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Excited states in the transitional nuclei 'Mo and 'Ru have been populated in '*O in-
duced two neutron transfer reactions at bombarding energies around 5 MeV /nucleon.
The succeeding y decay was measured employing a particle-y coincidence technique in
which the ejectiles were identified with a quadrupole-three-dipole magnetic spectrograph.
This method is especially suited for studying the decay modes of regions with selected ex-
citation energy and spin. A characteristic evolution in the population of known states
(I™<4™%) with changing excitation energy was observed. Previously unknown y
transitions are attributed to the decay of 6% and 8% yrast states in 'Mo and '“Ru,

respectively.

NUCLEAR REACTIONS ®Mo (30, '%0), E,('30)=84 MeV,

O1a=34%; '“Ru (180, 190), Ey,p, (1%0) =84 and 100 MeV, 6,,,=34° and

30°. Measured particle-y coinc. for selected excitation energy ranges, de-
duced Mo and !®Ru level energies (and spins). Enriched targets.

I. INTRODUCTION

Much of the existing spectroscopic information
about excited states in B~ -unstable neutron rich
even Mo and Ru nuclei was obtained from y-ray
spectroscopy following fission. Both y decay of
primary fission fragments' and that following 8~
decay of fission products separated by fast chemi-
cal procedures®® were studied. Mainly low spin
states are located in these experiments. This is also
true for (z,p) reactions,*> where primarily 0% and
2t states are excited.

Heavy ion induced transfer reactions offer anoth-
er possibility to populate excited states in neutron
rich nuclei. It was shown® that (20, 1°0) reac-
tions at bombarding energies close to the Coulomb
barrier can successfully be applied to study excited
states with 1™ <47 in neutron rich 4 ~ 100 nuclei.

The present work reports on particle-y coin-
cidence experiments employing the (20, '°0) reac-
tion on neutron rich targets at incident energies
well above ( > 50%) the Coulomb barrier in order
to investigate the possibility to locate high spin
states in the heavy final nuclei. At bombarding en-
ergies above the barrier many channels contribute
to the total reaction cross section. Therefore, a
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particle detector with both good channel resolution
and large solid angle is necessary for coincidence
experiments with high resolution Ge(Li) detectors.
These requirements are met by detecting the outgo-
ing particles with a quadrupole-three-dipole (Q3D)
magnetic spectrograph with a solid angle of 11
msr. The experimental method is outlined in Sec.
II and details are given in Sec. III. The results are
presented in Sec. IV and are discussed in Sec. V.

II. EXPERIMENTAL METHOD

In (80, !%0) reactions on heavy target nuclei
most of the strength is located in a rather narrow
band of Q values. This Q window corresponds to
excitation energies of several MeV in the heavy fi-
nal nucleus. Its centroid and width depends in de-
tail on the kinematical conditions involved in the
reaction.”?

To illustrate the basic features, Fig. 1 schemati-
cally shows the location of strength calculated for
the reaction 'Ru('*0, '%0)'°Ru at 84 MeV in-
cident energy for several values of the transferred
angular momentum L. The Q window is plotted
with respect to the yrast line of '%Ru in an excita-
tion energy (E*) vs spin (I) plane. Reaction Q
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values were converted into excitation energies of
106Ru by assuming that the outgoing '°0 particles
are produced in their ground states. The yrast line
was parametrized using a rigid body moment of in-
ertia with ro=1.2 fm, arbitrarily reduced by
~20% in order to approximately fit the positions
of known’ yrast states with I” <4%. These states
together with other known® levels are indicated in
Fig. 1 by the short horizontal bars. The solid dots
together with the vertical bars represent the cen-
troids and the widths (FWHM) of the Gaussian-
type optimum Q-value distributions, predicted for
L values of 0, 2, 4, 6, and 8 % by DWBA calcula-
tions with the full finite range code PTOLEMY.’
A one step cluster transfer of an S =0 neutron pair
was assumed using the bound state parameters
ro=1.25 fm, a =0.65 fm for *0 and 'Ru. The
optical potential parameters for the incoming and
outgoing channels were taken from fits to elastic
scattering data from neighboring systems.!°

