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The energy-level structure of ?Ru was studied using the **Mo(*He, 2ny)*’Ru reaction at a bom-
barding energy of 13 MeV, in an attempt to populate an extensive set of non-yrast states. The ex-
periments included y-ray excitation functions, y-y coincidence measurements, y-ray angular distri-
butions, and y-ray linear polarization measurements. A large number of non-yrast states were ob-
served, with angular momenta ranging from % to % The comparison of experimental energies and

electromagnetic transition properties to the predictions of a particle-rotor model is presented. This
interpretation suggests that several complete particle-core multiplets have been populated. The pop-
ulation of non-yrast states is attributable to the properties of the reaction rather than any details of

the nuclear structure involved.

I. INTRODUCTION

One of the most useful tools for the study of collective
nuclear properties is the (HI,xny) reaction. The band
structures observed in odd- 4 nuclei following these reac-
tions have been investigated extensively and have facilitat-
ed the development of many collective descriptions. The
heavy-ion data, however, are not sufficient for the selec-
tion of a preferred model. The band structures observed,
for example in the transitional nuclei, are yrast states
which represent only a small fraction of the states predict-
ed by any of the various models. Light-ion-induced reac-
tions can populate non-yrast states, but each naturally has
its own selection rules which pick out a different sub-set
of the states present. A reaction which can systematically
populate a more complete set of non-yrast states is desir-
able.

It is possible to populate non-yrast states with a wide
range of angular momenta by using the (*He,2ny) reaction
at bombarding energies near the Coulomb barrier. The
3He projectile has been chosen because of its large mass
excess. As a specific test of this approach a **Mo target
has been bombarded to populate states in *Ru. In a pre-
liminary report of this work,! evidence for the population
of several complete particle-core multiplets was presented.
This paper contains a more extensive description of the
work. Specific problems presented by the *He projectile,
and solutions to them, will be discussed. A particle-rotor
model will be used to examine the completeness of the re-
actions.

II. PROPERTIES OF THE REACTION

The dominant property of most (HI,xny) reactions is
the formation of a compound nucleus at both high energy
and high angular momentum. The evaporated neutrons
carry away little angular momentum. The residual nu-
cleus then normally emits several high energy dipole tran-
sitions. All of these radiations result in a relatively small
decrease in angular momentum, thus the yrast line is

34

quickly reached. In order to populate a substantial set of
non-yrast states the angular momentum in the residual
nucleus must be reduced while maintaining a high initial
excitation energy Eq. The excitation energy is important
for two reasons. The level density is high, and the forma-
tion of the residual nucleus involves many states. Thus
spectroscopic selection rules are averaged out in the resul-
tant gamma decay. The energy dependence of the dipole
radiation is also minimized. The maximum possible de-
cay energy, E,, is the difference between the initial excita-
tion energy E; and the yrast energy for the appropriate
angular momentum. The non-yrast states of interest lie in
some energy range AE above the yrast line. As long as
AE is small compared to E,, transition rates to all these
states can be similar. For a given projectile the angular
momentum of the compound system can be reduced by
lowering the incident energy relative to the Coulomb bar-
rier. This, however, reduces the excitation energy, and the
yrast line is again reached. Lighter projectiles are accom-
panied by lower Coulomb barriers, hence lower excitation
energies are usually achieved. However, the desired exci-
tation energy could be maintained as the bombarding en-
ergy is decreased if one could increase the Q-value of the
reactions. This hypothetical situation can be approximat-
ed by choosing a reaction whose Q-value is abnormally
high. The large mass excess of the *He results in higher
Q-values for (*He,xny) reactions than for any other viable
choices. With this projectile the combination of low an-
gular momentum and high excitation energies can be
achieved by employing incident energies just above the
Coulomb barrier. These conditions have been utilized in
the present work.

The nuclear orientation obtained in (*He,xny) reactions
is smaller than that achieved in (HI,xny) reactions. Thus
angular distributions of emitted radiation in the former
case are attenuated relative to those in the latter. Spin as-
signments are therefore more difficult. The combination
of angular distribution and linear polarization measure-
ments can minimize this problem, as will be discussed
later. Yrast arguments can no longer be used in making
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spin assignments. The quantitative analysis of excitation
functions allows distinction between =+ |AI| spin
changes. Break-up of the *He projectile in the Coulomb
field of the target also creates problems. When the projec-
tile breaks up, compound Tc nuclei can be formed by cap-
ture of a break-up product. Since this process substantial-
ly competes with *He capture at the low incident energies
employed here, many of the y-transitions detected were
from %Tc. We have developed a large-solid-angle
charged-particle detector which, when operated in coin-
cidence with a y-ray detector, identifies these transitions.
This system will be described subsequently.

III. EXPERIMENTAL PROCEDURES

The measurements performed in this work included ex-
citation functions, sorting of y-rays by coincidence with
charged particles emitted, y-ray angular distributions, y-
ray linear polarizations, and y-y coincidences.

The target used in these experiments was a foil of iso-
topically separated *®Mo, rolled to a uniform thickness of
1.8 mg/cm?. To prevent Doppler shifting of the radia-
tions emitted as the residual nucleus recoils, a thin layer
of 7Au was evaporated on the back of the target. The
1.5 mg/cm? layer was sufficient to stop all recoiling nu-
clei and eliminate the Doppler shifting of all but the
fastest transitions.

This thin Au backing was not sufficient to stop the
beam. To facilitate measurements at zero degrees, a thick
piece of Au was sandwiched behind the target. Since the
range of *He is approximately 50 mg/cm? at 20 MeV, the
58 mg/cm? backing was enough to completely arrest the
beam at the energies used.

The *He beam currents of 5 to 10 nA used in these ex-
periments were supplied by the Purdue FN tandem Van
de Graaff accelerator.

The three Ge(Li) detectors used in these measurements
have resolutions ranging from 1.9 to 2.1 keV at 1332 keV
and nominal volumes of 50 cm®.

