
PHYSICAL REVIEW C FEBRUARY 1998VOLUME 57, NUMBER 2
99Tc produced by the „

3He,png… reaction

Ben Crowe,* Hurol Aslan,† 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 24 October 1996; revised manuscript received 26 September 1997!

The nuclear structure of99Tc was studied using the98Mo(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. The systematics of increasing deformations in odd-A Tc nuclei
are discussed.@S0556-2813~98!00202-7#

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

Previous work@1–4# has shown that most states in
nucleus below 2 MeV excitation can be observed using3He
fusion reactions with projectile energy a few MeV above t
Coulomb barrier. Most other reactions populate some su
of the states actually present, with the result that differ
nuclear models can provide similar interpretations of the
served states. This paper reports our investigation of99Tc.
Since we have approximately doubled the known states
low 2 MeV, this experiment provides a more complete d
set which can be used to evaluate competing models of t
sitional nuclei.

In the studies of97Tc @3# and 101Tc @4# a particle-rotor
model was used successfully to interpret the data. Since99Tc
would be expected to have a deformation intermediate to
of the former nuclides, we have used the same model for
interpretation of the present data. The model utilizes a ro
tional Hamiltonian in the strong coupling limit modified t
include a variable moment of inertia@5#. Pairing is treated by
the BCS formalism. The Coriolis and recoil terms are trea
to all order. This basic model has been used for years
interpret strongly deformed nuclei.

The 98Mo(3He,png) 99Tc reaction was used in this ex
periment. A large-solid-angle proton detector was opera
in coincidence withg-ray detectors to separate thepn exit
channel fromxn and axn channels. The measurements i
clude g-ray excitation functions, angular distributions, a
g-g coincidences.

II. EXPERIMENTAL TECHNIQUES

The target was a foil of isotopically enriched98Mo rolled
to a uniform thickness of 3.0 mg/cm2. The composition was
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97.7% 98Mo with 0.5% impurities of95,96,97,100Mo. The 3He
beam currents of 10–25 nA were supplied by the Purdue
Tandem Van de Graaff accelerator.

A. Excitation functions

Proton-gated singles spectra were recorded at 13.5,
16.5, and 18 MeV. A typical spectrum is shown in Fig.
The angular distribution andg-g coincidence experiment
were run at 18 MeV. The primary reason for this choice w
to minimize competition from98Mo(3He,3ng) 98Ru and re-
actions following the breakup of3He. 100Tc g rays from the
1p exit channel were included in the proton-gated spectru
but they were much weaker than the99Tc g rays.

The angular distribution measurement consisted
proton-gated singles spectra collected at 0°, 45°, and
with respect to the beam line. The coincidence measurem

y,

pe

L

ie, FIG. 1. A portion of a proton-gated singles spectrum from t
98Mo(3He,png) 99Tc reaction at a laboratory energy of 18 MeV.
590 © 1998 The American Physical Society
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FIG. 2. The low energy portion of the level scheme deduced for99Tc. Note that the vertical energy scale is not linear.
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was performed using two detectors positioned at 0° a
100° with respect to the beam axis. Additional informatio
on these experimental techniques has been published p
ously @3,4#.

III. THE LEVEL SCHEME

The decay scheme deduced in the present work for99Tc is
shown in Figs. 2, 3, and 4. 124g rays were identified as
belonging to 99Tc and placed unambiguously in the lev
scheme. The level scheme contains 59 states, 29 of which
new.

A tabular form of the level scheme is given in Table
New states are marked with a superscripta following their
energy. Mostg rays were placed by coincidence withg rays
that precede and follow in the decay pattern. In some ca
severalg rays were assigned to the same state on the bas
energy agreement, because the observed feeding to the
was too weak to provide coincidence confirmation~indicated
by superscriptb on theg-ray energy!. The precision of most
g-ray energy measurements was approximately 50 eV. L
accurate measurements are indicated by significant figur

The spin and parity assignments are based on a comb
tion of several sources: previous data compiled in Ref.@6#, a
( 3He,d) study @7#, b decay measurements@8#, a (6Li,3ng)
study @9#, g-ray branching patterns, and our analysis of e
citation functions, angular distributions, and directional co
nd
n

revi-

l
are

I.

ses
is of
state

ess
es.
ina-

x-
r-

relations in the coincidence data. Many new spin assi
ments were made and others were confirmed that had b
considered tentative in Ref.@6#. Ambiguity in spin assign-
ment is indicated by multiple spin values. A tentative assig
ment is shown in parentheses.

A g-ray excitation function depends on the angular m
mentum of the state from which it is emitted. The excitatio
functions were normalized to that of the 140.77-keV tran
tion from a 7/21 state to remove the common energy depe
dence. Then theg-ray intensity was fitted to an exponentia
function of energy:

I g}ebE. ~1!

The exponential ‘‘slope’’b is approximately proportional to
the angular momentum of the state.~Variations of this tech-
nique are common@10,11#.!

