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High-spin states in the odd-odd nucleus Tc
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This work presents for the first time the high-spin information on the odd-odd neutron deficient
nucleus Tc. We have used the reaction Zn( Cl, 4p3n) Tc at a beam energy of 140 Mev to
populate high-spin states in the N = 49 nucleus Tc. Gamma-ray intensities and p —p coincidences
were measured. Nineteen new transitions have been found and placed in a level scheme. The positive
and negative parity bands have been extended tentatively up to a spin of 17+ and 21, respectively.
The level scheme can be reasonably well understood within the (pqgq, gsy2) model space and breaking
of the N = 50 neutron core. We have observed two discrepancies in the earlier work on the low-lying
states in Tc.

PACS number(s): 23.20.Lv, 23.20.En, 21.60.Cs, 27.60.+j

I. INTRODUCTION

The present work is a part of our attempt to systemat-
ically study the high-spin states of nuclei at and near the
neutron magic number N = 50. It gives the first high-
spin data on the odd-odd neutron-deficient nucleus Tc.
We had earlier reported our study of high-spin states in
"Tc [1] and "Ru [2].

The low-lying states in these nuclei are well described
by taking Sr as the core and the valence nucleons occu-
pying the (piy2, gsy2) configuration space [3,4]. However,
to describe the observed. high-spin states in these nuclei,
lying at or near the neutron magic number N = 50, an
enlarged configuration space is needed [1].Another possi-
ble mechanism to generate the higher angular momentum
states is to break the N = 50 neutron core [5]. There-
fore, it appeared interesting to systematically explore the
high-spin states in the N = 50 and neighboring nuclei,
in order to understand the possible mechanism for gen-
erating these states.

The Tc nucleus with 43 protons and 49 neutrons is
characterized by the simplifying feature that only one
high-spin orbital ggg2 is available. This makes the shell
model as a good starting point for the description of Tc.
To understand the structure at the highest spins, we have
attempted the breaking of the N = 50 neutron shell. The
observed level scheme of Tc is found to be reasonably
well described by this approach.

II. EXPERIMENTAL DETAILS AND ANALYSIS

The isotopically enriched ( 99%) Zn target had a
thickness of about 1.3 mg cm on a 25 mg cm Pb
backing. The heavy-ion beam of Cl was delivered by
the 15 UD Pelletron accelerator at the Nuclear Science
Centre (NSC) at New Delhi. The energy of the beam cho-
sen was 140 MeV. This energy was chosen because our

main interest was to investigate the high-spin behavior
of Rh and Ru nuclei, and so their yields were kept
maximum compared to other nuclei like Tc and Mo,
which were also produced in the same reaction. The rela-
tive production cross section of the residues in this heavy
ion reaction ( Cl on s4Zn at Ei i, = 140 MeV) were con-
sistent with those predicted by the statistical model code
CASCADE using the parameters reported by Dasgupta et
al. [6].

When the data were analyzed, we found that even
though we had not optimized the incident beam energy
for the (4p3n) channel which leads to s2Tc, we had inter-
esting new information about the Tc nucleus at high
spin, with reasonable statistics.

p —p coincides were measured using the gamma de-
tector array (GDA), at the NSC. At the time of this ex-
periment the GDA consisted of five Compton-suppressed
high-purity germanium detectors and a 14-element bis-
muth germanate (BGO) multiplicity filter. The details
of the GDA can be found in Ref. [1], wherein we had
reported the high-spin spectroscopy of Tc. The typical
energy resolution of the germanium detectors was about
2 keV at 1 MeV.

Previous study of Tc by Fields et al. [7] had used the
light projectile, He, at a beam energy of 33 MeV, on a
2Mo target. In the present work, a heavy ion beam of
Cl has been employed at a beam energy of 140 MeV.

This significantly changed the situation —the higher an-
gular momentum states in Tc were excited. As a result
we observed the yrast states in Tc and the low-lying
nonyrast levels reported by Fields et aL [7] were not ob-
served by us.

The Tc p rays have been placed in the level scheme
using the observed coincidence relationship and intensity
argument for the p rays. The typical p coincidence rate
was about 150 counts per second and the events corre-
sponding to a twofold or higher-fold coincidence (within
a system timing resolution of 40 ns) were recorded in the
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list mode. The list mode data consisted of a pattern word
identifying the detectors in coincidence, their energies,
the multiplicity information, and the timing information
between two coincident p rays. The timing information
was recorded using the time-to-digital converters (TDC)
[8]. The singles were gated with K ) 2 condition, where
K was the number of BGO elements that had fired in the
multiplicity filter. In all about 30 million multiparameter
events were collected.