The gain and zero level of the detector-electronics sys-
tem are monitored during a singles experiment using the
Coulomb excitation lines from the gold backing (191.5,
268.71, 278.91, and 547.62 keV) and a °Co source placed
near the detector (1173.23 and 1332.48 keV). From the
use of these internal standards, the energy of a relatively
intense, clean y-ray could be measured with an accuracy
of approximately 50 eV. Keeping an accurate track of en-
ergy calibrations during a coincidence experiment is more
difficult, as only gamma rays from the target are seen.
While it is useful to monitor the Coulomb excitation lines
of the **Mo, these lines are weak and often obscured by
other gamma rays. The only reasonable solution was to
check and reset the energy calibration off-line frequently.

Careful energy calibrations are done off-line with a
182Ta.152Ey radioactive source. There are about 65 strong
lines ranging from 65 keV to 1408 keV, making this a use-
ful source for this purpose. The energies of these radia-
tions have previously been determined to within +0.1
keV. To account for nonlinearities in the detector-
electronics system, the energy is determined from a least
squares fit to the Ta-Eu data.

A. Excitation functions

Excitation functions were measured over the range of
10 to 14 MeV since rough calculations indicated that the
Coulomb barrier for *He on **Mo was ~ 12 MeV. These
measurements serve as both a basis for choosing the bom-
barding energy for subsequent measurements and for spin
determination.

Gamma rays from reactions producing *’Ru, **Tc, and
%Ru were seen to dominate the observed spectra. The
production of ®Tc was seen to dominate at all energies.
On the basis of Q-values, the 2n reaction should dominate
the pn reaction. Break-up of the *He projectile can, how-
ever, produce Tc directly due to deuteron or proton cap-
ture, simulating pn or p2n reaction. The dominance of
the “pn” reaction seems to indicate that break-up is very
probable at the low incident energies employed here. The
resulting problem of identifying the large number of tran-
sitions accompanied by charged-particle emission will be
discussed below.

A bombarding energy of 13 MeV represents a
compromise between the relative intensities of the 2n and
3n channels. Although the excitation function of any indi-
vidual transition has an overall energy dependence charac-
teristic of the reaction channel, the detailed energy depen-
dence is sensitive to the angular momentum of the initial
state. Details of the analysis will be presented in Sec. IV.

B. Charged particle detection

Excitation functions do not provide satisfactory identi-
fication of the reaction channel involved. Crudely speak-
ing, reaction channels with the same number of exit parti-
cles, i.e., 2n and pn, have a similar energy dependence.
Particle-identification schemes can completely label the
emitted particles, but the small solid-angles involved limit
the counting rate. However, in many cases, such as the
present work, the knowledge that one of the emitted parti-
cles is charged is valuable. We have constructed a large
solid-angle charged-particle detection system which ac-
complishes this desire. Details of the system will be
described elsewhere.” The detectors are two thin discs of
plastic scintillator (NE100) coupled to RCA 8575 photo-
tubes by Lucite light pipes. The scintillator thickness of
0.5 mm was chosen to minimize sensitivity to y-rays and
neutrons while providing adequate efficiency for proton
detection. (The range of a 6 MeV proton in NE100 is 0.5
mm.) Lead absorbers were attached to each assembly to
shield the scintillators from scattered *He and emitted a
particles. The diameter of each scintillator was 4.45 cm,
matching the light sensitive surface of the phototube. The
two assemblies actually formed the top and bottom sur-
face of the scattering chamber, positioning each scintilla-
tor 0.79 cm from target center. This resulted in a total
solid angle of 66.4% for the system. The detectors have
no energy sensitivity, but are very fast, making them ideal
for tagging y-rays emitted in coincidence with charged
particles.

In the present work this system was used in a singles
measurement to help identify *Ru y-rays. Gamma rays
were sorted into two spectra on the basis of coincident sig-
nals from the scintillators. The gated, or “proton,” spec-
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trum contained only lines for which an emitted proton
was detected in coincidence. Known transitions in *Tc
were present, and no known %Ru transitions were found.
The “neutron” spectrum, defined as the total minus the
gated spectrum, contained all of the transitions from the
“proton” spectrum at reduced intensities. Ratios of gated
to total intensities were used to determine the sorting effi-
ciency of the system. This was found to be approximately
40%, less than the solid angle due to the angular distribu-
tion of emitted protons. Smaller sorting efficiencies can
indicate doublets. This information is included in Table
IL.

C. Angular distributions

The angular distribution measurements consisted of sin-
gles spectra collected at nine evenly spaced angles from
+ 90° to —30° with respect to the beam axis. The mea-
surements were used not only as a primary part of spin
change and mixing ratio determinations, but to determine
energies and intensities of y-rays. A typical spectrum is
seen in Fig. 1.
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On-demand beam pulsing was utilized in these mea-
surements. Every time a y-ray was detected the beam was
swept off the target by electrostatic deflectors and held off
the target until the y-ray pulse had been processed. This
technique reduced pileup, resulting in a 50% increase in
the through-put rate of useful data and a reduction in
background. Neutron damage to the detector was sub-
stantially reduced. Normalization of the data was more
complicated than in direct current measurements, since
the probability of pileup is no longer constant over the
duration of the bombardment. Simplistically a pulser was
injected into the system, and the number of pulses
presented while the beam was on target was compared to
the number of pulses accepted. Along with other small
corrections, this ratio was used to correct the live charge.
Care must be taken to ensure that the pulser signal is
treated just as any in-beam y-ray.

D. Linear polarizations

The y-ray linear polarizations were obtained by measur-
ing y-ray Compton scattering in directions parallel and
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FIG. 1. Singles spectrum from the **Mo(*He,2ny) **Ru reaction.
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perpendicular to the beam direction. In terms of these
quantities the polarization is
P, = 1 N(90°)—N(O°) . 1)
Q N(90°)+N(0°)
Q is the efficiency of the polarimeter as determined from
data taken for y-rays of known polarizations. The polar-
imeter consists of two conventional Ge(Li) detectors
placed on a turntable below the target, and has been
described previously.) On demand beam pulsing was
again employed, with the beam pulser being triggered by
either detector. The coincidence-polarization data were
normalized by singles data taken simultaneously.

E. y-vy coincidence measurement

The three-detector coincidence measurements followed
techniques described previously.* The detectors were po-
sitioned at + 100°, 0°, and —100°. On demand beam
pulsing was again used, with the requirement that a pair
of detectors fired before the beam was removed from the
target. No normalization was required.

