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10T ¢ produced by the (3He,pny) reaction
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The nuclear structure of®*Tc was studied using th#Mo(3Hepny) reaction, which has populated most
states in the nucleus below 2 MeV excitation energy. The proton exit channel was isolated from compet-
ing reaction channels by operatingray detectors in coincidence with a large-solid-angle proton detector.
The experiments includedg-ray excitation functions,y-ray angular distributions, ang-vy coincidences.

The results were interpreted using a particle-rotor md@®&0556-28187)03501-2

PACS numbg(s): 25.55.Hp, 27.60tj, 23.20.Lv

[. INTRODUCTION terms are treated to all order. This basic model has been used
for years to interpret strongly deformed nuclei.

The use of the spherical shell model to interpret the struc- The °Mo(*He pny) 1°Tc reaction was used in this ex-
ture of closed-shell nuclei is generally accepted. Far frorrperiment. A large-solid-angle proton detector was operated
closed shellgparticularly in the rare-earth and actinide re- in coincidence withy-ray detectors to separate the exit
gions nuclei exhibit regular rotational bands accepted aghannel fromxn andaxn channels. The improvement in the
evidence for large permanent deformations. Between theéata was striking, which permitted us to see many weak
extremes lie the so-called transitional nuclei. It seems prob¥-Tay transitions that would have been lost without the pro-
able that deformations must exist in transitional nuclei, butOn gate. _ o _
the questions of where they exist, and their magnitudes, are | € measurements inclugeray excitation functions, an-
intriguing. The traditional view has been that vibrations9ular distributions, andy-y coincidences. The degree of
about spherical shapes are the dominant collective degree clear orientation observed in these experiments is lower

freedom near closed shells, and that collective rotations d iagrﬁgﬁisog;igg%fgg E(Ia;vgi-sl(t)rri]blrﬁi%ﬁ;ogﬁ rt])inlgissdptlerf]irﬁf(;
not set in until there are many nucleons outside the close§|g 9 '

shell. But the recognition of rotational features can be ob- owever, they-ray excitation function can be used with the

o . S . ngular distribution to make spin assignments, as will be
scured because the Coriolis interaction, which is an mtegra; 9 P 9

t of rotational model distort the famili it iscussed later. Measurements for many weatays were
part ot rotational models, can distort the tamifiar patterns ol e by other rays with similar energy. This problem

rotational bands. In fact vibrational models and rotational, o minimized by using directional correlations in the coin-
models can provide similar interpretations of states near thgjjance data to make spin assignments.

yrast line in transitional nuclei. Hence heavy-ion reactions,
which preferentially populate yrast states, do not distinguish
between these modelg. On the other hand, we haV(_e fqund Il. EXPERIMENTAL TECHNIQUES
[1,2] that most states in a nucleus below 2 MeV excitation
can be observed usiniHe fusion reactions with projectile ~ The target was a foil of isotopically enriché®Mo rolled
energy a few MeV above the Coulomb barrier. This papeito a uniform thickness of 2.1 mg/cinThe composition was
reports our investigation of°Tc, in which we have approxi- 97.4% Mo, 0.96% **Mo, and less than 0.5% impurities of
mately doubled the known states below 2 MeV. 92.949596.910. The *He beam currents of 10—-25A were
Since °*Tc has 58 neutrons, it might be expected to besupplied by the Purdue FN Tandem Van de Graaff accelera-
deformed, and in fact our data show evidence for severdor.
rotational bands. Accordingly, we have used a symmetric- Data was collected on a DEC Micro Vax 3400 computer
rotor model for our interpretation of the data. The modelthrough acamAc interface. The proton detectors were thin
utilizes a rotational Hamiltonian in the strong coupling limit plastic scintillators with a total solid angle of 66%. The two
modified to include a variable moment of inerf. Pairing  hyper-pure Gey-ray detectors used had energy resolutions
is treated by the BCS formalism. The Coriolis and recoilof ~ 2.0 keV at 1332 keV and efficiencies of 20%. Two
techniques were used to facilitate higkray counting rates.
The 3He beam was electrostatically deflected off the target
*Present address: Department of Physics, Hampton UniversitygS soon as & ray was detected to minimize the probability

Hampton, VA 23668. of pileup from subsequent rays. The beam was held off the
TPresent address: Department of Nuclear Engineering, Hacettejiarget until the accepted event was processed. ORTEC 673
University, Ankara, Turkey. spectroscopy amplifiers were used with tay detectors.
*Present address: Triangle Universities Nuclear LaboratoryThese instruments include a gated integrator, in addition to
Durham, NC 27706. the usual active filter, to improve the signal-to-noise ratio.
Spresent address: Institut des Sciences Exactes et TechnologiEhe addition of the gated integrator reduced the amplifier
Universite de Constantine, Constantine, Algeria. pulse width by 60% with negligible loss in-ray energy
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FIG. 1. A portion of a proton-gated singles
: : : spectrum from the'®Mo(®He pny) 1%*Tc reac-
tion at a laboratory energy of 16.5 MeV.
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resolution. These techniques permit efficient data collection The chance coincidence spectrum from a start-stop TAC
with averagey-ray counting rates of approximately 100 000 has an exponential shape because more than one stop pulse
per second. can occur within the range of the TAC. This effect would
Time-to-amplitude convertefd AC) were used in the co- cause a 9% error in chance coincidence subtraction at the
incidence system. The TAC was started by $hey detector high counting rates used in these experiments. The effect
and stopped by the proton detector. Two TAC’s were rewas removed by introducing a fixed dead time in the stop
quired for the proton¥-y coincidence system. A separate input of the TAC. Additional experimental information is
digital logic circuit insured that the same proton pulsegiven in Ref.[4].
stopped both TAC’s. The TAC spectra were processed in the
on-line computer so that flexible windows could be used to A. Excitation functions
define true and chance coincidences. The chance coincidence
counting rate is proportional to the product of the window
width times the singles-counting rate. Since the singles rat
is large, it is necessary to minimize the window width to
obtain a satisfactory true-to-chance coincidence ratio. Th
time jitter of the pulse from they-ray detector system is