The pulse height in all the detectors were software gain
matched and the data was sorted into a 1024 x 1024E~-
E~ matrix (after appropriate software gain matching to
1 keV per channel). In all six such 1024 x 1024E~ —E~
matrices were formed, to cover the energy range up to 3
MeV. From the processed data, background-subtracted
one-dimensional histograms for p energies in one detec-
tor gated by a suitable transition in the other detector
could be generated. . The FWHM of a clean peak at about
1 MeV, used in the analysis was about two channels (the
calibration being 1 keV per channel). The amplifier gains
in the experiment were kept low enough so that p rays
up to 2.7 MeV could be recorded. Figure 1 shows the
total projection spectrum; the strong transitions in the
different exit channels are marked. The present configu-
ration of the gamma d.etector array allows us to put de-
tectors at 99 and at 153 with respect to the beam direc-
tion. Multipolarities of the transitions were extracted as-
suming stretched transitions using the DCO (directional
correlations from oriented nuclei) procedure described in
details in Refs. [1,9]. We outline the procedure followed
by us briefiy: In order to assign multipolarities to the
observed transitions, the data were sorted out into an
E~ —E~ matrix, such that the events recorded in the
detectors at 99 with respect to the beam direction were
plotted along the y axis (after appropriate software gain
matching to 1 keV per channel). The data from the other
group of detectors, at 153 with respect to the beam di-
rection were then plotted along the x axis. Following the
procedure described in Refs. [1,9], a gate corresponding
to a p ray of known multipolarity, is taken for the detec-

tors on the x axis and the p ray spectrum for detectors
along y axis is projected through it. Next, the same gate
is taken for the y axis detectors and the p spectrum for
detectors along the x axis is projected through it. As-
suming stretched transitions, the intensities of those p
rays which have the same multipolarity as the gated. p
ray will be equal in both the projected spectra. On the
other hand, the intensities differ by a factor of about 2
in the two projections, if the multipolarities of the pro-
jected p rays are different. The drawback of this method
is that it is dificult to estimate any possible M1, E2 ad-
mixtures which cannot be ruled out. For this reason all
the multipolarities deduced by us are only tentative and
so we have put them in a bracket in Fig. 5.

III. EXPERIMENTAL RESULTS

In this experiment we have observed nineteen new p
rays, belonging to the nucleus Tc. The relative inten-
sities were extracted from the singles data. Some of the
p rays in Tc were identical in energy with the p rays
emitted by neighboring nuclei which were also produced.
For example, the 484 keV transition was present in both

Tc and Tc nuclei. We have used gated spectra for
the intensity determination of these "contaminated" p
ray peaks in the singles spectrum. Table I gives the ex-
citation energy (E ), transition energy (E~), the relative
intensity (I~), and the spin assignment of the p rays. All
the intensities were efFiciency corrected.

Our angular correlation data indicated that the in-
band 646 keV transition corresponds to a stretched
quadrupole (i.e. , it involves a change in angular momen-
tum by two units), so we have tentatively assigned an
E2 character to the 646 keV p ray. This fact coupled
with the coincidence data showed that the 545 keV p
ray connected the 12+ state to the 12 state. Figure 2
shows the projected spectrum with 545 keV transition as
the gate. This transition belongs to the negative parity
band. The new p rays observed in this band were 70(M1),
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TABLE I. Excitation energy (E ), transition energy (E~),
relative intensity (I~), and spin assignment of the p rays be-
longing to "Tc.
E (keV)

1354.7
685.7
1354.7
4590.1
2001.0
2663.9
3299.9
3586.7
5645.1
6271.9
3066.8
2545.8
3066.8
3561.4
3561.4
4045.8
4784.2
4784.2
6722.6
7830.5
2939.2
3561.4
3066.8
4613.0
6031.8

E~ (keV)
1354.7
685.7
668.9

646.4
662.8
636.1
286.7
2058.5
626.7
1066.1
544.8
520.9
1015.2
494.6
484.1
738.4
69.9

1938.4
1107.9
393.4
621.9
127.6
1051.6
1985.9

I~
100.0 (5)
16.7 (2.0)

85.0 (5)
22.6 (1.2)

9.4 (8)
9.5 (6)

10.0 (4.0)
& 2

27.7 (1.1)
39.3 (5)
7.7 (1.4)
i.6 (2.8)

16.4 (1.3)
& 20.0
& 10.0'
& 1.0'

2.8 (6.3)
9.7 (8)

17.6 (1.2)
& 8.0'