IV. ANGULAR MOMENTUM ANALYSIS

In the normal (HI,xny) reaction, the final nucleus is
highly oriented. Thus the analysis of angular distribu-
tions can often identify spin charges, since the relevant
angular distribution coefficients can be measured with
sufficient accuracy. This is not the case for the (*He,2ny)
reaction discussed here.

The angular distribution of y-radiation emitted from an
oriented state can be described as’

Ww)=1+ Q2A22(7/)P2(COS€)
+ Q4A4(y)Py(cosh) , (2)

where the Q) are solid angle correction factors® and the
P, are Legendre polynomials. The angular distribution
coefficients Ay (y) can be expressed as the product of
orientation parameters Bj(I;) which describe the align-
ment of the initial state and distribution coefficients
Ai(A) which are characterized by the initial spin, the
change in angular momentum, and the multipole nature
of the transition.

Akk(y)ZBk(I,‘)Ak(‘V) . (3)

In terms of the relative populations P(m) of the |I;m)
substates the By ([;) are

I
B =QI+1)"* 3 (=D'*™(I —mIm |kO)P(m) ,
m=—]
(4)
and for a mixed L and L’ transition

) Fy(LLI 1)+ 28F, (LL'I 1)+ 8Fy (L'L'T/I)
Ky)= ’
1+8°

(5)

where 8 is the mixing ratio in the convention of Krane
and Steffen,” and the F are standard F coefficients. The

By (I) for maximum alignment, BY(I), are readily calcu-
lated, and it is convenient to define attenuation coeffi-
cients a; which relate the actual orientation parameters to
the BY(I)
By (I)
ax =~ - (6)
By (I)

For mixed transitions there are thus three unknowns
(ay, a4, and 8) but at most only two observables (A4,, and
A 44), which presents a fundamental problem. When there
are enough unmixed transitions (E2’s for example) ob-
served, the a; for many states can be directly measured.
It is then possible to calculate the a; for nearby states us-
ing calculated deorientation coefficients. In the present
work this is impractical due to the small number of pure
transitions. However the a, and a4 can be related using
an approximate model for P(m):’

2

ex
P 20

2

207

1
2 exp|—

m=—1I

This model reproduces the trends of the a,—a, relation-
ships where they are known (pure multipoles) although
the a, values tend to be 20—30% too low. It has the
enormous value of eliminating a parameter, reducing the
number of unknown to two, o and 8. The model shows
that as o increases, a4 decreases much faster than a,. For
example, an a, of 0.8 corresponds to an a, of ~0.48,
while an a; of 0.4 corresponds to an a, of ~0.08.

Thus, a typical 444, which could be clearly measured in
the former case (i.e., Ay = —0.114+0.030), becomes
consistent with zero in the latter case. This illustrates the
dilemma found when the nuclear system is relatively
deoriented: the emitted y-radiations have angular distribu-
tions which are sensitive to the A4,, values only. This
makes it impossible to uniquely determine spin changes in
many cases.

Linear polarization measurements have been widely uti-
lized to identify parity-changing transitions. These mea-
surements can also be a powerful tool in identifying the
spin change involved.

The linear polarization (P,) at 90° to the beam may be
defined as®

_ I(0°)—1(90°)
v I0°)4+1(90°)
where 1(0°) and 7(90°) are the intensities of y radiation
with electric vectors parallel and perpendicular, respec-
tively, to the beam direction. This polarization can be ex-

pressed in terms of the measured angular distribution
coefficients for the transition

. 345 H,(8)+1.254,4,H4(8)
L 2— Ay +0.75444

P (8)

+no parity change
— parity change

p

9)

The H(8) are given in terms of the same F-coefficient as
the Akk'9
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Fy(LLI;I)—2/38F,(LL'I 1) +8F,(L'L'II)

34 LEVELS IN *Ru POPULATED BY THE (*He,2ny) . . . 447

Hy(8)=1. (11)

The A5, and H,(8) have a common factor so that

ApHy(8) = a,B)D)
22413 arb; 1+ 8

= a,BY1)G,(8)

If the A4 are severely attenuated, the expression for P,
becomes approximately

. 3a,BII)G,(8)
v 24y,

It is seen from Egs. (5) and (12) that P, and 4,(y) de-
pend on exactly the same quantities, but the sign of the
linear term in the mixing ratio is different. Figures 2 and
3 show P, and A4,(y) as a function of & for typical Al
=—1 and AI=0 transitions. The value of the dual
A3 (y)—P, measurement is evident. A Al=—1 transi-
tion with an E2/M1 mixing ratio around §= +1 can have
a large positive 4, but must have a large negative P,.
On the other hand, a AI=0 transition (again E2/M]1)
with a large positive A, must have a positive P,. The
same attenuation parameter, «,, dominates both the
A (y) and the P, and in fact the ratio is independent of
the orientation. Thus, mixing ratios can be extracted in a
straightforward fashion.

In our work we utilize the combined angular distribu-
tion and linear polarization measurements in the follow-
ing manner. Initially, the angular distribution data are
processed in the standard way to obtain A4,, values and
A 44 values for each transition. These coefficients are used
to suggest possible spin changes and to check the results
of further analysis. The extracted coefficients could be
directly compared with the measured P,. However, the
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FIG. 2. Dependence of the angular distribution coefficient
Az, and the linear polarization P, on the multipole mixing ratio
& for a typical AI = —1 transition.

(12)

(13)

|
uncertainties in the A;; are correlated, and we have elect-
ed to follow another procedure. A trial spin change is
specified. In order to estimate a starting value for the pa-
rameters o and 6, we assume that A, is zero. We then
calculate an anisotropy from the angular distribution
data, and extract a tentative A,,. The measured P, is
corrected, using this estimated A4,,, to yield a number
which depends only on a, and G,(8).