Proton-gated singles spectra were recorded at 15, 16.5,
18, and 19.5 MeV projectile energies. A typical spectrum is
&hown in Fig. 1. These measurements served the dual func-
tions of selecting the appropriate beam energy for subse-
‘auent experiments and providing spin information. The an-

. . gular distribution andy-vy coincidence experiments were run
inversely proportional to the energy of theray. Therefore, at 16.5 MeV. The primary reason for this choice was to

the window widths were adjusted as a 'functlon of theminimize competition fromi®Mo(3He,3ny) 1%%Ru and reac-
y-ray energy for each coincidence event to increase the truge o following the breakup ofHe. 1Mo y rays from the

ts()a-r(;]r(]aa\?v(i:;rqag:oﬁ;:::eetcl;gieniir:jiﬁzgg(xevrv;nsduok\xrsa?thggfs ?ﬁg él’%.l exit channel were included in the proton gated spectrum,
' #6t they were much weaker than th&Tc y rays.

was accumulated. The window width varied from about 70
nsec for 50 keVy rays to 10 nsec foty rays with energy
above 500 keV.

The time jitter for low-energyy rays is so large that many The angular distribution measurement consisted of
of them are lost in a coincidence experiment. Elron STD-N-1proton-gated singles spectra collected at 0°, 45°, and 90°
snap-off triggers were used for theray timing signals. The with respect to the beam line. The angular distribution coef-
coincidence efficiency was approximately 35% for an 80ficients A, were extracted using a least squares procedure
keV v ray. The efficiency increases to 100% fgrray ener- and corrected for the detector solid angle. Particle and
gies above 200 keV. v-ray emission reduces the original alignment of the com-

B. Angular distributions
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FIG. 2. The low-energy portion of the level scheme deduced8c. Note that the vertcal energy scale is not linear.

pound system so that the experimental coefficiggisare (1) y-ray detector efficiency as a function gfray energy,

smaller than the theoretical oné§, : (2) y-ray absorbtion in the chamber walls and detector win-
0 dows, and3) losses at lowy-ray energy caused by the tim-
A= 1A 1) ing circuits used with they-ray detectors.

Typical values ofy, must be obtained from the experimental
data using unmixe&1l andE2 transitions between states of
known spin. Low-spin states are less orientated than high- The level scheme deduced in the present work'féFc is
spin statesa, varied in this experiment from approximately shown in Figs. 2 and 3. The low background in the proton-
0.2 for spin 5/2 to approximately 0.55 for spin 17/2. The gated coincidence data allowed the placement of many weak
a4 is much smaller tham,, hence the\,, coefficient usually  ransitions. 91y rays were identified as belonging #8%Tc
was negligible for the orientations obtained in these experizq placed unambiguously in the level scheme. The level
ments. scheme contains 49 states, 21 of which are new.
A tabular form of the level scheme is given in Table I.
C. y-y coincidence measurement New states are marked with a superscrigt”“following

The coincidence measurement was performed using twiheir energy. Mosty rays were placed by coincidence with
detectors positioned at 0° and 100° with respect to the bearm rays that precede and follow in the decay pattern. In some
axis. The data were stored as a 489®96 array in the cases severay rays were assigned to the same state on the
computer memory. One-dimensional projections of the arraypasis of energy agreement, because the observed feeding to
also were accumulategd.e., all y rays in one detector that the state was too weak to provide coincidence confirmation
are in coincidence with any ray in the other detectpr (indicated by a superscriptb” on the y-ray energy. The
Coincidence peak areas, Compton ridges, and backgroungsecision of mosty-ray energy measurements was approxi-
were simultaneously determined by a three-dimensionamately 50 eV. Less accurate measurements are indicated by
least-squares f[4] to the completey-y coincidence matrix, significant figures. The energy of the first three states was
rather than processing parts of the matrix condensed intdetermined byy rays that feed the states.
one-dimensional gate spectra. The spin and parity assignments are based on a combina-

We rely on the coincidence results not only for yes-notion of several sources: previous data compiled in Nuclear
criteria as to whichy transitions are in coincidence, but also Data Sheet¢NDS) [5,6], internal conversion measurements
for angular-momentum determinations apday intensities. to determine the spins and parities of the low-lying stgfgs
Peak areas extracted in the fitting process were corrected fowo B-decay studie$8,9], a massive transfer study0], a

Ill. THE LEVEL SCHEME
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FIG. 3. The higher-energy portion of the level scheme deduced®dc. The energy scale is not linear.