Equal slope intervals were used to estimate the ang
momentum, as listed in Table II. These slope intervals w
derived from transitions depopulating states of known s
@6#. A different set of intervals was necessary for positiv
and negative-parity states. The ‘‘data used’’ column in Ta
I has anE when the excitation function was used to he
assign angular momentum and parity to a state.

The angular distribution data were used to restrict angu
momentum and parity choices. Only the general size a
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FIG. 3. The intermediate energy portion of the level scheme deduced for99Tc. The energy scale is not linear.
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sign of theA22 was used because the degree of nuclear
entation was not well known. The measuredA22 values are
listed in Table I.

Additional angular momentum information was obtain
from DCO analysis@12,13# of the coincidence data.~DCO
stands forg-g directional correlation from oriented nuclei!
The DCO was used whenever there was substantial inte
ence betweeng rays or the uncertainty from the DCO wa
smaller than from the angular distribution. Complete DC
analysis @12# was performed but the DCO ratio was n
given in Table I. Instead, we have calculated the value ofA22
that theg ray would have for the spin sequence and mixi
ratio required by the experimental DCO ratio. Then the
gular distribution and DCO measurements can be evalu
on the same basis. These ‘‘implied’’A22 values are listed in
Table I. The ‘‘data-used’’ column of Table I tells when th
angular distribution (A) or DCO (D) was used in the spin
analysis. A subscriptp is added toA or D when the mea-
surement does not allow parity change for theg transition.

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.

An N in the data-used column indicates that the Ref.@6#
spin and parity assignment was used. Our measurem
were consistent with that assignment but added little n
i-

r-

-
ed

ed

-

nts
w

information. The numbers in the data-used column are re
ences to previous work that was used in our spin and pa
assignment. Most of the data from these references als
found in Ref.@6#.

The 1329.52-keV state in our decay scheme, which em
609.98- and 1188.94-keVg rays is inconsistent with Zel
et al. @9#, who report separate states at 1329.13 and 132
keV that emit 1188.6- and 610.1-keVg rays, respectively.
The energy of our state that emits the 1188.94-keVg ray
would be 1329.35 keV, which is too close~170 eV! in en-
ergy to suggest a state separate from the 1329.52-keV s
Furthermore, they report that the 1329.13-keV state emi
247.5-keVg ray that we do not observe, and we observe
716.97-keVg ray from the 1329.52-keV state that they d
not report.

IV. DISCUSSION AND INTERPRETATION

In recent years both interacting boson fermion~IBFM!
@14# and rotational@2–4# models have been used to interpr
collective structure in odd-A mass 100 nuclei. An IBFM ca
culation for the interpretation of99Tc was presented in pre
vious work @9#. The calculation reproduced the energies
positive-parity yrast states very nicely. For other positiv
parity states the energy agreement was not as good,
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FIG. 4. The higher energy portion of the level scheme deduced for99Tc. The energy scale is not linear.
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without transition probability calculations the associatio
were not very conclusive. No results for negative-par
states were presented. In97Tc @3# and 101Tc @4# rotational
calculations at deformations ofd50.24 andd50.28 success-
fully interpreted the observed structure. For these reason
use of a rotational model for the interpretation of the str
ture observed in99Tc seemed reasonable. A deformation
d50.26 is intermediate to those used in97Tc and 101Tc, and
gave the best results. In the comparison of the results of
calculation to the experimental results, emphasis has b
placed on electromagnetic decay properties.

The rotational model used was a symmetric particle-p
rotor model, which has been described previously. The b
model has been used for years to interpret strongly defor
nuclei. The calculation of energies and wave functions w
the same as that used by Smith and Rickey@5# for Pd nuclei.
The calculation of electromagnetic transition properties w
the same as that used by Popli@16# for Ag nuclei. This spe-
cific model utilizes a rotational Hamiltonian in the stron
coupling limit, modified to include a variable moment
inertia ~VMI ! @17#. The basis states are thus rotational sta
built on Nilsson single-particle states@15#, characterized by-
goodK andV, the projections of the total angular mome
tum IW and the particle angular momentumjW, respectively, on
the symmetry axis. Pairing is treated by the BCS formalis
The Coriolis and recoil terms, which mix these states,
s
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s

s
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treated to all order. Aside from differences in inertial qua
tities, the only deviations of its predictions from familia
rotational patterns are due to the role of the Coriolis inter
tion.

The parameters used for the Nilsson calculations w
chosen to give energies at zero deformation consistent w
those tabulated by Reehal and Sorenson@18#, and are the
same as those used for97Tc and 101Tc. The Nilsson diagram
appropriate for odd protons in99Tc is shown in Fig. 5. The
Fermi energies for positive and negative parities were fi
estimated based on the 43 protons of99Tc, and then adjusted
to give the best fits to the experimental states. The pair
parameterD, and Coriolis and recoil attenuations, were tak
from systematics. The values of these parameters are g
in Table III.