It can be seen from Fig. 1 that due to the posi-
tive ground state Q value of +2.184 MeV a region
of high level density is populated strongly already
for L =0 transfer. With increasing L the predicted
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FIG. 1. Centroids (solid dots) and widths (FWHM,
vertical bars) of optimum angular momentum
(L =0,2,...,8 #) transfer strengths calculated for the
reaction '*Ru (%0, '°0)'%Ru at 84 MeV bombarding
energy (see text). :

location of the optimum probability for transferring
a given L value to 'Ru is shifted linearly to
higher excitation energies. Utilizing the magnetic
spectrograph as a Q-value selector, the investiga-
tion of regions differing in spin composition be-
comes possible by selecting different excitation en-
ergy bins (as deduced from Q-value bins) in the po-
sition (B-p) spectrum. With particle-y coincidence
experiments the ¥ decay originating exclusively
from levels initially populated within such selected
regions can be studied. Since the deexcitation y-
ray flux is finally collected by states near to the
yrast line, ¢ transitions between the higher spin
members of the yrast states are enhanced by select-
ing higher excitation energy ranges. At excitation
energies above the one neutron binding energy,
neutron emission out of the heavy final nucleus is
expected to occur. For the present case the y-ray
spectrum coincident with 1°0 ejectiles will become
dominated by ¥ transitions between states located
in '®Ru if the excitation energy window is moved
across the line, where I',=T", in '®Ru (dashed line
in Fig. 1). Depending on how much of the reac-
tion strength for higher L values is concentrated
above this line, spectroscopy of higher spin states
in the “daughter” nucleus will be feasible. By
shifting the excitation energy window to still
higher excitation energies two neutron emission
processes may be investigated.

III. EXPERIMENTAL DETAILS

Particle-y coincidence experiments were per-
formed by bombarding highly enriched '®Mo and
104Ru targets with 80 beams from the Munich MP
tandem accelerator. The experimental details are
summarized in Table I. The targets were mounted
in the center of the scattering chamber of the Mun-
ich Q3D magnetic spectrograph. The beam spot
size on the target was about 1 mm (within the
reaction plane) X3 mm (vertically). The outgoing
particles were momentum analyzed by the magnet-
ic spectrograph and identified in a 1 m long posi-
tion sensitive AE - E ionization chamber!! mount-
ed in the focal plane. The particle momentum
range covered by the ionization chamber was
5.9%, corresponding to an excitation energy range
of ~8.5 MeV. The energy resolution as obtained

- from the position spectrum was ~ 500 keV due to

the thick targets used. For each bombarding ener-
gy the angle of the spectrograph (see Table I) was
chosen to be close to the grazing angle as deduced
from '30 induced reactions on neighboring nu-
clei.”1? The entrance slits of the spectrograph were
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opened to accept a solid angle of 11 msr, corre-
sponding to an angular range of +3.5° (lab). Gam-
ma rays from the decay of excited reaction prod-
ucts were detected in a true-coaxial Ge(Li) detector
with an active volume of 130 cm?, located at 90° to
the beam axis at a distance of 3.0 cm from the tar-
get. Thus, an acceptance angular range of
51°—129° was covered by the Ge(Li) detector. The
incident beam was stopped in a well shielded Fara-
day cup. Gamma rays originating from the cup
produced a negligible counting rate in the Ge(Li)
detector. The rate in the Ge(Li) detector resulting
from the target was kept at ~30 kHz, equivalent
to beam currents of the order of 1 particle nA. As
an example for the particle resolution achieved
with the Q3D magnetic spectrograph, Fig. 2(a)
shows a two-dimensional AE vs E,;, contour plot
for the reaction '30 +!%Ru. Ejectile groups rang-
ing from Be to F are observed and are clearly
resolved. Figure 2(b) shows the corresponding y-
ray spectrum coincident with all particles shown in
Fig. 2(a). This y-ray spectrum is quite complex
due to the many contributing reaction channels.
Selecting the '%0 exit channel, the insert of Fig.
2(b) shows the time spectrum of all °O-y coin-
cidences. The time resolution (FWHM) was about
80 nsec, mainly limited by the spread in charge
collection time due to the finite vertical opening of
the ionization chamber. (The contribution due to
flight time differences of '%0 ions is estimated to be
20 nsec.) From this time spectrum the excellent
ratio of true to random coincidences is evident. In
the following the discussion is concentrated on the
two neutron transfer reaction ('0, '%0), leading to
the final nuclei Mo and '%Ru, respectively.