proton stripping experimerjtl1], y-ray branching patterns,

Additional angular momentum information was obtained

and our analysis of excitation functions, angular distribu-from DCO analysig 14,15 of the coincidence datdaDCO
tions, and directional correlations in the coincidence datastands fory-y directional correlation from oriented nuclei.
Many new spin assignments were made and others were colfhe DCO was used whenever there was substantial interfer-

firmed that had been considered tentative in NB$]. Am-
biguity in spin assignment is indicated by multiple spin val-
ues. A tentative assignment is shown in parenthesis.

ence betweery rays or the uncertainty from the DCO was
smaller than from the angular distribution. Complete DCO
analysis[14] was performed but the DCO ratio was not

A y-ray excitation function depends on the angular mo-giyen in Table I. Instead, we have calculated the value of

mentum of the state from which it is emitted. The excitation A,

functions were normalized to that of the 212.06-keV transi
tion from a3~ state to remove the common energy depen
dence. Then the-ray intensity was fitted to an exponential
function of energy:

vy

The exponential “slope’b is approximately proportional to
the angular momentum of the stat¥ariations of this tech-
nigue are common12,13.)

» that the y ray would have for the spin sequence and
mixing ratio required by the experimental DCO ratio. Then
the angular distribution and DCO measurements can be
evaluated on the same basis. These “impligk,; values are
listed in Table I. The “data-used” column of Table | tells
when the angular distributionA) or DCO (D) was used in

the spin analysis. A " subscript is added té\ or D when
the measurement does not allow parity change fopttran-
sition.

In general our spin assignments follow naturally from the

Equal slope intervals were used to estimate the anguldnformation in Table | and the notations in the “data used”
momentum, as listed in Table Il. These slope intervals wereolumn. The assigned spin of the 288.30-keV level requires
derived from transitions depopulating states of known spirdiscussion. The proton strippifig1] and internal conversion

[5,10]. A different set of intervals was necessary for positive-

[7] experiments limit the possible spin and parity to 14&

and negative-parity states. The “data used” column in Table3/2”. The 212.06-keV transition from the 5/2500.36-keV
| has anE when the excitation function was used to help state, which feeds the 288.30-keV level, has a measured

assign angular momentum and parity to a state.

A,, value of 0.0 0.03, which is inconsistent with a quad-

The angular distribution data were used to restrict angularupole transition unless the initial state is completely deori-
momentum and parity choices. Only the general size anénted. Thus the assigned spin of the 288.30-keV state is
sign of theA,, was used because the degree of nuclear ori3/2".

entation was not well known. The measurkg, values are
listed in Table I.

