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97Tc produced by the „3He,png… reaction

Hurol Aslan,* Ben Crowe,† Tim Dague, D. G. Savage,‡ Sadek Zeghib,§ F. A. Rickey, and P. C. Simms
Tandem Accelerator Laboratory, Department of Physics, Purdue University, Lafayette, Indiana 47907

~Received 8 November 1995!

The nuclear structure of97Tc was studied using the96Mo(3He,png) reaction, which has populated most
states in the nucleus below 2 MeV excitation energy. The proton exit channel was isolated from competing
reaction channels by operatingg-ray detectors in coincidence with a large-solid-angle proton detector. The
experiments includedg-ray excitation functions,g-ray angular distributions, andg-g coincidences. The results
were interpreted using a particle-rotor model.@S0556-2813~96!04208-2#

PACS number~s!: 23.20.Lv, 23.20.En, 25.55.Hp, 27.60.1j
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I. INTRODUCTION

The use of the spherical shell model to interpret the stru
ture of closed-shell nuclei is generally accepted. Far fro
closed shells~particularly in the rare earth and actinide re
gions! nuclei exhibit regular rotational bands accepted
evidence for large permanent deformations. Between th
extremes lie the so-called transitional nuclei. It seems pro
able that deformations must exist in transitional nuclei, b
the questions of where they exist, and their magnitudes,
intriguing. The traditional view has been that vibration
about spherical shapes are the dominant collective degre
freedom near closed shells, and that collective rotations
not set in until the nuclei are further from closed shells. B
the recognition of rotational features can be obscured b
cause the Coriolis interaction, which is an integral part
rotational models, can distort the familiar patterns of rot
tional bands. In fact vibrational models and rotational mode
can provide similar interpretations of states near the yr
line in transitional nuclei. Hence heavy-ion reactions, whic
preferentially populate yrast states, do not distinguish b
tween these models. On the other hand, we have found@1,2#
that most states in a nucleus below 2 MeV excitation can
observed using3He fusion reactions with projectile energy a
few MeV above the Coulomb barrier. Technetium nuclei a
interesting because they span a transition region.93Tc ~with
50 neutrons! appears to be spherical while101Tc ~with 58
neutrons! has many properties expected for a deforme
nucleus. This paper reports our investigation of97Tc. Since
we have approximately doubled the known states below
MeV, this experiment provides a more complete data s
which can be used to evaluate the competing models of tr
sitional nuclei.

A previous study of97Tc @3# utilized the interacting boson
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fermion model~IBFM! @4# to interpret positive-parity states
near the yrast line. This calculation was performed in th
near-vibrational limit. An alternate approach is to conside
collective rotations. Previous work@1,2,5# has suggested that
collective rotations are the dominant collective degree
freedom in neighboring nuclei. Accordingly, we have used
symmetric-rotor model for our interpretation of the data
This approach has the advantage of simplicity. The transiti
in Tc nuclei from deformed to spherical can be treated sim
ply as a change in deformation. The model utilizes a rot
tional Hamiltonian in the strong coupling limit modified to
include a variable moment of inertia@6#. Pairing is treated by
the BCS formalism. The Coriolis and recoil terms are treate
to all order. This basic model has been used for years
interpret strongly deformed nuclei.

The 96Mo(3He,png) 97Tc reaction was used in this ex-
periment. A large-solid-angle proton detector was operat
in coincidence withg-ray detectors to separate thepn exit
channel fromxn andaxn channels. The improvement in the
data was striking, which permitted us to see many wea
g-ray transitions that would have been lost without the pro
ton gate. An electronic system was developed to hand
g-ray counting rates in excess of 100 000 per sec, so th
adequate statistical errors could be obtained for low intens
g rays in a reasonable time.

The measurements includeg-ray excitation functions, an-
gular distributions, andg-g coincidences. The degree of
nuclear orientation observed in these experiments is low
than that obtained with heavy-ion reactions, hence spin a
signments based on angular distributions can be less defin
However, theg-ray excitation function can be used with the
angular distribution to make spin assignments, as will b
discussed later. Measurements for many weakg rays were
distorted by otherg rays with similar energy. This problem
was minimized by using directional correlations in the coin
cidence data to make spin assignments.

II. EXPERIMENTAL TECHNIQUES

The target was a foil of isotopically enriched96Mo rolled
to a uniform thickness of 1.3 mg/cm2. The composition was
96.8% 96Mo with 1% impurities of 95,97,98Mo. The 3He
beam currents of 10–25 nA were supplied by the Purdue F
Tandem Van de Graaff accelerator.

The two hyperpure Geg-ray detectors used had energy
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54 57797Tc PRODUCED BY THE (3He,png) REACTION
resolutions of;2.0 keV at 1332 keV and efficiencies o
;20%. The energy signals from the detectors were p
cessed by ORTEC 673 spectroscopy amplifiers and OR
AD413 analog-to-digital converters. A152Eu radioactive
source was used for energy calibration and to measure
change in detector efficiency as a function of energy. E
g rays were used to construct a linear calibration. The
deviation of the know energies@7# from the calibration was
44 eV.

The energy calibration was monitored in beam usingg
rays with known energy from the197Au beam stop and a
60Co radioactive source placed near the detectors. The
served energies for theseg rays varied less than 100 e
during each measurement.

Data were collected on a DEC Micro Vax 3400 compu
through a CAMAC interface. The interface used a Kinet
Systems Model 3982 List Sequencing Crate Controller
collect data in a 4096 word memory for batch transfer to
computer, minimizing dead time. The system can accept
proximately 50 000 proton-g coincidence events per sec
30 000 proton-g-g coincidence events per sec.

Two proton detectors were used, one above and one
low the target. Each detector had a solid angle of appr
mately 33%. The detectors were 0.001-in.-thick plastic s
tillators mounted on RCA 8575 photomultiplier tubes. The
thin scintillators provided ample signals for proton detecti
but they had very low detection efficiency forg rays. The
scintillators were covered with thin lead foil to prevent d
tection ofa particles and3He.

Two techniques were used to facilitate highg-ray count-
ing rates. The3He beam was electrostatically deflected
the target as soon as ag ray was detected to minimize th
probability of pulse pileup from subsequentg rays. The
beam was held off the target until the accepted event
processed. Accurate dead time corrections are difficult w
the pulsed beam, so a lower intensity, continuous beam
used for the angular distribution measurement. The ORT
673 spectroscopy amplifier includes a gated integrator
addition to the usual active filter, to improve the signal-
noise ratio. The addition of the gated integrator reduced
amplifier pulse width by 60% with negligible loss ing-ray
energy resolution. These techniques permit efficient data
lection with averageg-ray counting rates of approximate
100 000 per sec.

Time-to-amplitude converters~TAC’s! were used in the
coincidence system. The TAC was started by theg-ray de-
tector and stopped by the proton detector. Two TAC’s w
required for the proton-g-g coincidence system. A separa
digital logic circuit ensured that the same proton pu
stopped both TAC’s. The TAC spectra were processed in
on-line computer so that flexible windows could be used
define true and accidental coincidences. The time jitter of
pulse from theg-ray detector system is inversely propo
tional to the energy of theg ray. Therefore, the window
widths were adjusted as a function of theg-ray energy for
each coincidence event to optimize the true-to-chance r
The true and chance windows always had the same w
Accidental coincidences were subtracted as the data
accumulated. The window width varied from about 70 n
for 50 keV g rays to 10 nsec forg rays with energy above
500 keV.
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The time jitter for low energyg rays is so large that many
of them are lost in a coincidence experiment. Elron STD-N-1
snapoff triggers were used for theg-ray timing signals. The
coincidence efficiency was approximately 35% for an 80
keV g ray. The efficiency increases to 100% forg-ray ener-
gies above 200 keV.

