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The decay of a three-quasiparticle isomeric state at 1355 keV in ~~YTa was studied using
in-beam y-ray spectroscopic techniques. Tantalum isotopes were produced by the ~ ~'~ 6Lu-

(n, xn) reactions with O. -particle energies between 24 and 48 MeV. The half-life of the iso-
mer was measured to be tI(2(1355 keV) =5.02 + 0.20 @sec, and its spin and parity were deter-
mined to be P =~ . The E2/Ml mixing ratios and the rotational-model parameters (gz -gz) /
Q 02 were deduced for five EI=1 transitions between members of the rotational band based on
the /[5141 state.

I. INTRODUCTION

In (particle, xn) nuclear reactions the angular
momentum transferred into the product is quite
high. Therefore, high-spin members of collec-
tive sequences based on the ground state as well
as particle states with large angular momentum
can be populated. ' ' In many cases the latter in-
clude one- or three-quasiparticle states in odd-
mass nuclides and two- or four-quasiparticle
states in even-mass nuclides which have quite
long lifetimes. ' '

In the region of deformed nuclei the transitions
depopulating the isomeric states are often re-
tarded by the E-selection rule. ' For the nuclides
around X=106 and Z=72 the Nilsson model' "
predicts a sequence of single-neutron and single-
proton states with high K quantum numbers. These
are the neutron orbitals with ¹ilsson configura-
tions ~s [512], —,

' [514], and rs [ 624], and the proton
orbitals with ~a[404], rs[514], and -,'[402]. High-
spin one-, two-, three-, and four-quasiparticle
excitations involving these states in various com-
binations have been experimentally found to ex-
~st 3 8, II, 12

Recently, some investigations of the level
schemes of '"Ta and "'Ta using "'Lu(a, xn)"' *Ta
reactiens have been reported. " ' Rotational se-
quences based on single-particle states with ¹ils-
son |Iuantum numbers /[404], T[402], &[514],
and r'[541] have been populated in these reactions
up to high-spin values. Furthermore, Geiger,
Graham, and Ward (GGW)" and Skanberg, Hjorth,
and Ryde (SHR)" give evidence for a high-spin
isomeric state in "'Ta. The excitation energy of
the isomer was found to be" 1355 keV, and for
the half-life the limits 200 nsec & TIy, + 30 p.sec
were given. ' GGW'4 tentatively assign spin and

parity I"=~~ to this state. This assignment is
also favored by the results of SHR, "but I"='-,"
and P =~~3 cannot be excluded.

The studies of y rays following " "'Lu(a, xn)
reactions was performed at the Princeton variable-
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FIG. 1. Decay of one- and three-quasiparticle states
in ~77Ta.

In this work we report investigations of the y-
ray spectra associated with '75Lu(c. , xn) and '"Lu-
(a, xn) reactions at several n-particle energies.
It was the main purpose of these investigations
to determine the half-life, spin, and parity of the
1355-keV isomeric state in '"Ta. The properties
of the rotational band built on the T[514] proton
state at 74 keV in '"Ta, which is populated
through the I= '-,' member by the decay of the iso-
mer, are redetermined and discussed. The de-
cay scheme of one- and three-quasiparticle states
in "'Ta, incorporating the results of this work
as well as previous investigations, " "is shown
in Fig. i.

II. EXPERIMENTAL PROCEDURE
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energy sector-focusing cyclotron. " A floor plan
indicating the eXperimental arrangement of the
laboratory is shown in Fig. 2.

The Faraday cup is located approximately 5.5 m
downstream from the target and is heavily shield-
ed with iron and concrete. A pair of slits is locat-
ed approximately 3.5 m upstream and is well
shielded by the concrete wall. To provide extra
shielding at the location of the detectors a small
lead cave was built around the scattering chamber
and the detectors.

The scattering cha'mber consists of a closed
aluminum cylinder. It is approximately 10 cm in
diameter and 10 cm in height. Dn one side of the
chamber, a window of 0.5-mm thickness is cut
into the aluminum wall to permit almost attenua-
tion-free y-ray spectroscopy. The rectangular
shape of the window allows angular distributions
to be measured at angles up to 150' with respect
to the beam line.

On the chamber wall opposite this window, a
flange which can be used in several ways is pro-
vided. Either a Lucite window which allows the
beam spot at the target position to be viewed with
a television camera, or a thin aluminum window
for y-ray measurements can be mounted. In ad-
dition, it is also possible to insert a cooled Si(Li)

spectrometer for conversion-electron spectros-
copy.