IV. EXPERIMENTAL RESULTS

All y-ray spectra displayed in the following were
obtained by setting appropriate gates on the respec-
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FIG. 2. (a) AE-E .y spectrum obtained for the reac-
tion '®O+!%Ru. The labeled ejectile groups have max-
imum atomic charge state values. (b) Gamma-ray spec-
trum coincident with all particles shown in Fig. 2(a).
The insert shows the time spectrum of '®O-y coin-
cidences.

tive particle groups and on the corresponding
prompt time peaks. The measured Q values were
converted into excitation energies in the heavy final

TABLE I. Experimental conditions.

Target Target Isotopic Ep, (120) B (ejectiles) Ly,
nucleus thickness enrichment

(ng/cm?) (%) (MeV) ) #
100Mo 192 97.4 84 34 45
1%Ru 520 99 84 34 44

(on 34 pg/cm? C)

100 30 55
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nuclei by assuming that the light particles are em-
itted in their respective ground states. It is known
for other asymmetric systems that in deep-inelastic
reactions where particles are transferred to the
heavy partner the ejectile excitation probability is
small (<0.25).

A. '“Ru ("0, '°0)'Ru

Figure 3(a) shows a y-ray spectrum for the reac-
tion '%Ru (**0, °0)!%Ru measured at 84 MeV in-
cident energy, for excitation energies between
1.3—9.9 MeV in '%Ru. Although many un-
resolved states are populated in this energy range,
the ¥ decay from all these states results in a spec-
trum with very few individual lines. The oc-
currence of annihilation radiation (511 keV) indi-
cates the importance of many unresolved higher
energy v transitions. The discrete y transitions ob-
served are summarized in Table II. In addition to
¥ transitions between known? states with 17 <47,
two previously unobserved lines with energies 581.1
and 677.6 keV show up. In order to see from
which regions within the E* vs I plane (see Fig. 1)
these y transitions originate, the total excitation en-
ergy range was divided into three consecutive ener-
gy bins, each ~2.5 MeV wide. Spectra coincident
to these sub-bins are shown in Fig. 3(b)—(d), and y
intensities relative to the 270 keV 2; —0;" transi-
tion are given for each bin in Table II. For the
lowest lying bin [Fig. 3(d)] only the 2{" —0;" and

4 —2{ transitions are visible, with an intensity
ratio N(4; —21)/N (2§ —07) =(35+10)%, which
is about 30 times larger than observed in S~ decay
of 1%T¢,? demonstrating the advantage of using the
heavy ion induced transfer reaction for the investi-
gation of higher spin states in neutron rich nuclei.
This intensity ratio increases with increasing exci-
tation energy, yielding only a ~30% sidefeeding of
the 27 level from states other than the 4 yrast
state for the highest lying excitation energy bin
[Fig. 3(b)]. This behavior can be understood be-
cause states with larger angular momenta are pre-
ferred at the higher lying excitation energy bins. A
similar relative enhancement in y-ray intensity
with increasing excitation energy is evident from
Table II for the newly observed 581.1 and 677.6
keV y lines: The 581 keV y transition clearly
shows up first in the medium excitation energy bin
[Fig. 3(c)] and strongly grows in intensity relative
to the 2t —0% yrast transition by going to the
highest bin. For the 678 keV transition there is
only a hint in the medium bin, whereas it is clearly
present in the highest bin. At this excitation ener-
gy range the relative strength for L transfer of 67
is predicted by the DWBA calculations to have its
maximum value and that of L =87 transfer is rap-
idly growing. Therefore, it is highly suggestive to
assign the 581 and 678 keV ¥ lines to the 67 —4+
and 8% —61 yrast transitions in '®Ru, respective-
ly.

Two other levels in %Ry, i.e., 25 and 3], also
show a characteristic dependence of their popula-

TABLE II. y-ray transitions in '%Ru observed in the reaction '“Ru (30, !%0)!%Ru.

