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Identification of the g transitions in Tc and Cs products of 252Cf fission and possible 7/21 †413‡
bands in 1052109Tc isotopes
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Severalg transitions in1052109Tc nuclei were identified for the first time from spontaneous fission studies
with a 252Cf source and the Gammasphere. New level schemes are proposed and related to the underlying
nuclear structure. Positive parity bands with a large signature splitting observed in105,107,109Tc are evidently
derived fromg9/2 orbitals and are similar to analogous bands in103Rh,103Ag, and 99Y. New g transitions have
also been identified in1392143Cs and used to construct level schemes for these isotopes. Correlated-pair fission
yields extracted from the data show an appreciable field for the zero neutron109Tc/143Cs pair.
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PACS number~s!: 23.20.Lv, 21.10.Re, 25.85.Ca, 27.60.1j
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I. INTRODUCTION

The analysis of promptg-ray spectra of nuclei produce
in the spontaneous fission~SF! of actinide nuclei is currently
the preferred approach to the study of the level structure
neutron-rich nuclei in the fission product mass range an
generating a growing body of nuclear structure data on
interesting but hard to access region. The odd-A nuclei with
Z539 and 41 have rotational bands built on the 5/21 @422#
and 5/22 @303# proton configurations@1#. In 99Y and 101Y
with Z539, the ground states were assigned the 5/21 @422#
quasiparticle configuration@1# similar to the ground state
bands in101Nb and 103Nb with Z541. In these two Nb nu-
clei side bands with the configurations 3/22 @301# and 5/22

@303# have also been identified, but in the spontaneous
sion of 248Cm only the 5/22 @303# side band in103Nb was
observed@1#. This was confirmed in our work with the252Cf
source. In the present work, we report our new data conc
ing the structure of1052109Tc nuclei withZ543. The bands
in Tc isotopes withZ543 have not been studied, because
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bands in Cs nuclei, the fission partners of Tc isotopes, w
not known. Recently the yrast bands in141,143,145Cs nuclei
were reported@2#. Therefore, on the basis of theseg transi-
tions in Cs nuclei and of some low-energy transitions in
nuclei known fromb-decay work@3#, we can identifyg
transitions in Tc nuclei and elucidate their level schem
Also, the known multipolarities of the 85.4 keV (E1) and
64.1 keV (M1) g transitions in105Tc, and of the 65.7 keV
(M11E2) and 71.7 keV (E1) g transitions in107Tc as well
as the known spins and parities of low-lying levels in105Tc
can be utilized for tentative spin and parity assignments
the new levels. Positive parity bands identified in105Tc,
107Tc, and 109Tc show remarkable similarities and are inte
preted as rotational bands with the probable 7/21 @413# con-
figuration. Level schemes have also been constructed for
odd-odd 106Tc and 108Tc nuclei, as well as for the fission
partner nuclei1392143Cs.

II. EXPERIMENTAL TECHNIQUES

A 252Cf source of strength 25mCi was sandwiched be
tween two Ni foils of thickness 11.3 mg/cm2 and then sand-
wiched between 13.7 mg/cm2 thick Al foils and placed at the
center of the Gammasphere. This experiment was carried
with 72 Compton-suppressed Ge detectors. Theg-ray spec-
tra obtained in this type of experiments are very compl
since in fission one produces more than 100 nuclei w
varying yields. In a single SF event predominantly two fra
ments ~a heavy and a light fragment! are produced along