3.0 (1.3)
4.0 (5.0)

J, —+Jy
10+ —+ 8+
9+ ~8+
10+ + 9+

16(-) ~ 15&-)

(12+) m 10+
(13+) ~ (12)

(i4+) -+ (i3+)
(i5+) + (i4+)
(17+) ~ (i5+)

i3'-' ~ (i2+)
12' l -+ (12+)
13'-l ~ (i2+)

15(—) ~ 14(—)

17~-) ~ 15(-)

19(-) -+ 17~-)

(i2+) ~ 12'-&
14' l -+ (12+)
13'-l ~ (i2+)

Ip could not be computed as the 669 keV transition is a
doublet.
Ip could not be computed from singles due to contribution

from some unknown contaminant.
'Indicates that the Ip has been computed from the coinci-
dence spectra.

128,484(M1), 495(M1), 521(Ml), 622(M2), and 669(M1),
738(E2), 1015(E2), 1108(E2), 1938(E2), 1066(El), 1052,
and 1986 keV. The 1066 keV transition corresponds to a
stretched dipole (i.e. , it involves a change in the angular
momentum by 1 unit). Since this p ray connects the pos-
itive and negative parity bands we have tentatively put
its character as E1. The level at an excitation energy of
2939 keV poses some problem in the assignment of the
spin and parity. The multipolarities of the transitions
were extracted assuming stretched transitions. As stated
before, the possible presence of admixtures makes these
predictions somewhat tentative. Accordingly, our data
tentatively enables us to conclude that the 393 keV tran-
sition corresponds to a stretched dipole (i.e., it involves
a change in the angular momentum by 1 unit). If the
2939 keV level had a spin parity of 13+, then we would
have surely found a 939 keV p ray, which would have
resulted from the preferable decay of the 2939 keV level
to the (12+) level in the positive parity band. The ab-
sence of this 939 keV p ray makes the 13+ assignment for
the 2939 keV level less likely. We feel that the 2939 keV
level could well be the second 12+ level and have put this
tentative assignment in bracket. The shell model results
are also consistent with this conclusion. These calcula-

tions are described in the next section. In view of this,
we have assigned M2 character to the 622 keV transi-
tion. However, we could not assign any multipolarity to
the 1.28 keV transition. The two p rays 1986 and 1052
keV were very weak and so no tentative conclusion about
their multipolarity could be drawn.

Figure 3 shows the projected spectrum with 636 keV
transition as the gate. This transition belongs to the
positive parity band. The new p rays observed in this
band were 287(Ml), 636(M1), 627, and 2059 (E2) keV.
As seen in the spectrum gated by the 636 keV p ray, the
646 keV (12+ ~ 10+) transition is stronger than the 663
keV (13+ ~ 12+) transition. This may be due to either
a two transition connection between the (13+) and the
(12+) levels parallel to the 663 keV transition, or that the
646 keV transition is a doublet. Based on the data our
conclusion is that the 646 keV transition is not a doublet.
The other possibility of a two-transition connection be-
tween the (13+) and the (12+) levels, parallel to the 663
keV transition, may be plausible. There is a weak 640
keV transition in the 636 keV gated spectrum. However,
the difference (663—640 keV) being 23 keV, we could not
pursue this possibility, since we were not in a position to
detect low-energy p rays up to about 40 keV.

The 669 keV transition was in coincidence with itself
(Fig. 4) implying that there are two p rays of the same
energy 669 keV. As seen &om Fig. 4, the 663 keV transi-
tion is weak in this gated spectrum. Its intensity should
at least be half that of the 545 keV transition, a fact that
we have observed in the 1355, 686, and 646 keV gates.
The fact that the 669 keV transition is a doublet with
one member in the positive parity band (10+ ~ 9+) and
the other in the negative parity band (16( ) —+ 15( )),
we feel can explain the observed weak intensity of the
663 keV transition in the 669 keV gate. The 545 keV
(12( ) m (12+)) transition is in coincidence with both
the 669 keV p rays (16( ) ~ 15( )) and (10+ m 9+),
unlike the 663 keV (13+ -+ 12+) transition which sees
only one 669 keV (10+ ~ 9+) p ray.

We have observed that the 669 keV (10+ ~ 9+) tran-
sition was stronger than the 686 keV (9+ ~ 8+) transi-
tion. This indicated that there could be several decays
&om the 9+ level. These could be by the emission of
small energy p rays which we did. not observe in this ex-
periment. In addition to the new transitions mentioned
above a 194 keV Ml p ray was observed belonging to

Tc. We have not been able to place this transition in
the decay scheme.

