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The reactions *®Ni(*®Ar, a2p)®*Mo and 5®Ni(*®Ar, 4p)°°Mo at 149 and 140 MeV beam energies
have been used to carry out Doppler shift attenuation and recoil distance lifetime measurements and
to determine DCO ratios in #®Mo and ®**Mo. A singles angular distribution experiment using the
reaction *®Ni(**CL3p)?°Mo has been performed at 120 MeV beam energy to measure spin assign-
ments in °**Mo and to calibrate the DCO analyses for both nuclei. Reduced transition probabilities
for more than 60 transitions in ®:°°Mo have been deduced. The extensive data set is incorporated
in a detailed comparison between the two nuclei and, for °*Mo, with predictions from shell model
calculations within a restricted 7(p,,2), 7(ge/2), ¥(P1/2), and v(ge,2) configuration space and with

different residual interaction parameters.

The electromagnetic properties of the negative parity

states of ®*Mo are well reproduced by the calculations while the positive parity states show hints of

seniority mixing at intermediate spins.

PACS number(s): 21.10.Tg, 21.60.Cs, 27.50.+e, 27.60.+j

I. INTRODUCTION

The high spin spectra of many nuclides with proton
number Z = 40-44 and neutron number N = 46-49 have
been recently studied with heavy ion fusion evaporation
reactions [1-14]. When interpreting the level energies and
~-ray branching ratios using the spherical shell model,
it was found that, even within the (1gg/2,2p;/2) model
space, most features could be understood surprisingly
well. Effective single-particle energies and two-body ma-
trix elements derived by Gross and Frenkel [15] were used.
In simple terms, the large number of g9/, proton particles
and neutron holes, relative to the semimagic 38Sr core,
provides high spins via single-particle angular momen-
tum alignment, without the need of collective excitation.
The high spin states can be grouped into shell model con-
figurations of fixed seniority v = v, + v, where v, and
v, are the proton and neutron seniorities, respectively.
Most of these states are connected by F2 and (fast) M1
radiations of single-particle strengths, but occasionally
the predominant proton and neutron parts of the wave
functions are coupled to seniorities and spins which do
not allow 7y decays to take place. This may result in
strongly hindered transitions and long lifetimes; we refer
here to these as seniority isomers.

The high spin spectrum of 9°Mo (Z = 42, N = 48)
has been established by several groups [7,16-18]. The
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most comprehensive level scheme given by Kabadiyski et
al. [7], as well as that of Arnell et al. [16], reaches beyond
I™ = 20" which is the highest value accessible within the
[W(g9/2)4u(g9/2)—2] configuration. To account for the ob-
served yrast states of higher spins (I < 25A), promotion
of up to two protons from the (2ps/2, f5/2) orbits is re-
quired [7,10]. Weiszflog et al. [19] have recently reported
the measurement of g-factors and the interpretation of
some excited states in ®Mo. The ground state band in
8Mo has been identified first by Gross et al. [2]; high
spin states have been extended by Weiszflog et al. [5] up
to probable spins I™ = 22% and I™ = 23~.

The aim of the present study is to complement the ex-
isting level schemes and «-ray branching ratios in both
nuclei by the measurement of £2/M1 mixing ratios and
lifetimes, from which, a large number of precise transi-
tion probabilities are deduced. These quantities serve as
a very stringent test of the predicted shell model wave
functions. In Sec. II, we present the experimental tech-
niques and reduction of multipole mixing ratios and par-
tial lifetimes via Doppler shift attenuation and recoil dis-
tance methods. A detailed comparison between the two
nuclei is presented in Sec. III. Shell model calculations
on °°Mo using different model parameters are discussed
in Sec. IV, while the interpretation of the Mo results
will be given in a forthcoming paper.

II. EXPERIMENTS AND DATA REDUCTION

The transition probabilities in 88:°°Mo were obtained
in three experiments, performed at the VICKSI acceler-
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ator at the Hahn-Meitner-Institut in Berlin and at the
Van de Graaff tandem accelerator in Cologne. In two
of these measurements, the heavy ion fusion evaporation
reaction 58Ni(3¢Ar, zpynza) with the pulsed 36Ar beam
of the VICKSI facility was used at beam energy 149 MeV
and 140 MeV to obtain Doppler-broadened line shapes,
directional correlations of oriented states (DCO’s), and
lifetimes via recoil distance methods. A singles angular
distribution experiment in Cologne provided additional
information on multipole mixing ratios and alignments
of ®®Mo states. The reaction *®Ni(**Cl,zpynza), at 120
MeV beam energy, was used for this measurement.

A. Determination of mixing ratios

The ®8Ni + 36Ar experiment has been described pre-
viously [5,7], and therefore, only information relevant for
the present study is given here. The measurement was
carried out with a 149-MeV pulsed 36Ar beam which
bombarded a 99.8% enriched, 19.8 mg/cm? thick *®Ni
target foil. The residual nuclei 8Mo and °°Mo were pro-
duced in the a2p and 4p evaporation channels from the

compound nucleus °*Pd. The experimental relative yield
of 88Mo was estimated to be 13.5(5)% and that of °*Mo
to 30.4(9)% of the total fusion evaporation cross section.
The resulting < radiation was measured by the OSIRIS
spectrometer [20], consisting of 12 BGO shielded Ge de-
tectors of 25-30% efficiency which were mounted in two
rings at 65° and 115° to the beam direction. The vy
correlation analysis was enabled by the additional high
purity Ge detector at 162°. This detector has been also
used to obtain Doppler broadened line shapes of prompt
transitions.

The «+v correlations from oriented nuclear states pro-
vide information on the multipolarities of electromag-
netic transitions. This was used in previous work to make
spin parity assignments to residual nuclei from the 38Ni
+ 36Ar reaction [1,5-7,9,10]. In the OSIRIS geometry,
the experimental DCO ratio is defined as

I(v, at 162° ; gated with v2 at 65°,115°)
Rpco := - , (1)
I(7, at 65°,115° ; gated with v, at 162°)

where I denotes the relative coincidence intensity. The
comparison between the experimental Rpco values and

TABLE 1. Summary of singles angular distributions and angular correlations data for °°Mo.

IT [A] = I7 [A] Ey [keV] Az Aq dsAD Rpco dpco 3
22+ - 21+ 280.2 -0.41(3) 0.06(3) 0.10(8) 0.40(8) 0,15(}3) 0.12(3)
21t & zoi 620.5 -0.53(5) 0.13(6) 0.16(13) 0.38(11) 0.16(12) 0.16(9)
20} — 18 1709.9 0.37(3) -0.03(4) 1.18(10)
- 19+ 495.7 -0.46(8) 0.03(1) 0.14(23) 0.70(6)° -0.1 0.14(23)
19° 17 1804.0 0.34(6) -0.02(6) 0.91(8)
18+ - 167 1779.2 0.33(4) -0.05(4) 1.05(11)
177 — 15~ 872.0 0.29(2) -0.05(2) 1.03(6)
— 16+ 768.9 -0.19(2) 0.07(2) -0.02(6) 0.60(7) o.oz(?;) 0.00(5)
- 16~ 129.4 -0.38(4) -0.00(5) 0.14(14) 0.24(8)® 0.14(14)
16~ — 15~ 742.5 -0.56(3) 0.24(3) 3.1(8) 0.69(7)° 3.1(8)
16 — 151 598.0 -0.53(2) 0.16(2) 3.1(4) 0.56(86) 4.6(16) 3.4(5)
15~ — 14] 1018.1 -0.23(2) 0.03(3) -0.01(6) 0.65(7) -0.06(;’) -0.04(4)
- 13 943.5 0.33(2 0.04(2 0.97(7
)
14= — 13" 776.2 -0.69(6) 0.34(7) 2.7(10) 0.51(8) 3.6(};) 3.1(1;’)
15+ — 14} 523.2 -0.45(1) 0.05(1) 0.13(3) 0.50(6) 0.06(2) 0.11(3)
- 14{ 244.5 -0.45(2) 0.07(2) 0.12(3) 0.43(7)® (0.13) 0.12(3)
14} > 13 526.5 -0.45(2) 0.05(3) 0.13(6) 0.42(7) 0.14(7) 0.13(5)
13~ — 12+ 1143.8 -0.28(2) 0.03(2) 0.02(5) 0.66(8) -0.07(2,) -0.02(4)
- 11" 857.7 0.34(2) -0.09(2) 0.94(5)
14} - 12+ 1069.1 0.35(2) -0.11(3) 0.91(7)
- 13+ 247.8 -0.30(2) 0.02(2) 0.04(5) 0.36(7)® (0.19) 0.04(5)
13+ & 12+ 821.4 -0.41(1) 0.05(2) 0.10(4) 0.49(6) 0.07(8) 0.09(4)
117 - 10} 649.6 -0.34(3) 0.06(3) 0.04(6) 0.66(8) -0.06(7) -0.01(5)
-9~ 544.2 0.1(2)¢ 0.0(2)¢ 1.01(6)
9~ -9~ 296.5 0.44(3) -0.03(3) -0.2(;) -o.z(g)
12+ - 107 477.0 0.33(1) -0.09(2) 1.01(6)
- mi’r 363.3 0.22(2)° -0.06(2)° 0.95(9)
10{ — 8;: 1317.7 0.31(1) -0.06(2) 1.00(8)
107 - 8} 972.7 0.32(1) -0.08(2) 0.99(9)
7 55 818.6 0.26(2) -0.00(2) 0.99(6)
8f — 8f 231.4 0.38(1) -0.01(2) -0.04(12) 0.71(7)® -0.04(32)
5~ — 4% 546.7 -0.20(2) 0.00(2) 0.01(6) 0.60(6) 0.03(‘3) o.oz(g)

*DCO ratio most probably overestimated due to Doppler-broadened lineshape.
PDCO ratio underestimated due to different timing properties of the 162° detector and the OSIRIS ring (see Refs. [7,21] for

details).