d,
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FIG. 1. ~a! Partial coincidence spectrum setting double gate on 85.4 and 129.0 keV transitions in105Tc. ~b! Partial coincidence spectrum
setting double gate on 71.7 and 138.6 keV transitions in107Tc.
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with several neutrons. The partner nuclei are usually p
duced in excited states, and theg rays emitted by the two
partners during the deexcitation process will be in coin
dence with each other. The analysis is complicated by
fact that a nucleus of interest will have several partner i
topes that have the same atomic number but different neu
numbers, because the number of neutrons emitted in a
event can vary between 0 and 10. Triple and higher f
coincidences must be used for unambiguous peak identi
tion and assignment. The data were recorded in an even
event mode. Cubes of triple coincidence events~with the
threeg-ray energies as axes! were then constructed and an
lyzed using theRADWARE software @4#. The width of the
coincidence time window was about 1ms, but narrower time
gates could be implemented in software at the cube gen
tion stage. Most of the data analyzes presented below w
performed on a cube with a 100 ns wide time requireme
-
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e
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New transitions were identified and assigned in the pres
work by setting several double gates on the knowng transi-
tions in 1412143Cs and 105,107,109Tc. Newly assigned transi
tions were then used as gates to identify additional tra
tions in these and in other Tc and Cs isotopes. For exam
in 105Tc threeg transitions of energies 85.4, 64.1, and 129
keV are known from theb decay of105Mo @5,6#. By double
gating on theseg rays, we observed several new transitio
and assigned them to105Tc. Similarly, in 107Tc, two g tran-
sitions of energies 65.7 and 71.7 keV are already kno
from theb decay of107Mo @7,8#. Gating on theseg rays, we
could identify additionalg transitions which are now as
signed to107Tc. Some transitions in109Tc have been recently
identified by Bhattacharyaet al. @9# in the SF of 248Cm. By
double gating on these transitions, we have added transit
attributed to this nuclide. Additional transitions observed
coincidence with Cs partnerg rays were assigned to th
FIG. 2. Level scheme of105Tc.
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FIG. 3. Level scheme of107Tc.
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odd-odd isotopes106Tc and 108Tc. Gating on the newly as-
signed Tcg rays, we were able to observe transitions
141,143Cs that were not reported in Ref.@2#, as well as to
identify numerous previously unreportedg rays in
139,140,142Cs.

III. RESULTS

A. 105Tc nucleus

The partial coincidence spectrum obtained by double g
ing on the known@3,5,6# 85.4- and 129.0 keVg rays in
t-

105Tc is shown in Fig. 1~a!. The transitions belonging to
partner Cs nuclei and to105Tc are marked. The1412143Cs
isotopes are the partners of105Tc with 6, 5, and 4 neutrons
emitted, respectively. One can easily see that the 282.3
transition in 143Cs, which corresponds to the 4n channel, is
the strongest partner transition. In general, we expect ei
the 3n or the 4n channel to have the highest yield in252Cf
spontaneous fission@10#. As indicated in Fig. 1~a!, six new
transitions of energies 157.2, 196.2, 314.4, 427.5, 471.2,
623.5 keV were assigned to105Tc on the basis of this coin-
cidence spectrum. The assignments were confirmed by
FIG. 4. Partial coincidence spectrum setting double gate on 69.6 and 137.6 keV transitions in109Tc.
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57 2253IDENTIFICATION OF THE g TRANSITIONS IN Tc . . .
observation of the same transitions in spectra gated on o
combinations of the 85.4, 64.1, 129.0 keVg-ray cascade
@3,5,6#. Several double gates were then set on these
transitions to build the partial level scheme denoted as ba
1 and 2 in Fig. 2. In all the gates we also observed the cor
transitions in Cs partner nuclei. Five additional low-lyin
g-transitions in 105Tc, with energies of 76.5, 160.5, 204.
236.9, and 364.7 keV were observed in theb decay of105Mo
@5,6#. By double gating on theseg rays, we observed five

FIG. 5. Level scheme of109Tc.
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new transitions of energies 231.5, 278.3, 435.7, 509.8,
563.7 keV. We attribute them to105Tc and the bands buil
with these transitions are shown as bands 3 and 4 in Fi
and are tentatively assigned the proton 3/22 @301# configu-
ration. No interband transitions connecting bands 1,2 w
bands 3,4 could be identified.

B. 107Tc nucleus

Two low-lying transitions of energies 65.7 and 71.7 ke
have been observed in theb decay of 107Mo @3,7,8#. When
we gated on these two energies, we observed a strong
sition at 138.6 keV. The coincidence spectrum obtained
gating on the 71.7 and 138.6 keV transitions is shown in F
1~b!. The transitions assigned to107Tc and to its partner Cs
isotopes are marked in the figure. In this case,141Cs is the
partner of107Tc with four neutrons evaporated. As expecte
the 369.5 keV transition in141Cs is the strongest relative t
other Cs isotopes. By double gating successively with one
these three transitions and other transitions observed in
spectrum, we could assign several new transitions to107Tc
and to construct the partial decay scheme denoted as ban
2, and 3 in Fig. 3. In a similar manner, starting with a spe
trum gated on the strong 369.7- and 481.1 keV transition
141Cs @2#, we identify a cascade of 172.6, 329.1, 482
629.1, and 767.0 keV coincidentg rays. In a spectrum gate
on the 172.6 and 329.1 keV transitions the value
I g(282.3)/I g(369.5) @the intensity ratio of the 282.3 keV
(143Cs! and 369.7 keV (141Cs! peaks# is 0.43~4!, identical to
the value of the same ratio in a spectrum gated on the 7
and 138.6 keV transitions assigned to107Tc. This means that
the 172.6, 329.1 keV, etc., cascade belongs to107Tc. It is
designated as band 4 in Fig. 3. Since no transitions conn
ing this band to the previously identified bands or to t
ground state were observed, the absolute energy scale o
band is uncertain.
FIG. 6. Level schemes of1412143Cs.
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C. 109Tc nucleus
109Tc has been the subject of two conflicting repo