The basis states for the calculation were restricted to
Nilsson states near the Fermi surface. The specific state
cluded in the basis, along with their single-particle energi
are given in Table IV. The VMI parameters are also given
Table IV. Energies of basis states are affected by the us
a VMI. Consider the 5/21@422# band, which from an inspec-
tion of the Nilsson diagram of Fig. 5 would be expected ne
the Fermi surface. If a fixed moment-of-inertia had be
used, the rotational energies would follow a simpleI (I 11)
pattern. This is illustrated in the left part of Fig. 6. The VM
systematically suppresses the energies of high-spin st
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TABLE I. Analysis of g-rays emitted following the98Mo(3He,pn) 99Tc reaction at 18 MeV.

Ei

~keV! I i
p

Eg

~keV! I f
p

Ef

~keV!

Intensities
A22

3100
Exc.
func.

Data
usedd99Tc other

140.77 7
2

1 140.77 9
2

1 0 1000 2~3! 0~2! N
142.68 1

2
2 142.68 9

2
1 0 N

181.23 5
2

1 181.23 9
2

1 0 477 10~2! -25~1! N
509.07 3

2
2 366.39 1

2
2 142.68 339 1~2! -2~1! E,A,Ap

612.38 5
2

2 469.70 1
2

2 142.68 451 20~2! 56~1! E,A,Ap

103.6 3
2

2 509.07 7
625.66 9

2
1 625.57 9

2
1 0 151 14 23~2! 70~1! E,A

484.98 7
2

1 140.77 30 36~7! 124~6! E,A,Ap

444.4 5
2

1 181.23 3
671.48 3

2
2 528.80 1

2
2 142.68 187 6~2! 13~1! E,A,Ap

162.64 3
2

2 509.07 42 9~5! -11~1! E,A
719.54 7

2
1 538.31 5

2
1 181.23 119 18~2! 31~2! E,A,Ap , @7#

578.9 7
2

1 140.77 8 17 0~11! Dp

726.71 11
2

1 726.71 9
2

1 0 164 46~2! 160~2! E,Ap

586.23 7
2

1 140.77 23 40~6! 157 ~12! E,Ap , @9#

739.45a 7
2

1 739.15 9
2

1 0 148 71
598.68 7

2
1 140.77 50 5~4! 6~3! E,Ap

558.17 5
2

1 181.23 16 -10~9! -16~3! E,D
761.95 5

2
1 621.18 7

2
1 140.77 145 0.5~2! -42~1! E,Ap , @8#

761.98 9
2

1 0 32 198
581.1 5

2
1 181.23 17 8 -6~8! Dp

761.98 13
2

1 761.98 9
2

1 0 198 32 31~2! 217~2! E,A,Ap

884.37a 5
2

2 271.94 5
2

2 612.38 51 13~3! 70~3! E,A
212.94 3

2
2 671.48 44 0~3! 26~4! E,Ap

702.94 5
2

1 181.23 21 14~5! A
743.8 7

2
1 140.77 22 13 -6~7! D

375.7 3
2

2 509.07 4
920.62 1

2
1 739.39 5

2
1 181.23 71 148 N

777.92 1
2

2 142.68 33
986.18 7

2
2 373.80 5

2
2 612.38 54 -17~3! 91~5! E,A

805.12 5
2

1 181.23 22 -18~5! D
845.6 7

2
1 140.77 10 10

266.7 7
2

1 719.54 9
477.1 3

2
2 509.07 8

1004.21 3
2

(1) 822.98 5
2

1 181.23 113 37 -3~3! -13~1! E,D
1019.95a 5

2
1,7

2
1 879.26 7

2
1 140.77 76 4~4! -26~4! E,Ap

838.65b 5
2

1 181.23 51 10~4! -20~4! E,Ap

1081.33 11
2

1 1081.33 9
2

1 0 50 -41~5! 140~5! E,A,Ap

940.65b 7
2

1 140.77 29 22~4! A,Ap

1127.4a 618.3 3
2

2 509.07 7 33
1129.07 3

2
2 457.59 3

2
2 671.48 23 9~5! 15~2! E,A, @8#

620.2b 3
2

2 509.07 7 145
1135.09a 5

2
2 522.71 5

2
2 612.38 40 -13~3! 63~4! E,Ap

250.82b 5
2

2 884.37 8
625.87b 3

2
2 509.07 14 151

953.9b 5
2

1 181.23 10 5 21~15! D
1141.84 3

2 960.62 5
2

1 181.23 84 5~6! -44~8! @8#

379.97 5
2

1 761.95 10 -2~5!

1149.54 9
2

1 968.31 5
2

1 181.23 33 26~5! 105~10! E,A,Ap

1008.98b 7
2

1 140.77 30 9 -29~4! 107~5! E,A
1176.55 9

2
2 564.17 5

2
2 612.38 107 29~3! 165~1! E,A,Ap

437.15 7
2

1 739.45 13 -10~6! A
190.6 7

2
2 986.18 4 3
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TABLE I. ~Continued!.