°DCO ratio too large due to contamination with 8% activity in the vy matrix.
9In the singles spectra, the line is contaminated with 8% activity.

*Doublet structure.
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their theoretical predictions via the multipole mixing ra-
tio 6 was used to evaluate the multipole character of
transitions in #8°°Mo. In geometries with nearly cylin-
drical symmetry, the method described in a recent paper
by Kabadiyski, Lieb, and Rudolph [21] also provides the
possibility to determine §( E2/M1) mixing ratios of tran-
sitions with AI = 0,1. The phase convention of Rose
and Brink [22] was used. The results of the DCO analy-
sis for °“Mo are summarized in Table I. As discussed in
Ref. [21], the method provides two possible solutions for
0 which also depend on the alignment attenuation coeffi-
cients ay of the initial states. If only one pair of angles is
used, one of the two solutions can be eliminated only via
comparison with nuclear model predictions or singles an-
gular distribution measurements. An additional singles
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angular distribution experiment, with a 99.8% enriched
16.3 mg/cm? thick 58Ni target, was carried out to distin-
guish between the two solutions for Mo transitions.
The reaction 58Ni(33Cl, 3p)°°Mo at the Van de Graaff
tandem accelerator in Cologne was used to obtain angu-
lar distribution data for positive parity states above the
yrast 8+ isomeric state (T; 2 = 1.05 us) and for most of
the yrast negative parity states. The setup of this exper-
iment has been described in a recent work by Rudolph
et al. [9]. Four Ge detectors of 25-55% relative efficiency
were used to detect the v radiation, one of them being
positioned at 125° to the beam to monitor the beam cur-
rent. The other three detectors were mounted at angles
of 55° and 45°, relative to each other and scanned the
region from —90° to +10° relative to the beam direction.
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FIG. 1. Angular distribu-
tions and x* analysis of mixing
ratios for Al = 1 transitions
in ®®Mo for (a) positive parity
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states and (b) negative parity
states. The experimental rela-
tive yields were fitted with Leg-
endre polynomials according to
formula (2). The solid curves in
the x? plots correspond to the
analysis with the best values for
the alignment coefficients a2.
The dashed ones represent cal-
culations with the upper and
lower limits of aa.
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Making use of the symmetry characteristics of angular
distributions, the relative yields of the v radiations were
obtained at 12 different angles between 0° and 90°. The
left and middle parts of Fig. 1(a) and the left part of Fig.
1(b) show examples of least-squares fits to the data using
the Legendre polynomial formula [23]

W(0) = Ag + A2P>(cos0) + A4P4(cosb). (2)

The Az and A4 values listed in Table I are the fitted num-
bers corrected for the attenuation due to the finite solid
angles of the Ge detectors [24,25]. The A, and A4 coef-
ficients depend on the alignment attenuation coefficients
aj, and the multipole mixing ratio § between the ampli-
tudes of the two lowest multipoles [23]. The coefficients
ay, are defined by ax:=AJP*/AP** (k = 2,4) where AP>~
denotes the theoretical value for complete alignment at
the same § value. Furthermore, under the assumption of
the Gaussian distribution of magnetic substates which is
appropriate for heavy ion fusion reactions, there is a func-
tional correlation between a; and a4 [23,26]). Therefore,
the measurement of A5*®* and AJ*®* should be sufficient
to obtain the three variables a3, a4, and §. Because of
the statistical uncertainties of A5** and A$*®*, this pro-
cedure results in a x? analysis to the experimental yields
[27). This is illustrated in the right part of Fig. 1 for
several AI = 1 transitions in ®*Mo. The solid curves
correspond to the analysis with the best values for as.
Dashed lines represent their upper and lower limits. The
resulting mixing ratios given in Table I refer to the abso-
lute minima of the solid curves and the errors correspond
to the largest interval between adjacent crossing points
of the three curves and the 0.1% confidence limit. It
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should be noted that several AI = 1 transitions in Mo
were found to have large § values. These are the 598
(16* — 157), the 742 (16~ — 157) keV, and the 776
keV (14~ — 137) lines (see Fig. 1). We suggest different
physical reasons responsible for this effect, as will be dis-
cussed in more detail later in this work. It is worthwhile
noting that all earlier proposed parity changing transi-
tions in ®*Mo [7,16] have J values consistent with zero,
in agreement with an E1 character.

The o coefficients for °°Mo obtained from the angu-
lar distribution measurement were compared with values
from Monte Carlo simulations of the magnetic substate
populations of the same states in the 58Ni4-36Ar reaction
which should result in a similar magnetic substate pop-
ulation. The calculations were performed with the code
GAMMAPACE [28]. Very good agreement between theo-
retical and experimental values was obtained. Instruc-
tive results include the agreement for the yrast 12+ state
with an experimental alignment of oz = 0.80(3) and cor-
responding theoretical value of 0.82; the yrast 10" state
with 0.77(3) from the experiment, 0.78 from theory; and
the yrast 5~ state with 0.61(5) from the experiment, 0.64
from theory . This agreement leads to the conclusion that
due to the large number of deexcitation cascades, the at-
tenuation coefficients a; have values which closely follow
those of the direct population.

Therefore, we used the same method to calculate the
alignments of the 8¥Mo states and thus to calibrate the
DCO analysis of the nucleus. The DCO ratios presented
in Ref. [5] have been further used to obtain mixing ratios.
The resulting oz and § values for Mo are presented in
Table II. Figure 2 presents the DCO analysis of the 359
keV (197 — 187) and the 272 keV AI = 0 transitions.

TABLE II. Multipole mixing ratios for mixed dipole-quadrupole transitions in Mo obtained

from angular correlations.

I:r [ﬁ] I? [ﬁ] E-y [keV] aga Rnco JDCO

21~ 20~ 374.6 0.93 0.49(3) 0.05(3) 4.0(4)
20~ 19~ 492.8 0.92 0.53(6) 0.02(5) 4.6('3)
19~ 18~ 727.1 0.91 0.33(11) 0.21(}‘1‘) 2.4(3
19~ 18~ 358.6 0.91 0.42(7) 0.12(6) 3.1(%
18~ 17" 761.0 0.90 0.56(3) 0.0(3) 5.0(%
17- 17- 419.0 0.89 0.77(16) -1.0(3) 0.7(3)
18* 17t 361.7 0.90 0.55(5) 0.01(4) 4.8(%
17t 16t 820.4 0.89 0.59(7) -0.02(6) 5.65?3;
16% 157 398.5 0.88 0.46(17) 0.09(1%) 3.5(3
167 15% 395.2 0.88 0.57(5) 0.00(4) 5.2(%3
5% 147 590.2 0.86 0.51(3) 0.05(3) 4.0(4)
14% 147 247.7 0.85 0.87(12)° |6] < 0.7

10* 10" 253.0 0.79 1.01(12)° 8] < 0.5

10* 10* 163.0 0.79 0.67(7)° 6] < 1.1

8+ 8+ 271.7 0.75 0.88(6)° |6] < 0.6

7" 6+ 723.0 0.72 0.65(11)° -0.06(9)®

®a calculated from Monte Carlo simulations of the direct level feeding (see Refs. [21,28]) for details.
®The M2/E1 mixing ratios for E1 transitions are calculated to check consistency of the spin-parity

assignments.

°DCO ratio underestimated due to different timing properies of the 162° detector and the OSIRIS

ring (see Refs. [7,21]) for details.
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arctan(3) (deg)

FIG. 2. Illustrative DCO analysis of Al =1 and AT =0
transitions in ®8Mo. Vertical solid lines represent the two
multipole mixing ratio solutions which are obtained from the
crossings of the theoretical DCO curves and the experimental
value (horizontal lines). Dashed lines indicate corresponding
uncertainties.