Our placement of threg-ray transitions differs from that
reported previously10]. We did not observe a coincidence
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TABLE I. Analysis of y rays from *°Tc.
E; E, E¢ Intensities A Exc. Data
(keV) 17 (keV) I7 (keV) 1047¢ Other X 100 func. used
9.32 i+ 2+ 0.00 N
15.60 3+ it 9.32 N
2 0.00 N
207.53 i- 3+ 15.60 N
288.30 3- 80.76 i 207.53 1000 —2(6) 112(14) [11]
394.35 3- 378.74 3t 15.60 256 ®) 2(3) E,A [11]
106.05 3- 288.3 213 20 —4(5) 43(6)
385.1 I 9.32 35 -9(12) 27(28)
500.36 5- 212.06 3- 288.3 352 ®) 0(4) E.A,
484.75 3+ 15.60 51 &) 26(13) E,A
106.01 2- 394.35 20 213
515.16 3+ 505.7 it 9.32 158 115 [11]
499.56 3+ 15.60 35 184) —30(11) A
515.1 2+ 0.00 22 28
533.50 i+ 533.50 2+ 0.00 145 13 —-6(2) —29(4) E.A,
524.18 i+ 9.32 56 —4(3) —11(7) A,
588.98 o+ 588.98 2+ 0.00 163 263) 121(12) E.,A, [10]
579.67 I 9.32 39 185) 141(12) E
606.41 1+ 3+ 590.80 3+ 15.60 180 ®) —121(10) E, [8.,9]
616.18 3- 408.65 3 207.53 150 -5(3) —-71(3) E.A
327.9 3- 288.3 28 6
222.1 2 394.35 8 11
618.19 - 224.0 3 394.35 141 71 1@) D
329.90 3- 288.3 77 143) 51(10) E.AA,
117.84 - 500.36 45 10 —17(3) D
602.6 2 15.60 14 11
621.93 1-3- 333.63 3- 288.3 105 -13) —87(6) E.A
642.20 B+ 642.20 9+ 0.00 200 8 21) 194(3) E.A, [10]
669.28 =) 380.99 3- 288.3 134 ») —74(5) E.A
275.0 3- 394.35 31 8
169.2 2 500.36 15 12
676.60° - 469.07 - 207.53 137 1B) —25(3) E.AA,
282.0 5- 394.35 24 6 16) D,D,
176.3 3 500.36 18 10
711.2 3+ 5+ 695.6 3+ 15.60 115 11 ®) —81(7) E
196.0 2 515.16 38 26
777.4 - 277.1 2 500.36 57 10
383.0 5- 394.35 35 17 —2(6) D
884.32 2- 490.0 3 394.35 71 34 1%) D,
266.02 - 618.19 62 145) 89(7) E,A_. [10]
980.44% 3-3 311.16 37(3)) 669.28 39 —~12(8) —31(10) E.A
358.3° 1-3- 621.93 9 —-5(17) 243(54)
586.1° - 394.35 6 29
362.1° - 618.19 5 2
1028.0 3+ 1012.4 3+ 15.60 96 —1(4) —27(29) N
1033.99 27(3)) 415.79 i 618.19 27 67) 0(17) E.A,
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TABLE I. (Continued.
E; E, E¢ Intensities Asn Exc. Data
(keV) I (keV) 7 (keV) 1011¢ Other X 100 func. used
639.7° - 394.35 16 8
364.6° (3 669.28 13 2124) 8(23) E
533.6° 3 500.36 12 146 —24(11) D,D,
256.4° - 777.4 6 1
104255 2 424.13 - 618.19 29 —24(4) 42(14) AA,
542.2° 3- 500.36 17 1%6) D,D,
265.0° - 777.4 6 9
1102.9 =33 602.6 3- 500.36 8 17 -22(13 D
480.8° 1-3- 621.93 3 12
1170.51 a4- 552.31 - 618.19 57 28%) 13017 E,A, [10]
286.10 2- 884.32 16 2011) 191(17) E
1174.9% 674.6 3= 500.36 5 36
1187.54 3- 3 571.4 3- 616.18 19 72 —74(35) E
1191.5% 3-,4- 514.9 3 676.6 28 22 —10(6) D
1232.0% 5627  37(37) 669.28 5 4
1249.72 749.3 3- 500.36 6 6
631.1° - 618.19 5 3
1264.6% B+ 675.6 d+ 588.98 21 20
622.4° 2+ 642.20 17 307) 20022 E.D,D,
1271.3 594.7 3- 676.6 31 100
386.2° 9 884.32 7 10
1295.12 9+ U+ 652.9 2+ 642.20 16 811 98(15) E.D,
1319.4 3+ 3+ 713.0 3+ 606.41 18 —9(16) —14820) E.A
805.1° 3+ 515.16 25
608.2° 3+ .3+ 711.2 —22(18) AA,
1322.9% 5+ i+ 3 789.4 I+ 533.50 12 6 D,D,
1331.1 L8 688.9 2+ 642.20 23 117) 234(23) E.,D, [10]
741.9° d+ 588.98 11 5
1399.58 g+ 757.37 L+ 642.20 46 28%) 27509) E,D, [10]
1420.42 -4 536.1 2 884.32 12 4 -15(13) D,D,
642.2° - 777.4 8 200
1421.59 3+ 3+ 815.18 3+ 606.41 37 —5(4) —-11013) E.A
393.6° 3+ 1028.0 9 117 —89(27) E
1441.82 7725  37(3) 669.28 7 8
1477.9 i- 977.5 3 500.36 8 5 —3517) D,D,
1498.71 o- - 614.39 9 884.32 20 265) 25317) E,D,D, [10]
327.8° 4- 1170.51 12 22 —14(10 D
1521.1% 844.5 5 676.6 5 14
1534.72 2+ B 945.7 d+ 588.98 7 30  —47(15 D,D,
1559.32 1164.9 5- 394.35 6 10
940.0° - 618.19 4 72
1565.0 1049.8 3 515.16 20 12
1579.3% 695.0 - 884.32 11 115
1594.4 883.6  3*,3* 711.2 7 10
566.4° 3+ 1028.0 4 12
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TABLE I. (Continued.

E; E, E¢ Intensities Asn Exc. Data
(keV) T (keV) 7 (keV) 1047¢ Other X 100 func. used
1806.2 1199.8 3+ 606.41 6 4

1843.9 673.4 o= 1170.51 15 1816)

1892.8 1286 3+ 606.41 6 17

1928.9 1413.7 3+ 515.16 5 6

aNew states observed in this experiment.

bplaced in°*Tc by coincidence with followingy rays, but assigned to this state on the basis of energy agreement.

°N means that the ND$5,6] spin and parity assignment was us&q.A, or D means that the excitation function, angular distribution, or
DCO, respectively, was used in the spin and parity assignmentr A Subscript is added té or D when the measurement excludes parity
change for they transition.

between the 327.8- and 673.4-ke}/rays. We did observe same spin and parity that have similar excitation energies.
coincidence cascades of 327.8-, 286.10-, and 266.02+keV The comparison of experimental and calculated branching
rays, and of 673.4-, 286.10-, and 266.02-keMays. Thus ratios provides a more reliable identification,

we have placed both the 327.8- and 673.4-keV transitions The rotational model used was a symmetric particle-plus
feeding the 1170.51-keV level, and the 552.31-keV transitotor model. The calculation of energies and wave functions

tion depopulating the 1170.51-keV level. was the same as that used by Smith and Ridi&yfor Pd
nuclei. The calculation of electromagnetic transition proper-
IV. DISCUSSION AND INTERPRETATION ties was the same as that used by PEpl] for Ag nuclei.

