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Systematic behavior of the neutron-deficient molybdenum nuclei
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Excited states in """"Mohave been identified using recoil-y and yy coincidences. Energy-level sys-

tematics of the molybdenum isotopes from the Ã=Z line to the %=50 shell closure are compared to
their strontium and zirconium neighbors. This comparison, an estimate of the 8(E2) strengths, and a
Woods-Saxon cranking model have been used to suggest that the molybdenum isotopes undergo a

transition from spherical to moderately deformed shapes at " Mo.

It is now well established [1-4] that there is a region of
strongly deformed nuclei centered on the self-conjugate
nucleus Sr which has a quadrupole deformation P2~= 0.4. Macroscopic-microscopic calculations [5-7] of
the nuclear total Routhian surfaces (TRS) reproduce the
observed deformation at the center of this region very
well. Such calculations combine the classical collective
nuclear properties of the liquid drop model with Strutin-
sky corrections for the eA'ects of pairing and shell struc-
ture. The input to such calculations comes from the mea-
sured properties of nuclei closer to stability. For the
2 & 80 nuclei in this region one expects a transition from
strongly deformed shapes to spherical nuclei at the
N =Z =50 closed shells. Such a transition has been ob-
served [8-11] experimentally in nuclei with Z ~ 40 at
N =45. Our recent investigations [12-14] of the light
Nb isotopes (Z =41) have indicated similar results. An
abrupt increase [15] in collectivity in the three-quasi-
particle (3qp) band as compared to the 1 qp band in Mo
has been observed. The properties of these transitional
nuclei should provide an excellent testing ground for the
TRS calculations. In this context we report here the first
observation of the decay of excited states in the even-even
nuclei ""Mo with in-beam y-ray spectroscopy tech-
niques.

The nuclei with % =Z lie a long way from the line of
stability for 8 =80. As long as we are confined to stable
beams and targets they can only be produced in fusion-
evaporation reactions with small cross sections. In the
present experiments the prompt y rays from " '""Mo pro-
duced in fusion-evaporation reactions were identified by
detecting them in coincidence with the recoiling nuclei us-
ing the Daresbury recoil separator [16] (RS) and PO-
LYTESSA array [17]. The following reactions were em-
ployed: (i) Ca( Cr, 2p2n)" Mo and (ii) "Ca( Cr,
2p)""Mo at 170 MeV, (iii) "Ni( S,2p2n)" Mo and (iv)
"Ni( S,2p)""Mo at 110 MeV. It should be noted that

inverse reactions are preferred as the higher recoil velocity
enhances the efficiency of the RS and the Z resolution of
the ionization chamber. Reactions (iii) and (iv) are not
inverse, however, since a S target which could withstand
the "Ni beam could not be found. Identification of the

molybdenum isotopes was obtained with reactions (i) and
(ii).

The identification procedures used in the present work
have been described previously [1-4,12]. The mass and Z
gated spectra shown in Fig. 1 are "pure, "i.e., they contain
only decays from " Mo and ""Mo. The inset in Fig. 1 con-
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FIG. I. Spectra gated by mass arid Z resulting in "pure"
spectra for (a) "'Mo and (b) ""Mo. The inset contains the y-ray
yield distributions of the A =86 nuclei as a function of energy
loss in the ionization chamber located at the end of the recoil
separator. The energy loss is Z dependent. The transitions used
are 234 keV (""Zr [9]),248 keV (""Nb [14]),and 567 keV dou-
blet (566 keV, "'Zr [19]and 568 keV, "6Mo).
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B(E2,2+ 0+) = W (I)
W 'E(2+)

where E(2+) is given in MeV. This estimation and mea-
sured B(E2,2+ 0+) values in the Mo, Zr, and Sr iso-
topes are also shown in Fig. 3. The estimates seem
reasonably good in the transition region while overpredict-
ing and underpredicting the measured values at the ex-
tremes. This is to be expected [26] near the closed shell.
As many very collective nuclei lie far from stability their
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FIG. 2. Positive-parity yrast energy levels in the Mo isotopes
from the 1V =Z line to the N =50 spherical shell closure.

tains the y-ray intensity distributions for the 2 =86 nuclei
with diAerent atomic numbers as a function of recoil ener-

gy loss in the ionization chamber. Despite the contamina-
tion of the 568-keV " Mo transition by the S66-keV y ray
[9] from " Zr, unambiguous identification of two transi-
tions in " Mo was possible. The pure "Mo spectrum was
not difficult to obtain as the ""Tc+pn channel [18] was
much more weakly populated. Despite the many transi-
tions identified, we restrict our discussion to the four tran-
sitions shown in Fig. 2. yy coincidences have been used to
construct the " Mo and ""Mo level schemes.

