)—(157) 41 (9) resulting from the involvement of high-orbitals such as
2509 (16)—(157) 4.0 (10) hi1, @ truncation scheme was employed, the details of

which are provided in Ref2]. Figure 7 shows the compari-
3The transitions of energies 1500 keV are known to-0.4 keV; ~ son between the experimental excitation energies and the

for the higher energies, the uncertainties argé keV. extended-basis shell model calculations. As can be seen, the
bA blank space is kept for all the transitions for which the spins areagreement between the experimental and theoretical excita-
not determined. tion energies now becomes quite satisfactory up to the high-
°Except where stated, the uncertainties in relative intensities are leSt observed states. Notice, however, that the experimental
than 10%. and the calculated excitation energies are still different for
dA plank space is kept for all the transitions for whigrcould not ~ the level 16". A similar discrepancy has been observed in
be obtained. the Ru[4], Mo [5], and the RH6] nuclei and is likely related
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FIG. 3. Representative double-gated coinci-
dencey spectrum for the main positive-parity se-
quence of*°Tc.

FIG. 4. Level scheme fof°Tc as established
from the present study. The previously known
transitions are indicated by an asterisk.
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TABLE II. Energies, initial and final spins, relative intensities, and the intensity r&i@s defined in the texfor transitions assigned
to %Tc.

E,(keV)? Ji—3° 1, R E,(keV)? Ji—JP 1,° R
176.1 (33/2)—(31/2") 6.9 (9) 7455 13/2 ~11/2" 10 1.32)
177.2 (35/2)—(33/2") 8.1 (10 798.1 (25/2)—21/2" 33 1.82)
192.1 5.2(8) 812.0 21/2 -17/12° 36 2.03)
293.0 3.1(6) 860.2 (33/2)—(29/2) 16 2.12)
307.0 (29/2)—(25/2) 10 213 860.1 4.2(8)

364.0 21/2 —19/2" 35 15(2) 882.3 13/2 —9/2* 100 2.62)
403.1 (29/2)—25/2" 63 1.9(3) 956.6 11/2 —9/2" 49 1.52)
487.0 13/2 -9/2 18 1.9(3) 970.1 25/2 —21/2" 63 2.03)
511.0 17/2 -13/2 26 2.0(2) 1000.1 (37/12)—(35/2") 6.1 (11)

525.1 5.0(10) 1032.0 21/2 -17/2" 30 1.93)
547.0 9/2 —5/2" 15 2.1(3) 1069.2 (33/2)—(31/2") 12 1.62)
583.1 6.0(9) 1134.2 3.1(11)

593.0 15/7 —11/2" 42 1.8(2) 1149.1 (29/2)—(25/2") 22 1.93)
619.1 (37/2)—(35/2) 6.0 (9) 1215.1 9/2 —9/2" 4.1 (6) 2.103)
629.0 52 —1/2" 15 1.9(3) 1400.1 (45/2)—(41/2°) 5.8 (9)

633.3 17/2 —13/2" 65 1.9(2) 1419.0 (47/2)—(45/27) 5.8 (11)

634.0 19/7 —15/2" 60 1.9(2) 1486.1 (35/2)—(33/2°) 4.1 (9)

657.1 8.0(11) 1681 (31/2)—(29/2") 10 1.52)
660.1 (23/2)—19/2" 40 1811 (31/2)—(29/2") 6.2 (9) 1.503)
663.5 17/2 —15/2" 10 1.3(2) 2089 (35/2)—(33/2") 8.0 (1)) 1.6(3)
667.3 15/7 —13/2" 35 1.6(2) 2303 (33/12)—(31/2") 8.1(12 1.6(2)
668.0 19/Z —17/2" 34 1.6(2) 2382 5.0(12)

714.1 (35/2)—(33/2") 6.1 (8) 2467 (35/2)—(33/2)) 5.0 (8)

720.1 (41/2)—(37/2) 6.0 (9)

#The transitions of energies1500 keV are known te-0.4 keV; for the higher energies, the uncertainties-afekeV.
bA blank space is kept for all the transitions for which the spins are not determined.

°Except where stated, the uncertainties in relative intensities are less than 10%.

A blank space is kept for all the transitions for whiBcould not be obtained.

either to the truncation procedure, or to the effective interac- The calculated excitation energies reproduce reasonably
tions used. well the experimental values for the negative-parity states up

The success of the shell model calculationddfic and in  to 33/2". Beyond 29/2 and 33/2, the calculations have
%990 [5], %6 %Ru [4], and °"*Rh [6], points to the de- been performed by incorporating the excitation @fea neu-
sirability of performing similar calculations if°Tc and®Tc  tron across theN=50 core into the next major oscillator
as well. Figures 8 and 9 show the comparison between thehell [i.e., to the v(ds,,97/2,S1,) orbitals. The results of
experimental excitation energies and the results of the calcuhese calculations are indicated in Fig. 8 by an asterisk. Very
lations for ®*Tc and ®¢Tc, respectively. large gaps occur in the calculations above spin Z9/nd,