For AI = 0 transitions, only upper limits for |§| are given
(see lower part of Fig. 2) due to their low energies which
caused timing problems (for details see Refs. [7,21]).

B. Lifetimes

The 5®Ni+3¢Ar experiment also gave information on
lifetimes via Doppler-shift attenuation line shape analy-
sis (DSA). Transitions between yrast states above 16™
and 17 in °Mo were found to have discernible DSA
line shapes from which lifetimes could be deduced. No
transitions in 8Mo could be evaluated for lifetimes via
DSA because of insufficient coincidence statistics. Ex-
tensive calculations with the Monte Carlo code TRIM [29]
were performed to simulate the velocity distribution of
the 36Ar projectiles and the recoiling °®*Mo nuclei in the
thick 58Ni target. Additional calculations with the fu-
sion evaporation code PACE [30] resulted in an active tar-
get depth of 3 mg/cm? accounting for the production
of 99Mo recoils. The distributions of initial velocities
and relative reaction cross sections obtained from PACE
were then incorporated into TRIM calculations to simu-
late the slowing down process in 30 target layers of 100
pg/cm? thickness each. The calculations yielded a rela-
tively narrow velocity spread of the °°*Mo recoils in the
first layer arround the mean value v/c = 0.0377 while
a broad velocity distribution between vmin/c = 0.0133
and vmax/c = 0.0324 with a large directional spread was
found for the 30th layer. This extensive information was
used with the Monte Carlo line shape evaluating code
LILIFI [31] to obtain a slow-down history for 10* ®*Mo
recoils. The Doppler-broadened line shapes of the 280-,
459-, 496-, 621-, 881-, 1779-, and 1919-keV transitions
were analyzed in this fashion. The solid cascade feeding
pattern for each transition was taken from [7]. Where
necessary, effective side feeding times were also fitted as

free parameters. In all such cases, the effective side feed-
ing was found to vary in the range 50-100 fs. The fit
to the 459-keV 18% — 177 line in °°*Mo which is illus-
trated in Fig. 3 includes the cascade feeding of the 1710-
keV transition. The unknown lifetimes of the weak 919-,
1263-, and 1214-keV feeders were incorporated in an ef-
fective side feeding which was simultaneously fitted with
the main transition. The calculations yielded a narrow
x? minimum at Tiean = 0.24(6) ps and 74 = 0.6(1) ps.
For the lifetime of the 881-keV transition, only an upper
limit was obtained due to the unknown feeding pattern.
Mean lifetimes via DSA were calculated for all other tran-
sitions mentioned above. The corresponding values are
presented in Table ITI. The excellent overlap between the
two values for the mean lifetime of the 8525-keV level is
worth noting. However, no transitions above spin 177 in
90Mo could be fitted due to insufficient statistics.

The fact that transitions between levels in the inter-
mediate and low spin regions in #8:°°Mo do not show any
Doppler broadening indicates mean lifetimes longer than
2 ps or long-lived feeder states. Therefore, we performed
arecoil distance experiment with the same reaction at the
VICKSI accelerator in Berlin using a plunger apparatus
designed by Dewald et al. [32]. The 140-MeV 3¢Ar beam
bombarded a 1.25-mg/cm? stretched self-supporting *®Ni
foil enriched to 99.8%. The stopper was a stretched 7 um
thick gold foil which permitted flight distances between
3.5 pm and 10000 pm. In addition to the singles spectra,
~v-coincidence events were recorded at flight distances of
3.5 pm, 50 pm, 100 pm, and 200 pm. An extensive de-
scription of the setup and data reduction can be found in
recent work by Rudolph et al. {10]. The mean velocity of
the recoiling Mo nuclei was v/c = 0.0278(1), and the
99Mo nuclei recoiled at a v/c = 0.0269(1). These values
were obtained by the exact Doppler-shift formula applied
to the flight and stopped peaks at 0° after correction for
shift attenuation due to the finite solid angle of the 0°
detector:

28 \2
5 (1 + ﬁ%T) -1 ®)
= 5 .
280
(1 + 1+c059c) +1

2000 - 459 keV
o 1600
<
3
o
o
1200
800 L— ] : , . —
700 720 740 760

channel

FIG. 3. Doppler-broadened line shape of the 459 keV
18" —17" transition in °**Mo measured at 162°. The solid
curve represents the best fit with the code LILIFI [31].
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Here, S(!) denotes the relative recoil velocity, as ob-
tained from the experimental flight peak by the first-
order Doppler-shift formula, and 6. is the maximum an-
gle, subtended by the detector. Equation (3) implies a
uniform angular distribution of the « rays within the nar-
row solid angle of the shielded 0° detector and a constant
detector response which leads to the shift attenuation fac-
tor (1 + cosf.)/2 [33].

The decay functions of stopped components in °°Mo
and 38Mo, some of which are presented in the left-hand
parts of Figs. 4 and 5, were analyzed by the recoil dis-
tance Doppler-shift method (RDDS) using the program
CRONOS [34]. As can be seen from Fig. 4, the yrast 12+
state in ®*Mo which is deexcited by the 363- and 477-
keV transitions is isomeric. A mean lifetime of 759(5)
ps was obtained for this state (see Table III). This is
in agreement with the subnanosecond character of the
state first reported by Arnell et al. [16], although these
authors deduce a somewhat lower value of 0.4(1) ns. Spe-

cial attention was paid to resolving doublets, since they
can contribute significantly to the feeding uncertainty for
lower lying transitions in the same cascades. The least-
squares fit procedure used allows the unfolding of decay
functions with significantly differing lifetimes. Such an
example is presented in Fig. 5 with the 972-keV 6+ — 4%+
transition in 88Mo. It is an energetically unresolved dou-
blet with the 107 — 87 transition in ®*Mo. However,
the ratio of the two effective lifetimes is 1:17.4 due to the
isomeric nature of the 12+ state in ®°Mo. As illustrated,
the long-lived component of the doublet is resolved by
fitting an independent single exponent to the observed
decay function.

In addition to the common RDDS analysis, the data
were also analyzed via the differential decay curve
method (DDCM) introduced by Dewald et al. [35] and
Bohm et al. [36]. In our case, the use of extrapolated
decay function values at zero distance was avoided by
taking the ratios of the efficiency corrected areas of the

TABLE III. Lifetimes in *°Mo.

E. [keV]  E, [keV]

RDDS 7 [ps] DDCM 7 [ps] DSA 7 [ps] 7 [ps]
0° 42° 138° 0° 42° 138°
12016.6 880.8 1.5(4)* 1.4(6)* <18
11135.9 280.2 <0.1 <0.1
10855.7 620.5 1.3(2) 1.3(2)
10235.2 495.7 0.30(8) 0.30(8)
8525.4 1779.2 0.23(4) 0.23(3)
458.6 0.24(6)
8066.8 1918.6 0.87(5) 0.87(6)
1320.8 0.8(8) 0.9(6)
7515.1 872.0 10.5(7) 11.2(14) 11.1(3) 10.5(2) 11.4(5) 11.0(1) 10.7(5)
768.9 11(3) 11(1) 7.8(6) 11.3(3) 10.8(1) 7.8(1)
129.4 (13.5)
7385.6 742.5 10(3) 9(3) 9.5(22)
6746.2 598.0 5.2(10)®
6643.1 1018.1 1.4(%) 1.6(%2 2.1(2) 1.8(2) 1.9(2)
167.1 1.7(2
6475.8 776.2 2.2(14) 2.2(14)
6148.2 523.2° <04
244.5 0.2(3) 0.2(3) 0.1(2) 0.13(8)
5903.7 526.5 2.4(6) 2.3(3) 2.4(6)
5699.6 1143.8 2.1(9) 1.9(7) 2.2(4) 2.0(2) 2.0(6)
5625.0 247.8 4.0(3) 4.1(4) 3.7(4) 4.1(4) 3.9(5) 4.3(2) 3.9(2)
5377.2 821.4 1.4(9) 1.5(6) 1.4(5)
4842.0 649.6 53(6) 53(2) 56(3)
544.2 57.3(14) 54(13) 58.9(7) 51(5)
4555.8 477.0 780(8) 752(4) 740(5) 783(5) 755(4) 734(3) 759(5)
363.3 762(20) 759(6) 761(6) 764(5)
4297.7 930.3 14(3) 14(3)
4192.5 1317.7 <5 <5 <5 <5
4079.0 972.7 23(7) 21(7) 17(3) 21(4)
3367.4 818.6 < 0.4 <16 <1
555.7 <06
3106.3 231.4 7(4) 8(4) 6(4) 10(6) 7(2)
2548.8 546.7 23(4) 23(4)

*Effective lifetime.
*The decay function was taken from the vy matrices.
°The sum of all decay curves was analyzed.
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FIG. 4. Recoil distance survival ratios
(left-hand side) and corresponding lifetimes
from the DDCM analysis (right-hand side)
of transitions in *Mo. For each decay curve,
RS denotes the region of sensitivity (see Ref.
[35] for details).