The target holder is mounted on a rod which is
placed in the bottom lid of the chamber, permit-
ting targets to be rotated and adjusted in height
externally. For target changes, two gate valves
at both ends of the chamber can be closed, air
let into the chamber, and the top lid removed.

For y-ray spectroscopy, a Ge(Li) detector was
used having an active volume of 15 cm' and a sys-
tem resolution, in-beam, of approximately 5 keV
for the 511-keV line. Only singles y-ray mea-
surements at an angle of 90' with respect to the
beam line were performed in the experiment de-
scribed here.

y-ray energy-calibration spectra were taken
before and after each individual run using Inter-
national Atomic Energy Agency (IAEA) standard
sources in place of the target. A '" Lu source
and IAEA standard sources served as a basis for
the Ge(Li) detector efficiency calibration.

Targets were prepared from oxides of '"Lu en-
riched to 99.9% and '"Lu enriched to 71.8%, which
were obtained from Oak Ridge National Laboratory.
The oxide powder was finely dispersed in a solu-
tion of polystyrene in benzene. After evaporation
of the benzene, the targets of approximately 10-
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FIG. 2. Floor plan of the cyclotron experimental area. The small target chamber used for in-beam spectroscopy was
located in the beam line at the position shown by the arrow.
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mg/cm' thickness could be mounted on target
frames.

To facilitate the assignment of y transitions to
different tantalum isotopes, the energy of the n
particles was varied between 24 and 48 MeV. At
each a-particle energy, measurements with both
the enriched '"Lu and '"Lu targets were obtained.

In order to perform the half-life measurements,
the pulsed-beam technique was used. A block
diagram of the main electronic components is
shown in Fi,g. 3. The negative output of a dual
pulser is used to quench the rf supply of the cyclo-

FIG. 3. Block diagram of the electronic system used to
measure half-lives of isomeric states in the @sec range.

tron, and the positive output is used to start a
time-to-amplitude converter (TAC). The TAC was
calibrated using signals from a pulser which could
be variably-delayed from several nsec to 20 p.sec.

The, energy and time spectra are finally fed
into a amplitude-to-digital converter of a two-
dimensional 4096-channel analyzer. With this
arrangement, half-lives as short as 1 p, sec can
be measured.

III. EXPERIMENTAL RESULTS

Some of the Ge(Li) y-ray spectra obtained at a
90' angle to the beam following o.-particle bom-
bardment of the "'Lu and '"Lu targets are shown
in Figs. 4-7. An evaluation of the y-ray spectra
obtained at different n energies with "'Lu and

Lu targets confirms the results of SHR'. and
Barndoud et al. ,"who find a maximum in the
cross section for the reaction '"Lu(c., 2n)'"Ta
at an o. energy of about 28 MeV. In order to study
the properties and the decay of the 1355-keV high-
spin isomeric state proposed by SHR, "we have
chosen an o. energy of 3G MeV for the '75Lu(a, 2n)-'" Ta studies because of the slight spin depen-
dence of the excitation function. "

Several measurements were carried out using
pulsed O.-particle beams from the cyclotron in
the frequency range of 10-200 kHz. As an ex-
ample, four consecutive y-ray spectra obtained
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FIG. 4. In-beam y-ray spectrum following the ~76Lu(o, ,xn) reaction induced with 24-MeV n particles. This spectrum
was obtained with a Ge(Li) detector at an angle of 90 with respect to the beam line.
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pIG. 5. In-beam y-ray spectrum following the 7 Lu{o.,xn} reaction induced with 24-MeV 0. particles.
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FIG. 6. In-beam y-ray spectrum fo11owing the ~ Lu(a. ,xe} reaction induced with 30-MeV 0. particles.
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TABLE I. y-ray energies and relative intensities of
transitions assigned to the decay of the 1355-keV isomer
in Ta,

Energy
(keV)

Relative y
intensity

146.6+0.2
171.6 + 0,2
195.3 +0.3
218.1+0.3
238.7+0.3
311.3 +0.4
318.3+0.4
367.0 +0.4
413.5+0.5
456.8 +0.5
550.0 +0.8

58.0+ 7.0
79.2 + 9.0
80.3 + 10.0
60.8 + 7.0
68.7 2 8.0

100
11.6+ 1.6
23.4 ~ 2.5
22.0+ 2.5
36.5+ 3.5
15.2 + 4.0

~ Normalization.

