PHYSICAL REVIEW C, VOLUME 65, 044324

Level structure of %Mo at high angular momentum: Evidence for Z=38, N=50 core excitation
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In-beam vy-ray spectroscopic studies of thd=50 nucleus ®Mo, up to spins ofJ~18: and E,
~12 MeV, are reported using a heavy ion fusion reaction witfiSi beam at an incident energy of 138 MeV
on an isotopically enriched'Ge target. Sixteen new transitions belonging to this nucleus have been observed
and placed in the decay scheme using the conventignakoincidence data. The level scheme derived from
these measurements is compared with shell model calculations. The presence of gamma rdys with
~2 MeV atJ~144 is indicative of the breaking of thBl=50 core. The occurrence of gamma rays with
E,~2 MeV at low spins §~87) indicates the excitation of protons across Ive38 core. This is supported
by large-basis shell model calculations. The deduced level scheme exhibits single-particle behavior up to the
highest observed spins and excitation energies.
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I. INTRODUCTION II. EXPERIMENTAL DETAILS AND ANALYSIS

Levels in ®2Mo were populated using &Ge(?®Si,2¢:2n)

The present work is a part of an attempt to systematicallyeaction at an incident beam energy of 138 MeV. Ti8i
study the level structure at high angular momentum of nuclebeam was provided by the 14 UD TIFR-BARC Pelletron
in the vicinity of N=50 shell closure. The nuclei in this facility at TIFR, Mumbai. An enriched’“Ge target of
region have attracted theorists and experimentalists since tf890 wg/cn? thickness backed by 10 mg/érila was used.
early days of the shell model. The advent of modern gammahe detector system employed for these measurements com-
arrays and the heavy ion beams readily available from acceprised of five Clover detectors together with a 14-element
erators have made it possible to study these nuclei undeéMal(TI) multiplicity filter. Among these, one of the Clover
extreme conditions of rotatioflL—3]. detectors had an anti-Compton shield. The detectors were

The low-lying levels of these nuclei are well describedplaced at 15°, 30°, 45°, 70°, and 90° with respect to the
within the spherical shell model framework using an inertbeam direction in a planar geometry. The master trigger cor-
neutron core and protons within tfig,, Pz, P1/2,9g Orbit- responded to a twofold event in the Clovers andKz2
a|s[4] However, higher-angu|ar-m0mentum states are domicondition, whereK was the number of elements that had
nated by the excitation of a singlgy, neutron across the fired from the multiplicity filter. About 108 10° -y coin-
N=50 shell closure, into the next oscillator shig|6]. cident events were collected in the experiment. The list mode

The present study extends these investigations to the yfata were stored for a detailed off-line analysis. The data

cinity of the Z=38, 40 semimagic shell closures. Nuclei "We'® sorted into convention&,-E., matrices and analyzed

with Z~40 andN~50 provide unigue opportunity to inves- using a Linux-based data sorting and data analysis program

. . - . . _ IUCSORT [8] and RADWARE [9]. From the background-
tigate the influence ofZ=38,40 semimagic andN=50 ubtracted gated spectra, 16 newransitions belonging to

magic shell gaps on the observed Ievgl str.uctures especial&Mo are identified and placed in a decay scheme using co-
at higher angular momentum. From this poifiio seemed 4’ncidence relationships and intensity arguments. Figure 1 il-

to be an ideal candidate for such studies. The previous stuqystrates 4 representative background-subtracted gated spec-
on this nucleus was carried out using a moderate fivg, .

Compton-suppressed HPGe detector afi2ly The authors e 4.y, coincidences were also used to qualitatively as-
did not observe fragmentation of intensity into parallel cas=sjgn the multipolarities of the observed transitions based on
cades after breaking of th¢=50 core(around 14). Similar  the intensity ratios extracted from angle-sorted matri¢€s-
phenomena, however, have been reported in the neighboring]. As described in Refd.1,13,14 a y-y coincidence ma-
nuclei: for example *****Ru[1,7] trix was constructed with one axis correspondingytoays
Hence, it seemed interesting to undertake an investigatiorecorded by the 15° detector and the other axis correspond-
of level structures at high spins for thd=50 nucleus ing to they rays recorded by the 70° detector. A gate corre-
1oM0%2 using a five Clover detector array, to look for the sponding to ay ray of known multipolarity is taken for the
aforementioned features. detector on, say, thg axis and the coincident spectrum is
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Counts / 0.8 keV

projected along the other axis. Next, the same gate is set 0
the y axis and the spectrum along theaxis is projected.
Assuming the commonly encountered situation of stretchec
transitions, the intensities of transitions which have the same
multipolarity as the gated/ ray remain approximately the