FIG. 5. Recoil distance survival ratios
(left-hand side) and corresponding lifetimes
from the DDCM analysis (right-hand part)
of transitions in #Mo. For each decay curve,
RS denotes the region of sensitivity (for de-
tails see Ref. [35]). Where possible, dou-
blets were differentially analyzed which con-
tain significantly differing lifetimes (for ex-
planations see text).



direct feeder and main transition stopped components at
the lowest distance and also normalizing the decay func-
tions to this distance. The stopped component areas for
the direct feeders at lowest distance were taken from the
spectra or were simulated with effective lifetimes. The
first derivatives of the normalized decay functions were
either calculated from the experimental relative yields
or obtained from the RDDS fit curve if it covered all
points. The background intensity was taken from the
RDDS fit. In cases when all parameters for the direct
feeders could be taken from experimental decay func-
tions, the two analyses were assumed to give sufficiently
independent values for the level mean lifetime. In all
other cases, the mean values given at the right-hand side
of Tables III and IV reflect the mean of RDDS (and DSA)
data. The right-hand sides of Figs. 4 and 5 illustrate the
results of the DDCM analysis for the same transitions
shown at the left-hand side. RS denotes the region of
sensitivity defined in Ref. [35]. The complex nature of
the decay function of the 972-keV line can also be seen
in the DDCM analysis. The raw decay function leads to a
lifetime steadily increasing with distance, while the sub-
traction of an exponent with the lifetime of the isomeric
contaminant leads to much smaller and nearly constant
lifetime values within the region of sensitivity.
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III. COMPARISON OF ELECTROMAGNETIC
PROPERTIES OF STATES IN %Mo AND °°Mo

The extensive data set presented in Sec. II offers the
possibility for a detailed analysis of the electromagnetic
properties of high spin states in the neutron-deficient
even molybdenum isotopes near the onset of collectiv-
ity. In a recent work on the systematic behavior of these
nuclides [2], Gross et al. propose a rather smooth tran-
sition from near spherical to deformed nuclear shapes at
N = 46 which is in contradiction with the drastic varia-
tion predicted by Méller and Nix [37]. The well-known
dramatic influence of single nucleons on the collective be-
havior of excited nuclear states in this mass region still
leaves many questions open. Here we mention the abrupt
increase of collectivity in 8"Mo [3] when going from the
(1gp) go/2 band to the (3gp) band. On the other hand,
Weiszflog et al. [5] have worked out a surprisingly sim-
ple seniority classification scheme of the excited states in
88Mo within a shell model approach considering valence
particles and holes in the restricted configuration space
7(2p1/2,199/2)v(2P1/2, 199/2)- In addition, high spin ex-
citations in Mo can be explained mainly in the same
shell model configuration space [7] despite the apparent
need of a larger model space which was indicated by cal-

TABLE IV. Lifetimes in **Mo.

E: [keV] E, [keV] RDDS 7 [ps] DDCM T [ps] 7* [ps]
0° 42° 138° 0° 42° 138°
8609.4 761.0 <0.7°
8127.4 361.7 <0.5°
7848.4 980.1  1.7(4) 1.8(3) 1.7(1) 1.8(3) 1.8(1)
7322.9 1115.8 0.4(3)° 0.44(6)° <05
6944.8 395.2 < 0.9°
6868.2 898.5 4.1(3) 6.2(3) 5.1(3)¢
6549.5 590.2 0.6(3) 0.7(2) 0.7(2)
6207.0 934.6 2.5(18)  2.3(4) 2.7(2) 2.6(2) 2.6(2)
5969.7 816.3  1.1(7) 1.2(6) 1.4(6)  1.0(3) 1.4(5) 1.5(5) 1.3(2)
5959.3 906.8 9(1) 8.4(3) 7.8(4)  8.5(3) 8.5(1) 7.7(1) 8.18(8)
5272.4 1077.2 0.8(3) 0.7(2) 0.8(2)
5153.4 839.6  1.5(9) 2.3(9)  1.7(5) 1.8(12) 1.8(4)
5052.5 857.3 27(3) 25(2)  26(2)°F
4313.8 964.0 3.6(12)  3.7(10) 3.8(5) 3.7(5)
4195.2 982.3  6.9(8) 7.8(9) 6.4(3)  6.3(4) 6.1(3) 5.9(2) 6.3(1)
3484.7 271.7 4.5(6)°  4.9(6)° <5.1
3349.8 703.4 6.9(10)  6.7(10) 5.6(3) 7.5(5) 6.7(8)
3213.0 586.1  33.7(9) 32.8(9)  28(2) 36(4) 33(1) 30.3(8)  32.0(5)
2646.4 991.6 19(3) 19(3) 20.0(5)  19.8(5)  19.8(4)
2626.9 971.9  10(2) 13(2) 17(3) 10(1)  10.2(7)  13.2(9) 11.6(5)f
1654.9 914.3 1.3(2) 1.4(2) 1.4(2)
740.6 740.6  9.6(9) 8.5(5)  10.6(7) 10.4(4)  12.4(5) 10.3(3)

®All upper limits mean the measured effective lifetime plus one standard deviation.
®The decay function was taken from the vy~ matrices.

°Effective lifetime.

9Fitted also as feeder of the 5970-keV level at 0° and 138° (for details see text).

°Fitted also as feeder of the 4195-keV level.

fFitted with an additional independent exponent due to doublet structure.



118

culations in the isotone 38Zr [38,39]. On the other hand
we find a large number of stretched E2 transitions with
similar energies on both parity sides in Mo which may
exhibit a vibrational structure.

In the following, we investigate some of these prob-
lems by comparing the measured electromagnetic decay
properties of states in #Mo and **Mo listed in Tables V
and VI. Due to the presence of the interconnecting E1
transitions in both nuclides, we have followed a notation
for the multipole strengths which is related to the lowest
multipole o L. For each transition, the latter is indicated
explicitly in column 4 of the tables. The discussion of the
B(oL) shell model predictions in **Mo with two different
residual interactions, also presented in Table VI, is given
in Sec. IV.

A. Positive parity states

Before the present experiments, the question about
the degree of collectivity of ®8Mo had not been an-
swered. The deduced B(E2,2* — 0%) strength of
15.3(4) W.u. (see Table V) is only half the value of the
semiempirical estimation of Weiszflog et al. [5], which
yields |B2| = 0.13 in the axial rotor limit. A recent consis-
tent set of Hartree-Fock-Bogolyubov calculations on nu-
clear deformation parameters in this region [40] predicts
|B2| = 0.10 for Mo in good agreement with the above
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value. We suggest that, in its ground state, 8Mo sustains
a nearly spherical shape which may perform quadrupole
vibrations. The energy ratio of the lowest 2tand 4%
states, E(41)/E(2%) = 2.23, is additional support for vi-
brations as well as the enhanced B(E2;4" — 27%) value
of 40(5) W.u. The lowering of the 2}, 07, 27, and 4]
states has already been observed in earlier works on the
neighboring isotope “°Mo [17,41], the (07, 23, 47) triplet
being interpreted as a two-phonon triplet. Unfortunately,
the 8] isomeric state prevents the direct measurement of
the quadrupole transition strengths in the ground state
band of ®*Mo via conventional RDDS and so no direct
evidence for the corresponding E2 strengths is available.
A coupling between two neutron holes or proton parti-
cle excitations to the vibrational motion is most proba-
bly responsible for the enhanced B(E2) strengths of the
4} — 2} and 8] — 6] transitions in #Mo (see Table V)
while the 67 — 4% transition shows a surprisingly low
quadrupole strength.

The E2 transitions in the intermediate and high spin
positive parity region of Mo have in general larger
B(E?2) values than the corresponding transitions in °**Mo.
The v 4,6 positive parity states in 88Mo have most
probably a highly mixed structure. A second short-lived
12+ state [r = 0.76(15) ps] is observed which deexcites
to the two 10% states with E2 strengths between 20 and
30 W.u. The lowering of the energy of the 14] level pre-
vents the population of a 13* state which lies higher in

TABLE V. Reduced transition probabilities in ®*Mo. oL denotes the lowest multipole which is visible via v radiation. For

mixed transitions, 6L + 1 denotes the next higher multipole.