.between beam bursts of 30-MeV 0. particles on the
"'Lu target are shown in Figs. 8(a)-8(d). In this
example each spectrum was measured for 5 psec,
so that a time range of 20 p, sec was covered.

The strongest transitions observed in the spectra
shown in Figs. 8(a)-8(d) are those assigned to the
decay of the isomer at 1855 keV in "'Ta (see Fig.
1). We have listed these transitions and their rela-
tive y intensities in Table I. Although the spectra
were measured at an angle of 90' with respect to
the beam line, we believe that no angular-distri-

bution effect has to be taken into account in the
intensities, because an average waiting time of
about 10 p, sec was introduced after each beam
burst. Since relaxation times are usually shorter,
the spin alignment introduced by the nuclear reac-
tion is probably completely destroyed during this
waiting time.

The y-ray energies agree very well with the
results of the previous measurements by GGW, "
SHR, "and Barndoud et al." The relative y-ray
intensities cannot be compared with the previous
results"' "obtained "in beam, "because our val-
ues given in Table I have been measured between
beam bursts of the cyclotron; they represent the
results obtained in the decay of the isomeric state
only.

The transitions listed in Table I all decay with
the same half-life, an example of which is shown
in Fig. 9. We obtain for the half-life of the iso-
meric state at 1355 keV

t, y, = 5.02 +0.20 p.sec.
This value for the half-life is the weighted aver-
age of consistent results of several measurements
covering the different time ranges of beam pulsing
between 5 and 100 p,sec. In.order to provide a
further check of our timing system, we also fol-
lowed the decay (Fig. 10) of the 115-keV transi-
tion depopulating the & isomeric state at 186 keV
in '"Ta (see Fig. 1). We obtain t,~,(186 keV) = 8.6
+0.2 psec, which is in good agreement with the
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FIG. 7. In-beam y-ray spectrum following the ~~SLu(n, xn) reaction induced with 48-MeV 0. particles.
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previously known" 2' value of 3 5 psec
In Fig. 8(d) a set of weak lines can be seen which

have a longer half-life than those depopulating the
1355-keV isomeric state. In order to show that
these transitions belong to a higher-mass tantalum
isotope, we show in Fig. 11 for comparison the
spectrum measured between beam bursts follow-
ing the "'Lu(a, xn) reaction with 30-MeV a parti-
cles. Here we see in addition to the '" Ta tran-
sitions, the lines with energies 88.8, 93.2, 213.6,
325.7, 331.7, and 426.8 keV which are transitions
in '"Hf populated in the decay' of 2.1-h '"Ta, and
a set of transitions with energies 173.2, 200.2,
227.3, 249.4, 392.5, and 474.8:keV. These tran-
sitions are those which become more prominent
in the later spectra of Fig. 8. In Fig. 7, which
shows the spectrum obtained in the '"Lu(e, xn)
reaction with 48-MeV e particles, a set of lines
with energies 90.9, 206.5, 811.3, 401.5, and 478.0
keV are found which have yreviously been assigned'
to '"Hf and stem from the radioactive decay of
j74Ta to ~7~Hf.

The E2/MI mixing ratios for the cascade transi-
tions within the x'[514] rotational band of "'Ta
(see Fig. 1}can be obtained from y-ray intensity
ratios between crossover I- I- 2 and cascade
I- I-1 transitions as explained below. With these
the conversion coefficients and the total relative
transition intensities can be calculated using the
experimental y-ray intensities. From the popula-
tion and depopulation intensity balances of the
I= ~ and '-,' states of this band, the conversion co-
efficients of the 311- and 550-keV isomeric tran-
sitions can then be estimated as described below.
The relative y-ray intensities are given in Table I.

The theoretical conversion coefficients of the
238.7- and 456.8-keV transitions depopulating the

level are n(239) =0.38 and u(457}=0.025, re-
spectively. The total intensity depopulating the

level is then T„,(depop. ~v9) = 132 (in relative
units and with an uncertainty of approximately
15%}. Using the value T~ (311)= 100 (Table I) for
the relative y intensity of the 311-keV transition
which yopulates this level, we obtain for the con-
version coefficients a(311)=0.32+0.15. From a
similar analysis SHR" obtained e(311}= 0.37 +0.18.
The theoretical conversion coefficients for M1,
M2, E2, and E3 multipolarities are: n(311, Ml)
=0.19; e(311, M2)=0.73; n(311, E2)=0.07; and
o.(311, E3)= 0.31. Thus our experimental value
is compatible with a predominantly M1 or $3
character of the 311.3-keV transition. GGW"
have measured the K conversion coefficient of
the 311.3-keV transition using an orange P spec-
trometer and found it to be of predominantly M1
multipolarity. A similar analysis can be carried
out for the 550-keV isomeric transition. The re-
sult is compatible with an E2 multipole order for
this transition, but the uncertainties are rather
large.