Ei

~keV! I i
p

Eg

~keV! I f
p

Ef

~keV!

Intensities
A22

3100
Exc.
func.

Data
usedd99Tc other

1198.68 ( 3
2

2) 689.61 3
2

2 509.07 15 10~4! -30~6! E,D

1203.48a 9
2

1 1203.48 9
2

1 0 15 22~9! 83~24! E,A
1062.5b 7

2
1 140.77 37 33 -1~5! D

1207.29a 7
2

2 323.00 5
2

2 884.37 21 23~10! 40~13! Ap

535.72b 3
2

2 671.48 19 19~8! 36~14! A,Ap

1026.14b 5
2

1 181.23 14 -10~7! A
1207.32c 9

2
1 0 13

581.7b 9
2

1 625.66 4
1243.95a 7

2
1 1062.72 5

2
1 181.23 30 40 -14~2! D

1103.1b 7
2

1 140.77 6 4
1243.4c 9

2
1 0 17 17~22! E

618.2b 9
2

1 625.66 4 36
1306.43a 7

2
1 1125.20 5

2
1 181.23 32 -14~8! 29~14! E,A

1165.5b 7
2

1 140.77 7 7 24~9! D
1309.6a 1128.4 5

2
1 181.23 9 9

1168.2b 7
2

1 140.77 6
1320.77a 3

2
2 811.70 3

2
2 509.07 16 14~6! -3~10! E,A

708.30b 5
2

2 612.38 11
1329.52a 7

2
2 609.98 7

2
1 719.54 15 20 13~6! D

716.97b 5
2

2 612.38 14 21~10! 35~12! A,Ap

1188.94b 7
2

1 140.77 15 5 24~10! 101~8! E
1405.43a 1

2
2,3

2
2 733.95 3

2
2 671.48 15 -56~7! E

896.6b 3
2

2 509.07 6
1426.18a 9

2
1,( 7

2
1) 699.47 11

2
1 726.71 15 9~9! 38~14! E,D

1285.7b 7
2

1 140.77 14 -29~17! A
1444.23a 1

2
1,3

2
1,5

2 1262.99 5
2

1 181.23 13 4 17~14! Dp

935.2b 3
2

2 509.07 6 5
832.2b 5

2
2 612.38 5 4

1494.3a 1353.6 7
2

1 140.77 7 5
609.8b 5

2
2 884.37 6 29

508.1b 7
2

2 986.18 4
1503.95a ( 7

2
1) 764.55 7

2
1 739.45 15 32 5~9! Dp

1363.13b 7
2

1 140.77 12 4 4~11! 16~7! E,Ap

1506.99 13
2

1,( 15
2

1) 780.28 11
2

1 726.71 15 3 29~14! Dp

745.10b 13
2

1 761.98 13 29 34~17! Dp , @9#

1507.1c 9
2

1 0 11
1526.46 15

2
1 764.48 13

2
1 761.98 32 15 32~10! Dp

799.74b 11
2

1 726.71 16 32~10! 324~5! E,A,Ap

1552.1a ( 3
2

1) 631.5 1
2

1 920.62 11 5 -15~5! D

410.3b 3
2

1 1141.84 6 9 10~10! D
1552.59a ( 7

2
1) 1371.36 5

2
1 181.23 20 0~7! 4~11! E,Ap

1412.2b 7
2

1 140.77 12 37~23! E
1554.5a 412.7 3

2
1 1141.83 6 36

1563.37a 5
2

1,7
2

1,9
2

1 1422.60 7
2

1 140.77 11 17 -37~12! D
1565.31a 5

2
1,7

2
1,9

2
1 1424.54 7

2
1 140.77 11 -21~11! D

1566.2a ( 11
2

1) 1566.2 9
2

1 0 17 -34~10! A

1581.33a 11
2

1,13
2

1 955.67 9
2

1 625.66 14 42~22! Ap

819.28b 13
2

1 761.98 10 4 -27~13! Dp

854.0b 11
2

1 726.71 3
1585.02 ( 17

2
1) 823.04 13

2
1 761.98 37 113 31~5! D,Dp

1604.91 ( 11
2

2) 618.73 7
2

2 986.18 21 19 30~7! D,Dp
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TABLE I. ~Continued!.

Ei

~keV! I i
p

Eg

~keV! I f
p

Ef

~keV!