We have gated. on all the p rays and looked at the inten-
sity Qow above and below the gated p ray and feel reason-
ably certain about the position of these p rays in the level
scheme. The proposed level scheme for Tc is shown in
Fig. 5. Newly observed p rays in the present work have
been indicated with dots. Several cross transitions were
found in the negative parity band. These were 738(E2),
1015(E2), 1066(El), and 1938(E2) keV. For example, the
gated spectrum for the in-band 1015 keV cross transition
shows that the two p rays 521 and 495 keV were absent,
while all other members of the negative parity band were
present. Similarly, a gate on either the 521 or 495 keV
p rays showed that the 1015 keV p ray was not in coin-
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cidence with them, while all other members of the band
were. The existence of this and other cross transitions
makes the proposed level scheme very likely; the depop-
ulation pattern gets tied down. The spins and parities
indicated in Fig. 5 are somewhat tentative, since due to
possibility of the presence of short lived (~ 0.1 —1 ns)
isomers in this near closed shell nucleus ( Tc), the angu-
lar correlations may be attenuated and many p rays may
be unstretched. Admixtures also cannot be ruled out.
We have therefore indicated the spin parities in brackets
in Fig 5. The positive parity band has been extended
up to a tentative spin of J = 17+, corresponding to an
excitation energy of 6.2 MeV. The negative parity band
has been extended up to a tentative spin of J = 21 and
an excitation energy of 7.8 MeV.

We have found discrepancies in the earlier work on low-
lying levels in Tc. In an earlier work by Fields et al.
[7], a 147 keV p ray in cascade with 545-647-1355 keV
transition was reported. However, in the 545 keV gate
(Fig. 2) there is a strong 147 keV transition. Our coin-

cidence data unambiguously indicated that this 147 keV
transition does not belong to Tc. This transition was
not in coincidence with the 646 keV transition. Figure 6
depicts this situation. The 147 and 1392 keV transitions
which appear in the 545 keV gate belong to Ru. A ma-
jor discrepancy was found in another earlier work by Ishii
et at. [10] who had reported that there is a new p ray se-
quence, 257-500-1347 keV in Tc. Our coincidence data
unambigously indicates that the 1347 keV transition is
feeding the 71 ps isomeric level in Ru at an excitation
energy of 2.6 MeV. A study using the same reaction used
to populate Tc is currently in progress. Furthermore,
the 500 and 257 keV p rays also belong to Ru, and so
none of these three p rays originate &om Tc.

IV. THEORETICAL DISCUSSIONS

The low-lying levels of N =49 isotones
Y, Zr, Nb, Mo, and Tc are well studied within
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the framework of the shell model with valence nucleons
occupying the piy2, gs~q single-particle levels [11]. Gross
and Frenkel [12] have computed the low-lying energy
spectra for the N = 49 isotones by considering Sr as a
core and a model space consisting of the vr(pzg2, ggy2) or-
bitals and the v(p&~2, gzy2) hole orbitals. The effective in-
teraction for this model space was derived using 95 exper-
imental energy levels of N = 50 and 49 isotones. Figure 7
shows the comparison of the experimental and calculated

energy levels [12], for s2Tc, up to a spin of J = 17, the
maximum angular momentum possible within this model
space.

Serduke et al. [11] have deduced three sets of matrix
elements for the proton particle neutron hole effective in-
teraction in the pzy2-ggy2 model space. The 20 matrix ele-
ments of the effective interaction which de6ne completely
the shell model con6guration space of active pzy2, ggy2
protons and neutrons were Gt to 63 energy levels in the

49 nuclei. The three sets in Ref. [11] are (a) in
which all matrix elements of the effective interaction were
treated as free parameters, (b) in which the effective in-
teraction was required to conserve the T = 1 seniority,
and (c) in which only the T = 0 matrix elements of the ef-
fective interaction were adjusted. Out of these three sets
of matrix elements we have done shell model calculations
for Tc for two sets within the model space consisting
of the (pqy2, gsy2) active orbitals outside the Sr as the
core. The two sets were (b) and (c) (code named SI.GM

and SLGMTO in OXBASH [13]) as mentioned above. The
shell model code oxBAsH was used for the calculations.
For set (b) the effective interaction used was "seniority
6.t total energy" pp and nn interaction from Serduke and
Gloeckner (SG) interaction [4], and for set (c) "T = 0"pp
and nn interaction from SLG interaction [14]. However
the maximum angular momentum possible with 5 pro-
tons and 11 neutrons in the (piy2, ggg2) orbitals outside
the Sr core is J = 17. Figure 8 shows a comparison
of the experimental and calculated excitation energies.
As seen from the 6gure there exists a fair agreement be-
tween the experimental and theoretical level structures.
The presence of one g9y2 orbital simplifies the shell model
calculations for % = 49 isotones to a great deal, by de-
scribing most of the observed high-spin states (up to 20')
in these nuclei.