2—Ay
3

The measured A,, are typically in the range from +0.3
to —0.6. Thus, uncertainties in A4, are not a major prob-
lem. Using tabulated F-coefficients and calculated B3(I)
values in this expression and the corresponding equation
for A,,, values for a, and § are extracted. If the wrong
spin change has been specified, unphysical values may be
obtained, and the assignment is rejected. If the results are
physically meaningful, they are used as starting values in
a grid search. The Gaussian model for P(m) is used so
that the parameters in the grid are o and 8. At each point
in the grid, both a theoretical angular distribution and P,
are calculated, including contributions from the 444 term.
The agreement with the data is evaluated by calculating
an error weighted chi-square. The “best” values of o and
8 are assumed to be those which minimize chi-square. If
several spin changes are tested, the relative chi-squares are

P, = ta,BII)G,(8) . (15)
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FIG. 3. Dependence of the angular distribution coefficient
A3 and the linear polarization P, on the multipole mixing ratio
8 for a typical AI =0 transition.
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used to indicate the most probable one. For this spin
change, limits on o and 6 are assigned by locating the
contour where chi-square is double the minimum, or two
if the minimum is less than one.

There remain ambiguities. For example pure AI=0
and AI=2 transitions are sometimes difficult to distin-
guish. Of greater significance is the insensitivity of the
angular-distribution-polarization analysis to the sign of
AI. In (HIL,xny) reactions the same situation is found, but
yrast arguments make spin increases highly improbable.
In the present work these arguments cannot be used. A
quantitative analysis of excitation functions yields valu-
able spin information to resolve these ambiguities.

As the bombarding energy increases, so does the angu-
lar momentum carried into the system. Thus there is a
systematic trend to increase the population of higher spin
states relative to those of lower spin, which is reflected in
excitation functions. When long cascades are present this
effect is not very useful. In the case of light-ion-induced
reactions excitation functions can be a more specific mea-
sure of spin. Following previously published pro-
cedures,'® we have first removed the predominate energy
dependence of the reaction by normalizing all excitation
functions of interest to that of the 341-keV transition
depopulating the known %+ state at 341 keV. It has been
observed that the normalized excitation function of each
transition is an exponential function of energy. The logs
of the intensities can thus be fit linearly, and the slopes of
the lines compared to slopes for known initial spins. Fig-
ure 4 shows the normalized functions for six transitions
from states of known spin. The slopes are quite distinc-
tive, and indicate that the basic technique may be used to
measure unknown spins with reasonable certainty. In
practice, when slopes and uncertainties for all transitions
of interest were determined, it was observed that distinct
grouping around the slopes of Fig.4 were obtained. We
imply from this that in general excitation functions can
reduce the possible spin assignment for a state to two
values, and with favorable statistics can produce a unique
assignment. This is all phenomenological, but when exci-
tation functions are used in conjunction with the angular
distribution-polarization analysis, rather convincing spin
assignments may be obtained.

Table I illustrates the combined angular-momentum
analysis for three transitions selected because their angu-
lar distributions were nondescript. They all have positive
A, values (and statistically zero A44 values) which would
allow AI=%2,+1, or O spin changes. The angular-
distribution-polarization analysis partially resolves the
problem. For the 791.89-keV transition AI=+2 or O is
ruled out, but Al =—1 is only slightly preferred over
AI'=+1. For the 648.0-keV transition AI =+1 is pre-
ferred, with AI =0 possible. For the 702.0-keV transition
both AI'=0 and AI=2 are possibilities. Inclusion of
the excitation functions analysis removes the ambiguities.
In the first case the excitation function prefers I,=-%
with - possible, which eliminates the Al = + 1 possibili-
ty. In the second case a strong preference for I, = -Z— was
found, indicating that Al = +1 is the correct assignment.
In the last case I; could be either + or 5, but not .
Thus a AT =—2 assignment is required. In all cases the
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FIG. 4. Relative excitation functions for a few known transi-
tions in *Ru.

excitation function analysis was found to be consistent
with the angular-distribution-polarization results, estab-
lishing some confidence in the technique. Therefore in a
few cases where no useful angular distribution-
polarization-analysis was available tentative spins have
been assigned based solely on excitation functions.

A separate aspect of the angular momentum analysis
was based on DCOQ (directional correlation from orient-
ed nuclei referred to quadrupole transitions) ratios extract-
ed from the coincidence data. This technique has been
described previously.!! When a transition is contaminated
in singles measurements, the DCOQ ratios are often the
only information concerning spin changes. When the
orientation of the nucleus is small, however, DCOQ ratios
can play a more general role. The nuclear orientation of
the initial state is involved, although it appears in both
numerator and denominator so that the magnitude is not
attenuated linearly with the decrease in orientation. After
emission of the first ¥ ray in a given direction, the direc-
tional correlation of subsequent emission is less sensitive
to the beam produced orientation. Thus there are cases
where the measured DCOQ can resolve ambiguities
present in the angular distribution and polarization
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TABLE 1. Example of detailed angular momentum analysis

E Ay P, I;> 1 Ay P X2 ) Qa; I;

14 Y
(keV) (Expt) (Expt) (Theor) (Theor) (Ex. func)
791.89 0.35(0.05) —0.7(0.2) 240 0.11 0.17 81 0 0.72
24 0.41 —0.78 0.7 0.39 0.9
RLNERE 1} 0.28 —0.28 43 1.1 0.85 )
34 0.42 —-0.7 1.8 —18 0.93
-4 0.12 0.2 81 0 0.56
648.0 0.28(0.15) —0.16(0.14) S0 0.05 0.07 6.4 0 0.1
L 0.13 —0.30 0.2 0.32 0.41
au 0.013 —0.05 1.6 2.0 0.5 3,5
-4 0.12 —0.17 0.2 —0.22 0.6
-4 0.04 0.07 6.3 0 0.18
702.0 0.05(0.03) 0.15(0.1) R 0.07 0.16 1.6 0 0.24
S 0.02 0.004 6 21 0.2
1.1 0.06 0.14 1.3 —-0.15 0.19 7,5
S 0.03 —0.08 9.5 —-0.2 0.2
S 0.10 0.16 1.7 0 0.7
3354
e
~ 2411.8
1772+ 2401.8 ur/2-) / 23940
9/2+ 2383.1
yes2-) 2268.2
(172) 2168.5 3/2+,9/2+) 2224
2113
13/2 + é 1966. 1 1872+ 20207 «
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»x 1372+ 1497.84
(7/2,5/2) 1474.9 9/2+ |- | [ 1499.72
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FIG. 5. Decay scheme for *?Ru. Asterisks denote near-yrast states.
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analysis. Theoretical values of the DCOQ ratios must be
calculated, however, for each hypothetical spin sequence
and initial orientation, since the “typical” DCOQ values
discussed in previous publications!! are not applicable.
Specific examples where the DCOQ gave extra informa-
tion will be cited in the discussion of the level scheme.