E. 17 — IF oL Positive parity states ®'P E. 17 — If Negative parity states
[keV] 1] i B(oL)) B(6L+1)| [keV] 4] i oL B(sL)|
8127.4 187 — 161 E2 > 309 8609.4 18] — 17, M1 > 0.18°

- 17y M1 > 1.3° 7848.4 177 — 15, E2 516(33)
7322.9 163 — 147 E2 > 944 6868.2 157 —13] E2 273(16)
6944.8% 16} =157 M1 >1° 5969.7 137 - 117 E2 1.8(3) x 10°
6549.5 157 > 147 M1 0.38('3) 39(%2) 5153.4 117 — 9] E2 1.0(3) x 10°
— 14} M1 0.20(7)° - 95 E2 a15(17)
6207.0 147 — 12 E2 28(2) 4313.8 97 — 77 E2 257(32)
— 127 E2 298(20) - 8 E1 3.2(7) x 107°
— 147 M1 > 0.14° < 1.65 x 10* © 3349.8 77 = 57 E2 687(1.?93)
5959.3 14} — 12} E2 151(3) — 55 E2 175 (gg)
—12} E2 114(7) - 6 E1 1.8(‘;) x 10~%
5272.4 12} — 101 E2 234 <B(E2)< 740f 2646.4 57 — 4t E1 3.26(6)x107°
— 10, E2 < 850f
5052.5 12} — mi E2 60(6)
- 107 E2 12(1)
— 10 E2 < 206°
4195.2 10} — 8t E2 140(3)
- si E2 < 15.4°
3484.7 8; - 8 M1 > 0.4 < 2.81 x 10*
3213.0 8 — 6; E2 369(6)
2626.9 67 — 4] E2 81(4)
1654.9 4f - 2} E2 926(123)
740.6 2} - of E2 355(9)

®B(EL) | in €2 fm?F (E2, 23.25 *fm* = 1 W.u,; E1, 1.28¢*fm? = 1 W.u.); B(ML) | in p% fm?%~2 (M1, 1.79 p% =1 W.u.).
> All multipole strengths for mixed E2/M1 transitions calculated with the smaller § solutions from Table II.

“Calculated for § = 0.

9No B(E?2) limits could be calculated for the 985-keV (16;L — 141*) transition due to unknown < ray intensity.

®Calculated for § < 0.7 (see Table II).

fOnly limits calculated for B(oL) values due to uncertainty in the level total deexcitation intensity.
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energy. We note the absence of hindered transitions on
both parity sides in ®Mo, in contrast to °Mo.

The fewer particles in the v(gg/2) shell for 90Mo
causes accidental unfavorable spin and seniority cou-
plings. Thus, the 161" state obviously is not a pure v = 4
state of a fully aligned [r(go/2)3¥(go/2)5 ] configuration
which would decay via a fast 16% — 15+ — 141t M1
cascade. However, the M1 transition from the 167 state
is 437 times hindered (see Table VI), while the B(E2)
value is strongly enhanced. The B(M1) strength of the
17} — 167 transition is also remarkably reduced which
is evidence for a strong seniority mixing of the yrast 16+
state being most probably what we call a seniority iso-
mer. Another such candidate is the 20 state whose
structure causes the 21} — 207 M1 transition to be 35
times hindered. It should be mentioned that the B(E2)
strengths of the yrast 12% state imply that, although
being long lived, this state is certainly not a seniority
isomer and its long lifetime can be understood merely by
taking into account the reduced energies of the deexcit-
ing E2 transitions. The direct comparison of the B(E2)
strengths and branchings of the yrast 127 states in Mo
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and °°Mo (see Tables V and VI) shows that they have
fairly similar structure, though the first two 10 states
are most probably interchanged in the two nuclei. How-
ever, the structure of the 12:’ state and the two observed
10% states in Mo provide a challenging test for the shell
model calculations. This will be discussed in Sec. IV.

B. Negative parity states

Negative parity states in 88°°Mo can be constructed
by at least two proton particles or neutron holes in the
2p1/2 and 1gg/; shells which couple to spins 4 or 5. In-
deed, the 5 states are the lowest negative parity states in
both nuclei observed in heavy ion reactions [5,7,16]. How-
ever, their decays cannot be directly investigated within
the shell model because they deexcite via E1 transitions
which are forbidden even in the 1gg/2,2p1/2,2P3/2, 1f5/2
configuration space. According to the transition prob-
abilities, the differences in the structure of the nega-
tive parity states in 3¥Mo and °°Mo seem to be more
profound than for their positive parity states. This is

TABLE VI. Comparison between experimantal reduced transition probabilities in °*Mo and shell model predictions using
two different residual interactions. oL denotes the lowest multipole which is visible via v radiation. For mixed transitions,

&L + 1 denotes the next higher multipole.

E, I — If Positive parity states®
[keV] (") (%] oL Experiment i GF-2 i SD-1 )
B(oL) | B(L+1) | B(eL)) B(@GL+1)] B(eL)l B(GL+1))
12016.6 23} —217  E2 > 30 n.a.? n.a.
=227 M1 >4.0x1072%¢ n.a. n.a.
—22F M1 >97x107%¢ n.a. n.a.

111359 22§ —217 M1 > 26 > 6.6 x 10* n.a. n.a. n.a. n.a.
10855.7 217 —»207 M1 0.17(3) 164(33) n.a. n.a. n.a. n.a.
—20F M1 5(2) x 1072 n.a. n.a.

10235.2 20§ »18f  E2 96(33) n.a. n.a.
=197 M1 0.7(2) < 5.2 x 10° n.a. n.a n.a. n.a
85254 187 — 167 E2 31(3 64 53
=177 M1 2.28° 2.4 93 3.0 93
8066.8 177 —»157 E2 24(3) 39 33
—157  E2 1005{2 135 57
—167 M1  4.0(¥) x1073c 1.0 x 1072 0.20 6.0 x 1073 1.6 x 1072
—165 M1 5.8(%F) x1072¢ 0.39 32 5.8 x 1072 0.29
6746.2 16 —»157 M1 41(%) x107*  1.9(3) x 10° 2.4 108 2.2 86
6148.2 157 —»14f M1 > 0.6 > 270 1.3x 1073 0.76 2.8 x 1072 0.53
—147 M1 > 2.6 > 6.6 x 10° 4.1 193 4.2 163
5903.7 147 —137 M1 0.16(3) 140(’) 5.1 224 3.8 174
5625.0 14} —»12f7 E2 77(%;) 94 60
—13f M1 0.45(6)° 2.7x 1072 0.39 22x107%  9.0x107?
5377.2 137 —»12f M1 7(5) x 1072 13(%) 2.8 118 3.3 111
4555.8 127 —»10f E2 28(%) 5.1 x 1072 0.41
—107 E2 60('5) 122 102
4192.5 107 — 87 E2 >33 105 84.9
— 87 E2 > 1.2 71 1.2
—10F M1 > 0.12° 4.3 328 2.3 162
4079.0 107 — 87  E2 45('3) 98 61
3106.3 8f — 8f Ml 0.7(3) 0.55 21 9.1 222
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TABLE VI. (Continued).

E. I — If Negative parity states®
[keV] (%] ") oL Experiment i GF-2 SD-1
B(oL) | B(GL+1) | B(oL)! B(L+1)} B(eL)y B@BL+1)|
7515.1 177 — 157  E2 105(33) 128 19
—16] M1 0.21(‘5‘,’) < 4.8 x 103 1.8 79 8.0 x 1072 4.5
— 167 E1l 2.7(2) x 107° n.a. n.a.
7385.6 167 =157 M1  1.4(%5) x107° 344(55) 0.14 9.0 0.64 21
6643.1 157 —» 137 E2 325(37) 206 144
—13; E2 59(32) 45 4.3
—147 M1 1.2(2)° 0.75 50 6.8 x 1072 0.97
—14F  E1 7(1) x 107° n.a. n.a.
6475.8 147 — 137 M1 <2.2x1072 1.0(%7) x 10° 1.4 84 4.4 132
—13; M1 4(3) x 1073 0.13 69x1072 1.0x107* 28x107*
—13; M1 5() x107%¢ 15 67 1.0x107°  2.0x1073
5699.6 137 —»117 E2 610(130) 238 12
—12f E1 7(%7) x 107° n.a. n.a.
48420 117 - 97  E2 197(37) 264 93
—-107 E1 1.5(3) x 107° n.a. n.a.
42977 97 — 77 E2 84(32) 415 155
- 75 E2 17(3) 0.38 20
33674 77 — 57 E2 > 1.5 x 10° 338 161
—+ 5,  E2 > 2.2 x 10° 7.0 64
- 67 E1 >6.7x107* n.a. n.a.
25488 57 — 47 E1  1.7(3) x107* n.a. n.a.

®B(EL) | in e* fm?*" (E2, 23.96 €2 fm* = 1 W.u; E1, 1.29 €*fm® = 1 W.u.); B(ML) | in p% fm?L72 (M1, 1.79p% = 1 W.u.).