Intensities
A22

3100
Exc.
func.

Data
usedd99Tc other

1611.5a 1
2

2, 3
2

2, 5
2

2 999.2 5
2

2 612.38 8 10~18! A

726.9b 5
2

2 884.37 5 164
1622.1a 1481.4 7

2
1 140.77 9 7

1659.14a 3
2

1,5
2

1,7
2

1 1477.91 5
2

1 181.23 17 -13~13! -48~16! E,D
1678.36a 5

2
1, 7

2
1, 9

2
1 1537.59 7

2
1 140.77 11 5 -7~21! D

939.4b 7
2

1 739.42 5 29
1747.45 13

2
2 570.90 9

2
2 1176.55 39 37~5! 308~2! E,A,Ap

985.9b 13
2

1 761.98 6 4
1753.0a 1127.4 9

2
1 625.66 8 9

1790.5a 1164.8 9
2

1 625.66 8 7
1808.4a 3

2
1,5

2
1 1627.2 5

2
1 181.23 11 -103~15! E

1823.8a 3
2

1,5
2

1 1084.4 7
2

1 739.45 9 -139~6! E
1061.9b 5

2
1 761.95 8 62

1853.3a 676.8 9
2

2 1176.55 9 7
1875.0a 1113.1 5

2
1 761.95 8

1947.3a 770.8 9
2

2 1176.55 5 6
2329.9 582.5 13

2
2 1747.45 7

2367.1a 782.2 15
2

1 1585.02 8 14

aNew states observed in this experiment.
bPlaced in97Tc 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@6# spin and parity assignment was used.E, A, or D mean that the excitation function, angular distribution, or DC
respectively, was used in the spin and parity assignment. A subscriptp is added toA or D when the measurement excludes parity chan
for the g transition.
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relative to lower-spin states. This effect is shown in the c
ter portion of Fig. 6. A similar situation exists for all othe
bands in the basis.

Table V presents the comparison of experimental and
culated results for99Tc. This table includes only the exper
mental states which have been identified on the basis of t
energies and branching ratios as corresponding to rotati
states predicted by the model. Columns 1 and 2 give
experimental and theoretical energies for each initial st

TABLE II. Excitation function slope intervals for spin assign
ment.

Spin

Slope interval

Positive parity Negative parity

Min. Max. Min. Max.

1
2 2153 246
3
2 2153 281 246 116
5
2 281 28 116 178
7
2 28 164 178 1140
9
2 164 1136 1140 1199
11
2 1136 1208 1199 1263
13
2 1208 1281 1263 1325
15
2 1281 1353 1325 1387
17
2 1353 1387
-

l-

ir
al
e
e,

and column 3 gives the initial spin and parity. If more th
one spin was experimentally possible, only the spin agree
with the theoretical spin is listed and identified with a foo
note.~There are two states in this category.! The model iden-
tification of the initial state is given in column 8. In th
calculation we considered decay probabilities to all fin
states to which transitions were possible on the basis of
ergies and spin changes. However, because of space lim
tions, the table only includes branches which were eit
observed or predicted to be observable. For the branc
included, column 4 gives the final spin and parity and c
umn 5 theg-ray energy. Columns 6 and 7 give the expe
mental and theoretical branching ratios, and column 9 gi
the model identification for each final state.

When Coriolis mixing is large, the odd particle tends
become decoupled from the core, andj and R, the angular
momentum of the core, become better quantum numb
than K and V. This limit can be approached, even at re
tively high deformations, whenj is large. In Tc nuclei, this
may be the case for states of predominantlyg9/2 parentage.
The model associates a group of positive-parity states
cluded in Table V with Nilsson states of predominantlyg9/2
parentage. Because of the larger Coriolis mixing,V is not a
good quantum number. However, there is a trend for o
Nilsson component to be larger than the others for many
the states, which is a clear sign of the substantial deforma
of 99Tc. For example, the lowest 5/21, 7/21, 9/21, and
11/21 states have a large 5/21@422# component. The result is
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a ‘‘quasi’’ 5/21@422# band, but with scrambled energies a
the lower spins. The calculation for this group of states
shown in the right part of Fig. 6. In addition, most of th
wave functions contain more than one sizable value ofR.
Even the 9/21 ground state, which should be a pureR50
state when the deformation is small, shows a large comp
nent ofR52. In the identification column of Table V, more
than oneR component is listed if the dominantR component
was less than 0.8.

When Coriolis mixing is small, the model predicts rela
tively pure Nilsson bands, although energies may dep
from the familiar spacings observed in rare-earth or actini
nuclei. This limit is approached not only when the deform
tion is high, but when low values ofjW are involved, or when
j 'V.

An inspection of the Nilsson diagram of Fig. 5 shows th
1/22@301#, 3/22@301#, and 5/22@303# Nilsson states are ex-
pected near the Fermi surface. Three negative-par
‘‘bands’’ have been identified, with bandheads 1/22, 3/22,
and 5/22. These three bands, along with the predicted en
gies, are shown in Fig. 7. The calculated wave functions f
members of the 1/22 band are better than 90% 1/22@301#, so

FIG. 5. Nilsson diagram for odd protons in99Tc.

TABLE III. Parameters used in the calculation.

Shell
number k m m2

l
~MeV!

D
~MeV!