V. THE LEVEL SCHEME

The level scheme deduced in the present work for Ru
is shown in Fig. 5. Several of the levels have been previ-
ously observed in (axn,y),'®'>!® B-decay,"* or Coulomb
excitation reactions.!* These levels are either at low exci-
tation energies or near the yrast line. Our coincidence
data have been used to establish many new levels. The
placement of transitions in the level scheme was based not
only on the existence of coincidences but consistency of
intensities feeding and depopulating a proposed state. As
usual there are many cases where two or more.transitions
have similar energies, and cannot be resolved in a singles
measurement. These cases were identified by the compar-
ison of singles and coincidence intensities. The transition
intensities adopted were taken from singles measurements
(specifically the Ay, values of the angular distribution
analysis) if the line was not contaminated. The proton-
sort data was also helpful in that contamination from Tc
isotopes could readily be identified. The intensity analysis
is presented in Table II. As was mentioned earlier y-ray
energies can be determined in favorable cases with an ac-
curacy of 50 eV. Accuracies of specific transitions listed
in Table II are reflected by the number of significant fig-
ures.

Table II also includes results of the angular distribu-
tion, linear polarization, and DCOQ measurements. The
A, values tabulated are from fits with 4,,=0. Where
appropriate the initial spin from the excitation function
analysis is given. Spins determined from the combined
angular momentum analysis are listed. We feel that, un-
less indicated by parentheses, the spin assignments are
given unambiguously from the procedure discussed above.
Previously determined spins have been incorporated
and/or verified as indicated.

A few placements and spin assignments require special
attention. A 904.0-keV transition had been observed in
previous work.!® The previous data had shown this to be
an E2 transition depopulating the %Jr 2401.1-keV state.
Our coincidence data confirm this placement, but argue
for a second ““904”-keV transition feeding the 1320-keV
state. Coincidences between a “904”-keV transition were
observed with both the 702.0- and 600.02-keV transitions
with intensities consistent with singles intensities. The
previous authors also observed these coincidences, but
postulated a 177.2-keV transition between their 1497.1-
and 1319.8-keV states to explain them. They also remark
that no coincidence with the 177.2-keV transition was ob-
served, and suggest the possibility of a 904-keV doublet.
In the present work no 177.2-keV coincidence was ob-
served either. We also measure different DCOQ values
for the two members of the 904 “doublet,” consistent with
one being a quadrupole and the second being predom-
inantly a | AI'| = 1 dipole (see Table II). In fact based on

our adopted intensities the conglomerate angular distribu-
tion should be isotropic, which agrees with our measure-
ment [A4;,= 0.012 + (0.03)]. The intensity of the second
904 relative to the quadrupole appears to be larger in our
work than the previous work, which is to be expected con-
sidering the increased populations of non-yrast states.

The spin of the 1118.4-keV state is tentative. The ex-
istence of the level is established by coincidence data in-
volving the 542.9-keV transition, which is contaminated.
The suggested placement of the 1118.4- and 1028.8-keV
transitions is based solely on energies. A spin of %+ is
consistent with our analysis, but since there is no way of
checking contamination it must be tentative.

V1. DISCUSSION

The asterisks in Fig. 5 indicate near !rast states which
constitute three bands built on %+, 17, and 4 states.
These states, and a few others, have been observed previ-
ously.!®!2=15 The large number of non-yrast states ob-
served here exhibit a wide range of angular momenta
from 3 to 4. The crucial question here is how many of
the actual states present in Ru have been populated. In
a model independent way, one may count the number of
states present and the expected spins by considering the
coupling of an odd particle to various states of the core.
In the extreme weak-coupling limit the coupling of an odd
particle of spin j to a core state of spin R would result in
a multiplet of levels with spins |R —j| <I <R +j de-
generate in energy at E; = Eg + E;. The actual particle-
core interaction will of course remove this degeneracy and
mix states from different multiplets to produce the actual
nuclear states. Nevertheless, the number of states of a
given I will remain unchanged. For a first-order estimate,
it is also reasonable to consider only low-energy particle
and core states. For this region the odd particle orbits ex-
pected at low energies are the ds/,, g7,5, and hy;/,. The
pertinent excited states of the *Ru core are the 652-keV
2%, the 1321-keV 07, the 1398-keV 4% and the 1415-keV
2+ states.

The range of states expected is summarized in Table
III, and compared to the number of states whose spins
could be measured. All of the positive parity states could,
in principle, lie in the experimental energy range, and can-
didates for most of them are observed. The most obvious
deficit is for low-spin states. The only observed spin +
and 3 states are at very low excitation energies where
they may be populated indirectly. The comparison is not
as favorable for negative parity states. The single particle
<L energy is higher, so that many of the states might be
expected at higher excitation energies. Candidates for
multiplets corresponding to the lowest 0% and 27 states
have been observed. This approach is certainly simplistic,
and ignores the effects of other couplings. It does howev-
er seem that the reaction has been rather successful in po-
pulating an extensive set of the actual states present.

To do more than merely count states of a given spin, a
model must be chosen. Ideally one would prefer a model
which can include the coupling of all particles to all states
of the core. The interacting boson-fermion approximation
(IBFA) model'® in fact does this, although its most exten-
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TABLE III. Spins of expected states.