The chance coincidence spectrum from a start-stop TAC
has an exponential shape because more than one stop pulse
can occur within the range of the TAC. This effect would
cause a 9% error in chance coincidence subtraction at the
high counting rates used in these experiments. The effect
was removed by introducing a fixed dead time in the stop
input of the TAC.

A. Excitation functions

Proton-gated singles spectra were recorded at 13.5, 15,
16.5, and 18 MeV. A typical spectrum is shown in Fig. 1.
These measurements served the dual functions of selecting
the appropriate beam energy for subsequent experiments and
providing spin information, as discussed in the next section.
The angular distribution andg-g coincidence experiments
were run at 18 MeV. The primary reason for this choice was
to optimize the (3He,pn) reaction relative to other reactions
that follow the breakup of3He in the Coulomb field of the
nucleus. This process also produces97Tc but provides lower
nuclear orientation. The96Ru g rays from the 3n exit chan-
nel substantially increased the totalg-ray counting rate, but
they were excluded from the proton-gated spectrum used to
study 97Tc. 97Mo g rays from the 2p exit channel were
included in the proton-gated spectrum, but they were much
weaker than the97Tc g rays.

FIG. 1. A portion of a proton-gated singles spectrum from the
96Mo(3He,png) 97Tc reaction at a laboratory energy of 18 MeV.
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578 54HUROL ASLAN et al.
B. Angular distributions

The angular distribution measurement consisted
proton-gated singles spectra collected at 0°, 45°, and 9
with respect to the beam line. The angular distribution coe
ficients,Akk , were extracted using a least squares procedu
and corrected for the detector solid angle. Particle an
g-ray emission reduces the original alignment of the com
pound system so that the experimental coefficientsAkk are
smaller than the theoretical onesAkk

0 .

Akk5akAkk
0 ~1!

Typical values ofak must be obtained from the experimenta
data using unmixedE1 andE2 transitions between states of
known spin. Low-spin states are less orientated than hig
spin states.a2 varied in this experiment from approximately
0.2 for spin 5/2 to approximately 0.8 for spin 17/2. Thea4 is
much smaller thana2, hence theA44 coefficient usually was
negligible for the orientations obtained in these experimen

C. g-g coincidence measurement

The coincidence measurement was performed using tw
detectors positioned at 0° and 100° with respect to the bea
axis. The data were stored as a 409634096 array in the
computer memory. One-dimensional projections of the arra
were also accumulated~i.e., all g rays in one detector that
are coincidence with anyg ray in the other detector!. A
somewhat novel approach was used to process the coin
dence data. It is a modification of a direct decompositio
scheme reported earlier@8#, which works with the complete
g-g coincidence matrix, rather than parts of the coincidenc
matrix condensed into one-dimensional gate spectra. We
lieve that direct decomposition has advantages over the g
spectra method, both in flexibility and accuracy.

Our version of the direct decomposition method star
with least squares fits to all peaks in the two projections. Th
centroids and widths of all photopeaks are determined in th
process, and held fixed in subsequent stages of the analy
The total coincidence matrix is divided into submatrices
with the criteria that there are no overlaps between peaks
the different submatrices. A three-dimensional linear lea
squares fit is then performed to the data in each submatrix,
simultaneously determine~1! the background,~2! the Comp-
ton ridges in both directions, and~3! the peak areas. This fit
runs reliably and automatically, and can readily be repeat
for isolated sections of the complete array, after adding, d
leting, or modifying peaks. If gate spectra are desired for an
special purpose, like checking centroids, they can be co
structed with ease.

We rely on the coincidence results not only for yes-n
criteria as to whichg transitions are in coincidence, but also
for angular-momentum determinations andg-ray intensities.
Peak areas extracted in the fitting process were corrected
~1! g-ray detector efficiency as a function ofg-ray energy,
~2! g-ray absorption in the chamber walls and detector win
dows, and~3! losses at lowg-ray energy due to the timing
circuits used with theg-ray detectors.
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III. THE LEVEL SCHEME

The level scheme deduced in the present work for97Tc is
shown in Figs. 2, 3, 4, and 5. The low background in the
proton-gated coincidence data allowed the placement of
many weak transitions. 191g rays were identified as belong-
ing to 97Tc and placed unambiguously in the level scheme.
The level scheme contains 110 states, 45 of which are new.

A tabular form of the level scheme is given in Table I.
New states are marked with a superscript ‘‘a’’ following
their energy. Mostg rays were placed by coincidence with
g rays that precede and follow in the decay pattern. In some
cases severalg rays were assigned to the same state on the
basis of energy agreement, because the observed feeding to
the state was too weak to provide coincidence confirmation
~indicated by superscript ‘‘b’’ on the g-ray energy!. A su-
perscript ‘‘c’’ on the g-ray energy means that theg ray was
placed between known states by energy agreement only. The
observed feeding to the initial state was too weak to provide
coincidence confirmation, and the final state was the ground
state or the 96.60-keV isomeric state.

The precision of mostg-ray energy measurements was
approximately 50 eV. Less accurate measurements are indi-
cated by significant figures. The 949.9-keV and 1366.2-keV
g rays from the states at 1274.48 keV and 1581.95 keV,
respectively, were placed tentatively by an energy match,
although the energy uncertainty was 1.8 keV and 1.2 keV,
respectively.

The spin and parity assignments are based on a combina-
tion of several sources: previous works@3,9#, previous data
compiled in Nuclear Data Sheets~NDS! @10#, g-ray branch-
ing patterns, and our analysis of excitation functions, angular
distributions, and directional correlations in the coincidence
data. Many new spin assignments were made and others
were confirmed that had been considered tentative in NDS
@10#. Ambiguity in spin assignment is indicated by multiple
spin values. A tentative assignment is shown in parenthesis.

A g-ray excitation function depends on the angular mo-
mentum of the state from which it is emitted. The excitation
functions were normalized to that of the 861.75-keV transi-
tion to the ground state in97Tc to remove the common en-
ergy dependence. Then theg-ray intensity was fitted to an
exponential function of energy:

I g}ebE. ~2!

The exponential ‘‘slope’’b is approximately proportional to
the angular momentum of the state.~Variations of this tech-
nique are common@11,12#.!

Equal slope intervals were used to estimate the angular
momentum, as listed in Table II. A different set of intervals
was necessary for positive- and negative-parity states. The
spin of 20 states can be determined without using the
excitation-function data. The excitation-function slope for 18
of these 20 states fall within the intervals given in Table II.
There are two exceptions. The spin of the 994.58-keV state
is 3/21, but the slope suggests 5/21. The spin of the
1849.56-keV states is 15/21, but the slope suggests 13/21.
The ‘‘data used’’ column in Table I has anE when the
excitation function was used to help assign angular momen-
tum and parity to a state.
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FIG. 2. The low energy portion of the level scheme deduced for97Tc. Note that the vertical energy scale is not linear.
The angular distribution data were used to restrict angu
momentum and parity choices. Only the general size a
sign of theA22 was used because the degree of nuclear o
entation was not well known. The measuredA22 values are
listed in Table I.

Additional angular momentum information was obtaine
from DCO analysis@13,14# of the coincidence data.~DCO
stands forg-g directional correlation from oriented nuclei.!
The DCO has the advantage that it is much less likely to
affected by unresolvedg rays. Complete DCO analysis@13#
was performed to make spin assignments, but the DCO ra
was not given in Table I. Instead, we have calculated t
value ofA22 that theg ray would have for the spin sequence
lar
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and mixing ratio required by the experimental DCO ratio.
Then the angular distribution and DCO measurements can be
evaluated on the same basis. These ‘‘implied’’A22 values are
listed in Table I. The ‘‘data-used’’ column of Table I tells
when the angular distribution (A) or DCO (D) was used in
the spin analysis. A ‘‘p ’’ subscript is added toA or D when
the measurement excludes parity change for theg transition.