PHYSICAL REVIEW C 65 044324
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FIG. 1. y-y coincidence spectrum fof’Mo
with simultaneous gates on the 1511 keV*(2
—07%), 774 keV (4"—2%), 1098 keV (67
—4%), 244 keV (17)—6(7)), 627 keV (97
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same in both spectra. On the other hand, forays with

different multipolarities the intensities differ almost by a fac- «f

tor of 2. This is illustrated in Fig. 2 wherein the resuli ()
are obtained with sum gates of known quadruples.

The procedure described in Reffg,15] was also adopted
to confirm our multipolarity assignments. This procedure is
based on the observed angular distribution for dipole and
guadrupole transitions, near 0° and 90° with respect to the
beam axis. Two matrices were constructed with data from the
45° detector on the axis and data from the 15° and 70°

detectors on thg axis, respectively. We defir@,s,n as

Rasym: |

71

at 70°, gated withy, at 45°

,, at 15°, gated withy, at 45°

—7()), and 235 keV (11— 9(7)) transitions.
The energies are marked withinl keV. The
new transitions are indicated with an asterisk.
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FIG. 2. y-ray anisotropy intensity rati®;,; (see tex, plotted
against energies of-ray transitions in®Mo. The lines have been
drawn to guide the eye. The quoted error includes the error due to
background subtraction, fitting, and efficiency correction.
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FIG. 3. Gamma-ray asymmeti,s,n, plotted against energies ~ FIG. 5. Representative experimental gamma-ray asymmetry pa-

of y-ray transitions in®Mo. The lines have been drawn to guide rameter, from polarization measurements plotted against energies of
the eye. Refer to the text for details. The quoted error includes the-Tay transitions in®“Mo. A positive value corresponds to an elec-

error due to background subtraction, fitting, and efficiency correciric transition and a magnetic transition results in a negative value.
tion. The quoted error encompasses error due to background subtraction

and fitting.

With this definition it was observed that for a quadrupole
Rasyni~ 0.6 while for a dipole it was-1.4 as seen in Fig. 3. more precise assignment for the parity of the excited state
All of the above assignments were based on the assumptiamhose spin value is already known. Following the procedure
that the observed transitions were stretched. suggested by Ducherat al. [16], the sensitivity of the Clo-
The use of a Clover detector facilitates polarization meaver detector to the linear polarization gfrays is illustrated
surements which are crucial to determine the parity of then Fig. 4 by comparing the relative heights of the transitions
state involved with deexcitation of the transition studied.in the summed perpendicular and parallel coincidence spec-
Each individual crystal of the Clover acts as scatterer and thgra. For an electric transition, a positive peak is observed in
two adjacent crystals as the absorber. Use of an array conthe difference between the perpendicular and parallel coinci-
prised of composite detectors such as Clovers facilitates cadences, whereas for a magnetic transition a positive peak is
incidence polarization measurement$—18. This method observed in the difference spectrum between the parallel and
has a unique advantage of reducing the contamination frorperpendicular spectra. For coincidence polarization measure-
neighboring nuclei and background, thereby helping in aments integrated polarizational-directional correlation from
oriented nucle{IPDCO) procedure was applied. The proce-
dure is described in detail in Refgl7,18. Figure 5 illus-