R I Ij
1 3 5 I 3 RIS 13 15 1 19
2 2 2 2 2 2 2 2 2 2
0,2,4 3 6 8 8 6 4 2 1 ds/z,g7/2
(2) 2 5 7 5 3 2 1 Observed
0,2 2 2 4 2 2 hip
1 1 2 1 1 Observed

sively tested use has been for single-j calculations.
(j=-4" in this case). The authors of Ref. 13 have
presented partial results of an IBFA calculation for *’Ru,
and demonstrated qualitative success in reproducing yrast
energies. However in cases where several states of the
same spin and parity are found at similar excitation ener-
gies, energy matches do not provide a definitive identifica-
tion of states present, and transition properties become
crucial. At present the IBFA cannot handle M1 transi-
tions, which makes its use here of dubious value. The
particle-rotor model has been used successfully to inter-
pret other nuclei in this region.!”!® It does not, of course,
include all core states. For particles coupled to the “rota-
tional” subset it can however calculate all transition prop-
erties in a straightforward fashion. For this reason the
model chosen to interpret part of the observed Ru struc-
ture is a symmetric rotor plus particle model. The calcu-
lation of energies and wave functions is the same as that
used by Smith and Rickey for Pd nuclei.!” The calcula-
tion of electromagnetic transition properties, branching
ratios, multipole mixing ratios and lifetimes, is the same
used by Popli et al. in interpreting Ag nuclei.'®

Even though the core angular momentum is not a good
quantum number, all the calculated wave functions exhib-
it a dominant R value. By inspecting the wave functions
and grouping the states which have the same dominant
single particle parentage and R value, multiplets can be
identified.

The specific model utilizes a rotational Hamiltonian in
the strong-coupling limit modified to include a variable
moment-of-inertia. The basis states are thus rotational
states built on Nilsson single-particle states,'® character-
ized by good K and (, the projection of the total angular
momentum I and the particle angular momentum j on the
symmetry axis, respectively. Pairing is treated by the
Bardeen-Cooper-Schrieffer ~ (BCS) formalism.  The
Coriolis and recoil terms, which mix these states, are
treated exactly.

The Nilsson calculation was performed using the pa-
rameter £ =0.350 and x =0.064, which gave the closest
agreement with the levels at zero deformation as listed by
Reehal and Sorenson.?’ The resultant Nilsson diagram is
shown in Fig. 6. A deformation of §=0.12 was selected.
At this deformation the Fermi level should lie between the
%+[422] and -;—+[420] levels. The empirical results of
Bohr and Mottelson?! suggest a pairing gap of 1.1 MeV.
In the resultant calculation the Fermi level was varied
slightly to obtain the best energy fit for near-yrast states.
Fermi levels of N =46.35 MeV for N =4 states and 46.30
MeV for N =35 states were adopted. The VMI inertial pa-

rameters?? used in the calculations were .#,=0 for both
shells, and C =0.065 or 0.035 MeV> for N =4 and N =5
shells, respectively. Coriolis and recoil matrix elements
were attenuated by a factor of 0.8. In the transition prob-
ability calculations collective effects for E2 transition are
treated by calculating an effective quadrupole moment of
the core. For this the deformation 8 was considered a free
parameter, since the wave functions are insensitive to
small changes in 6. The best results were obtained with
8=0.12 for positive parity states and §=0.10 for negative
parities.

In establishing the correspondence between experimen-
tal and calculated states the following criteria were used.
First the energy comparison must be sensible. No at-
tempts were made to fine-tune energies in the calculation,
since this would increase the number of free parameters.
Thus while the overall agreement between calculated and
observed energies is good, it is not adequate for a defini-
tive identification in many cases. As an example the

. . 3+ . . .

model predicts two low-lying 5 * states differing in ener-
gy by ~200 keV. However in the calculation the order of
these two states can be exchanged by small parameter
variations. The predicted wave functions are quite dis-
tinct, and are relatively insensitive to the same parameter
changes. Thus the electromagnetic decay properties are a
more characteristic signature of the model wave func-
tions. The second criterion of comparing predicted and
observed branching ratios thus provides a more reliable
identification. Correspondence of branching ratios means
that not only does the observed state decay as predicted,
but is fed as predicted.

For each observed state, candidates from the calcula-
tion were first selected based on their energies. Using ex-
perimental energies, branching ratios for the decay of each
candidate were calculated. When a match -was found the
established correspondence was then used later in investi-
gating the decay of higher-lying states. If no match was
found the observed state was assumed to be non-
rotational. The states for which no spin could be deter-
mined were compared to a variety of calculated states to
see if any correspondence was possible.

The results of this analysis are given in Table IV. The
states are grouped into multiplets, based on the dominant
R and j of the calculated wave functions. The calculated
energies have been normalized, since the calculation does
not return absolute energies. The independent positive
and negative parity calculations have been normalized to
give the 5 ground state zero energy, and place the
lowest negative parity state (171—) at the correct energy.
We have observed that all states with g,,, parentage seem
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FIG. 6. Nilsson diagram for odd neutrons in *Ru.

to be shifted down in energy relative to those of ds,,
parentage by about 200 keV. Thus we have arbitrarily re-
normalized all “g;,, energies” to set the lowest —} state
at the experimental energy of 341 keV. Finally a sys-
tematic trend to overestimate higher spin yrast states has
been observed. This is due to limitations of the VMI for-
malism, even though it is superior to a fixed moment of
inertia. Thus for each multiplet all energies have been
shifted by a small amount to emphasize the trends within
the multiplet. This effect is given in parentheses below
the calculated energies for the yrast state of each multi-
plet. There are three states included as tentative members
of multiplets where spin could not be measured, but
whose decay pattern and energies match the calculation.
The assumed spins are enclosed in square brackets. Final-
ly three states are included, labeled with asterisks, which
were not observed in the present work. These have been
singled out to facilitate the identification of “non-
rotational” states.

In this interpretation several features of the reaction
can be identified. The comparison indicates that all
members of the three multiplets obtained by coupling
ds;, 87,2, and hy, ,, neutrons to the first 2% state of the

core have been populated. Thus at the lower excitation
energies involved the reaction has been successful in popu-
lating non-yrast states. Multiplets based on the R =4
core excitation might be expected to present a more severe
challenge, since they should lie at higher excitation ener-
gies. There are candidates for a complete R =4d5,, mul-
tiplet. The spin of the state tentatively assigned as the
%+ member could not be measured, yet its branching ra-
tio and energy agree nicely with those calculated. Purely
on the basis of energy this state would be expected to de-
cay to the ground state since it does decay to % and %
states. The absence of the ground state branch is thus a
specific signature. Candidates for five of the eight
members of the R =4g,,, multiplet were observed.
Again the spins of two states, the projected - = and +

members, could not be measured. They are simply the
only states observed at approximately the right energies
that decay as predicted. Candidates for the lower spin
members were not observed. None of the unassigned
states have the predicted decay properties. The calculated
energies of these low-spin states were higher than any ob-
served states of corresponding spins, implying a spin cut-
off as a function of energy for the reaction. That is, as the
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TABLE IV. Multiplet association.