Most spin and parity assignments are based ong rays that
depopulate the state, butg rays that feed a state are also
useful. For example, consider the 969.83-keV state. The
215.81-keV and 324.44-keVg rays that depopulate the state
restrict the spin to 5/21 or 7/21. This ambiguity is removed
by the 752.4-keV transition from the 5/21 state at 1721.9
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FIG. 3. A middle energy portion of the level scheme deduced for97Tc. The energy scale is not linear.
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keV to the 969.83-keV state. The DCOQ of the 752.4-k
g-ray shows that it changes spin by one unit, hence
969.83-keV state must be 7/21 not 5/21. The 5/21 spin as-
signment for the 1721.9-keV state is independent of
5/21 or 7/21 choice for the 969.83-keV state.

The g-ray intensity was taken from the angular distrib
tion measurement, unless the coincidence analysis sho
that there was a secondg ray unresolved from theg ray of
interest. In that case, the intensity was taken from the c
cidence analysis.

Our results for several levels are inconsistent with pre
ous publications. The 617.17-keV and 832.71-keVg rays
that depopulate the 832.71-keV level are assigned to dif
ent levels in Ref.@3#. However, bothg rays are in coinci-
eV
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dence with theg rays that populate the 832.71-keV level
hence both must be coming from the 832.71-keV level.
our level scheme the 441.0-keVg ray depopulates the
656.89-keV level rather than a 765.71-keV level reported
Ref. @3#. In our data thisg ray is in coincidence with the
215.81-keVg ray but not the 324.44-keVg ray.

NDS @10# assigned spin 3/22 to the 1049.02-keV level.
Our angular distribution and DCOQ measurements for th
724.60g ray gives a positiveA22, which is inconsistent with
a 3/22 to 5/21 transition. Our measurements require a sp
assignment of 5/22, as shown in Table I.

The level we observed at 1373.28 keV apparently is n
the same as the level reported in NDS@10# at 1372.3 keV.
Threeg rays we observed coming from this state had slight
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FIG. 4. A middle energy portion of the level scheme deduced for97Tc.
higher energies~716.8, 1040.9, and 1276.68 keV! than three
similar g rays reported in NDS@10# ~715.9, 1048.0, and
1275.0 keV!. In most cases ourg-ray energies agree with th
NDS values to within 200 eV or less. Furthermore, the re
tive intensities for the threeg rays are not the same here as
NDS @10#. Finally, we observe a 426.41-keVg ray emitted
from the state that NDS did not report, and NDS reporte
1054-keVg ray that we did not observe.

IV. DISCUSSION AND INTERPRETATION

The level scheme of97Tc is marked by the 9/21 ground
state and low-lying 7/21, 5/21, 1/22, 3/22, and 5/22 states.
e
la-
in

d a

The IBFM calculation cited earlier@3# accounted for the
positive-parity states of this group, as well as selected
higher-lying positive-parity states near the yrast line. The
association of model states with experimental states is diffi-
cult to evaluate, since no transition probabilities were calcu-
lated, and only energy matches can be considered. Some of
the matches are within 100 keV, while other energy differ-
ences~approximately half of them! are between 100 and 350
keV. This energy agreement for models of this sort is rea-
sonable, but not definitive. No interpretation of negative-
parity states was presented. In an alternative approach, the
occurrences of these states at low excitation energies follow
naturally if 97Tc is deformed. The Nilsson@15# diagram ap-
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FIG. 5. The higher energy portion of the level scheme deduced for97Tc.
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propriate for odd protons in97Tc is shown in Fig. 6. Since
97Tc has 43 protons, the Fermi surface would lie near Nil
son states of spins 5/21, 1/22, 3/22, and 5/22 for deforma-
tions greater thand 5 0.15. In the simplest Nilsson picture
the 7/21 and 9/21 members of a 5/21@422# rotational band
would also lie at low excitation energies. When the Coriol
interaction is included, states of these spins can be depres
in energy below the lowest 5/21 state. In addition the 1/21

and 3/21 states at 939.87 keV and 994.58 keV, respective
are indications of a still higher deformation. At deformation
greater thand 5 0.18, theZ 5 50 shell closure disappears
and the 1/21@431# Nilsson state approaches the Fermi su
face.~A similar situation was found in111Ag @2#.! For these
reasons the use of a rotational model for the interpretation
s-

,

is
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ly,
s
,
r-

of

the structure observed in97Tc seemed natural. A great
strength of this model is that electromagnetic transition prop
erties can be readily calculated. These can be used in th
comparison of calculated and experimental results. Energie
alone are not a sufficient basis for comparison, since sma
perturbations to any model can have relatively large effect
on the calculated energies, and frequently there are sever
experimental states of the same spin and parity which hav
similar excitation energies. The same perturbations general
affect wave functions less, thus the comparison of experi
mental and calculated branching ratios strengthens the ide
tification.

The rotational model used was a symmetric particle-plus
rotor model. The calculation of energies and wave functions
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TABLE I. Analysis of g rays emitted following the96Mo(3He,pn) 97Tc reaction at 18 MeV.