This specific model utilizes a rotational Hamiltonian in the

In recent years both IBFNIL6] and rotationa[2,4] mod-  strong-coupling limit, modified to include a variable moment
els have been used to interpret collective structure inAdd- of inertia (VMI) [19]. The basis states are thus rotational
mass 100 nuclei. An IBFM calculation for the interpretation states built on Nilsson single-particle stafdg], character-
of ' Tc was presented in previous wdrk0]. However, the  jzed by goodK and (), the projections of the total angular
authors found that the agreement was not satisfactory. Thetgentumi’ and the particle angular momentumrespec-
are c!e_ar signs that a rotational intlerpretation might be MOrGyely, on the symmetry axis. Pairing is treated by the BCS
promising. The level scheme of'Te IS marked by the 4 majism. The Coriolis and recoil terms, which mix these
9/2" ground state, and low-lying 7125127, 1/27,3/127,and  gtates are treated to all order. We would like to emphasize
5/2" states. The occurrences of these states at low excitatiqiat this basic model has been used for years to interpret
energies follow naturally if%*Tc is deformedl. The Nilsson  girongly deformed nuclei. Aside from differences in inertial
[17] diagram applr(gpnate for odd protons t#‘Tc is shown  gquantities, the only deviations of its predictions from familiar
in Fig. 4. Since ™Tc has 43 protons, the Fermi surface rotational patterns are due to the role of the Coriolis interac-
would lie near Nilsson states of spins 5/21/27, 3/2", and  {igp.
5/2" for deformations greater thah = 0.15. In the simplest  The predictions of the model fall between two extremes,
Nilsson picture, the 7/2 and 9/2 members of a \hich depend on the strength of the Coriolis interaction.
5/2+[422] rotational band would also lie at low excitation When Coriolis mixing is small, the features of the basis,
energies. When the Corioils interaction is included, states of
these spins can be depressed in energy below the lowest tap| E |1 Excitation function slope intervals for spin assign-
5/2° state. In addition low-lying 1/2 and 3/2 states were ment.
observed at 606.41 keV and 711.19 keV. At deformations
greater thans = 0.18, theZ = 50 shell closure disappears, Slope interval
and the 1/2[431] Nilsson state approaches the Fermi sur-

face. A similar situation was found if’"Tc [4], where a _ Positive parity Negative parity
rotational calculation at a deformation 6f= 0.24 success- SPIn Min. Max. Min. Max
fully interpreted the observed structure. Since in the present —190 _104
work, the low-lying 7/2" and 5/2 states lie much closer to 2

the ground state, and the 1/and 3/2 states lie~300 keV 2 —190 -121 —104 —40
lower in excitation energy than ifTc, the data indicate that 3 —121 —52 —40 +24
10¥T¢ is more deformed tha®'Tc. For these reasons the use 2 -52 +17 +24 +88
of ett iptatlofn{ar: m?[deltat a rk;lgher g?fﬂcl)_lr_matmn fodr the inter-9 +17 186 188 1152
pretation of the structure observe c seemed reason- 1

able. A deformation 05=0.28 gave the best results. In the 123 +86 +155 +152 217
comparison of the results of the calculation to the experimen= +155 +224 +217

tal results, emphasis has been placed on electromagnetic de- +224 +293

cay properties. Energies alone are not a sufficient basis fof +293

comparison, since frequently there are several states of the
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Deformation (6)
namely rotational bands built on states of gdad are re- Cal;l'lﬁ:tli_oEn IV. Basis states and associated parameters used in the
tained. This limit is approached not only when the deforma- '
tion is high, but when low values cffare involved, or when State E 5 c
j=~Q. As Coriolis mixing increases, the odd particle tends to P °
become decoupled from the rotating core. If the effects of the + [420] 44.863 10.0 0.100
Coriolis mteractlon_become large enough, the second limit |3§+ [431] 43.800 8.0 0.100
approached, in whicR, the angular momentum of the core, 440 38.944 50 0.100
andj are good quantum numbers rather tHan Thus the §+ [440] ' : :
rotational predictions resemble particle-core multiplets rathes ~ [411] 47.180 5.0 0.100
than bands. This limit is most commonly realized in slightly 3+ [422] 45.221 5.0 0.100
deformed nuclei for states with a high, unique valug.oin 3+ 437 39.971 5.0 0.100
10IT¢, this might correspond to states @, parentage. The 5. (413 47721 5.0 0.100
determination of where observed states lie between these twio, ' ' '
limits is in effect a good assessment of the nuclear deformaz [422] 41.535 50 0.200
tion. it [413 43.476 5.0 0.200
The parameters used for the Nilsson calculations weré* [404] 45.714 5.0 0.100
. . 17 [301] 42.623 10.0 0.005
TABLE lIl. Parameters used in the calculation. T
5~ [310] 38.620 10.0 0.005
Shell A A Atten. 3~ [321] 36.184 10.0 0.005
number K o Mo (MeV) (MeV) factor g— [301] 41.090 10.0 0.010
4 0062 045 043  41.46 15 085 3 [312 38.668 10.0 0.005
3 0.060 0.52 0.52 42.20 15 0.8 2* [303] 41.356 10.0 0.010
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TABLE V. Comparison of experimental and calculated results*fdfc.
E; Theoretical identification
Exp. Theo. E, Branching ratio Initial Final
(keV) (keV) I ¥ (keV) Exp. Theo. state state
0 9+ Ug2,R=0,2,4
9.32 -7 I 2+ Jo,R=2 Jo2,R=0,2,4
15.60 ~14 5+ i+ Jon,R=2,4 Jon,R=2
3 9o2,R=0,2,4
207.53 207 - 3t 37[301] Jo2,R=2,4
288.30 313 3- - 80.76 1.000 0.998 $7[301] 17[3071]
394.35 478 - 3+ 378.74 0.508 0.098 £7[301] Jon,R=2,4
3- 106.05 0.423 0.900 1[301]
I+ 385.1 0.069 0.002 Joi2,R=2
500.36 509 3- 3- 212.06 0.832 0.396 271303 27301
3+ 484.75 0.121 0.516 Jon,R=2,4
- 106.01 0.047 0.071 1-[3071]
515.16 700 5+ I+ 505.7 0.735 0.684 Ug2,R=2,4,6 Uop,R=2
3+ 499.56 0.163 0.310 Jon,R=2,4
2+ 515.1 0.102 0.006 U9, R=0,2,4
588.98 478 U+ 9+ 588.98 0.807 0.737 Jgp,R=2,4 U9, R=0,2,4
I+ 579.67 0.193 0.263 Joip,R=2
606.41 687 1+ b 3+ 590.80 0.950 0.050 171437 Jop,R=2,4
i 398.9¢ 0.050 0.950 17[301]
616.18 591 3- i- 408.65 0.806 0.609 3-[301] 171301
3- 327.92 0.151 0.355 17[301]
- 222.1 0.043 0.035 1[3071]
618.19 683 i 3- 224.0 0.509 0.842 37[301] 37[301]
3- 329.90 0.278 0.149 17[301]
2 117.84 0.162 0.002 27303
3+ 602.6 0.051 0.000 Jon,R=2,4
642.20 632 B+ 9+ 642.20 1.000 0.996 Jorp,R=2 U9, R=0,2,4
669.28 779 3-0 3- 380.99 0.744 0.624 2-[301] 37[301]
3 275.0 0.172 0.369 17[301]
2 169.2 0.083 0.002 27303
711.2 692 3+ b 3+ 695.6 0.752 0.518 $7[431 Jon,R=2,4
3+ 196.0 0.248 0.403 Jon,R=2,4,6
777.4 738 - - 277.1 0.620 0.390 271303 371303
- 383.0 0.380 0.295 17[301]
i 768.1 0.000 0.111 Jor,R=2
884.32 932 2- 3 490.0 0.534 0.570 £7[301] 1-[301]
- 266.02 0.466 0.424 1-[3071]
8862 939 3+ I+ 876.7 0.548 0.703 $7[431] Jor2,R=2
3+ 870.4 0.452 0.220 Jon,R=2,4
1028.0 758 3+ 3+ 1012.4 1.000 0.838 Jor,R=2,4 Jo,R=2,4
3+ 512.8 0.000 0.104 Jon,R=2,4,6
1033.99 1025 -0 - 415.79 0.365 0.340 371301 1-[301]
3 639.7 0.216 0.513 17[301]
- 364.6 0.176 0.116 3-[301]
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TABLE V. (Continued.