Relative intensity (%)

E) Transition measured for excitation energy ranges

(keV) —i7 1.6—4.0 MeV 4.0—-6.8 MeV 6.8—9.9 MeV
270.07(6) 2i—of 100 100 100
444.7(1) 4 —2f 35+10 40+7 69+10
581.1(2) (61 —47) 10+4 2947
677.6(4) (8 —6i) 1245
522.4(3) 2 —2f 15+5

792.0(7) 2 —of 1345

821.3(3) 3F—2f 2247

#Uncertainties in the least significant digit are given in parentheses.
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FIG. 3. Gamma-ray spectra coincident with '°O ejec-
tiles produced in the reaction '“Ru(!®0, '%0)!%Ru for
different excitation energy ranges in !Ru. (a) Total
range (1.3—9.9 MeV), (b)—(d) subdivisions of total
range: (b) 6.8—9.9 MeV, (c) 4.0—6.8 MeV, and (d)
1.6—4.0 MeV.

tion with changing excitation energy but displaced
to the behavior observed for the members of the
ground state band. As evident from Fig. 3, y de-
cay from both levels is not observed for the lowest
lying bin, where y decay from the 4* and 2% yrast
states is clearly present. By comparing the y-ray

spectra coincident to the upper two excitation ener-
gy bins [Figs. 3(b) and (c)] it can be seen that y de-
cay of the 3] level is almost restricted to the up-
permost bin, whereas y transitions from the 25
state occur more strongly in the medium bin. (It is
known’® that the 3] level predominantly decays to
the 27 level of the ground state band and not to
the 2 state.) From comparison with less neutron
rich even Ru isotopes these two levels may be
thought of as being the lowest two members of a
y-vibrational band built on the 25 bandhead at 792
keV excitation energy. Thus also population inten-
sities of states located in the vicinity of the yrast
line, which very likely form an excited (collective)
band with a different intrinsic structure, show an
angular momentum selectivity similar to the one
observed for the ground state band.

Figure 4 gives an example for a y-ray spectrum
coincident with %0 ejectiles if the excitation energy
window is positioned above (for I=0) the I',=T",
line for '%Ru (109 <E* <16.1 MeV). In this case
the reaction was induced at 100 MeV incident en-
ergy and at a correspondingly smaller grazing an-
gle. However, the qualitative features of the reac-
tion as discussed in Sec. II are not expected to be
much different. Compared to Fig. 3(b), where only
y decay from states in '°°Ru was observed, Fig. 4
now reveals a completely different y-ray spectrum.
New v lines show up due to y decay of states locat-
ed in '®Ru.

B. '“Mo (**0, '*0)"*Mo

Figure 5 shows y-ray spectra for the reaction
1Mo (120, %0)1%2Mo at 84 MeV incident energy,

o 104Ry (180, 180) "O6RU™,E ., [°0) =100 MeV
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FIG. 4. Gamma-ray spectrum coincident with '*O
ejectiles produced in the reaction '»Ru('®0, °0)!%Ru
for the excitation energy range 10.9—16.1 MeV in '“Ru.
Gamma lines labeled by solid dots are due to transitions
in %Ry,
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coincident to three successive excitation energy
bins, all centered below the one neutron binding
energy (8.17 MeV) in '®Mo. Similar to the case of
106Ru (Sec. IV A) only a few ¥ transitions show up
for each bin. These transitions together with their
relative intensities are listed in Table III. A strong
increase of the intensity of the 4* —2% transition
relative to the 2¥ —07 yrast transition is observed
for the higher lying excitation energy bins. This
intensity ratio is much larger than obtained in a
previous experiment, where the same reaction was
studied at bombarding energies close to the
Coulomb barrier® due to the larger angular
momentum transfer at higher bombarding energies.
In addition to known?® y transitions between states
with I™ <47, two hitherto unobserved ¥ lines with
energies 584.2 and 655.6 keV show up with their
intensities increasing for higher excitation energy
bins. This behavior resembles the one observed for
106Ru. Thus the 584 and 656 keV ¥ transitions are
attributed to the decay of the 6% and 8% yrast
states in %Mo, respectively.