Ei I i
p Eg I f

p Ef Intensities A22 Exc. Data
~keV! ~keV! ~keV! 97Tc Other 3 100 func. usedd

96.60 1
2

2 96.60 9
2

1 0.00 N
215.81 7

2
1 215.81 9

2
1 0.00 2002 211~2! 2110~2! E,A

324.44 5
2

1 324.44 9
2

1 0.00 1910 4~2! 2146~2! E,A,Ap

109.2 7
2

1 215.81 17 27~16! 2148~30!
580.13 3

2
2 483.53 1

2
2 96.60 664 53 26~2! 2125~3! E,A

656.89 5
2

2 560.29 1
2

2 96.60 968 32 13~2! 249~2! E,A,Ap

332.39 5
2

1 324.44 11 44~18!
441.0 7

2
1 215.81 6 20

772.65 13
2

1 772.65 9
2

1 0.00 557 29~2! 146~9! E,A,Ap

777.90a 9
2

1,72
1 777.90 9

2
1 0.00 51 20~5! 277~42! E,A

785.10 5
2

1 569.28 7
2

1 215.81 409 24~2! 2152~6! E,A
460.55 5

2
1 324.44 58 9~3! 2177~13! E,A

785.02 9
2

1 0.00 46 3~9! 2112~27!
832.71 11

2
1 832.71 9

2
1 0.00 367 37~3! 64~6! E,A,Ap

617.17 7
2

1 215.81 39 154
855.38 7

2
1 855.38 9

2
1 0.00 360 32 25~2! 295~3! E,A

639.60 7
2

1 215.81 72 25~6! 265~10! E,Ap

530.90 5
2

1 324.44 20 28
861.75 9

2
1 861.75 9

2
1 0.00 282 14~2! 0~4! E,A,Ap

645.78 7
2

1 215.81 39 171
939.87 1

2
1,( 32

2) 843.27 1
2

2 96.60 193 3~3! 2172~4! A
615.52 5

2
1 324.44 92 56

946.79 3
2

2 850.19 1
2

2 96.60 208 24~4! 2117~5! E,A
366.69 3

2
2 580.13 60 6~4! 2122~7! E,A

289.8b 5
2

2 656.89 8 9~27! 260~36!
969.83 7

2
1 754.01 7

2
1 215.81 202 32 3~2! 2134~9! E,Ap

645.27 5
2

1 324.44 159 52 23~3! 2112~8! E,Ap

970.6c 9
2

1 0.00 13
994.58 3

2
1 670.14 5

2
1 324.44 337 0~2! 2164~4! Ap

897.87 1
2

2 96.60 17 @9#

1049.02 5
2

2 392.13 5
2

2 656.89 57 9~2! 276~57! A
724.60 5

2
1 324.44 54 10 15~4! 2111~18! A

468.96 3
2

2 580.13 30 17 8~10! Dp

1126.95 11
2

1 1126.95 9
2

1 0.00 128 263~2! 80~6! E,A,Ap

911.24 7
2

1 215.81 62 30~10! 129~17! E,A,Ap

1141.22 3
2

1,52
1 816.78 5

2
1 324.44 182 22~2! 2167~4! E

356.23 5
2

1 785.10 58 2~4! 2178~11! E
925.42 7

2
1 215.81 18 28

1199.62 9
2

1 983.81 7
2

1 215.81 101 22 238~3! 26~6! E,A,Ap

875.18 5
2

1 324.44 71 17~3! 8~13! E,A,Ap

421.56 3
2

2 777.90 14 61
366.92 11

2
1 832.71 10 50

1219.85 7
2

1 895.41 5
2

1 324.44 60 212~3! 2105~19! E,A
1219.96 9

2
1 0.00 59 11 6~10! 296~10!

1004.39 7
2

1 215.81 22 8 2~6! 233~26! Dp

1239.99 5
2

2 583.10 5
2

2 656.89 67 11~4! 283~22! E,A
659.81b 3

2
2 580.13 30 13 212~5! D

1024.20b 7
2

1 215.81 24 50 26~6! D
915.64b 5

2
1 324.44 16 7

292.83b 3
2

2 946.79 10 7
1274.48 7

2
2 617.60 5

2
2 656.89 151 41 212~3! 214~11! D

694.45b 3
2

2 580.13 22 10~12! 3~23! E
949.9b 5

2
1 324.44 5

1277.70 9
2

2 620.81 5
2

2 656.89 274 16 25~2! 49~6! E,A,Ap
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TABLE I. (Continued).

Ei I i
p Eg I f

p Ef Intensities A22 Exc. Data
~keV! ~keV! ~keV! 97Tc Other 3 100 func. usedd

422.37 7
2

1 855.38 31 43
1062.18 7

2
1 215.81 18 23

1310.22 7
2

1,92
1 1094.40 7

2
1 215.81 65 28 224~6! D

1310.7c 9
2

1 0.00 36 16~11! 288~19! E,Ap

1311.97a 1096.15 7
2

1 215.81 24 14
1373.28a 3

2
2 1276.68 1

2
2 96.60 64 23~4! 2102~17! E,A

426.41b 3
2

2 946.79 13 9
1049.0b 5

2
1 324.44 9 19

716.8b 5
2

2 656.89 7 13
1380.07 9

2
1 547.36 11

2
1 832.71 64 210~4! 236~8! E,D

1164.22 7
2

1 215.81 62 20 242~4! D
1393.33 13

2
1 1393.33 9

2
1 0.00 97 25~6! 210~9! E,A

620.63 13
2

1 772.65 30 261 21~7! D
560.48 11

2
1 832.71 29 971 228~5! D

531.23 9
2

1 861.75 19 30
1400.92a 3

2
2,52

2 820.79 3
2

2 580.13 42 10~3! 280~14! E,A,Ap

1409.82 7
2

1 1194.01 7
2

1 215.81 39 13 6~4! Dp

1085.25b 5
2

1 324.44 21 219~9! 266~22! E,A
752.6b 5

2
2 656.89 13 221

1471.35a 9
2

1,( 72
1) 1471.35 9

2
1 0.00 78 19~7! 248~19! E,A

609.18 13
2

1 861.75 33 15 11~7! Dp

615.66 7
2

1 855.38 14 134 22~10! Dp

1255.56 7
2

1 215.81 10 21
1512.26 5

2 1187.81 5
2

1 324.44 45 4~8! 280~12! E,A
855.27b 5

2
2 656.89 32 360 6~4! D

1295.8b 7
2

1 215.81 8 6
1518.31 5

2
2 938.18 3

2
2 580.13 43 88 221~3! D,Dp

1421.69c 1
2

2 96.60 18 9
1194.2b 5

2
1 324.44 7 45

1523.39 7
2

1 1198.95 5
2

1 324.44 70 224~6! 244~14! E,D,Dp

1307.37 7
2

1 215.81 12 7 215~5! Dp

1527.3a 1202.8 5
2

1 324.44 9 23
1537.93a 11

2
1,132

1 765.28 13
2

1 772.65 35 17 24~11! D
1538.1c 9

2
1 0.00 28 45

1579.99 5
2 923.20 5

2
2 656.89 23 16

999.65b 3
2

2 580.13 20 14 219~5! D
1255.46b 5

2
1 324.44 15 16

1363.99b 7
2

1 215.81 12
1581.46a 11

2
1,132

1,152
1 748.75 11

2
1 832.71 38 32~7! 145~28! E,A

808.70b 13
2

1 772.65 36 37~4! 90~20! E,A
1581.95a ( 32,

5
2,
7
2! 925.16 5

2
2 656.89 45 25

1257.96b 5
2

1 324.44 15 16
1366.2b 7

2
1 215.81 7

1585.8a ( 72
1) 1261.3 5

2
1 324.44 6 20 225~16! D

1625.02a 483.79 3
2

1,52
1 1141.22 31 686

685.61b 1
2

1,32
2 939.87 19 15

1650.19 5
2

1,72
1 680.36 5

2
1,72

1 969.83 45 263 24~8! Dp

794.86b 7
2

1 855.38 18 24~8! 2125~22! E,Dp

1325.6b 5
2

1 324.44 6 14
1654.33 17

2
1 881.68 13

2
1 772.65 105 34~4! 376~16! E,A,Ap

1677.69 1
2

2,32
2,52

2 1097.55 3
2

2 580.13 21 16 25~5! D
1020.6b 5

2
2 656.89 9 8

1685.36 15
2
(1) 852.65 11

2
1 832.71 39 18 25~7! N

912.62b 13
2

1 772.65 37 44 0~0!



54 58597Tc PRODUCED BY THE (3He,png) REACTION
TABLE I. (Continued).

Ei I i
p Eg I f

p Ef Intensities A22 Exc. Data
~keV! ~keV! ~keV! 97Tc Other 3 100 func. usedd

1690.12a 5
2

1,72
1 1474.31 7

2
1 215.81 27 10 28~5! 2126~13! E,D

1693.12 5
2

1,72
1 1477.31 7

2
1 215.81 33 12 23~5! 2190~40! E,D

1368.5b 5
2

1 324.44 9 15
1697.9a 1482.1 7

2
1 215.81 10 20

1706.83a 429.13 9
2

2 1277.70 26 5 21~6!