The positive-parity states in the Mo isotope chain
[4,19,20] from the N =Z line to the 1V =50 spherical shell
closure are shown in Fig. 2. The lowering of the 2+ state
as N decreases is indicative of an increase in collectivity.
This and similar trends in the Mo chain can be compared
with the more well-known Sr [3,10,11,20-22] and Zr
[1,8,9,20,23,24] isotopes in Fig. 3. Another indication of
collectivity is the ratio of the energies of the 4+ and 2+
yrast states: A value of 2.0 is expected for vibrational ex-
citations and 3.3 in the rotational limit. In the 2 =80 re-
gion, despite the presence of some of the largest ground-
state deformations known, the largest ratio attained [1,25]
is 2.86 in " Zr. It has been observed in the N =44 iso-
tones " Sr and " Zr that rotational bands are found
despite E(4+)/E(2+) ratios [8,10] of 2.32 and 2.34, re-
spectively. The ratio for " Mo is 2.34.

An additional fingerprint of collectivity is the lifetime of
the first 2+ state. A recent [26] global parametrization of
the B(E2,2+ 0+) strengths for approximately 280 nu-
clei found that a rather good estimate of the collectivity of
the nucleus can be obtained on the basis of the energy of
the 2+ state:
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FIG. 3. A comparison of various experimental quantities and
theoretical predictions for the Mo, Zr, and Sr nuclei with
IV & 50. The quantities are the 2+ energy levels (upper left),
the ratio of the 4+ yrast energy to that of the 2+ (lower left),
experimental and estimated (see text) B(E2,2+ 0+)
strengths (upper right), and the predicted ground-state defor-
mations from Ref. [7] (lower right). The Mo B(E2) strengths
are derived from Eq. (I) as are those labeled "Est."which is the
envelope corresponding to the 2+ energies from the Sr and Zr
isotopes.

lifetimes are difficult to measure. The transitional nuclei
which usually lie closer to stability may have been over
represented in the data set used to generate Eq. (1). Nev-
ertheless, " Mo and ""Mo do lie in the shape transition re-
gion between the large single-particle energy gaps at par-
ticle number 38 (prolate) and 50 (spherical). It seems ap-
propriate to conclude that " Mo and " Mo are more col-
lective than ""Mo and Mo; the latter [19] has been de-
scribed using a spherical shell-model approach. But are
they permanently deformed?

Figure 3 also summarizes the predicted ground-state
deformations for the Mo, Zr, and Sr isotopes as calculated
in Ref. [7]. A sharp transition from deformed to spherical
shapes is predicted to occur at N =44. Such a drastic loss
of collectivity would reveal itself in the variation with N of
the 2+ energies and B(E2,2+ 0+) strengths which has
not been observed experimentally. However, a sudden
change in the character of the excited states does occur at
N =46. Excited states in the N =44 isotones with
36 ~ Z ~ 40 are organized into rotational bands and are
connected by fast F.2 transitions with relatively constant
B(E2) strengths [8,27]. The %=46 isotones, however,
have B(E2) values which vary widely and cannot be de-
scribed as rotational [9,11]. The striking similarities be-
tween the Mo, Zr, and Sr isotopes suggest that the states
in Mo and Mo are at least moderately deformed.

In order to explore this further, we have calculated
TRS maps using a Hartree-Pock-Bogolyubov cranking
calculation (including pairing) with a nonaxial Woods-
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FIG. 4. The total Routhian surfaces calculated for " "6""Mo (a) in their ground states and (b) at rotational frequency Aro=0. 3
MeV. The energy separation between contour lines is approximately 250 keV.

Saxon potential. A description of the model, potential,
and procedures used for these calculations can be found in
Refs. [5,28-30]. The TRS maps of the ground states in
" '" '""Mo are shown in the upper part of Fig. 4. The
lower part of the figure contains maps calculated at a ro-
tational frequency hc0=0. 3 MeV which is characteristic
of the states shown in Fig. 2. The results for " Mo in-

dicate a very soft core with a wide and Aat minimum.
Two deformed minima can be distinguished at (P2, y)= (0.19, —62') and (0.32, +20') which are 400-500
keV above the spherical minimum. Upon cranking, two
minima become better defined and straddle the prolate
axis, (0.33, —25') and (0.35,+22'), while the spherical
minimum has disappeared. The ground states of " Mo
and ""Mo are predicted to be spherical. The inclusion of
cranking has little eAect on the spherical minimum in
""Mo (although the cranked shell model may not give
correct results in the case of spherical nuclei). On the
other hand, a triaxial minimum at (0.27, —30') is only
160 keV above the spherical minimum in " Mo at
Am = 0.3 MeV. Similar calculations have yielded compa-
rable results for the Sr and Zr isotones [5,6,31]. It seems
likely, therefore, that the Mo isotopes follow a similar

trend which is dependent on N: Mo42 is permanently
deformed, Mo44 is beta and gamma soft, and ssMo46 is
weakly deformed. Clearly, an extension of the levels and
lifetime measurements are necessary to confirm this
analysis. Such measurements are in progress [32].

In summary, the lowest excited states of the ground
bands in ""'""Mo have been identified using recoil-y tech-
niques. A comparison of the energy-level systematics be-
tween the Mo isotopes and their Sr and Zr neighbors sug-
gests a transition from moderately deformed shapes to
near spherical shapes occurs between Mo and ""Mo. A
phenomological collectivity estimate and Hartree-Fock
cranking calculations support this interpretation.
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