PNot allowed in configuration space.
“Calculated for § = 0.

quite understandable in the most restricted model space,
since the only possible neutron partition in °°Mo is
[V(pl/z)_ll/(gg/g)_l]] (J = 4,5). In 88¥Mo, the larger
number of gg/; neutron holes causes a complex interplay
between proton and neutron excitations which, for in-
stance, lifts the excitation energies of the states with even
spins, none of them being observed experimentally [5].
As will be discussed in Sec. IV, such states in ®°Mo de-
excite via strongly mixed dipole-quadrupole transitions
which are caused by an internal structure resembling the
unfavored signature in rotational bands. We point to
the strongly hindered M1 transitions from the 7386-keV
(167 — 15]) and the 6476-keV (14] — 13 ,) levels
in %Mo whose M1 hindrance factors vary in the range
6 x 103-1.7 x 10%. As can be seen from their mixing
ratios (see Table I), these transitions have predominant
quadrupole character. On the other hand, their feeders
have rather moderate B(M1) strengths. Another notice-
able difference is presented by the B(E2) strengths of
some states in the low and intermediate spin regions of
the two nuclei. In ®®Mo, the 7; — 5] transition with
B(E2) > 62 W.u. and the 7] — 5, transition with
B(E2) > 91 W.u. are strongly enhanced. We observe the
same effect in the 117 and 13 states in Mo which deex-
cite by transitions with strengths of 43 W.u. (117 — 97)
and 77 W.u. (137 — 117). This means that the 5;,
and 77 states in Mo are either strongly mixed by over-
lapping partitions of different seniorities or contain core

components, as opposed to 38Mo whose low lying nega-
tive parity states should have more pure character. The
reasons for the enhancement of E2 transitions in Mo
are probably of the same nature.

IV. SHELL MODEL CALCULATIONS IN ?°Mo
AND INTERPRETATION

It is well known that excited states in N = 48,49, and
50 isotone series above Z = 38 can be well described by
the shell model using a 88Sr core with valence protons and
neutron holes in the 1gg/, and 2p;/; orbits [15,42-44].
This is mainly due to the N = 50 shell gap which is con-
siderably larger than those at Z = 38 and Z = 40. In
recent work on °®Mo [7], shell model calculations have
been performed within an extended model space consist-
ing of four proton orbits below Z = 50 and six neutron
orbits which included 2ds /2, 2d3/2, and 3s1/2. It has been
shown for both parities that up to spin 19, no significant
contributions to the wave functions from proton and neu-
tron partitions outside the 2p,,, and 1gg2 orbits arise.
The fact that seniority is an excellent quantum number
for N = 50 nuclei (see [42] and references therein) and is
almost conserved in 93/2 proton configuration [15] gave
rise to simple seniority classification schemes in several
neutron deficient Nb, Mo, and Tc isotopes [1,5,6,9,10].

We compare the experimental information for °*Mo
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with two different shell model calculations in order to
see how sensitively the wave functions of states in the in-
termediate spin range depend on the residual interaction
and how well the seniority classification works. Both cal-
culations use a 38Sr core with active protons and neutrons
in the 1gg/2 and 2p,/; orbits but differ from each other
by the residual interactions used. The first set, denoted
by GF-2, utilizes the two-body matrix elements (TBME)
and the four single-particle energies deduced by Gross
and Frenkel [15]. The T = 1 neutron-neutron TBME
are obtained from the proton-proton TBME by subtract-
ing out the Coulomb energy shifts since this interaction
has been designed to preserve charge independence. The
other calculation, denoted by SD-1, was performed with
TBME deduced from a surface § interaction (SDI) [45]
with interaction strength of A9 = A; = 0.48. In both
calculations, the experimental transition energies have
been used to calculate the transition probabilities. More
details concerning the two calculations and a list of the
input parameters can be found in [10].

Figure 6 presents a comparison of experimental and
theoretical excitation energies in °*Mo. On the left-hand
side, the positive parity states are shown. The right-
hand side illustrates negative parity states. In order to
optimize the overall agreement between theory and ex-
periment, the theoretical levels were shifted. The defini-
tions for this binding energy shift (BES) and the mean
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FIG. 6. Comparison of experimental level energies in Mo
and RITSSCHIL shell model calculations within the p; /2y 99/2
configuration space with fitted two-body matrix elements
(GF-2) [15] and calculated two-body matrix elements with
a surface § interaction (SD-1) [45]. See text for details.

level deviation (MLD) can be found in [15]. For the
GF-2 calcualtion, the fit to 35 states in Mo between
the 2549-keV 5~ and the 9444-keV 19% levels resulted in
BES = 281 keV and MLD = 117 keV. The SD-1 interac-
tion gives a smaller BES of 192 keV but a larger MLD of
170 keV.

Tables VII and VIII list the calculated main partitions
of several states in °Mo. A comparison between calcu-
lated and experimental branchings is presented in Table
IX. Previous investigations of °* Mo [17,44] have found al-
most pure aligned v(gy/3)5 > and m(gg/2)2 configurations
for the 81 and 87 states, respectively, although they can-
not be interpreted completely in this way. As can be seen
from Table VII, GF-2 predicts that the aligned neutron
and proton v = 2 partitions amount to some 70% of the
wave functions. Nevertheless, an almost pure 8;’ - 8{
M1 transition is favored (see Table I), probably due to
weak v = 4 contributions. The branching ratio and the
B(M1;8F — 8]) strength are nicely reproduced by the
effective residual interaction. SD-1 predicts strong mix-
ing of the two v = 2 partitions in both 8% states, over-
estimating the B(M1) value (see Table VI). The SDI
enhances the aligned proton-proton and neutron-neutron
contributions as can be observed in the wave functions
of the 157, 167, 17], and 18 states, and in the 5;, 77,
95, 117, 135, and 14; states.

The structures of the first two 10" states and the yrast
127 state seem to be crucial for testing the reliability
of the calculations in the intermediate spin region. It
has been suggested [17,44] that the observed separate
125 — 10 — 81 and 127 — 107 — 8] cascades im-
ply a highly mixed structure of the yrast 12 state, but
almost pure [7(go/2)3v(90/2)7 7] and [m(ge/2)3v(9e/2)5 ]
configurations for the 107 and the 107 states, respec-
tively. However, both calculations predict mixed wave
functions for the two 10" states. This leads to a poor
reproduction of the branching ratios from the 12% state
and, for SD-1, to strong energy shifts of the two 107 levels
due to the overestimated pairing correlations. As indi-
cated by the main partitions listed in Table VII, the E2
transitions in the two cascades are generated by several
4-8% partitions in the two 10% states. However, these
transitions are not hindered, which results in very unsta-
ble calculations. The long lifetime of the level and hence
the sum of the partial transition probabilities are almost
perfectly reproduced by the two calculations. Therefore,
we closely investigated this problem by linearly mixing
the wave functions of the two 107 states, preserving their
normalization and orthogonality in such a manner that
the branching ratios from the yrast 12% state get repro-
duced. This can be done by varying the single mixing
parameter « in the following linear system:

|10f) =a|105) +Vi-a?|10]),
|1’6§> =V1-a?|10}) —a|10f),

where |101'") and |10'z+ ) are the initial wave functions.
Using the calculated multipole GF-2 matrix elements, it
was found that 34.3% mixing between the two states is
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required to achieve perfect agreement with the experi-
mental branching ratios. More interesting is that the
new 10 state consists of 70% of the [W(gg/z)gu(gg/z)z_ﬂ
partition and only 0.2% of the [W(gg/z)gv(gg/z)s—z] con-
figuration in contrast to the modified 10} state where this
ratio is 0.3:69.7. This structure perfectly explains the ob-
served almost pure decays of the 10} and the 107 states
into the 85 and 8] levels, respectively. Furthermore,

the calculated E2 strengths, B(E2,12% — i?)-f) = 44¢?

fm* and B(E2,12% — 10}) = 782 fm* are in far better
agreement with the experimental values than the original
predictions of GF-2. These results lead to the conclusion
that the interpretation of the 10" states as almost pure
configurations of the above type is the most reasonable
one in this model space. Both calculated and experimen-
tal B(E?2) strengths imply that the long lifetime of the

TABLE VII. Main partitions of wave functions of positive parity states in *°Mo. The wave
functions are given in terms of subshell occupations by unpaired protons 7 or neutrons v which
couple to certain spin. v denotes the partition seniority.