1707.45 1383.01 5
2

1 324.44 16 10
1720.9a 5

2
1 726.3 3

2
1 994.58 14 218~8! D

1721.9 5
2

1 728.1 3
2

1 994.58 27 2230~31! E
752.4b 7

2
1 969.83 24 210 218~6! D

1732.97 5
2
(1) 1517.16 7

2
1 215.81 32 14 24~2! D

1153.0b 3
2

2 580.13 7 5
1778.6 1562.8 7

2
1 215.81 10 42

993.6b 5
2

1 785.10 9 16
1797.63 1473.55 5

2
1 324.44 17 20

1012.5b 5
2

1 785.10 8 11
1801.25a 1476.80 5

2
1 324.44 14 23

1815.19 615.57 9
2

1 1199.62 22 126
1491.1b 5

2
1 324.44 8 19

1599.9b 7
2

1 215.81 6 10
1834.64 13

2
2 556.94 9

2
2 1277.70 65 10 29~5! 159~22! E,D,Dp , @3#

1834.89 11
2

1,( 92
1) 363.54 9

2
1, ( 72

1) 1471.35 22 216~9! 123~26! E,A
1841.76a 3

2
1, ( 52! 901.89 1

2
1,( 32

2) 939.87 24 218~9! 2202~41! E,D
847.4b 3

2
1 994.58 7 24

1849.56 15
2

1 1076.90 13
2

1 772.65 43 225~5! 129~18! A, @3#

456.65b 13
2

1 1393.33 23 8
1850.38 1193.49 5

2
2 656.89 11 41

1858.59a 1201.70 5
2

2 656.89 11 22
1862.31a 1537.87 5

2
1 324.44 35 39

1864.29 1540.39 5
2

1 324.44 14 19
1008.91b 7

2
1 855.38 12 28

1879.2 (172
1) 1106.5 13

2
1 772.65 9 42~23! A

1892.58a 15
2

1 1120.24 13
2

1 772.65 21 24~8! 221~33! E,D,Dp

765.64b 11
2

1 1126.95 17 35
1895.66 1062.95 7

2
1 832.71 13 28

1897.50a 5
2

1,72
1,92

1 1681.69 7
2

1 215.81 20 218~9! A
1907.00a 1134.35 13

2
1 772.65 23 9

1913.8 1589.4 5
2

1 324.44 9 5
1919.3a 1594.8 5

2
1 324.44 8 11

1922.5a 1265.6 5
2

2 656.89 6 82
1925.43 1268.54 5

2
2 656.89 19 27

1940.5 1616.0 5
2

1 324.44 8 6
1947.54a 1623.10 5

2
1 324.44 22 20

1949.01 1093.69 7
2

1 855.38 28 64
1163.92b 5

2
1 785.10 15 67

1964.38a 1024.51 1
2

1,32
2 939.87 13 61

1640.1b 5
2

1 324.44 7 18
1976.50a 698.81 9

2
2 1277.70 26 13

1979.2a 1146.5 11
2

1 832.71 9 5~28!
1986.8 1329.9 5

2
2 656.89 6 13

1407.4 3
2

2 580.13 6 2
1992.5a 714.8 9

2
2 1277.70 7 13

1994.0 1024.2 5
2

1,72
1 969.83 9 65

2001.8 1421.7 3
2

2 580.13 9 18
2004.10a 1009.52 3

2
1 994.58 20 19
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TABLE I. (Continued).

Ei I i
p Eg I f

p Ef Intensities A22 Exc. Data
~keV! ~keV! ~keV! 97Tc Other 3 100 func. usedd

2032.88a 1171.13 13
2

1 861.75 11 5
2035.6 1378.8 5

2
2 656.89 8 12

2048.37a 1053.78 3
2

1 994.58 12 27
2054.74a 400.41 17

2
1 1654.33 10 27~21!

2056.1a 1283.4 13
2

1 772.65 9 7
2059.5 1197.8 13

2
1 861.75 6 64

2067.1a 657.3 7
2

1 1409.82 5 115
2068.99 7

2
2,92

2 1412.11 5
2

2 656.89 16 30~38! E
2095.6a 1240.2 7

2
1 855.38 8 4

1101.4b 3
2

1 994.58 7 9
2098.0a 823.5 7

2
2 1274.48 8 17

2117.2a 1537.1 3
2

2 580.13 7 66
1255.9b 13

2
1 861.75 5 26

2119.65a 1539.51 3
2

2 580.13 11 63
2121.44 (172

1) 467.18 17
2

1 1654.33 10 36
1348.79b 13

2
1 772.65 10 50~19! A

2130.6a 1160.8 5
2

1,72
1 969.83 6 11

2134.8a 1362.1 13
2

1 772.65 8 13
2149.07 1492.18 5

2
2 656.89 12 15

2257.2 1677.1 3
2

2 580.13 5 6
2257.75a 980.05 9

2
2 1277.70 11 11

2264.39a 1294.56 5
2

1,72
1 969.83 7 7

2331.1 676.8 17
2

1 1654.33 6 18
2337.6 17

2
2 503.0 13

2
2 1834.64 5 4 N

487.6b 15
2

1 1849.56 5
2417.5a 1143.0 7

2
2 1274.48 5 2

2446.6a 612.0 13
2

2 1834.64 6 28
2449.2a 911.2 11

2
1,132

1 1537.93 6 75
2533.5 879.1 17

2
1 1654.33 6 41

aNew states observed in this experiment.
bPlaced in 97Tc by coincidence with followingg rays, but assigned to this state on the basis of energy
agreement.
cPlaced between known states by energy agreement alone.
dN means that the NDS@10# spin and parity assignment was used.E, A, or D mean that the excitation
function, angular distribution, or DCO, respectively, was used in the spin and parity assignment. A ‘‘p ’’
subscript is added toA or D when the measurement excludes parity change for theg transition.
was the same as that used by Smith and Rickey@6# for Pd
nuclei. The calculation of electromagnetic transition prope
ties was the same as that used by Popli@16# for Ag nuclei.
This specific model utilizes a rotational Hamiltonian in th
strong coupling limit, modified to include a variable momen
of inertia ~VMI ! @17#. The basis states are thus rotation
states built on Nilsson single-particle states@15#, character-
ized by goodK andV, the projections of the total angular
momentumIW and the particle angular momentumjW, respec-
tively, on the symmetry axis. Pairing is treated by the BC
formalism. The Coriolis and recoil terms, which mix thes
states, are treated to all order. We would like to emphas
that this basic model has been used for years to interp
strongly deformed nuclei. Aside from differences in inertia
quantities, the only deviations of its predictions from familia
rotational patterns are due to the role of the Coriolis intera
tion.

The predictions of the model fall between two extreme
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TABLE II. Excitation function slope intervals for spin assign-
ment.

Slope interval
Positive parity Negative parity

Spin Min. Max. Min. Max.

1
2 2295 2140
3
2 2295 2205 2140 286
5
2 2205 2125 286 232
7
2 2125 240 232 122
9
2 240 145 122 176
11
2 145 1130 176 1130
13
2 1130 1215 1130 1184
15
2 1215 1300 1184
17
2 1300 1385
19
2 1385
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54 58797Tc PRODUCED BY THE (3He,png) REACTION
which depend on the strength of the Coriolis interactio
When Coriolis mixing is small, the features of the basi
namely rotational bands built on states of goodV, are re-
tained. This limit is approached not only when the deform
tion is high, but when low values ofjW are involved, or when
j'V. As Coriolis mixing increases, the odd particle tends
become decoupled from the rotating core. If the effects of t
Coriolis interaction become large enough, the second limit
approached, in whichR, the angular momentum of the core
and j are good quantum numbers rather thanV. Thus the
rotational predictions resemble particle-core multiplets rath
than bands. This limit is most commonly realized in slightl
deformed nuclei for states with a high, unique value ofj . In
97Tc, this might correspond to states ofg9/2 parentage. The
determination of where observed states lie between these
limits is in effect a good assessment of the nuclear deform
tion.