There exist, two possible mechanisms to generate the
high angular momentum states. The first and the ob-
vious way is to employ a larger configuration space.
Recently shell model calculations [15] have been per-
formed for 9 Tc using xooSn as the core and the active
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FIG. 8. Comparison of the observed states in Tc with
spherical shell model calculations within the (pq/g, &gg/g)
model space.

(Ogg/2, 1pq/g, 1ps/2, 0fs/2) proton hole orbitals. However,
these calculations were not extended to high-spin regimes
due to nonavailability of any experimental data. The
problem with such a large basis space is that the energy
matrices have very large dimensions, and unrestricted
calculations become prohibitive due to memory limita-
tions. The excitation of a neutron &om the Oggy2 orbit
into the 1d5y2 orbit across the N = 50 core, appears
to be a plausible mechanism for generating the observed
higher angular momentum states. It is expected that the
observed higher angular momentum states in these nu-
clei would be adequately described within a model space
which allows for the excitation of the neutron across the
N = 50 core, and also encompasses a large proton model
space. However, due to computational difBculties a trun-
cation scheme had to be developed to make these calcu-
lations feasible. The details of the truncation scheme are
described in Ref. [16].

Calculations wer'e performed within a model space
(code named GwB, in OXBASH [13]), consisting of Ni
as the closed core and the 7r(Ofs/2, 1ps/2, lpga/2, 0gg/2):
v(lp, /» Ogg/» Og7/2) ld5/2, 1ds/2, 2s, /2)»bitals. The
effective interaction used was code named GwBxc in
OXBASH [13]. The 974 two-body matrix elements
(TBME) were generated from the bare matrix of Hosaka
et al. Within this model space the 65 TBME for the
n(Of&/2, 1ps/2, lpga/&, Ogg/2) were taken from the Ji and

Wildenthal interaction. The 36 TBME connecting the
m(lpga/2, 0gg/2) and v(id&/2, 2sq/2) were taken from Law-
son and Gloeckner interaction. The TBME for the
vr(lpga/2, 0gg/2) and v(lpga/2, 0gg/2) were taken from the
Serduke, Lawson, and Gloeckner interaction. The TBME
connecting the vr(lp~/2, 0gg/2) and vr(lp~/2, 0gg/2) were
taken from Ball and McGrory's modified surface delta
interaction. Figure 9 shows a comparison between the ex-
perimental and. calculated energy spectra. As seen &om
the figure there exists a good agreement between the two
up to a spin of J = 17. The excitation of a neutron
across the N = 50 closed core requires an excitation en-
ergy of around 7 MeV in the unperturbed picture. This
gap is reduced to about; 2 MeV in this mass region due
to many-body correlations. Hence it seemed interesting
to perform these calculations within a still larger model
space, where it was expected that the two-body matrix
elements would take into account the effect of the many
particle correlations in a more appropriate manner.

Accordingly, calculations were performed within a
larger model space and corresponding effective inter-
action (code named GLEPN in OXBASH [13]). This
model space consists of Ni as the core and the
(0fs/2, 1ps/2, lpga/2, Ogg/2, 1dz/2, 1dz/2, 2sq/2) proton and
neutron orbitals. As seen &om Fig. 9, there is much
better agreement for the levels above J = 17 . This in-
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V. CONCLUSIONS

The high-spin states in Tc have been identified for
the first time up to a tentative spin of J = 17+ and 21
Nineteen new transitions have been identified and placed
in the decay scheme.

Extensive shell model calculations involving enlarged
configurations and difFerent efFective interactions were
made to understand the observed level scheme of Tc.
The low-lying levels could be well understood within the
(p]/2p g9/2) model space. For understanding the high-spin
states in Tc, shell model calculations were performed
in an enlarged configuration space with Ni as the core.
This gave a reasonable agreement with the experimental
data up to J = 17. The importance of many-body corre-
lations is underlined by the result of these calculations
the energy required for the N = 50 neutron core break-
ing is brought down to about 2 MeV. Using a still larger
model space with Ni as the core, we were able to see
further efFects of these many-body correlations, result-
ing in a better agreement between the experimental level
scheme and the shell model calculations.
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