Positive parity states

E, I- : GF-2 SD-1
(keV] (7] Wave function v (%] %)
2847.8 87 v(ge/2)s 2 71.9 53.0
7(ge/2)3 v(go/2)s > 4 15.4 3.2
7"(99/2)% 1/(99/2)6-2 4 6.1 0.7
7(go/2)a 2 1.7 29.4
3106.3 87 m(go/2)3 2 74.1 58.7
7(go/2)3 v(ge/2)7 > 4 12.6 1.6
7"(99/2)% V(gg/z)-;2 4 6.7 0.4
v(ge/2)s > 2 1.4 32.0
4079.0 107 7(go/2)a v(ge/2)s > 4 43.0 16.1
7(go/2)3 v(go/2)5 2 4 28.4 18.9
n(go/2)a v(go/2): > 4 6.2 8.4
m(gos2)i v(ge/2)s 4 4.5 7.1
m(ge/2)a v(ge/2)s> 4 4.0 3.6
4192.5 107 n(gos2)3 v(go/2)s > 4 41.5 20.2
n(go/2)s v(ge/2)z > 4 27.5 26.6
(go/2)i v(go/2)s 4 8.6 9.2
m(go/2)a v(ge/2)s 4 6.8 10.6
n(gs/2)3 v(ge/2)s > 4 6.4 6.4
4555.8 127 7(gs/2)a v(ge/2)5 2 4 19.3 24.9
7(go/2)a v(ge/2)5 > 4 17.2 13.8
7(ge/2)3 v(gs/2)s 4 17.2 9.6
m(gos2)s v(go/2); 2 4 17.0 9.3
5377.2 13* m(ge/2)2 v(gs/2)s > 4 64.7 45.0
7(go/2)a v(gs/2)5 > 4 16.5 21.9
m(ge/2)3 v(go/2)s > 4 14.0 20.1
5625.0 14} m(gos2)a v(ge/2)s 2 4 51.9 44.8
7(go/2)s v(go/2)s 2 4 43.9 45.5
5903.7 147 7(gos2)2 v(gs/2)5 2 4 81.8 88.5
6148.2 157 7(go/2)a v(ge/2)s > 4 95.1 91.1
7170.9 157 n(gos2)3 v(gs/2)5 " 4 67.9 32.7
7(ge/2)t v(g9/2)5 > 6 16.1 6.0
[7(p1/2)'7(90/2)°] [v(pr/2)'v(ge2) "], 6 1.4 43.2
6746.2 167 m(go2)a v(go/2)s > 4 97.7 96.8
7629.6 167 7(gos2)3 v(go/2)s 2 4 63.4 3.7
7(ge/2)10 v(gos2)s? 6 22.6 0.3
[7(p1/2)' 7 (99/2)%] ,, [v(p1/2)'v(ge/2) 7], 6 0.3 88.8
8066.8 17+ 7(ge/2)30 v(go/2)5 > 6 59.9 43.6
m(gos2)s v(g9/2)5 > 6 22.4 19.3
7(go/2) 12 v(go/2)s > 6 9.0 17.7
m(go/2)12 v(go/2)s > 6 8.7 19.3
8525.4 18* 7(ge2)10 v(go/2)s° 6 83.3 66.6
7(go/2)iz v(ge/2)s > 6 9.5 11.2
7(gos2)ia v(go/2)s > 6 7.2 22.1
9443.9 19+ m(gos2)t2 v(go/2)s 2 6 100.0 100.0
9788.0 20t m(ge2)12 v(go/2)s’ 6 100.0 100.0
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yrast 127 level is mainly caused by the reduced energies  and the first two 14+ states which exhibit a similar
of the deexciting transitions, so that this state can hardly branching ratio problem (see Table IX). Both GF-2
be interpreted as a seniority isomer (see also Sec. III). and SD-1 predict a fully aligned [1r(g9 /z)gl/(gg /2)8 2] con-

A similar analysis was carried out with the 15] state figuration for the 147 state and a mixed structure of

TABLE VIII. Main partitions of wave functions of negative parity states in °®*Mo. The wave functions are given in terms of
subshell occupations by unpaired protons 7 or neutrons v which couple to certain spin. v denotes the partition seniority.

Negative parity states

[I(E:/] [Iﬁ,'l]' Wave function v CT;-]Z S[‘l;-ll
€ 0 (]
2548.8 57 [7(P1//2) ' 7(g0/2) ], 2 75.8 52.4
[v(P1/2) v (90/2) "], 2 2.2 41.9
2859.2 57 [¥(P1/2) v(g0/2) 7] 2 74.2 42.8
7_’(99/2)% ) [V(Pl/z)lV(gs/z)_1]5 4 12.3 2.1
m(p1/2)'m(go/2)" ], 2 1.1 39.2
3367.4 (e (7(P1/2)'7(90/2)°], 4 44.2 75.7
7(P1/2) m(g0/2)" |, v(99/2)2 " 4 39.1 8.0
3659.7 75 |7 (P1/2)" 7 (g ,2):] . v(go/2)3 > 4 29.9 39.4
_W(P1/2)17V(99/2) 7 4 29.4 8.6
[”(171/2)17'(5]9/2)3= 6 v(go/2)3° 6 11.4 3.3
4297.7 97 7 (p1/2) (g0 2)°], v(ge/2)3 2 6 33.4 1.1
7(p1/2)'7(g9/2)*] 4 28.0 76.1
[7(p1/2)"7(g0/2)" ] v(go/2)s > 4 19.0 0.9
4594.2 9; [7(P1/2) 7 (go /,)3_ 0 4 34.3 5.2
7 (pr/2)'m(g0/2)" | v(go/2): > 4 26.3 24.0
4842.0 11° m(p1/2)'7(go/2)*] |, 4 27.9 72.3
_”T(Pl/z)i"(ge/z); s V(gs/z)ez: 4 14.8 0.2
7(p1/2) ™(g9/2)° |, v(g9/2)2 6 11.7 0.8
7(go/2)3 ) [v(p1/2)'v(g0/2) "] 4 3.1 16.2
5699.6 137 [W(pl/z)lw(gg/z); . v(go/2)s 2 6 17.1 11.4
_7"(171/2)17"(99/2)3: u v(gs/z)gz 6 16.9 6.8
.ngl/zilﬂ’zgg/zgs: 7 Vzgg/giﬁ ) 6 15.8 5.7
|7(P1/2) 7(g9/2)" | ¢ v(g9/2)s 6 13.3 77
5863.7 135 :nEpI/zzingm;; . uggg,zggz 4 65.2 75.3
(7(P1/2) ®(g9/2)" |, v(g9/2)2 6 10.7 0
6064.8 135 =7r(p1/2)11r(gg/2):J " ll(gg/z);: 6 34.4 0.4
F7r(171/2)17r(99/2)3ﬁ . '/(99/2)3_2 6 24.2 0.2
F"'(Ih/z)17f(.¢]9/2)li 6 V(99/2)5_2 6 10.9 0.4
(7 (P1/2) 7(g9/2)" | v(9gs/2)s 4 10.7 17.3
m(90/2)3 [¥(P1/2)'v(g0/2) "] 4 0.9 73.8
—_ r 1 -
6475.8 14 =7r(p1/2)i1r(gg/2)z= . V(gg/z)s—: 6 50.0 13.2
jr(zh/z)lﬂ(ys/z)3= o v(9s/2)s . 6 23.9 5.2
=7r(p1/2)17r(99/2)3= o v(go/2)s 5 6 10.2 17.8
|7 (P1/2) ™(g0/2)" |, v(99/2)s 6 4.6 29.3
6643.1 15~ 7r(p1,2)17r(_qg,.‘,):= , u(gg/z);: 6 34.6 2.4
7’(?1/2)177(99/2)3J9 u(gg/z);2 6 30.9 32.1
(7 (P1/2) ™ (g0/2)" |, v(go/2)7 6 22.1 35.2
7385.6 16~ 7 (P2 /2)i1r(g9 /2):: . v(ge/2)5 > 6 38.9 12.6
=7r§p1/2;11r599/2;3= . uggm;{: 6 30.9 32.3
|"P1/2)" ™\Go/2)" ||, v(99/2)e 6 20.7 49.2
7515.1 17~ F7r(p1/2)11r(gg/2)2= 0 v(go/2)s > 6 44.1 28.8
:"Epl/z;lvrggg/z;f " uEgs/z;;z 6 34.4 55.1
|7 (P1/2) ™(go/2)" |, v(go/2)e 6 20.7 14.4
8123.6 18~ [7(P1/2) m(g0/2)° ], v(go/2)5 > 6 99.9 99.9
8678.5 19~ [7(p1/2)'7(g6/2)°] v(go/2)5 2 6 100.0 100.0
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the yrast 141 state with the [w(gg/z)gu(gg/g)gz] and
[W(gg/z)gu(gg/z)gz] partitions, each about 50% of the to-
tal wave function. In this case, only 17% mixing between
the two initial GF-2 wave functions is required to satisfy
the experimental branching ratios. In addition, similar
to the results f?L the 12% state, the new M1 strgggths
B(M1,15% — 14}) = 0.65u% and B(M1,157 — 14]) =
3.4u3% fit very well into the experimental data. Thus,
fully aligned configurations seem to be energetically more
favorable for °*Mo than predicted by the GF calculations.