There are no publishedB(E2) values for97Tc to assist in
selecting a deformation for the calculation. Our first calcul
tion utilized a deformation ofd 5 0.18. Many features of the
decay scheme could not be explained at this or smaller
formations, hence calculations at larger deformations we
evaluated. Substantial evidence for the sudden onset of la
deformations (d 5 0.3–0.5! in a nearby region of the peri-
odic table~Sr, Y! has been reported@5#. The same conditions
to which these large deformations were attributed exist in
nuclei. A deformation ofd 5 0.24 was inferred from ob-
served features. First, the 1/21 state at 939.87 keV could not
be explained by the model at lower deformations. The dom

FIG. 6. Nilsson diagram for odd protons in97Tc.
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nant decay observed was by anE1 transition to the 1/22

state at 96.60 keV. This is inconsistent with the decay of any
state with g9/2 parentage, since the 1/22 state must have
p1/2 or p3/2 parentage. At the higher deformation the 1/21

@431# Nilsson state lies at an appropriate energy to explain
the origin of the observed state. This Nilsson state has siz
able components withs1/2, d3/2, andd5/2 parentage, and the
calculatedE1 decay is not only allowed, but dominant. Sec-
ond, at lower deformations the predicted branching ratios for
the decay of several low-lying positive-parity states to the
lowest 9/21 and 7/21 states were wrong. For example, the
data show that the 5/21 state at 324.44 keV prefers decay to
the 9/21 state over the 7/21 state. At a deformation ofd 5
0.18, the calculation predicted only a 20% branch to the
9/21 state. Atd 5 0.24, this prediction is reversed, with the
dominant decay as observed.

This deformation might seem too large in view of the
relatively large rotational energies compared to rare-earth
and actinide nuclei with similar deformations. However, in-
ertial parameters depend on mass as well as deformation. A
crude analysis of inertial parameters for 7/21 states extracted
from level schemes@18# established for nuclei in known re-
gions of deformation@19# shows that the average value of
\2/2I for 25Al ( d50.35) is roughly 200 keV, for175Lu
(d50.28) roughly 13 keV, and for237Np (d50.25) roughly
6 keV. While an extrapolation of these inertial parameters to
theA'100 is semiquantitative at best, we feel that average
values of\2/2I extracted from our data~roughly 70–90 keV
for the same spin! are consistent with a deformation of
d50.24.

The parameters used for the Nilsson calculations were
chosen to give energies at zero deformation consistent with
those tabulated by Reehal and Sorenson@20#. The Fermi en-
ergies for positive and negative parities were chosen on the
basis of filling Nilsson states with the 43 protons of97Tc,
and then making minor adjustments. The pairing paramete
D was taken from systematics. Coriolis and recoil terms
were attenuated by the same factor. The values of these pa
rameters are given in Table III.

The basis states for the calculation were restricted to the
Nilsson states near the Fermi surface. The specific states in
cluded in the basis, along with their single-particle energies,
are given in Table IV. In general we do not treat the VMI
parametersI0 andC as free parameters for all basis states,
although different sets were adopted for positive- and
negative-parity states. In the fine-tuning stage of the calcula-
tion, the value ofC was changed for 4 of the 16 basis states.
The VMI parameters are also given in Table IV.

Table V presents the comparison of experimental and cal-
culated results for97Tc. This table includes only the experi-
mental states which have been identified on the basis of thei
energies and branching ratios as corresponding to rotationa
states predicted by the model. Branching ratios were the ma

TABLE III. Parameters used in the calculation.

Shell k m m2 l D Atten.
number ~MeV! ~MeV! factor

4 0.062 0.45 0.43 41.94 1.5 0.85
3 0.060 0.52 0.52 42.50 1.5 0.8
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jor reason for excluding some of the experimental states. F
example, consider the second 7/21 state of the calculation,
with a calculated energy of 1016 keV. The calculation pre
dicts equal branches to the lowest 5/21 and 7/21 states, and
a very small branch to the 9/21 ground state. Three 7/21

states were observed experimentally, at 855.38, 969.83, a
1219.85 keV, which could be candidates for the calculat
state on the basis of energy alone. However the 855.38- a
1219.85-keV states have large branches to the ground s
and small branches to the lowest7

2
1 state, and hence were

excluded. As Table V shows, the 969.83-keV state h
branching ratios which agree with those calculated. Colum
1 and 2 give the experimental and theoretical energies
each initial state, and column 3 gives the initial spin an
parity. If more than one spin was experimentally possibl
only the spin agreeing with the theoretical spin is listed an
identified with a footnote.~There are seven states in this
category.! 9 of the 35 initial states in this table had no ex
perimental spin assignments, but are included because th
energies and branching patterns agreed with those calcula
Values of Ip inferred from the model calculations are en
closed in double parentheses. The model identification of t
initial state is given in column 8. In the calculation we con
sidered decay probabilities to all final states to which trans
tions were possible on the basis of energies and sp
changes. However, because of space limitations, the ta
only includes branches which were either observed or p
dicted to be observable. For the branches included, colum
gives the final spin and parity and column 5 theg-ray en-
ergy. Columns 6 and 7 give the experimental and theoretic
branching ratios, and column 9 gives the model identificatio
for each final state.

Three negative-parity ‘‘bands’’ have been identified, wit
bandheads 1/22, 3/22, and 5/22. These three bands, along
with the predicted energies, are shown in Fig. 7. Coriol
mixing is small because of the low values ofj that contribute
to the wave functions. The calculated wave functions fo
members of the 1/22 band are better than 96% 1/22@301#, so

TABLE IV. Basis states and associated parameters used in
calculation.

State Esp I0 C

1
2

1 @420# 45.497 0.0 0.075
1
2

1 @431# 43.876 0.0 0.100
1
2

1 @440# 39.792 0.0 0.075
3
2

1 @411# 47.548 0.0 0.075
3
2

1 @422# 45.842 0.0 0.075
3
2

1 @431# 40.655 0.0 0.075
5
2

1 @413# 48.084 0.0 0.075
5
2

1 @422# 42.017 0.0 0.075
7
2

1 @413# 43.736 0.0 0.045
9
2

1 @404# 45.737 0.0 0.075
1
2

2 @301# 42.766 0.0 0.011
1
2

2 @310# 39.005 0.0 0.011
1
2

2 @321# 36.842 0.0 0.011
3
2

2 @301# 41.563 0.0 0.060
3
2

2 @312# 39.051 0.0 0.011
5
2

2 @303# 41.525 0.0 0.060
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that the result is an essentially pure Nilsson band. The Co
olis interaction has caused some mixing for the 3/22 and
5/22 bands, although a single Nilsson component dominat
each state. Members of the 3/22 band are better than 73%
3/22@301#, and members of the 5/22 band are better than
73% 5/22@303#. Thus Table V identifies the bands as
1/22@301#, 3/22@301#, and 5/22@303#, respectively. States
in the 3/22 and 5/22 bands decay in a manner which migh
seem uncharacteristic of rotational bands, in that the dom
nant decay modes for members of both bands areM1 tran-
sitions to members of the 1/22 band rather than intraband
transitions. In our model the physics responsible for th
dominance of the interbandM1 transitions is quite simple.
For pure Nilsson bands, with no Coriolis mixing, transition
probabilities for interband M1 transitions between
3/22@301# and 1/22@301# bands are very large since they ar
spin-flip transitions, typically 20–100 times larger than ca
culated intrabandM1 transitions in pure 3/22@301# or
5/22@303# bands. The component of 3/22@301# in the 5/22

band due to Coriolis mixing is enough to cause members
the 5/22 band to decay predominantly to members of th
1/22 band. In most cases the calculation reproduces expe
mental branching ratios very well. The decay of th
1049.02-, 1274.48-, and 1581.95-keV states seen in Table
are examples of this agreement. The 1049.02- and 1581.
keV states decay predominantly by interband transitions,
the calculation predicts. The 1274.48-keV state decays p
dominantly by intraband transitions, in agreement with th
calculation.

There are a few cases where the agreement is not as go
The poorest agreement occurs for states with excitation e
ergies greater than 1900 keV, which were observed to dec
by single transitions with small intensities near our detectio
limit. The theoretical state with the best energy match for
particular observed state may have several apprecia
branches. We have made associations with theoretical p
dictions for these states if the calculation predicts a larg
branch for the experimentally observed transition, sinc
other branches might not be detectable. We have included
the theoretical branches in Table V. Some of these assoc
tions may not be correct, but we feel that this does not d
tract from the overall reliability of the model associations.