@12,13#, where in Ref.@12# transitions of 125.3 and 123.
keV were assigned to109Tc and in Ref.@13# the 125.5 keV
transition was assigned to108Tc from b-decay work. Re-
cently, g rays of 137, 437 keV, and a number of addition
transitions in 109Tc were identified by Bhattacharyyaet al.
@9# in the spontaneous fission of248Cm. No level scheme
was presented. Setting double gates on these transitions

FIG. 7. Level schemes of139,140Cs.
l

we

were able to confirm their assignments, to add several neg
rays and to construct a partial level scheme, quite simila
those of 105Tc and 107Tc. A partial coincidence spectrum
double gated on the 69.6 and 137.6 keV transitions of109Tc
is shown in Fig. 4, and the proposed level scheme in Fig
The position of our observed ground state with respect to
true ground state is still uncertain, as indicated by the ene
scale of the level scheme. No evidence for additional ban
similar to those observed in105,107Tc, could be found.

D. Cs nuclides

Hotchkis et al. @1# have assigned both the 205.6, 404
keV and the 282.3, 397.2 keV cascades to143Cs. Compari-
son of the relative intensities of these transitions in Figs. 1~a!
and 1~b! clearly indicates that 205.6 and 282.3 keV tran
tions belong to different Cs isotopes. Since the 282.3 k
transition is in coincidence with a 90.4 keVg ray observed
in b decay of143Xe @3#, we attribute the 282.3 keV transitio
and coincident Csg rays to 143Cs. This assignment, as we
as our level scheme for143Cs are in agreement with th
results of Rzaca-Urbanet al. @2#. As shown in Fig. 6, the
level scheme includes an additional side band not reporte
Ref. @2#. On the basis of the relative yields of partner T
isotopes and noting that the strong 205.6 and 404.7 k
transitions are not included in the spectra of141,143Cs of Ref.
@2#, we conclude that these and related coincident transiti
belong to 142Cs and not to143Cs @1#. The partial yrast level
scheme we propose for142Cs is shown in Fig. 6. As is com
mon in many other odd-odd isotopes, there is little or
overlap between this scheme and the level scheme der
from b decay of142Xe @3#. For 141Cs we were able to exten
the level scheme of Ref.@2# by adding a level at 3502.2 keV
keV

FIG. 8. ~a! Partial coincidence spectrum setting double gate on 282.3 and 397.2 keV transitions in143Cs.~b! Partial coincidence spectrum

setting double gate on 97.3 and 205.6 keV transitions in142Cs.~c! Partial coincidence spectrum setting double gate on 369.5 and 481.2
transitions in141Cs.
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FIG. 9. Level scheme of106Tc.
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in the main band and the band head of a second side b
~analogous to the one in143Cs! at 1577.2 keV. The modified
level scheme is also shown in Fig. 6. Figure 7 shows the n
partial yrast level schemes we were able to construct
140Cs and139Cs. The lowest-lying levels at 80.1 and 218
keV, respectively, were also observed in theb-decay of the
respective xenon isotopes@3#, confirming the mass assign
ments obtained from Tc yield ratios. The well developed s
band seen in both141Cs and143Cs @2# could not be observed
in 139Cs. This may be related to the systematics of the 3/1

@422# orbital in this region~see Fig. 2 in Ref.@2#!. Further
nd

w
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e

work is required to elucidate the spin-parity assignments
the underlying nuclear structure of these Cs nuclei.