An inspection of low lying excitation energy bins
reveals that also the first excited 05 state at 697
keV excitation energy is populated with visible
strength. For example, the 400.9 keV 05 —2i" ¥
transition clearly shows up in Fig. 5(c). This
behavior is contrasted by the '°°Ru data, where the
y decay of the 0 state at 991 keV excitation ener-
gy via the 720.6 keV 05 —2{" transition was not
observed [cf. Fig. 3(d)]. Since no change in the

global behavior of the transfer reaction mechanism
is expected to take place for Mo and Ru and be-
cause many levels above the 05 state are populated
in each case, the observed difference in 05 popula-
tion suggests a different selectivity due to a dif-
ferent intrinsic structure of the 05 state in '®>Mo
and '%Ru, respectively. Differences in the struc-
ture of 0 and other 0% states may also be de-
duced from (t,p) data,*> where considerable differ-
ences in the distribution of 0% strength was ob-
served between the neutron rich Mo and Ru iso-
topes.

V. DISCUSSION
A. %Ry

The assignment of the newly observed 581.1 and
677.6 keV v lines as the 67 —4% and 87 —6% yrast
transitions, respectively, is further supported by a
comparison with existing level systematics known
from neighboring Ru isotopes. Figure 6(a) shows a
compilation of experimentally known yrast states
for the even Ru isotopes with 100<A4 < 112.'415 1t
can be seen that the proposed 6% and 8% yrast
states in !%Ru fit well into the systematics. Re-
cently, theoretical calculations for low lying (collec-
tive) states in the even Ru isotopes have been per-
formed'® within the framework of the proton-
neutron interacting boson model (IBA-2). These
calculations reproduce the experimental excitation

TABLE III. y-ray transitions in %Mo observed in the reaction ®Mo('%0, !%0)!®?Mo.

Relative intensity (%)

E/S Transition‘ measured for excitation energy ranges

(keV) I'—If 1.4—3.7 MeV 5.1—8.0 MeV 6.5—9.6 MeV
296.15(5) 2f —oft 100 100 100
447.2(1) 4 —2f 1347 4946 53+6
584.2(2) (61 —4) 1243 1944
655.6(5) (8 —61) 1143
400.9(3) 0F —2f 67+18

551.7(2) 2 —2f 14+3 1243
847.6(4) 27 —of 5+3 8+3

#Uncertainties in the least significant digit are given in parentheses.
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energies for yrast states, especially for those with
I™<4*. For '%Ru transition energies of 260 keV
(2t —0%), 426 keV (41 —27), 576 keV (67 —47),
and 716 keV (8 —6) were calculated. These pre-
dictions agree well with the observed values.

B. 2Mo

The experimentally available yrast level sys-
tematics for the even Mo isotopes with
96 <4 <106 is shown in Fig. 6(b) and supports the
assignment of the 584.2 and 655.6 keV ¥ lines as
the 67 —4% and 8% —6™ yrast transitions in
102Mo, respectively. No theoretical calculations of
level schemes for the more neutron rich Mo iso-
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FIG. 5. Gamma-ray spectra coincident with °O ejec-
tiles produced in the reaction 'Mo('*0, '°0)!*?Mo for
three different excitation energy ranges in '“Mo: (a) 6.5
—9.6 MeV, (b) 5.1 — 8.0 MeV, (c) 1.4 — 3.7 MeV. In
(a) and (b) the solid dot marks the 2} —0;" ¥ transition
in '“Mo due to the (**0, '°0) reaction on the target im-
purity **Mo.
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topes are presently available. In y-decay studies of
primary fission fragments! y transitions of 562 and
652 keV were tentatively assigned to the 67 —4+
and 8% —67 yrast transitions, respectively. How-
ever, these values are subject to uncertainties up to

50 keV (and are possibly just extrapolations derived

from VMI systematics).

VI. SUMMARY

It is shown by the present data that particle-y
coincidence spectroscopy at bombarding energies
well above the Coulomb barrier employing a mag-
netic spectrograph is a valuable tool for the investi-
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gation of high spin states in neutron rich nuclei.
This method can also be applied to other regions of
the nuclidic chart, e.g., the region of well deformed
rare earth nuclei, where information from fission
product measurements is not available and where
(z,p) reactions do not excite high spin states. Since
the direct reactions represent only a small angular
momentum window of the total reaction cross sec-
tion it becomes possible with the method employed
to investigate decay modes of selected regions in

24 SPECTROSCOPY OF EXCITED STATES IN Mo AND %Ry
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the E* vs I plane by changing the incident energy
and the projectile-target combinations.
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