E; E, 1 7 Branching [
(keV) (keV) ratio
Expt Theor Expt Theor
R=0
0 =0 % * ds;,
340.76 =341 341 1t 3+ 1.00 0.999 g
251 it 0.00 0.001
1069.91 =1070 729 - 1+ 0.06 0.00 R
350 27 0.94 1.00
R=2
719.89 720 720 1+ 3t 0.96 0.76 ds)
(—24) 379 1t 0.02 0.18
144 3t 0.00 0.00
102 3t 0.02 0.06
617.91 605 618 It 3t 0.73 0.74 dsp
528 3t 0.20 0.20
278 It 0.07 0.06
734.15 784 734 3t 3t 0.75 0.82 ds,
644 3 0.25 0.18
89.76 197 90 it 3t 1.00 1.00 ds)
442.8 402 353 i 3 1.00 0.99 ds),
443 3t 0.00 0.01
1048.4 1048 708 4 1t 0.92 0.99 g
(—54) 327 27 0.08 0.01
431 1t 0.00 0.00
1277.76 1299 1278 3+ 3+ 0.00 0.04 g1
937 It 0.75 0.70
660 It 0.25 0.20
560 37 0.00 0.06
1685.17 1612 1067 1t 7 0.00 0.00 g1
965 2+ 1.00 0.87
1345 * 0.00 0.13
575.9 727 576 3t 3t 0.43 0.50 g
486 N 0.57 0.50
235 17 0.00 0.001
322.28 241 322 1+ 3+ 1.00 0.96 gin
232 3+ 0.00 0.04
1572.27 1572 503 L L 1.00 1.00 hiij
(+7
1861.8 1952 813 b= i 0.00 0.01 Riis
792 &+ 1.00 0.87
289 2 0.00 0.12
1944.38 2280 896 S+ i 0.00 0.01 hij
874 4 1.00 0.99
1718. 1587 1379 3- * 0.00 0.05 Ry
999 3* 0.00 0.01
671 4 0.00 0.00
649 T 1.00 0.94
1290.78 1105 1291 1- i 1.00 0.99 Ry
950 7 0.00 0.00
220 — 0.00 0.01

™|
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TA )
_ BLE 1V. (Continued).
; E
(keV) v g
k ' 7 ‘
R =4 Expt Theor et f i Ii
] ratio !
Expt
1497.84 1498 778 L+ 9+ -
(—400) 2 i
1319.8 1351 o 5 o om "
" uo I, 0.00 0.07
02 :. 0.65 0.65 ds,;
oo :, 0.35 0.32
1499.72 1500 o & o o
o g I, 0.00 0.03
e . 1.00
1118.4 L o
1342 H "
o a I, 0.00 0.16
s . 0.38 0.49 ds);
1200.72 1030 o ) os o
o - §+ 0.31 0.30
o 1 0.64 0.89 ds,;
oy I 0.23 0.10
1306.5 1389 oat 2i+ o oo
o " 1, 0.13 0.01
. . 0.68 0.90 ds,
2020.7 2024 o & o o1
ot e i 0.32 0.10
(—250) ’ v .
2224 22 | N -
0 . " 81,2
oo (2 i 1.00
2411.8 p . o
2363 1363 L+ n e N
2 2. 0.14
pe : 1.00 0.9
b .98 812
2383.1 2391 s 7 o on
o g T, 0.00 0.02
1 2, 1.00 0.66 gin
o I 0.00 0.20
- B 0.00 0.02
2113 2404 o6 v o o
o 2] :, 0.00 0.04
10 2. 1.00 0.80 g
o I, 0.00 0.00
1292.1° 1382 o ) o o
o - I, 0.00 0.20
2o 1 1.00 0.75 gin
- I, 0.00 0.22
617.5° 762 o ! ow o0
- I I, 0.00 0.01
o ) 0.10 0.00
— ’ g
o T, 0.85 0.97 ”
2268.2 2268 o A o o
>z o L 0.03 0.02
2394 e . i - |
0 2613 821 L | N -
: (+ ) £
133 1 1.00 0.96 hii
” I 0.00 0.02
s 0.00 0.02
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TABLE 1V. (Continued).
E; E, I Iy Branching I
(keV) (keV) ratio
Expt Theor Expt Theor
R=6
2401.8 2402 904 b+ L+ 1.00 1.00 dsp
Unassigned states from the present work
1262.8 1263 (S8 3t 0.72
529 3t 0.28
1383 940 1+t 1.00
1474.9 899 3t 1.00
1583.9 1243 +,3) It 1.00
1711.4 992 3t 1.0
1847.3 1127 4 3t 1.00
1898.8 698 3t 1.00
1966.1 918 L+ o 1.00
2168.5 1449 % 3t 1.00
3354 1770 (31(3) 1.00
States observed in other work
850.3 +53h
897.2 +%1
1000.2 1085 1000 A 3t 0.94 0.79 1/
911 3t 0.06 0.21
1382.9 +%3%
1505.1 +53h
1532.9 (+7.35
1662.1 1554 1662 +h 3t 0.15 0.13 st
1572 3t 0.85 0.87
1749. (5,35

 State not observed in the present work, but observed in B-decay.