In Table V a positive-parity band with a bandhead spin o
1/21 has also been identified. The calculation associates t
band with a relatively pure 1/21@431# Nilsson band, ranging
from 70% at low spins to 50% at higher spins. This ban
along with predicted energies, is also shown in Fig. 7. Th
increase in Coriolis mixing over that for the negative-parit
bands is due to components of higher values ofj in the wave
functions. However, the Coriolis mixing is still small enough
so that no dominantj prevails. The decay of the 1/21 band-
head is unusual in that the dominant branch is anE1 transi-
tion to the 1/22 state at 96.5 keV. The calculation agree
with this, as was discussed earlier. At smaller deformatio
this E1 branch could not be reproduced.

The calculated wave functions for the remaining positive
parity states included in Table V show substantial Coriol
mixing, even though the deformation is the same as for t
other states described above. The model associates th
states with Nilsson states of predominantlyg9/2 parentage.
However, the calculated results deviate appreciably from t

the
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TABLE V. Comparison of experimental and calculated results for97Tc. Ip values enclosed in double
parentheses are inferred from model comparisons alone, since there was no experimental assignment.

Ei Branching ratio Theoretical identification
Expt. Theor. I i

p I f
p Eg Expt. Theor. Initial Final

~keV! ~keV! ~keV! state state

0 9
2

1 g9/2,R50
96.5 97 1

2
2 9

2
1 96.50 1.00 1.00 1

2
2@301# g9/2,R50

215.81 39 7
2

1 9
2

1 215.81 1.00 1.00 g9/2,R52 g9/2,R50
324.44 54 5

2
1 9

2
1 324.44 0.99 0.67 g9/2,R52 g9/2,R50

7
2

1 109.16 0.01 0.33 g9/2,R52
580.13 436 3

2
2 1

2
2 483.53 1.00 1.00 1

2
2@301# 1

2
2@301#

656.89 514 5
2

2 1
2

2 560.29 0.98 0.98 1
2

2@301# 1
2

2@301#
5
2

1 332.39 0.01 0.00 g9/2,R52
7
2

1 441.0 0.01 0.00 g9/2,R52
3
2

2 76.75 0.00 0.02 1
2

2@301#
772.65 742 13

2
1 9

2
1 772.65 1.00 1.00 g9/2,R52 g9/2,R50

785.10 963 5
2

1 7
2

1 569.28 0.80 0.86 g9/2,R52,4 g9/2,R52
5
2

1 460.55 0.11 0.13 g9/2,R52
9
2

1 785.02 0.01 0.01 g9/2,R50
832.71 532 11

2
1 9

2
1 832.71 0.91 0.86 g9/2,R52,4 g9/2,R50

7
2

1 617.17 0.09 0.14 g9/2,R52
939.87 885 1

2
1 a 1

2
2 843.27 0.68 0.91 1

2
1@431# 1

2
2@301#

5
2

1 615.52 0.32 0.09 g9/2,R52
946.79 775 3

2
2 1

2
2 850.19 0.78 0.87 3

2
2@301# 1

2
2@301#

3
2

2 366.69 0.19 0.11 1
2

2@301#
5
2

2 289.85 0.03 0.02 1
2

2@301#
969.83 1016 7

2
1 7

2
1 754.01 0.54 0.38 g9/2,R52,4 g9/2,R52

5
2

1 645.27 0.42 0.37 g9/2,R52
9
2

1 970.6 0.22 0.04 g92,R50
994.58 868 3

2
1 5

2
1 670.14 0.95 0.85 1

2
1@431# g9/2,R52

1
2

2 897.87 0.05 0.02 1
2

2@301#
1049.02 902 5

2
2 5

2
2 392.13 0.40 0.46 3

2
2@301# 1

2
2@301#

5
2

1 724.60 0.39 0.04 g9/2,R52
3
2

2 468.96 0.21 0.48 1
2

2@301#
1141.22 1063 3

2
1 a 5

2
1 816.78 0.70 0.80 g9/2,R52,4 g9/2,R52

5
2

1 356.23 0.23 0.14 g9/2,R52,4
7
2

1 925.42 0.07 0.06 g9/2,R52
1239.99 1272 5

2
2 5

2
2 583.10 0.46 0.52 5

2
2@303# 1

2
2@301#

3
2

2 659.81 0.20 0.42 1
2

2@301#
7
2

1 1024.20 0.16 0.00 g9/2,R52
5
2

1 915.64 0.11 0.00 g9/2,R52
3
2

2 292.83 0.07 0.05 3
2

2@301#
1274.48 1072 7

2
2 5

2
2 617.60 0.85 0.82 1

2
2@301# 1

2
2@301#

3
2

2 694.45 0.12 0.18 1
2

2@301#
5
2

1 949.93 0.03 0.00 g9/2,R52
1277.70 1205 9

2
2 5

2
2 620.81 0.82 1.00 1

2
2@301# 1

2
2@301#

7
2

1 422.37 0.09 0.00 g9/2,R52,4
7
2

1 1062.18 0.05 0.00 g9/2,R52
1310.22 1007 9

2
1 a 7

2
1 1094.40 0.64 0.67 g9/2,R52,4 g9/2,R52

9
2

1 1310.7 0.36 0.15 g9/2,R50
1311.97 1259 ((52

1)) 7
2

1 1096.15 1.00 0.85 1
2

1@431# g9/2,R52
1471.35 1320 7

2
1 a 9

2
1 1471.35 0.89 0.79 1

2
1@431# g9/2,R50

7
2

1 1255.56 0.11 0.06 g9/2,R52
1581.46 1579 15

2
1 a 11

2
1 748.75 0.52 0.38 g9/2,R54 g9/2,R52,4

13
2

1 808.70 0.48 0.62 g9/2,R52
1581.95 1424 (72

2) a 5
2

2 925.16 0.67 0.67 5
2

2@303# 1
2

2@301#
5
2

1 1257.96 0.22 0.15 g9/2,R52



r

g

590 54HUROL ASLAN et al.
TABLE V. (Continued).

Ei Branching ratio Theoretical identification
Expt. Theor. I i

p I f
p Eg Expt. Theor. Initial Final

~keV! ~keV! ~keV! state state

7
2

1 1366.2 0.10 0.05 g9/2,R52
1625.02 1590 ~( 12

1)! 3
2

1 483.79 0.62 0.47 g9/2,R54 g9/2,R54
1
2

1 685.61 0.38 0.06 1
2

1@431#
5
2

1 1300.57 0.00 0.25 g9/2,R52
3
2

1 630.44 0.00 0.17 1
2

1@431#
1654.33 1899 17

2
1 13

2
1 881.68 1.00 1.00 g9/2,R54 g9/2,R52

1706.83 1894 ~( 112
2)! 9

2
2 429.13 1.00 1.00 1

2
2@301# 1

2
2@301#

1834.64 2058 13
2

2 9
2

2 556.94 1.00 1.00 1
2

2@301# 1
2

2@301#
1979.2 1927 ~( 132

1)! 11
2

1 1146.5 1.00 0.75 g9/2,R54,6 g9/2,R52,4
13
2

1 1206.6 0.00 0.25 g9/2,R52
1992.5 2014 ~( 92

2)! 9
2

2 714.8 1.00 0.36 5
2

2@303# 1
2

2@301#
5
2

2 943.5 0.00 0.37 5
2

2@303#
7
2

2 718.0 0.00 0.27 1
2

2@301#
1994.0 2068 ~( 92

1)! 7
2

1 1024.2 1.00 0.35 1
2

1@431# g9/2,R52,4
7
2

1 1778.2 0.00 0.25 g9/2,R52
2056.1 2256 ~( 112

1)! 13
2

1 1283.4 1.00 0.75 1
2

1@431# g9/2,R52
2068.99 1846 7

2
2 a 5

2
2 1412.11 1.00 0.55 3

2
2@301# 1

2
2@301#

2257.75 2471 ~( 92
2)! 9

2
2 980.05 1.00 0.60 3

2
2@301# 1

2
2@301#

7
2

2 983.27 0.00 0.40 1
2

2@301#
2264.39 2256 ~( 92

1)! 7
2

1 1294.56 1.00 0.5 g9/2,R54,6 g9/2,R52,4

aOther spins are allowed experimentally.