140 627 (a) Electric
trates the value of the asymmetry parameter. As seen from
o . the figure a po;itive valge indicates an electric ngture
whereas a negative value is associated with a magnetic na-
o ture. Admixtures would result in a near-zero value for the
asymmetry parameter. Results obtained from the present sta-
> 2 ” k | | tistics using a five Clover array are purely qualitative in na-
2 I i T 1 1V P Y 1 ™
€ 1% 559 650 (b) Magnetic
‘é 110]
8 90 537 622
0 Il EXPERIMENTAL RESULTS
50 The identification of 16 newy transitions has extended
30 the level scheme up to an excitation energy Bf
by 1 14 il ,,u]| | M | |n L ﬂ ’h | ..l ﬂ’\" ~12 MeV. The main observations in the present investiga-
500 e keV) 700 800 tions are(a) presence ofy rays withE,~2 MeV at spins
’ around 14. These are indicative of the breaking of the
FIG. 4. Background-subtracted difference spectra for perpen=50 shell closure.(b) The presence ofy rays with E,
dicular minus parallel coincidencéa) and vice versab). The 627 ~2 MeV in the low-spin regime J~8%.-11%), a feature
and 774 keV transitions are of electric while the 537, 559, 622, andiot reported in neighborind =50 nuclei, viz.,**Tc, **Ru.
650 are of magnetic character. These originate due to excitation of protons across Zhe
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12 ¢ Proposed Level Scheme for Mo TABLE I. Gamma transition energyg,) in keV, excitation en-
s ergy (E,) in keV, initial and final spins for the transitions, relative
636 | (94 intensity (,), and multipolarity of the transitions belonging to
ol s *55974?12(%2:) %Mo.
*622 | ger se6l |
55T | gm0 - ash E, E, 77 1,2 Mult.
537 | y5t0 2225 *
S sl 076 *2048 110.7 6662 18)—127) 21.22.0 M1
< 19337 Kl“o* Lo st 147.7 2761 86" 3.90.9 E2
g 650 iz [am 2345 4487 197)—-90) 55.06.0 E2
2 e [ 243.8 3626 760 49.05.0) M1
il 2065 2122 329.1 2613 64" 4.51.1) E2
g 1376 Lo 471.9 7134 (14)—137) 7.21.7 E1
k= 7358 50 1 537.1 8925 167—15"  20.02.0 M1
2 4’ - ™ 557.2 9482 17161 13.32.2 M1
1098 559.2 10578  (17)—(16") 7.81.9 M1
KKKKK 4 621.9 10103 (18)—17t%) 11.22.2) M1
2r i 626.5 4252 6) 70 61.066.0) E2
. 636.3 11215  (18)—(17") 6.4(2.0) M1
649.7 7311 14— 139 35.04.0 M1
ol " 660.7 10019  (16)—(15%) 8.4(2.2) M1
740.1 5862 12—-10" 5.72.0) E2
FIG. 6. Level scheme fo?Mo for the levels populated in 762.9 5612 —(10%) 3.0(1.0)
"Ge(®se,2r,2n)°Mo reaction. Newly observed transitions are 7737 2284 4,0+ 100(13) E2
marked with an asterisk. The width of the arrows represents °b800.7 6662 18) 12" 2.000.9 E1
served intensities.. The spin and parity assignments, given in pareny7s 7 8388 16)_,14) 18.03.0 E1
theses, are tentative. 1097.9 3382 6)at 69.07.0 M2
1220.0 10578  (17)—(15%) wP E2
1375.5 5862 12—110) wP El
=38 subshell closure(c) Fragmentation of the intensity 15105 1511 3_,0* 1003) E2
aboveN =50 core breaking. 1551.6 6400 —.(10%) wb
The resultant level scheme fdfMo is illustrated in Fig.  1z6 5 8999 _130) wh
6. The transition energies are marked withirl keV. The 933: 8594 130 wb
width of the arrows are approximately equal to the intensitie 047 6 9359 (15)—140) 10.01.0 E1
as obtained from the sum coincident spectra of the Iowessioedf'5 6551 199,110 39.(14.0) M1
two transitions, viz., 1511 keV (2—0") and 774 keV 2087.8 4849 15) 8+ 25(0 é) £
(47 —2%). The excitation energyH,), transition energy 2192 4 6608 (—>1)17*) Wb
(E,), the relative intensityl(,), and the spin assignment of ' 5 N
the observedy rays in ®Mo are summarized in Table I. 2224.5 9359 (15)=(147) 531.9 M1
2360.3 5121 10—8* 4.20.8 E2

Singhet al. [2] assigned an electric character to both the
244 (AJ=1) and 1098 £J=2) keV transitions. Our mul-  arhe quoted errors on intensities encompass errors due to back-
tipolarity measurements confirm teJ=1 andAJ=2 val-  ground subtraction, fitting, and efficiency correction.
ues for the 244 and 1098 keV transitions, respectively. Ouby indicates weak transitions whose intensity could not be com-
polarization measurements for the 244 keV transition seergyted.
to indicate a possible admixture for its electromagnetic char-
acter. Assuming that th&1l assignment of the previous magnetic character. Assuming B2 character for this tran-
workers is correct, the transition would have a considerablsition the estimated lifetime would be typically about 1 ns,
M2 component. AnM2 transition at such low energies which is within our experimental time window foy-y co-
would result in a long lifetime and therefore would be unob-incidences. Thus, this transition has been assigned to have an
servable in the present study. M2 character.