® The experimental branching ratios for this state are calculated using the two observed transitions to states included in the model. A

third transition was observed experimentally.

excitation energy increases, the population of low-spin
states far off the yrast line decreases. One must ask
whether the calculated energies of these states mean any-
thing. Low-spin states in ’Ru have been studied previ-
ously via the B-decay of ?Rh.'"* Direct B8 feedings from
the parent + state were observed to several states with
logft values characteristic of first-forbidden transitions,
implying spins 3 or 5 . The lowest of these states at
617.5 keV has been assigned a spin of %+, and has the
correct decay properties to be the %+ of this g;,, multi-
plet. On the same grounds the state of 1292.1 keV is a
candidate for the + member. These have been included
in Table IV to indicate that while they were not populated
in the present work their location may be known. Only
two states, the highest spin 5 and -157—— levels, of the
R =4h,,,, multiplet were observed. This multiplet
should lie at still higher excitation energies, and so this
general trend continues. We surmise that the reaction can
populate the complete set of existing states as long as they
lie in an excitation range small compared to the initial ex-

citation energy in the final nucleus, but this completeness
deteriorates at higher excitation energies.

Ten states were observed which cannot be associated
with these “rotational” multiplets. They decay to positive
parity states only, and thus are likely to be positive parity
states. The spin information on these states is sketchy.

. . 3+
The unknown spins are likely to be greater than 5 con-
sidering their excitation energies.

Eight additional states were observed in p-decay with

. . 1 3+
logft values suggesting spins of - or 5 . The total
group of states from both experiments is a candidate for
other particle-core couplings. Rotational couplings not

considered yet involve s, ,, and d;,, particles. The calcu-
lation suggests that states involving the dj,, particle
should lie above 3 MeV. There are however states
predicted in the observed energy range representing cou-
pling of the s,,, particle to the lowest 0% and 27 states.
If the 1662.1- and 1000.2-keV states (B-decay) have spins
-7 and %+, respectively, they are candidates for s;,,

7
couplings based on their energies and branching ratios.
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The remaining sixteen states must be left as candidates for
particle coupled to “non-rotational” states.

VII. ROTATIONAL SYSTEMATICS

In previous work where the particle-rotor model has
been used to describe yrast bands, much has been said
about the systematic effects the position of the Fermi sur-
face has on the band structure.!”!® Simply stated, as the
Fermi surface moves from low Q to high Q, the resulting
yrast band changes from decoupled to strong coupled.
The position of the Fermi surface affects the systematics
of non-yrast states as well.

The concept of particle-core multiplets is not appropri-
ate for highly-deformed nuclei where the strong coupling
limit is a good approximation. The Coriolis interaction,
which tries to decouple the particle from the core, can
make the multiplet picture a more natural one. When the
Coriolis interaction mixes states of the same spin but dif-
ferent (1, it tends to produce states with a dominant R
component, and to depress in energy those states with
small R relative to those with large R. In slightly de-
formed nuclei the effects of the Coriolis interaction can be
large. The single-j case, negative parity states in *’Ru, is
conceptually the simplest, although the same arguments
hold for mixed-j shells. Coriolis matrix elements depend
on the terms (I —K) and (j —Q). Thus the matrix ele-
ments can be largest for low K or Q and high [ or j. In
the ®Ru calculation the relevant matrix elements are large
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FIG. 7. States identified as members of the R =2 multiplets
based on ds,, g1, and h;,, particles. Horizontal lines
represent experimental states. Dots represent the calculated en-
ergies, and are connected with dashed curves.

enough to ensure that the final states of a given spin are
ordered in energy by their dominant R values. For exam-
ple the members of the R=2, j == multiplet are the
lowest negative parity states of each spin except for the
I =j member, which is the second - state.

The relative energies of different members of a multi-
plet are systematically sensitive to the position of the Fer-
mi surface. In the particle rotor model low spin states can
come only from basis states of low () values, since I must
be greater than or equal to . When the Fermi surface is
near (or below) the lowest () values, low spin states lie at
low excitation energies in the basis, with higher spins ly-
ing at successively higher energies. The Coriolis interac-
tion acts on all states, depressing them in energy, with its
largest effects on high spin states. Thus stepping from
low to high spin the final energy first increases to the
I = state, and then decreases. The result is a characteris-
tic skewed arch peaking at the I =j state, with the anti-
aligned states lying below the aligned states. As the Fer-
mi surface is moved up through higher Q values, low spin
states must also move up relative to the high spin states in
the basis. Although the Coriolis interaction depresses
them in energy, they are found at higher energies (relative
to the I =j state) than in the low  case. In addition the
higher spin states systematically become weighted toward
higher ). Thus the Coriolis matrix elements decrease,
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mental energies and branching ratios to those calculated. The
dashed curves connect the calculated energies shown as dots.



and the higher spin states are depressed by smaller
amounts. The resultant multiplet thus flattens out.

As was mentioned earlier, in *Ru the Fermi surface
lies between the %+[422] and %+[420] Nilsson states.
This places it below all the g;,, and h,,, orbits, but well
up in the ds,, orbits. Thus one would expect the charac-
teristic arched multiplets for g,,, and h,;,, multiplets,
but flatter ds,, multiplets. Figure 7 compares the experi-
mental and calculated multiplets for R =2 multiplets, and
Fig. 8 presents the R =4 comparison. The expected
trends are clearly seen. The staggering seen in d5/, multi-
plets is remarkably well reproduced. This is in fact due to
the details of the calculation for the mixed-;j shell.

VIII. CONCLUSIONS

The present work demonstrates that the (*He,2ny) reac-
tion is a powerful tool for populating non-yrast states
with a wide range of angular momenta. In fact a model-
independent count indicates that most of the states ex-
pected at low energies have populated. The small orienta-
tion of the final system relative to that following
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(HI,xny) reactions presents problems in making spin as-
signments, but these problems can be overcome by utiliz-
ing linear-polarization and excitation-function measure-
ments in addition to the standard angular-distribution
analysis.

A large subset of the observed states have both the ener-
gies and decay properties predicted by a simple particle-
rotor model. In this interpretation four complete
particle-core multiplets have been observed, three where
the first R =2 core excitation is coupled to ds,;, 87,2,
and hy,,, particles, and one for the R =4ds,, coupling.
The higher-spin members for an R =4g;,, multiplet may
have been observed. Additional low-spin states predicted
agree with those populated in 3-decay. A group of states
have been observed which do not correspond to any
predicted. We suggest that these states involve couplings
to the second R =0 and 2 states of the core, which are not
included in the model.
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