As seen in Fig. 8, there is a reasonable agreement betweetearly, discrepancies still remain between theoretical and
the calculated and experimental values using the restricteglxperimental excitation energies for the high-spin levels. A
GL model space up to spin 29/2for both the negative- and similar feature has been observed earlier in the caséRu
positive-parity cascades ifPTc. Notice, however, the dis- [4] and ®*Mo [5]. Little is known about the effective inter-
crepancies for the 1972and 23/2 levels. This might be actions for such large model spadéise interactions used in
indicative of the involvement of orbitals other than thosethese calculations are a combination of empirical two-body
used in this restricted model space. Further, the predicteghatrix elements and experimental values which were de-
excitation energy for the 31/2state is too high in compari- duced from low-lying energy levelsand it is our hope that
son with the measured value. This occurs at the point wherthe present data will lead to the development of effective
the breaking of thé&l=50 core is expected. As in the case of interactions more suited to the description of high-spin states
%Tc, shell-model calculations with the SNE model spacen this mass region.
have, therefore, been performed f&fTc. With this large Finally, as shown in Fig. 9, shell model calculations could
basis space, there is better agreement between experimereproduce the experimental excitation energies only for the
and theory for the positive-parity states, and, in particular7™, 9%, 12, and 13 levels in °Tc. Significant discrepan-
the agreement for the 1972evel is greatly improved. How- cies remain for the energies of the*,115" and 17 levels.
ever, the discrepancy for the 23/2tate still persists. A similar disagreement had been observed *fiRu [4].
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96 TABLE lll. Energies, initial and final spins, relative intensities,
TC and ratiosR (as defined in the texfor transitions assigned t&Tc.
10 E,(keV)? Ji—JP ,° R
-1 1660 171.0 5.0(10)
589 226.1 5.0(9)
- | 254.0 (10)—9* 9.7 1.5(2
T f 284.3 (13)—(12%) 80 1.5 (1)
g 1450 1132 1198 397.1 (12)—(11%) 70 1.5(2)
r / 438.0 13 1.6(3)
; ads 22)_ 475.3 (18)—(13%) 71 1.9 (2
§ _ 1511 525.0 (11)—(10%) 9.7 1.5(2)
= 589.4 3.3(7)
2 1073 615.2 (12)—(117) 9.7 1.6 (2)
= 6 2002 20 927.1 9" 7" 100 2.0(1)
= I 929.2 (20)—(19%) 30 1.9 (2
f 929 939.0 (17)— (15 64 2.1(2)
= S 19 997.1 11 —9* 86 2.0 (2)
s 1073.2 7.0(9 15 (3)
= 1176 1132.1 12 1.5(2)
é 4 | 179 1176.3 (19)—(17") 49 1.9 (2
1198.1 8.0(11 1.5 (2
1450.1 4.0(7)
1511.2 (22)—(20") 21 213
1660 5.3(8)
2002 5.4(7) 1.5 (3
21 &The transitions of energies 1500 keV are known te~0.4 keV;
for the higher energies the uncertainties aré keV.
PA blank space is kept for all the transitions for which the spins are
not determined.
“Except where stated, the uncertainties in relative intensities are less
than 10%.
0!l dA blank space is kept for all the transitions for whigcould not
FIG. 5. Level scheme fof®Tc as established from the present be obtained.
study.
Thg4 T Tt T
1000 - gating transitions:
L 475 + 939 keV B
800 - P -
Lar]
- ‘ 927+929 .
2 600 - i
% L i FIG. 6. Representative double-gated coinci-
8 00 dencey spectrum for®®Tc.
3
200 3 | o o .
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FIG. 7. Comparison of the observed states®fiic with the
results of spherical shell model calculations, using the sl
and large(SNE) configuration spaces, respectivésee text for de-
tails).

Again, this may be attributed to contributions from other
configurations such as(g,,h11,2) which were not included
in the calculations.

V. SUMMARY

The level schemes ot**>%T¢ (N=51,52,53) have been
investigated up to high spild~22#) and excitation energies
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FIG. 8. Comparison of the observed statesThc with spheri-
cal shell model calculations, using the sm@IL) and large(SNE)
configuration spaces, respectively. The levels marked with an aste
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FIG. 9. Comparison of the observed stateS9fic with spheri-
cal shell model calculations using the sméBL) configuration
space(see text for details

(E,~12 MeV). The low-lying levels of ®*Tc (up to J™
=11" for the positive-parity states, and"=15" for the
negative-parity sequencean be described quite satisfacto-
rily as single-particle  excitations involving the
[7(P1/2:9012); ¥(dsp2,8112,9772,h11/2)] orbitals. The higher-
angular-momentum states are, most likely, dominated by the
excitation of a neutron across tiN=50 closed shell. The
level structure of®®Tc can be described rather satisfactorily
in the framework of shell-model calculations using a limited
configuration spacgGL) up to spin J=~29/2h. For the
higher-spin states, the promotion ofjg, neutron across the
N=50 shell gap is required to obtain reasonable agreement
with the experimental data. Finally, the calculations repro-
duce the experimental excitation energies for only thg 7
9", 12", and 13 levels in %Tc.
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