Atten.
factor

4 0.062 0.45 0.43 41.70 1.5 0.95
3 0.060 0.52 0.52 42.70 1.5 0.8
s

o-

rt
e
-

t

ty

r-
r

that the result is an essentially pure Nilsson band. The C
olis interaction has caused some mixing for the 3/22 and
5/22 bands, although it is relatively small. Members of t
3/22 band are better than 85% 3/22@301#, and members of
the 5/22 band are better than 87% 5/22@303#. Thus Table V
identifies the bands as 1/22@301#, 3/22@301#, and
5/22@303#, respectively. However, this Coriolis mixing ha
affected transition probabilities, as will be discussed late

As Fig. 5 shows, at deformations greater thand10.18, the
Z550 shell closure disappears, and the 1/21@431# Nilsson
state approaches the Fermi surface. In Table V four mem
of a positive-parity band with a bandhead spin of 1/21 have
also been identified. The calculation associates this b
with a relatively pure 1/21@431# Nilsson band, ranging from
63 to 83 % depending on the spin. This band, along w
predicted energies, is also shown in Fig. 7. The fact that
bandhead decays by anE1 branch to the 142.68-keV 1/22

state is a good indication of the 1/21@431# nature of the
band. The 1/22 state must havep1/2 or p3/2 parentage. The

FIG. 6. The effects of including a variable moment-of-iner
and Coriolis mixing on the energy levels in a 5/21 band.

FIG. 7. Band structure identified in99Tc.
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598 57BEN CROWEet al.
E1 decay is inconsistent with any state ofg9/2 parentage. The
1/21@431# Nilsson state has sizable components ofs1/2,
d3/2, andd5/2 parentage, and theE1 decay is allowed. The
model prediction of theE1 branch is too large, butE1 cal-
culations are extremely sensitive to small admixtures in
wave functions. The increase in Coriolis mixing over that
the negative-parity bands is due to components of hig
values ofj in the wave functions.

There are of course observed states which are not
scribed by this simple particle-rotor model. If one consid
98Mo as the ‘‘core’’ for 99Tc, there are three ‘‘nonrota
tional’’ excited states known@19# below 1.8 MeV, 01 ~735
keV!, 21 ~1432 keV!, and 21 ~1758 keV!. Thus one should
expect to find ‘‘nonrotational’’ states in99Tc which are out-
side of the model space. Nevertheless, the model does a
job at low excitation energies. Of the 16 observed sta
below 1.0 MeV, 12 are accounted for by the model. As
excitation energy increases, there are more unexpla
states. Between 1.0 and 1.5 MeV, 11 of the 21 obser
states cannot be identified, and likewise for 19 of the
observed states between 1.5 and 2.0 MeV.

V. SYSTEMATICS

Technetium nuclei span a transition region from the 5
neutron closed shell (93Tc! to a potential region of deforma
tion in heavier Tc nuclei. In this perspective, changes
properties of odd-Z nuclei might be readily understood o
the basis of a change in deformation only. This section d
cusses systematic trends which are consistent with the d
mation increasing from95Tc to 103Tc.

Complete rotational interpretations have been prese
for 97Tc and 101Tc in previous work@3,4#, as well as that of
the present work for99Tc. We feel that there are systemat
features which exhibit a picture independent of the details
the calculation. In the particle-rotor model we have us
aside from the obvious changes in inertial parameters,
dominant effects of deformation are the Nilsson states n
the Fermi surface and the effects of the Coriolis interacti

Low-lying 1/21 states have been observed in97Tc @3#, the
present work,101Tc @4#, and possibly in95Tc @20#. The en-
ergies of these states are difficult to understand without
voking some sort of collective motion. A shell model calc
lation for 93Tc, using the computer codeOXBASH @21#,
predicts the lowest 1/21 state at 3386 keV.~No experimental
1/21 state has been reported in93Tc.! The lowest known
1/21 states in97Tc, 99Tc, and 101Tc lie at 940, 920, and 606
keV, respectively. The data for95Tc @20# are not very com-
plete, but the lowest candidates are at 1034~no parity as-
signed! or 1930 keV. No experimental 1/21 state has been
reported in103Tc @22#. The excitation energies of these 1/21

states are not only low, but clearly decrease with increas
N. Figure 5 shows that this is consistent with increasing
formation, as the 1/21@431# Nilsson state approaches th
Fermi surface.

The other Nilsson states expected near the Fermi sur
for deformations ofd.0.18 or higher are the negative-pari
1/22@301#, 3/22@301#, and 5/22@303# states, and the
positive-parity 5/21@422# state. In the simplest rotationa
picture one might expect to observe bands built on th
states, but the Coriolis interaction mixes states in th
e
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bands. However, the effects of the Coriolis interaction d
crease with increasing deformation, so systematic tre
should be observable.