Another question is raised concerning the 137 state
in light of the calculations. It has been observed [7,16]
that the 147 state decays with 52% probability into
the 127 state and with 48% into the 13* state. GF-2
and SD-1 predict branchings of 96:4 and 99:1 (see Table
IX). The calculations correctly reproduce B(E2;14} —
12]) while the predicted B(E2;14] — 137}) value is
smaller than the experimental one by an order of mag-
nitude. Furthermore, B(M1;13} — 127) is about 40
times overestimated in both calculations. The reason
is the dominant [ (ge/2)3v(gs/2)s ?] partition which hin-
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ders dipole decay transitions from the two equally strong
components (7(go/2)3¥(90/2)5 | and [m(ge/2)3v(g0/2)s °]
of the 14 state. The experimental B(M1;13} — 127)
strength of 0.07u%, and the nonvanishing multipole mix-
ing ratio § = 0.09(4) point to possible seniority v = 6
admixtures in the 131 state which the two calculations
do not predict. We suggest much stronger v = 6 contri-
butions to be responsible for the strong retardation and
the large mixing ratio of the 167 — 157 transition. How-
ever, both calculations predict a pure [ﬂ(gg/z)gu(gg/z)gz]
configuration for the 15} and 16 states which would re-
sult in a fast dipole transition between them.

The structure of the 8067-keV 17] state is another il-
lustration of the problems with the mixed structure of
90Mo positive parity states. GF-2 and SD-1 predict sim-
ilarly mixed configurations, but SD-1 slightly enhances
the [7(go/2)12v(99/2)s *] and [7(go/2)12v(gs/2)s °] compo-
nents which leads to a very good reproduction of the
branchings and the reduced transition strengths from this
state.

On the negative parity side, the effective interaction

TABLE IX. Comparison between experimental and theoretical branching ratios in **Mo.

Positive parity states Negative parity states®
E. Ir - I b [%]® E. IF — If b [%]®
[keV] (A 2] expt® GF-2 SD-1 [keV] [A] [A] expt® GF-2 SD-1
2847.8 8F — 6] 100 100 100 3367.4 70 — 57 > 88 100 96
3106.3 8% — 87 100 100 100 — 55 <12 0 4
4079.0 10} — 8F n.o. 73 37 4297.7 9™ — 77 96.9(3) 100 98
- 8F 100 27 63 =77 3.1(3) 0 2
4192.5 10§ — 8} 96.4(6) 68 87 4842.0 117 — 9~ 100 97 100
— 8F 1.3(3) 18 1 —10~ n.o. 3 0
- 107 1.9(4) 14 12 5699.6 137 =117 100 94 36
4555.8 12+ > 107 65(3) 0 2 —115 n.o. 4 64
— 10} 35(4) 100 98 —12” n.o. 2 0
5377.2 13t — 12% 100 100 100 6475.8 147 — 127 n.o. 1 0
5625.0 14} — 127 52(4) 96 99 —13] 84(3) 82 100
—13% 48(4) 4 1 —13; 3.7(5) 4 0
5903.7 14} — 137} 100 100 100 —135 12(3) 13 0
6148.2 15} — 147 69(3) 0 6 6643.1 157 =137 70(3) 70 95
— 147 31(3) 100 94 —13; 5(2) 6 1
6746.2 16} — 147 n.o. 2 2 — 137 n.o. 1 0
— 157 100 98 98 —14" 25(3) 23 4
8066.8 17t — 15] 71(3) 54 88 7385.6 16~ — 14~ n.o. 4 1
—157¢ 6(1) 4 3 — 157 100 37 95
— 167 15(2) 18 2 —15; n.o. 59 4
— 167 8(1) 24 7 7515.1 177 =157 87(4) 54 67
8525.4 18} — 167 16(2) 25 19 — 155 n.o. 1 16
— 167 n.o. 2 0 — 16~ 13(4) 45 17
—17* 84(2) 73 81 8123.6 187 > 177 100 96 98
9443.9 19* — 17t 3(1) 8 3 — 175 n.o. 4 2
— 187 79(2) 72 86 8678.5 197 —17; n.o. 3 2
—187° 18(2) 20 11 —18~ 100 97 98
9788.0 20" — 18% 32(3) 21 19
— 19% 68(3) 79 81

®E1 transitions excluded from the branchings for better comparison.

®Theoretical branching ratios less than 1% are denoted with 0.
“Not observed branches denoted by n.o.

9Spin assignment proposed in this work.

“Transition observed in this work for the first time.
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GF-2 reproduces the transition probabilities and branch-
ings from states with odd spins above 7] while the agree-
ment for the yrast 7~ state itself is poor. Taking into
account that the experimental level energies of the yrast
and yrare 5~ and 7~ states are considerably lowered (see
Fig. 6) compared to the predicted values, we suggest that
these states may contain substantional core components
and, thus, may lie outside our model space. The over-
all agreement for the SD-1 calculation is rather poor,
though it assignes a predominant = [(p1 /2)* (9o /2)3] o COD-
figuration to the 9; state and reproduces its decay prop-
erties better than GF-2. The lower success of SDI for
negative parity states can be explained with the favor-
ing of the residual interaction between identical nucle-
ons occupying the same orbit. However, the shell model
calculations do not reproduce the observed large multi-
pole mixing ratios of the 167 — 157 and 147 — 137
transitions. Both GF-2 and SD-1 predict mixed config-
urations for the 167 and 147 states which contain sig-
nificant 7 [(pl/z)l(g9/2)3]Ju(gg/z);z (J =6,7,8,9) par-
titions. In fact, the experimental energies of the two
states are lifted by more than one MLD from their GF-2
predicitions (see Fig. 6), implying that the most proba-
ble proton 7r[(1’1/2)i/z(g9/‘2):;3/2]7’ "[(P1/2)1/2(99/2)?7/2]9
couplings are prefered due to isospin repulsion. In this
case, only quadrupole transitions to the main partitions
of the 157 and 137 states would be possible, in agree-
ment with the experiment.

V. CONCLUSIONS

The present work completes the existing information
for the neutron-deficient nuclei #8:°Mo with a large num-
ber of mixing ratios and lifetimes. Among the well-known
8F isomeric state in °*Mo, a second long-lived state
was established at 12 with 7 = 759(5) ps. The large
amount of spectroscopic data has allowed us to make
a detailed comparison between the excitation schemes
of the two nuclei. In its ground state, 88Mo appears
to sustain a nearly spherical shape which probably per-
formes quadrupole vibrations. The E2 transitions be-
tween v = 4,6 positive parity states in 8¥Mo have in
general larger B(E2) strengths than the corresponding
transitions in ®®Mo which we trace back to the larger
number of neutron holes in the gg/; neutron orbit. In
90Mo, unfavorable spin and seniority coupling between
valence nucleons leads to strongly hindered M1 transi-
tions, referred to here as seniority isomers. Such candi-
dates are the 167 and the 201 states. According to the
Weisskopf units estimates, the 12?’ state is not hindered
and can be fully understood in terms of partition mixing.

On the negative parity side, the equal number of pro-

ton particles and neutron holes in the gq/, shell in #Mo
causes a complex interplay between the two types of ex-
citations which leads to differences between the decay
patterns of the two nuclei. E2 transitions between low
lying negative parity states in Mo are enhanced which
implies either significant core excitations in their wave
functions or strong seniority mixing.

The extensive experimental information on electro-
magnetic decay properties has allowed us to thoroughly
test the predictions of the shell model for ®°Mo. Two
different calculations for this nucleus are presented which
can be summarized as follows:

(1) Most of the properties of positive parity states up
to 18% and negative parity states up to 19~ can be un-
derstood in the smallest possible configuration space —
P1/2 and gg/; orbits — with the TBME of the residual
interaction and the single-particle energies fixed by Gross
and Frenkel [15]. The deduced mean level deviation of
117 keV is distinctly smaller than the average difference
between yrast and yrare states of some 300 keV. The
properties of yrare states are in general well reproduced
in contrast to previous calculations in a more extended
model space [7].

(2) The approach of deriving the TBME from the mod-
ified 4 interaction is less successful especially for negative
parity states where the interaction between valence nu-
cleons in different orbits takes place.

(3) Both calculations favor the seniority of a state as a
nearly good quantum number. There are, however, sev-
eral strongly hindered M1 transitions which cannot be
explained in this frame and others, whose decay proper-
ties could be well reproduced if a simple favored coupling
scheme for the proton particles is suggested.

(4) The predictions concerning branching ratios and
transition probabilities change dramatically if only minor
changes in the components of some wave functions are
proposed. The analysis of a recent g—factor measurement
could possibly fix some of the ambiguities for low lying
states [19].
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