Hence, theE1/M2 nature for this transition is ruled out. Singhet al.[2] had assigned=5" and 7" spin and par-

The other possibility is that the 244 keV transition has aity to levels (E,=2528, E,= 3626 keV) deexciting via 244
predominantly magnetic character, vikl,1 with some ad- and 1098 keV transitions. The 244 and 1098 keV transitions
mixture from anE2 component, which could not be ascer- are now assigned aM1 and M2 character, respectively.
tained from the present data. In view of this, for the 244 keVThus, the level aE,=2528 keV would now have a spin and
transition a tentativeVl 1/E2 assignment is suggested from parity assignment od=5" and the level aE,=3626 keV
the present study. would have al]=7" assignment. However, the shell model

The 1098 keV transition involves change in angular mo-results discussed in the subsequent section predicted that the
mentum by 2 units and polarization measurements indicate &=5* level would have an excitation energy d&,
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12 - Mo TABLE II. Main partitions of the wave functions fo¥Mo. The
_asy wave function for a particular angular momentum state would be
{g —_ a7 composed of several partitions, where each partition is of the form
ol ig = _am P=[m(p(1),p(2),p(3).p(4))®»(n(1),n(2),n(3))], where p(i)
. — _(16;‘7)@ represe_nts the nqmber of protons occupyingfthe ps, P12, and
— ash Jgpp Orbits, andn(j) represents the number of neutrons in fhg,
B ) Oo2, andds, orbits, respectively. In these calculations no neutrons
> s T M were allowed to be excited to thg,,,ds,, ands,,, orbits.
14+ )
é e 4 1:(_)_ J Wave function Seniority  Partitions
2 12(_)= 137 (h) T v %
g 6 12+ 12t 1z ¥ .
g 2 __ 0 m(6,4,2,2)2 v(2,10,0) 0 58.99%
= 10* (6,4,0,4)2 v(2,10,0) 0 19.84%
2 o L T 7(6,2,2,4)® v(2,10,0) 0 14.46%
s, 9‘3— — 2" 7(6,4,2,2)® v(2,10,0) 0 67.92%
5 To— — (6,4,0,4)2 v(2,10,0) 0 15.41%
& £ 6 (6,2,2,4)2 v(2,10,0) 0 10.53%
S= #__ 4" m(6,4,2,2)2 v(2,10,0) 0 70.67%
2r ” . (6,4,0,4)2 v(2,10,0) 0 14.50%
- 6+ (6,4,2,2)2 v(2,10,0) 0 70.25%
(6,4,0,4)2 v(2,10,0) 0 14.34%
0" Shell Model Expg_ Shell Model 8" m(6,4,2,2)»(2,10,0) 0 71.64%
(6,4,0,4)2 v(2,10,0) 0 14.63%
FIG. 7. Comparison of the observed state§ado with spheri-  (107) m(6,4,0,4)2v(2,10,0) 0 57.68%
cal shell model states. m(5,4,1,4)®v(2,10,0) 2 14.24%
m(4,4,2,4) v(2,10,0) 0 13.68%
10" m(5,4,1,3)2 v(2,10,0) 3 73.88%
0,
~4500 keV, while the 7 level is predicted at an excitation ;. m(53,24%1(2,10.0) 2 14'57(?
(6,4,0,4)2 v(2,10,0) 0 65.57%
energy ofE,~3500 keV. As seen from the shell model pre- 7(6,3,1,4)2 1(2,10,0) 2 10.28%
dictions, there is a large discrepancy between the observe(q4+) 77(5'4'1’4)8 v(2'10'0) 5 71.42%
excitation energy and the theoretical calculations for the W(5'3'2’4)® u(2'10'0) 5 26.37%
=5" level. However, if the placement of 244(l) and g+ W(5'4'1’4)X) u(2’10’0) 5 83.51%
1098(M?2) keV is interchanged, the resulting level now de- ﬂ(5:3:2:4)® v(2:10:0) 5 14.11%
exciting via the 1098 keV transition has a tentative spin anq15+) 7(6,4.2.2)2 v(2,9,1) 2 83.41%
parity of J=6(") and the excitation energy isE,  1g+) 77(5’4'1'4)8 v(2,9,1) 4 98.39%
=3382 keV. The shell model predicts an excitation energyg+) 77(5:4:1:4)8 v(2:9:1) 4 99.09%
of 3480 keV for this level which is in reasonable agreement; «+) 7(5,4,1,4)9 1(2,9,1) 4 99.45%
with the experimental value. Hence, the level deexciting via(17+) 7(5,4,1,4)9 1(2,9,1) 4 96.05%
Fhe 244 keV transitionEx_z 3626 keV) _has a spin and par- (18Y) 7(5.4,1,4) 1(2,9,1) 4 99.20%
ity of J=7(). Interchanging of the positions of 244 keV and (; g+ 7(5,4,1,4) 1(2,9,1) 4 96.39%
1098 keV gamma transitions is further supported by the ing(-) 7(5,4,2,3) v(2,10,0) 2 51.44%
tensity argument. The relative intensities of the 244 and 1098 7(6,4,1,3) (2,10,0) 2 28.27%
keV transitions are 48) and 697), respectively, as seen 4(-) 7(6,4,1,3)9 ¥(2,10,0) 2 71.50%
from Table 1. A similar intensity pattern was reported by 7(5,4,2,3) v(2,10,0) 2 12.35%
Singhet al. [2]. 90 7(6,4,1,3) v(2,10,0) 2 79.97%
The 1076 keV AJ=1) transition was assigned avil 7(6,3,2,3) #(2,10,0) 2 11.68%
character by earlier workers. The present data indicate thaty-) 7(6,4,1,3)2 1(2,10,0) 2 86.16%
the 1076 keV transition involved AJ=1 change in angular q(-) m(5,4,2,3)2 v(2,10,0) 2 82.34%
momentum and the polarization results suggest an electrigy-) 7(5,4,2,3)2 1(2,10,0) 2 73.70%
nature. Thus, we have assigned it &b character, and the 7(5,4,0,5)2 1(2,10,0) 2 12.02%
level at E,=8388 keV is now tentatively assigned a spin 14(-) 7(6,4,1,3)2 v(2,9,1) 4 62.44%
and parity ofJ=15"). The polarization measurements con- 7(6,3,2,3)0 »(2,9,1) 4 20.24%
firmed the magnetic nature for the earlier reported 537 and 7(5,4,2,3)9 v(2,9,1) 4 14.89%