E. 106,108Tc nuclei

Low spin levels andg-transitions in106Tc and108Tc have
been observed in beta decay of106,108Mo @11#. However, the
transitions reported for106Tc @11# are not observed in ou
fission studies. We observe only the 106.2 and 86.2 k
transitions in108Tc. The partial coincidence spectra obtain
by setting double gates on the 282.3 and 397.2 keV tra
FIG. 10. Level scheme of108Tc.
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tions of 141Cs, on the 97.3 and 205.6 keV transitions of142Cs
and on the 369.5 and 481.2 keV transitions of143Cs are
shown in Figs. 8~a!, 8~b!, and 8~c!. In these spectra we ob
served several new transitions that were not assigne
105,107,109Tc or to 141,142,143Cs isotopes. They must belong
other Tc isotopes. The new transitions can be divided
their coincidence relationships into two groups: one, cons
ing primarily of 91.2, 92.1, 150.5, 158.4, 254.5, and 315
keV transitions; and a second, comprising of 123.4, 125
154.2, 176.6 keV and several weaker transitions. From th
coincidence relationships, and many other coincidence s
tra, level schemes were constructed as shown in Figs. 9
10 with mass numbers of 106 and 108 assigned. The rem
ing task now is to substantiate this mass number assignm
Assuming that the level schemes are correct~and more or
less complete!, the correlated pair yield functions for the T
isotopes, normalized to Wahl’s fission yield tables@14# can
be calculated. These are shown in Fig. 11. As expected
yield systematics definitely confirm our identification
106,108Tc. The relatively high yield of the ‘‘cold fission’’
(0n) 109Tc-143Cs channel is quite noteworthy. The identi
cation of 108Tc is further confirmed by the observation of th
86.2 and 106.2 keVg rays also seen inb decay of 108Mo
@11#. A partial coincidence spectrum double gated on
123.4 and 125.7 keV transitions in108Tc is shown in Fig. 12.
Thirteen transitions in108Tc can readily be seen. In a simila
spectrum taken with a 28 ns~instead of 100 ns! time win-
dow, the relative intensity of the 176.6 keV peak~as well as

FIG. 11. Yield functions of correlated Tc-Cs partner pairs.
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that of the 70.4, 86.2, 90.4, and 106.2 keV gamma r
which depopulate the same level! is reduced, indicating a
relatively long half life for the 176.6 keV level in108Tc.
From the measured ratio of 2.060.2 between the intensity o
the 176.6 keV gamma ray in a wide open 1ms time window
and that in a 28 ns window, taken with several141Cs and
108Tc double gates, we derive a value of 2864 ns for this
half life which is consistent with anE2 multipolarity for the
176.6 keV transition. No other levels with half lives long
than'20 ns could be found in our Tc data.

IV. DISCUSSION

The level scheme of105Tc is shown in Fig. 2. The ground
state spins of105Tc and103Tc are already known as 3/22 and
5/21, respectively@3#. The lowest 5/21, 7/21, 9/21, 3/22,
5/22, 7/22, and 9/22 levels in 105Tc are also known@6#.
The spin and parity assignments of these levels are base
the M1 character of the 64.1 keV transition@6# and theE1
character of the 85.4 keV transition@6#. From the intensity
balance of the 157.2 and 314.4 keV transitions in a spect
double-gated on the 129.0 and 623.5 keV transitions
shown in Fig. 13~b!, we have extracted a value of 0.096~32!
for the total internal conversion coefficient of the 157.2 ke
transition in 105Tc. Similarly, we derive a value of 0.095~10!
for the total internal conversion coefficient of the 160.1 ke
transition in 107Tc from the intensity balance of the 292.
and 160.1 keV transitions in a spectrum gated on the 13
and 602.4 keV transitions and shown in Fig. 13~a!. The the-
oretical total internal conversion coefficients area(E1)
50.0357,a(E2)50.246, a(M1)50.0819,a(M2)50.579
for the 157.2 keV transition of105Tc anda(E1)50.0339,
a(E2)50.231, a(M1)50.0779, a(M2)50.543, for the
160.1 keV transition of107Tc. The measureda ’s establish
the M1(1E2) character of these twog transitions.

The most probable configuration of the 3/22 ground state
of 105Tc is 3/22 @301#, since this orbital is near the Ferm
surface forZ543 at a prolate deformation of'0.25. We
therefore assign the rotational band denoted as bands~3! and
~4! in Fig. 2 to this configuration. The positive parity band
105Tc may have the 5/21 @422# or 7/21 @413# configuration,
based on thepg9/2 orbital. As shown in Fig. 2, this positive
parity band shows appreciable signature splitting charac
istic of bands built on the 7/21 @413# orbital @3#. In Fig. 14
we plot the energy difference (EI-EI 21)/2I versus (2I )2,
FIG. 12. Partial coincidence spectrum setting double gate on 123.4 and 125.7 keV transitions in108Tc.