Although low-lying negative-parity states have been
ported in 95Tc @20# and 103Tc @22#, the data are not complet
enough to examine systematic band structure. However,
expected bands are observed in97Tc, 99Tc, and 101Tc. The
comparison of interband and intrabandM1 decay patterns
shows systematic evidence for increasing deformation a

FIG. 8. A comparison of theoretical energies, as a function
the strength of the Coriolis interaction, of the three lowest-lyi
positive-parity states in odd-Z Tc isotopes to experimental energie

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

State Esp I0 C

1
2

1@420# 45.167 0.05 0.100
1
2

1@431# 43.500 0.05 0.100
1
2

1@440# 39.310 0.05 0.100
3
2

1@411# 47.401 0.05 0.100
3
2

1@422# 45.522 0.05 0.100
3
2

1@431# 40.284 0.05 0.100
5
2

1@413# 47.942 0.05 0.100
5
2

1@422# 41.783 0.05 0.200
7
2

1@413# 43.654 0.05 0.200
9
2

1@404# 45.818 0.05 0.100
1
2

2@301# 42.760 0.5 0.007
1
2

2@310# 38.828 1.0 0.003
1
2

2@321# 36.478 1.0 0.003
3
2

2@301# 41.722 1.0 0.007
3
2

2@312# 38.876 1.0 0.003
5
2

2@303# 41.535 1.0 0.003
5
2

2@312# 35.893 1.0 0.003
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TABLE V. Comparison of experimental and calculated results for99Tc.