557 keV transitions.

In the present studies 472(), 559M1), 622M1),

636(M1), 661M1), 763, 801E1l), 1220E2) 1376E1), scribed in the earlier section. The position of the 801 and
1552, 1560, 1933, 204B(l), 2088E2), 2122, and 1376 keV transitions helped to assign Efh nature to both
2225(M 1) y rays belonging td“Mo nucleus were observed. the transitions. The occurrence of a weak crossover transi-
The multipolarities were assigned using the procedure detion, of energy 1220 keV(559661 keV), supports &1
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multipolarity to both the 661 keV and 559 keV transitions tron excitation across thid =50 shell closure.

and anE2 multipolarity to the 1220 keV transition simulta- Figure 7 illustrates the comparison between the experi-
neously. The multipolarity assignment procedure for the 472nental excitation energies and the theoretical predictions of
keV vy ray indicated aAJ=1 transition. The polarization the spherical shell model calculations. Table I summarizes
measurements indicated an electric character for this transihese shell model calculations.

tion. Further the other members of the sequence, ViZ., 636- As seen from the table, even the ground state has about a
559-661-2225 keV transitions, had\=1 change in angu- 109 contribution from the configuration arising due to exci-
lar momentum and a similar polarization different than thatigtion of protons across thé=38 subshell closure. Hence,
observed for the 472 keV transitipn. H_ence, tentatively anpe 7(P1j2,Ge) Model space would be inadequate to de-
E1 character to the 472 key ray is assigned and a1  gcripe even the low-lying levels in thi=50 nucleus. As
character to all the other in-band members of this sequencgsentioned above, states with<8",9~ are dominated by