E; Theoretical identification
Exp. Theo. E, Branching ratio Initial Final
(keV) (keV) I 7 (keV) Exp. Theo. state state
3 533.6 0.162 0.016 27303
- 256.4 0.081 0.003 27303
1042.55 1012 2- - 424.13 0.558 0.282 271303 1-[301]
- 542.2 0.327 0.540 571303
i- 264.95 0.115 0.070 27303
1170.51 1203 Z- - 552.31 0.781 0.565 $7[301] 17[301]
- 286.1 0.219 0.430 27303
1249.66 1309 [(27)]° - 749.31 0.545 0.002 371301 27303
- 631.12 0.455 0.603 17[301]
2- 365.4 0.000 0.271 17[301]
1295.1 1387 U+b B+ 652.9 1.000 0.619 Jorn,R=2,4 Jor2,R=2
U+ 706.1 0.000 0.255 Jon,R=2,4
1331.1 1330 L+b B+ 688.89 0.676 0.485 Oop,R=4 Uop,R=2
U~ 741.93 0.324 0.515 Jo2,R=2,4
1399.58 1612 i+ B+ 757.37 1.000 0.986 Jon,R=4 Jgi,R=2
1420.4 1326 u-b 2- 536.08 0.600 0.118 271303 17[3071]
- 642.2 0.400 0.696 27303
1498.71 1513 -0 2- 614.39 0.625 0.721 $7[301] $7[301]
a4- 327.78 0.375 0.280 17[301]
1534.7 1640 B+b o+ 945.72 1.000 0.801 Jorn,R=14,6 Jo2,R=2,4
1579.29 1639 (3F)1° 2- 694.97 1.000 0.512 271301 17[301]
u- 408.8 0.000 0.293 1[301]
1843.93 1834 (EH1° a4- 673.42 1.000 0.681 $7[301] 17[301]
8- 345.2 0.000 0.319 17[301]

aState not observed in the present work. The energy and branching ratios argsfrom

POther spins are allowed experimentally.

“The spin shown was not measured experimentally, but comes from the model association.
Transition not observed in the present work. The relative intensity is f&m