Ei

~keV! I i
p I f

p
Eg

~keV!
Branching

ratio Theoretical identification

Expt. Theor. Expt. Theor. Initial
state

Final
state

0 0 9
2

1 g9/2,R50,2
140.77 163 7

2
1 9

2
1 140.77 1.00 1.00 g9/2,R52 g9/2,R50,2

142.68 143 1
2

2 9
2

1 142.68 1.00 1.00 1
2

2@301# g9/2,R50,2
181.23 224 5

2
1 9

2
1 181.23 1.00 0.77 g9/2,R52,4 g9/2,R50,2

7
2

1 40.5 0.00 0.23 g9/2,R52
509.07 424 3

2
2 1

2
2 366.39 1.00 1.00 1

2
2@301# 1

2
2@301#

612.38 497 5
2

2 1
2

2 469.70 0.98 0.94 1
2

2@301# 1
2

2@301#
3
2

2 103.6 0.02 0.06 1
2

2@301#
671.48 704 3

2
2 1

2
2 528.80 0.82 0.94 3

2
2@301# 1

2
2@301#

3
2

2 162.64 0.18 0.06 1
2

2@301#
726.71 720 11

2
1 9

2
1 726.71 0.88 0.80 g9/2,R52,4 g9/2,R50,2

7
2

1 586.23 0.12 0.20 g9/2,R52
761.98 741 13

2
1 9

2
1 761.98 1.00 1.00 g9/2,R52 g9/2,R50,2

884.37 895 5
2

2 5
2

2 271.94 0.36 0.44 5
2

2@303# 1
2

2@301#
3
2

2 212.94 0.31 0.17 3
2

2@301#
7
2

1 743.8 0.16 0.02 g9/2,R52
5
2

1 702.94 0.15 0.05 g9/2,R52,4
920.6 882 1

2
1 5

2
1 739.39 0.68 0.05 1

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

1
2

2 777.92 0.32 0.95 1
2

2@301#
986.18 966 7

2
2 5

2
2 373.80 0.57 0.90 1

2
2@301# 1

2
2@301#

5
2

1 805.12 0.23 0.00 g9/2,R52,4
7
2

1 845.6 0.11 0.00 g9/2,R52
3
2

2 477.1 0.09 0.08 1
2

2@301#
1004.21 1005 3

2
1 5

2
1 822.98 1.0 1.0 1

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

1019.95 1030 a5
2

1 7
2

1 879.26 0.60 0.94 1
2

1@431# g9/2,R52
5
2

1 838.65 .0.40 0.06 g9/2,R52,4
1135.09 1106 5

2
2 5

2
2 522.71 0.56 0.44 3

2
2@301# 1

2
2@301#

5
2

2 250.82 0.11 0.02 5
2

2@303#
3
2

2 625.87 0.19 0.21 1
2

2@301#
5
2

1 953.9 0.14 0.01 g9/2,R52,4
1176.55 1155 9

2
2 5

2
2 564.17 0.90 0.99 1

2
2@301# 1

2
2@301#

7
2

2 190.6 0.10 0.01 1
2

2@301#
1203.48 1318 9

2
1 7

2
1 1062.5 0.71 0.72 g9/2,R52,4 g9/2,R52

9
2

1 1203.48 0.29 0.12 g9/2,R50,2
11
2

1 476 0.00 0.13 g9/2,R52,4
1207.29 1300 7

2
2 5

2
2 323.00 0.52 0.46 5

2
2@303# 3

2
2@301#

3
2

2 535.72 0.48 0.54 3
2

2@301#
1243.95 1250 7

2
1 5

2
1 1062.72 0.57 0.36 1

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

7
2

1 1103.1 0.11 0.18 g9/2,R52
9
2

1 1243.4 0.32 0.46 g9/2,R50,2
1306.43 1427 7

2
1 5

2
1 1128.4 0.82 0.74 g9/2,R52,4 g9/2,R52,4

7
2

1 1168.2 0.18 0.24 g9/2,R52
1329.52 1405 7

2
2 7

2
1 1188.94 0.52 0.20 3

2
2@301# g9/2,R52

5
2

2 716.97 0.48 0.48 1
2

2@301#
1444.23 1414 a3

2
1 5

2
1 1262.99 0.54 0.84 g9/2,R52,4 g9/2,R52,4

7
2

1 1304 0.00 0.16 g9/2,R52
3
2

2 935.2 0.25 0.00 1
2

2@301#
5
2

2 832.2 0.21 0.00 1
2

2@301#
1526.46 1558 15

2
1 13

2
1 764.48 0.67 0.42 g9/2,R54 g9/2,R52
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TABLE V. ~Continued!.

Ei

~keV! I i
p I f

p
Eg

~keV!
Branching

ratio Theoretical identification

Expt. Theor. Expt. Theor. Initial
state

Final
state

11
2

1 799.74 0.33 0.58 g9/2,R52,4
1552.59 1771 ( 7

2
1)

5
2

1 1371.36 0.63 0.52 g9/2,R54 g9/2,R52,4
7
2

1 1412.2 0.37 0.21 g9/2,R54
1585.02 1576 ( 17

2
1)

13
2

1 823.04 1.00 1.00 g9/2,R54 g92,R52

1604.91 1597 ( 11
2

2)
7
2

2 618.73 1.00 0.76 1
2

2@301# 1
2

2@301#
9
2

2 428 0 0.770 1
2

2@301#
1747.45 1800 13

2
2 9

2
2 570.90 1.00 1.00 1

2
2@301# 1

2
2@301#

aOther spins are allowed experimentally.
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function ofN. For pure Nilsson bands, with no Coriolis mix
ing, transition probabilities for interbandM1 transitions be-
tween the 3/22@301# and 1/22@301# bands would be very
large since they are spin-flip transitions, typically 20–1
times larger than calculated probabilities of intraband tran
tions in pure 3/22@301# and 5/22@303# bands. Thus when
the Coriolis interaction mixes 1/22@301# and 3/22@301#
components into the 5/22@303# band, excited members o
the 5/22 band decay predominantly through interband tra
sitions rather than intraband transitions. In97Tc and 99Tc,
only interband transitions were observed, while in101Tc in-
terband and intraband transitions were observed with roug
equal intensities. This argues for a decrease in Coriolis m
ing as a result of an increase in deformation.

Perhaps the most dramatic systematic evidence for
change in deformation can be found in the order of
lowest-lying positive-parity states. From the Nilsson diagr
of Fig. 5, one would expect members of the 5/21@422# band
to lie at low excitation energies. Indeed this is the case
that the lowest states are 5/21, 7/21, and 9/21. But in the
lighter isotopes, the Coriolis interaction has inverted the
der of these states. Figure 8 illustrates the systematics.
horizontal axis represents the strength of the Coriolis in
action. No units are given, because it is not linear with
spect toN. The upper portion of Fig. 8 shows calculate
energies, where parameters have been chosen that best r
the entire set of positive-parity states in the appropriate
isotopes, not just the lowest three. The vertical scale is
ergy, but the figure shows the 5/21 state at the same energ
in all cases. If the strength of the Coriolis interaction we
zero, the calculation would yield a regular rotational ba
The left-most calculation is close to this limit. The botto
portion of the figure shows energies of experimental state
103Tc, 101Tc, 99Tc, 97Tc, and 95Tc. The overall systematic
correspondence to the theoretical energies is clear.
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VI. CONCLUSIONS

The present work has extended previously available in
mation on the properties of intermediate-spin states in
low-energy region of99Tc. The 98Mo(3He,png) 99Tc reac-
tion has proven to be effective in populating both yrast a
non-yrast states. Thirty-five new levels have been es
lished, which roughly doubles the number of known sta
below 2 MeV. The use of the proton-g coincidence system
by reducing background and eliminating photopeaks fr
competing reaction channels, allowed the quantitative an
sis of many weak transitions placed in the level scheme.
a result reliable spin assignments could be established fo
majority of states.

The interpretation of the structure of99Tc in the frame-
work of a rotational model has proven to be successful. F
reasonably pure rotational bands have been identified
99Tc, based on 1/22@301#, 3/22@301#, 5/22@303#, and
1/21@431# Nilsson states. Coriolis mixing is smallest for th
three negative-parity bands identified, and although so
what larger in the positive-parity band identified, is st
small enough to retain its nature as a 1/21@431# rotational
band.

Positive-parity states for whichg9/2 parentage is deduce
exhibit a larger degree of Coriolis mixing. There is no co
sistent band structure for these states. However, many o
lowest-lying states have a large component of a single N
son state. For example, the lowest 5/21 state is 44%
5/21@422#.

The deduced results for99Tc fit naturally into systematics
which argue for an increase in deformation as a function
neutron number going from95Tc to 103Tc.
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