57 2257IDENTIFICATION OF THE g TRANSITIONS IN Tc . . .
FIG. 13. ~a! Partial coincidence spectrum setting double gate on 138.6 and 602.4 keV transitions in107Tc. ~b! Partial coincidence
spectrum setting double gate on 129.0 and 623.5 keV transitions in105Tc.
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whereI is the level spin, for some bands built on the 7/21

@413# configuration and on the 5/21 @422# configuration@3#,
as well as those for the positive parity bands in105,107,109Tc
identified in this paper. The signature splittings in the th
Tc isotopes are almost identical and although smaller t
those found in103Rh and 103Ag @3#, clearly establish the
7/21 @413# configuration of these bands, and a 7/21 spin-
parity assignment to their band heads. The spin-parity
signments of the other members of the bands follow fr
this interpretation. However, considerable Coriolis mixing
the 7/21 @413# and 5/21 @422# orbitals is quite likely and
may explain differences in signature splittings.

The level scheme of107Tc is shown in Fig. 3. To assign
spins and parities to the low-lying levels we start with t
M1(1E2) character@8# of the 65.7 keV transition and th
E1 character@8# of the 71.7 keV transition. This determine
the negative parity of both the ground state and the 65.7
level and supports our tentative spin-parity assignmen
3/22 and 5/22, respectively, to these levels, in analogy wi
105Tc. The ground state negative parity band interpreted
3/22 @301# band was not oserved in107Tc. Instead, there is
the unconnected band with undetermined band head en
denoted as band~4! in Fig. 3. There is not enough informa

FIG. 14. Energy difference (EI-EI 21)/2I of the positive parity
bands in Tc, Rh, Ag, and Y.
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tion to assign spins and parities to this band and to determ
its nature. Similarly, we are unable to further characterize
side band labeled~3! in the figure.

In 109Tc there is nob-decay information to help with the
identification of the ground state and of other low-lying le
els and no ground state band was observed. We are ther
left with a residual uncertaintyx in the energy scale. Only
the 7/21 @413# is seen~assigned on the basis of analogy wi
105,107Tc! with an indication of a side band feeding the 11/21

level ~see Fig. 5!.
We were not able to assign spins and parities to level

106,108Tc (Z543, N563,65). In Ref.@11# evidence is pre-
sented for a 21 assignment to the ground state of both is
topes. On the other hand, according to Ref.@3# the neighbor-
ing nuclei 104Nb (Z541, N563) and 108,110Rh (Z545, N
563,65) have a 11 ground state with a low lying 51 ~or,
possibly 41 or 61) isomer. Since we do not observe any
the low spin, low-lying levels and transitions in106Tc iden-
tified from the beta decay of106Mo @11#, it is probable that
our lowest state in106Tc is actually the~41, 51, or 61)
isomer commonly found in this region@3#. This uncertainty
in the true position of the ground state is denoted in Fig. 9
addingx to the energy scale. In108Tc, our observation of the
86.2 and 106.2 keV levels in prompt SF decay may indic
that there is no long-lived~beta decaying! isomer in this
nucleus. At higher spins,106Tc and 108Tc exhibit similar
band structures with moderate signature splitting, analog
to the positive parity bands of105,107,109Tc.

V. CONCLUSION

In summary in105Tc rotational bands with the 7/21 @413#
and 3/22 @301# proton configurations are identified to hig
spins. The 7/21 @413# band is more strongly populated~up to
spin 21/21) than the 3/22 @301# band. The nuclei103Tc,
101,103,105Nb, and 99,101Y with N560, 62 or 64 all have a
ground state spin of 5/21. 105Tc has a ground state spin o
3/22. It is difficult to understand the change of the grou
state spin from 5/21 to 3/22 in the Z543 nuclei~Tc! with
the increase ofN from 60 to 62 but it may indicate a chang
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2258 57J. K. HWANG et al.
in deformation. The 7/21 @413# assignments in107,109Tc are
made in analogy to105Tc. The 5/21 level in 105Tc may have
shifted up in 107Tc and not be populated. Also, on the ba
of the coincidence relations and yield function between
fission partner nuclei, Tc and Cs, twenty twog transitions of
106Tc and twenty fiveg transitions of108Tc are identified for
the first time predicted. In106Tc and 108Tc bands with simi-
lar E2 transition energies are observed. Because of
prevalence ofg softness or triaxiality in this region@15#, we
have been alert to side bands or other features possibly
lated to triaxial deformation. The unassigned band startin
766.3 keV in 107Tc @band~3! in Fig. 3# is interesting in this
regard, but more work to determine multipolarities and m
ing ratios is needed. The correlated-pair fission yields,
especially the 0n ‘‘cold fission’’ 109Tc/143Cs case, are note
worthy and merit a more detailed study.
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