chosen to give energies at zero deformation consistent witenergies and branching ratios as corresponding to rotational
those tabulated by Reehal and Soren&}. The Fermi en- states predicted by the model. Columns 1 and 2 give the
ergies for positive and negative parities were chosen on thexperimental and theoretical energies for each initial state,
basis of filling Nilsson states with the 43 protons ¥fTc,  and column 3 gives the initial spin and parity. If more than
and then making minor adjustments. The pairing parametevne spin was experimentally possible, only the spin agreeing
A was taken from systematics. Coriolis and recoil termswith the theoretical spin is listed and identified with a foot-
were attenuated by the same factor. The values of these paete (there are nine states in this categoffhree of the 31
rameters are given in Table Ill. initial states in this table had no experimental spin assign-
The basis states for the calculation were restricted to thenents, but are included because their energies and branching
Nilsson states near the Fermi surface. The specific states inatios agreed with those calculated. Valuesl®finferred
cluded in the basis, along with their single-particle energiesfrom the model calculations are enclosed in double parenthe-
are given in Table IV. In general we do not treat the VMI ses. The model identification of the initial state is given in
parametersi, andC as free parameters for all basis states,column 8. In the calculation we considered decay probabili-
although different sets were adopted for positive- andies to all final states to which transitions were possible on
negative-parity states. In the fine-tuning stage of the calculathe basis of energies and spin changes. However, because of
tion, values were changed for four of the basis states. Thepace limitations, the table only includes branches that were
VMI parameters are also given in Table IV. either observed or predicted to be observable. For the
Table V presents the comparison of experimental and calbranches included, column 4 gives the final spin and parity
culated results fot%Tc. This table includes only the experi- and column 5 they-ray energy. Columns 6 and 7 give the
mental states that have been identified on the basis of theéixperimental and theoretical branching ratios, and column 9
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Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp.

2000 — 4

15/2° 1834°15/2° 1844)

11/2° 1639
. *11/2° 1579 FIG. 5. Band structure identified i?*Tc. The
s 1500 | 192 1455 a1/ 1420 = superscript “a” on an experimental spin indi-
© . T cates that the measurement allows for another
X 9/2° 1309 [11/2" 1326 . PP :
g by spin. The superscript “b” indicates that no spin
- L. 9/2 1250 | t _
=) (1172”1208 440+ 4474 was measured, and that the spin shown is from
2 . — o 1043 the model association based on energy and
W oo L 7/2 1025 | 9/2" 1012 _ branching ratios. The dashed state was not ob-
9/2° 932 5/2* 939 .
9/2 884 5/2* 886 | served in the present work, and the energy and
5/2° 779 22 777 branching ratios are from Ref5].
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— 82 616 . . - ]
500 |-5/2° 478 | 5/2° 509 5/2° 500 h
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| 312" 313 /> gy
C /2 207 112 207 .

1/2301] 3/27301] 5/271303] 1/27[431]

gives the model identification for each final state. In Table V three members of a positive-parity band with a
Branching ratios played a major role in the inclusion orbandhead spin of 1/2have also been identified. The calcu-
exclusion of experimental states in Table V. Consider thdation associates this band with a relatively pure*1431]
second 3/2 state of the calculation, with a calculated energyNilsson band, ranging from 58% to 91% depending on the
of 591 keV. The calculation predicts the largest branch to thepin. This band, along with predicted energies, is also shown
lowest 1/Z state, with smaller branches to the lowest™3/2 in Fig. 5. The fact that the bandhead decays at all by an
and 5/2 states. Three candidates for this state on the basi&1 branch is a good indication of the Tf231] nature of
of energy alone were observed experimentally, at 616.18he band. The model prediction of tBd branch is much too
621.93, and 669.28 keV. The latter two states have no obarge, butE1l calculations are extremely sensitive to small
served branches to the lowest 1/8tate. The 616.18-keV admixtures in the wave functions. The increase in Coriolis
state decays as predicted, and hence is associated with thexing over that for the negative-parity bands is due to com-
calculated state. The 669.28-keV state could also have spiponents of higher values gfin the wave functions. How-
parity 5/2". Another 5/2 state was observed at 676.60 keV. ever, the Coriolis mixing is still small enough so that no
Although the two states have similar energies, they havelominantj prevails.
very different decay patterns. The third 5/Atate of the The model associates the remaining positive-parity states
calculation has a calculated energy of 779 keV, and the calincluded in Table V with Nilsson states of predominantly
culated decay agrees with the 669.28-keV experimental statgq;, parentage. Although the Coriolis mixing is greater than
Thus this state is associated with the third 5&ate of the for the bands discussed above, it is less than that observed in
calculation, even though another spin is possible. 9Tc [4] and °°Tc [21]. The energies of the lowest 9/2
Three negative-parity “bands” have been identified, with 7/2", and 5/2° states show this without examining the wave
bandheads 1/2 3/2", and 5/2 . These three bands, along functions. In the basis, the order of these states in all three
with the predicted energies, are shown in Fig. 5. Coriolis
mixing is small because of the low valuesjcthat contribute TABLE VI. A comparison pf the excitation energies of the three
to the wave functions. The calculated wave functions forlowest positive-parity states ifTc, *Tc, and**'Tc.
members of the 1/2band are better than 97% 1/2301], so
that the result is an essentially pure Nilsson band. The Cori- Excitation energykeV)
olis interaction has caused some mixing for the™3&nd I” Tc ®Tc 1011¢
5/2" bands, although it is relatively small. Members of the

3/2” band are better than 90% 3/2801], and members of 3 0.00 0.00 0.00
the 5/2 band are better than 91% 5/803]. Thus TableV  1* 215.81 140.87 9.32
identifies the bands as 1/R301], 3/27[301], and 3+ 324.44 181.23 15.60

5/27[303], respectively.
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TABLE VII. Summary of calculated wave functions for states of predominagdly parentage. Entries
for Nilsson componentg, andR are fractions of total.