IV. DISCUSSION

In the decay of the isomeric state at 1355 keV in
'"Ta which is shown in Fig. 1 only the I= y9 and ~7

rotational states are yopulated, but no states with

lower syins. Therefore, the spin of the isomer
must be I» ~. As was already pointed out by
SHR, "no single-particle orbital but quite a num-
ber of three-quasiparticle configurations consist-
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FIG. 9. Lifetime data for transitions following the de-
cay of the 1355-keV isomer in ~ Ta. These data yield a
half-life of t&g& =5.02 + 0.20 psec. The two curves fog the
146.6-keV transition are obtained from two different runs.
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FIG. 10. Lifetime data for the 115-keV transition de-
populating the 2 state at 186 keV in ~7~Ta. These data
yield the value tg(2 =3.6+ 0.2 @sec. The two curves are
from two different runs.
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FIG. 11. y-ray spectrum obtained between beam bursts following the ~~SLu{n, xn) reaction induced with
30-MeV o. particles.

ing of a broken neutron or proton pair coupled to
the odd proton of tantalum (Z= V3) can explain the
intrinsic configuration of such a high-spin state.
The mea'sured lifetime of the isomer and the in-
tensities of the depopulating transitions can be
compared with transition rates usually found in
the region of deformed nuclei. A convenient way
to do this is to compare the partial lifetimes of
the 311- and 550-keV transitions with the Weiss-
kopf single-particle estimates. 2' lf one defines
the degree of K forbiddenness' as k = ddt —L (with

L = multipole order of transition between states
with K quantum numbers K; and K&, ~= IK; -Kz I )

one may write the retardation factor E in the form
F =f', where f is the degree of forbiddenness per
unit of k. Experimentally, values of f between 10
and 100 are found in this mass region. ' For a
spin and parity assignment of I' ='-,' to the 1355-
keV isomeric state, the multipolarities of the 311-
and 550-keV transitions are M1 and E2, respec-
tively, and the degrees of K forbiddenness are
k = 5 and 4. In this case one finds the retardation
factors F(311keV) =2x10 ' and F(550 keV) =8
&&10 ' for the isomeric transitions. These values
fall well within the range of experimentally ob-
served retardation factors. For all other spin

TABLE H. Experimental ratios X between crossover and cascade y intensities, E2/M1 mixing ratios 6, and rotation-
al-model parameters (gz —gz)t/QO2 for the )[514] band in t~vTa.

.6
This work
Branching

From Ref. 16
Ang. dist. Branching «r -gz~'~@0'

0.146 +0.021

0.291+0.030

0.362 +0.035

0.532 +0.050

0.212+0.015

0.198+0.010

0.170+0.008

0.169+0.008

0.24 +0.11

0.23+0.10

G.25+ 0.12

0.25~ 0.12

0.21+0.06

0.18+0.02

0.17+0.02

0.16+0.02

0.16+0.02

0.0139+0.0021

0.0153+0.0016

0.0198+0.0019

0.0192+0.0019
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and parity combinations considered for the isomer
(I' = '-,",'-,",2T") no such agreement with the experi-
mental retardations generally found for X-forbid-
den transitions in the region of deformed nuclei
can be obtained. This fact, together with the evi-
dence of M1 multipolarity for the 311-keV transi-
tion from the conversion coefficients, strongly
supports the assignment of I= ~ to the 1355-keV
isomeric state.

The Nilsson configurations" available in this
region which can couple to a state with I' ='-,' are:

(2'[404]P, -', [512]n, —,"[524]n]+

(T' [514]P, —,
' [512]n, —,

' [514]n] v'

f 2'[402]p, T [514]n, 3'[524]n].'2'

(v [402]p, —,"[404]p, T [514]p] ~~-.

The couplings of a proton to a broken neutron pair
seem to be somewhat favored because of their esti-
mated energy, but a definite decision among these
four configurations is not possible on the basis of
the presently available data. Certainly the mag-
netic moment of the isomeric state and the proper-
ties of the rotational levels built on this state
would be very helpful in the determination of its
intrinsic configurations. Because of the small
difference in energy expected for the configura-
tions cited above, the actual makeup of the isomer
may be a mixture of these.