FIG. 7. Band structure identified in97Tc. The
superscript ‘‘a’’ on an experimental spin indi-
cates that the measurement allows for anothe
spin. The superscript ‘‘b’’ indicates that no spin
was measured, and the spin shown is from the
model association based on energy and branchin
ratios.
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TABLE VI. Summary of calculated wave functions for states of predominantlyg9/2 parantage. Entries for
Nilsson components,j , andR are fractions of total.

Spin Nilsson component j R
@440# @431# @422# @413# @404# ~9/2! 0 2 4 6

( 12)2 0.79 0.916 0.004 0.052 0.944
( 32)2 0.04 0.69 0.711 0.026 0.198 0.774 0.002
( 52)1 0.21 0.37 0.43 0.899 0.081 0.804 0.115
( 52)2 0.44 0.37 0.43 0.655 0.085 0.251 0.636 0.027
( 72)1 0.02 0.22 0.53 0.23 0.946 0.011 0.948 0.029 0.012
( 72)2 0.07 0.24 0.01 0.44 0.619 0.094 0.258 0.644 0.001
( 92)1 0.17 0.29 0.37 0.16 0.01 0.938 0.797 0.140 0.053 0.010
( 92)2 0.34 0.12 0.06 0.41 0.06 0.919 0.014 0.533 0.441 0.008
( 92)4 0.14 0.01 0.28 0.12 0.18 0.837 0.120 0.116 0.305 0.448
( 112 )1 0.02 0.21 0.46 0.28 0.02 0.957 0.762 0.229 0.005
( 112 )2 0.07 0.32 0.03 0.43 0.13 0.887 0.134 0.453 0.402
( 132 )1 0.22 0.30 0.33 0.15 0.01 0.940 0.900 0.057 0.041
( 132 )2 0.34 0.10 0.08 0.42 0.07 0.930 0.001 0.776 0.201
( 152 )1 0.02 0.21 0.44 0.30 0.02 0.960 0.883 0.103
( 172 )1 0.22 0.30 0.30 0.15 0.01 0.941 0.905 0.065
n

s

e

-

d
r

t

multiplet limit. Table VI gives a summary of the model wave
functions. ~Only the basis states ofg9/2 parentage are in-
cluded. The fact that the Nilsson components do not total o
for some states indicates components of other basis states! It
is clear thatV is not a good quantum number. The fractio
of j59/2 is high for all states in Table VI. While this is a
necessary condition for multiplet states, it may be mislea
ing. The Nilsson states themselves are nearly purej59/2
states, ranging from 0.79 for the 1/21@440# state to 1.00 for
the 9/21@404# state. However, many of the wave function
contain more than one sizable value ofR. For example, the
second 9/21 state shows roughly equal components o
R52 and R54. This is in sharp contrast to the less
deformed111Ag @2#, where theR52 component was 0.85.
The improved calculated branching ratios for many states
g9/2 parentage, such as the 324.44-keV 5/21 state mentioned
earlier, are a direct result of the deviation from the multiple
limit at the deformation used in the calculation. Indeed, th
observed branching ratio for the corresponding 5/21 state in
111Ag @2# was the opposite of that observed here, in agre
ment with the calculation at a smaller deformation. In th
identification column of Table V, more than oneR compo-
nent is listed if the dominantR component was less than 0.8
Table VI shows a consistent trend for the lowest energy sta
of a given spin to be a better ‘‘multiplet’’ state, that is, mor
single-valued inR. The calculated wave functions for the
first 9/21 and 7/21 states show why they become the groun
and second-excited states. They both have a lar
5/21@422# component, which indicates their origin as low
lying states, but show enough Coriolis mixing to depres
their energies below the unperturbed 5/21 bandhead.

There are of course observed states which are not
scribed by this simple particle-rotor model. If one conside
96Mo as the ‘‘core’’ for 97Tc, there are four ‘‘nonrotational’’
excited states known@21# below 2 MeV, 01 ~1148 keV!,
21 ~1497 keV!, 21 ~1626 keV!, and 41 ~1870 keV!. Thus
one should expect to find ‘‘nonrotational’’ states in97Tc
which are outside of the model space. The success of
ne
.

d-

f
-
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t
e

e-
e

.
te

d
ge

s

e-
s

he

model in predicting energies and branching ratios for states
at low excitation energies suggests that that is little mixing of
‘‘rotational’’ and ‘‘nonrotational’’ states. Of the 16 observed
states below 1.0 MeV, 13 are accounted for by the model~all
of the states below 750 keV!. As the excitation energy in-
creases, there are more unexplained states. Between 1.0 and
1.5 MeV, 8 of the 16 observed states cannot be identified,
and likewise for 35 of the 45 observed states between 1.5
and 2.0 MeV.

V. CONCLUSIONS

The present work has extended previously available infor-
mation on the properties of intermediate-spin states in the
low energy region of97Tc. The 96Mo(3He,png) 97Tc reac-
tion has proven to be effective in populating both yrast and
nonyrast states. 45 new levels have been established, which
roughly doubles the number of known states below 2 MeV.
The use of the proton-g coincidence system, by reducing
background and eliminating photopeaks from competing re-
action channels, allowed the quantitative analysis of many
weak transitions placed in the level scheme. As a result reli-
able spin assignments could be established for the majority
of states.

The interpretation of the structure of97Tc in the frame-
work of a rotational model presented in the present work is
conceptually different from the vibrational-IBFM interpreta-
tion presented in previous work@3#. But the IBFM calcula-
tion dealt with states near the yrast line, for which different
models can provide similar interpretations. The rotational
calculation describes not only the near-yrast states, but much
of the new results as well. We believe the rotational calcu-
lation, which implicitly tests the hypothesis that97Tc is de-
formed, has proven to be successful.

We have attempted to show that the basic features of
97Tc can be explained naturally if it is deformed. While the
Coriolis interaction has been shown to play a decided role in
the model predictions, its affects have been small enough for
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many states to allow the identification of four reasonab
pure rotational bands in97Tc. Coriolis mixing is smallest for
the three negative-parity bands identified, although the en
gies and decay properties are certainly affected. Corio
mixing is somewhat larger in the positive-parity band ide
tified, but is still small enough to retain its nature as
1/21@431# rotational band. The identification of this band a
a low excitation energy is a signature of the substantial d
formation of 97Tc. Positive-parity states for whichg9/2 par-
entage is deduced exhibit the largest degree of Coriolis m
ing. There is no consistent band structure for these states
the wave functions are shown to contain admixtures of se
eral Nilsson states. However the Coriolis mixing is not larg
ly

er-
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a
t
e-

ix-
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v-
e

enough to drive these states to the multiplet limit attribute
in a previous work@2# to the structure of similar states in
111Ag. In the present work this decrease in Coriolis mixing
attributed to a larger deformation.

We would like to emphasize that the deformation ofd 5
0.24 suggested in the present work for97Tc is based prima-
rily on the model analysis of electromagnetic transition pro
erties. We feel that the observed branching ratios, and th
differences from those observed in111Ag, are a strong indi-
cator of the deformation of97Tc.

This work was supported in part by the National Scien
Foundation.
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