Nilsson component j R
Spin [440] [431 [422] [413] [404 (912 0 2 4 6
(3)2 0.88 0.674 0.019 0257 0.724
(%)2 0.03 0.62 0.637 0.037 0.226 0.737 0.001
(%)1 0.08 0.31 0.61 0.906 0.069 0.666 0.265
(%)2 0.41 0.23 0.33 0.710 0.085 0.299 0.511 0.106
(%)1 0.01 0.19 0.54 0.26 0.943 0.012 0.955 0.015 0.018
(%)2 a 0.06 0.28 0.02 0.45 0.666 0.070 0.224 0.696 0.002
(52’)1 0.10 0.27 0.43 0.19 0.01 0.935 0.767 0.113 0.103 0.016
(52’)2 a 0.32 0.21 0.04 0.38 0.04 0.919 0.530 0.437 0.021
(171)1 0.02 0.22 0.48 0.26 0.02 0.948 0.736 0.255 0.005
(171)3 0.07 0.38 0.01 0.42 0.11 0.929 0.130 0.396 0.497
(173)1 0.16 0.32 0.35 0.14 0.01 0.935 0.883 0.060 0.051
(173)2 0.32 0.12 0.10 0.37 0.06 0.948 0.004 0.761 0.215
(175)1 0.03 0.27 0.45 0.23 0.02 0.948 0.851 0.140
(177)1 0.23 0.37 0.28 0.10 0.01 0.936 0.912 0.060

3State not observed. The predicted decay is only to the loyesir * state.

isotopes is 5/2, 7/2", and 9/2 . It is the Coriolis interaction keV). Thus one should expect to find “nonrotational” states

that depresses the 9/2nd 7/2 states below the 5/2state.  in 1°'Tc that are outside of the model space. Nevertheless,

Table VI gives the experimental energies of these states ithe model does a good job at low excitation energies. Of the

the three isotopes, and clearly the effects of the Caoriolis in21 observed states below 1.0 MeV, 17 are accounted for by

teraction are smallest if®Tc, where the three states are the model. As the excitation energy increases, there are more

essentially degenerate, in agreement with the calculation. unexplained states. Between 1.0 and 1.5 MeV, 10 of the 22
The calculated wave functions also show that Coriolisobserved states cannot be identified, and likewise for 6 of the

mixing is smaller, in that the results deviate more from thelO observed states between 1.5 and 2.0 MeV.

multiplet limit. Table VII gives a summary of the model

wave functions(Only the basis states @, parentage are

included. The fact that the Nilsson components do not total V. CONCLUSIONS

one for some states indicates components of other basis The present work has extended previously available infor-
states. It is clear thatQ) is not a good quantum number. mation on the properties of intermediate-spin states in the
However, there is a trend for one Nilsson component to béow-energy region of'®Tc. The *Mo(3He pny) 1%*Tc re-
larger than the others for many of the states. For example thaction has proven to be effective in populating both yrast and
lowest 5/2, 7/2", 9/2F, and 11/Z states have a large non-yrast states. 21 new levels have been established, which
5/2"[422] component, while the next states of spins*7/2 roughly doubles the number of known states below 2 MeV.
9/2*, and 11/2 have a large 7/2[413] component. Thisis The use of the proton- coincidence system, by reducing
a shift towards “bands”(although subtlecompared to the background and eliminating photopeaks from competing re-
wave functions obtained for’’Tc [4]. The fraction of action channels, allowed the quantitative analysis of many
j=9/2 is high for all states in Table VII, but this is not an weak transitions placed in the level scheme. As a result reli-
indication of the multiplet limit because the Nilsson statesable spin assignments could be established for the majority
themselves are nearly puje=9/2 states, ranging from 0.79 of states.
for the 1/27[440] state to 1.00 for the 977404 state. An- The interpretation of the structure 6f*Tc in the frame-
other sign of the smaller Coriolis mixing is that most of the work of a rotational model has proven to be successful. Be-
wave functions contain more than one sizable valudRof cause of the larger deformation df'Tc (6 = 0.29, the
Even the 9/2 ground state, which should be a piRe=0 effects of the Coriolis interaction are smaller tharPiiic [4]
state in the multiplet limit, shows large component®of 2 and in *°Tc [21].
and 4. In the identification column of Table V, more than one Four reasonably pure rotational bands have been identi-
R component is listed if the dominaR component was less fied in °Tc, based on 1/2301], 3/27[301], 5/27[303],
than 0.8. and 1/2[431] Nilsson states. Coriolis mixing is smallest for
There are of course observed states that are not describdite three negative-parity bands identified, and although
by this simple particle-rotor model. If one considéf®Mo  somewnhat larger in the positive-parity band identified, is still
as the “core” for °'Tc, there are five “nonrotational” ex- small enough to retain its nature as a "1/231] rotational
cited states knowfi22] below 1.8 MeV, 0" (695 ke\), 2"  band.
(1064 keVj, 2% (1464 keV, 2% (1505 keV}, and 4" (1870 Positive-parity states for whichg, parentage is deduced
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exhibit a larger degree of Coriolis mixing. There is nho con-point to a decrease in Coriolis mixing due to a larger defor-
sistent band structure for these states. However, many of th@ation.

lowest-lying states have a large component of a single Nils-

son state. For example, the lowest 5/&tate is 61% ACKNOWLEDGMENT

5/27[422]. In addition this 5/2 state lies at 15.60 keV, This work was supported in part by the National Science
much lower than in®’Tc or in ®*Tc. Both of these features Foundation.
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