In the decay of the 1355-keV isomeric state, the
rotational band built on the 9[514] single-proton
state at 73.6 keV is populated. SHR" and Barnb-
oud et aL" have shown that the rotational energy
deviates only slightly from a two-para'meter en-
ergy expression.

The transition probabilities provide a further
test of the predictions of the rotational model.
For an unperturbed band the E2/M1 mixing ratios
O'= Tz(E2)/T&(M1) can be derived from the ratios
between crossover I- I-2 and cascade I- I-1 y
intensities:

T~ (E2, n.I= 2) 5

T, (Z2, XI=I) (1+52)'

The mixing ratios are then related to the gyro-
magnetic factors for the particle and collective
motion, g~ and g„, respectively, and to the in-

trinsic quadrupole moment Q, by (for Xw —,'; E~ in
keV, Q, in 10 "cm')

1 2.87x105(2I+2)(2I-2) (g» -g„)~
Q2 Q 2

y 0

In Table II we have listed the crossover/cascade
intensity ratios A., the mixing parameters 5, and
the rotational-model expressions (g» —g„)'/Q, '.
Our results for the mixing parameters are in
agreement with those obtained by SHR" from angu-
lar-distribution and branching-ratio measure-
ments, which are also given in the table.

The results for (g» -g„)'/Q, ' show an increase
of about 30%, in contradiction to the predictions
of the adiabatic rotational model which assumes
g~, g~, and Q, to be independent of the spin I with-
in a rotational band. The deviation of the experi-
mental values from the predicted constancy within
the —,[514] rotational band is an indication of non-
adiabatic effects. In this case, however, it is no
longer permissible to apply formulas (I) and (II)
to derive the mixing ratios 5' and (g» -g„)'/Q, '.
The deviation from the simple rotational-model
prediction found here is larger than in other rota-
tional bands studied up to hj.gh-spjn values. ' ' 2

To obtain an estimate for the gyromagnetic factor
g~, however, we have simply taken the average
for (g» -gs)'/Q, ' = 0.017 and multiplied by a value
of' Qo = 7 2 b fox the quadrupole moment" taken
from the neighboring "'Hf, thus obtaining (g» -g„)
=0.94. The sign of (g» -g„) is equal to the sign of
the E2/M1 mixing parameter, which was found to
be positive by SHR." Using ¹ilsson wave func-
tions" and an effective spin g factor of gs" =0.6gs"'
we obtain g» =1.24 for the T [514]band. Using
this value for gE and our experixnental average
value for (g» —g„), gs = 0.30 may be deduced for
the gyromagnetic factor of the collective motion.
This value is in agreement with results of the
cranking-model calculations of Prior, Boehm,
and Nilsson. "
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The «+Cs and ««SCd isomer ratios have been measured for the following cases of charged-
particle-induced Qssion: U(35-MeV n,f), 2+Th(20-MeV d, f), 2 Ra(19-hfeV d,f), and
209Bi(35-MeV 0.,f). The values of the «34Cs isomer ratio were 0.52 +0.02, 0.64+0.01, and

0.20 + 0,05 for the fission of Ue The and Rae respectively The Cd isomer ratios
were 0.090 + 0.006, 0.059 +0.007, 0.90 + 0.12, and 0.9+ 0.2 for the fission of 238U 20Th 226Ra

and 209Bi, respectively. The low values of the ««5Cd isomer ratios for the fission of 238U and
2+Th are attributed to decay-scheme effects. The average initial fragment angular momentum

was deduced from the isomer-ratio values using the Vandenbosch-Huizenga formalism. The
values obtained were {11+1)S,(13+1)I,and {7+2)Afor the «+Cs fragment in the fission of-2+6,
23 Th, and. 2 6Ra, respectively. Values of &(15+4)5 and &(13+4)Sfor the «Cd fragment in the

fission of 6Ra and 9Bi were obtained. These results are discussed in terms of current the-
ories about the origin of the fragment a+gular momentum in Gssion.

I. INTRODUCTION

One of the most studied and least understood as-
pects of the fission process is the scission point,
This is the point in the fission process where the
deformed, elongated nucleus "necks in". and actual-

ly divides into the fragments. A knowledge of the
dynamics of the nascent fragment motion at this
point would appear to be importQGt especially in
view of recent theoretical attempts' to describe
fission by "working backwards". in time from the
scission point. In addition, two- studies" of the