Assuming that the 472 keV is dAl transition the level at qoycitation of the valence protons within thepy/,,ges) OF-
7134 keV excitation energy has a tentative spin and parityitais. States with 8.9- <J<12' 13~ are dominated by ex-
assignr_ner_lt ofl=(14"); shell model calculations predicted citation of the protons from thef(,,pas) t0 (P1rz,Jess) OF-

an excitation energy of 7388 keV and 8161 keV for the pyais. For these states it is found that the wave function is
=147 and theJ=14 _ levels, respectively. Thus the present yominated by ther(fss,pas) Y configurations coupled to
shell model calculations support el nature of the 472 e proton excitations in thps,de, Orbitals with an inert
keV transition. The assignment of a positive parity to levelsy — 5o neutron core. The states wilks 144 arise due to the
deexciting via the 636-559-661-2225-472 cascade Was SURjetron-particle-hole excitation across tNe=50 shell clo-

ported bY our shell model caIcuIations.. o ure, coupled to the valence-proton configurations within the
In addition to these a 1902 keV transition is also observe pg valence space.

in the present study, which could not be placed in the level' "o shell model calculations indicate single-particle be-

scheme within the present statistics. havior of the level structure up to the highest observed spins
and excitation energies.

IV. THEORETICAL DISCUSSIONS

Shell model calculations have been carried out using the V. SUMMARY
codeoxeAsH [19]. The model space utilized in the calcula-  The Jevel structure of théV=50 nucleus®Mo at high

tion includes four proton orbitsfg,,, Pa2,Py2,9er2) @nd SIX  spins produced in thédSi+7“Ge fusion reaction has been
neutron orbits P1/2,9e/2,97/2,d5/2,d372,512)- This model  geduyced. A five Clover array was used to detect the deexcit-
space was code nameavs in the codeoxBAsH [19]. Ithas g 4 rays
®Ni (z=28, N=38) as the inert core. Since an empirical i ' iti i i
\£= 206, ¢ ! -1t COTE. i P Sixteen new transitions belonging to this nucleus have

Hamiltonian for this configuration is not available, it was peen identified and placed in the decay scheme. Assignments
necessary to use a combination of empirical Hamiltoniangf spin and parity for most of the excited states were carried
along with experimental values for the two-body matrix ele-gt using DCO and IPDCO methods. The level scheme is
ments. The details of the two-body matrix elements used argoy extended up to an excitation energy Bf~11 MeV
given in Ref.[5]. _ _ and spins up td = 18.

Because of the large number of active orbitals, a trunca- The resulting level scheme is compared with large basis

tion of model space is necessary to make the calculationghe|| model calculations. The two are in reasonable agree-
feasible. The model space could be internally truncated byn,ent with each other.

performing the calculations for the most dominant configu-  The highlight of the present investigation is the identifi-
rations[5]. It is expected that states upde=107-12k could  cation of levels arising from the excitation of tFe= 38 sub-

be described by the redistribution of the valence protons inell closure and thal=50 shell closure.

thefpg subspace, and the neutron core may be assumed to be jyo\yever, additional spectroscopic data such as lifetimes

inert [4]. The excitation of the neutron core is essential foryng polarizational correlation measurements will help an un-
the description of only the higher-angular-momentum stategmiguous assignment of the underlying intrinsic micro-
(J=12h-14n). Details of such calculations are given in scopic configurations for thill=50 nucleus.

Ref. [5].

The presence of rays withE ,~2 MeV is an indication
of the excitation of nucleons across a large endighel)
gap. The occurrence &,~2 MeV at (J~144) is an indi-
cation of the excitation of neutrons across te50 shell The help received from the accelerator staff at BARC-
closure. However, the presence of such large energygn-  TIFR, Pelletron, Mumbai is gratefully acknowledged. The
sitions at low spinsJ~8#A—114) could be attributed to the authors would like to thank Dr. S. K. Basu for several helpful
excitation of protons across thg=38 subshell gap. For discussions. Two of the authofld.S.P., S.S.Gwould like to
these states we have performed the calculations by incorpdhank their colleagues at IUC-DAEF,CC for their coopera-
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