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Energy levels in 98
251Cf populated in the a decay of 100

255Fm
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Gamma-ray spectra of a 20-h255Fm source containing;1 mCi activity were measured with a 25% Ge
detector and a low-energy photon spectrometer~LEPS!. Gamma lines with intensities as low as 1.0
31026% per 255Fm a decay were observed. Gamma-gamma coincidence spectra of a255Fm sample were
measured with the GAMMASPHERE array. A comparison of theg-ray spectrum gated by the CfKa x-ray
peak with theg-singles spectrum provided spins of the excited states in251Cf. Theg-ray data, in conjunction
with previously measured250Cf(d,p) reaction data, allowed us to characterize several single-particle and
vibrational states above theN5152 subshell gap.

PACS number~s!: 21.10.Pc, 25.45.Hi, 27.90.1b
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I. INTRODUCTION

One of the important goals of nuclear research has b
the search for superheavy elements and the understandi
their structure and stability. Spectacular progress has b
achieved with the recent syntheses of elementsZ5112, 114,
and 118 @1–5#. The half-lives of these nuclei are large
determined by the single-particle orbitals near the Fermi s
face. Theoretical calculations involving single-particle sta
have been carried out@6–8# to explain the observed prope
ties of these nuclei. One way to gain some insight into
structure of superheavy nuclei is to characterize the sin
particle valence orbitals in these nuclei by measuring th
decay properties. However, the production of only a few
oms precludes such measurements. Another approach t
ploring these orbitals is the study of the excited states in
heaviest nuclides available in larger quantities. The nuc
with the largest number of neutrons produced in microCu
quantity is 255Fm, which decays bya-particle emission with
a half-life of 20.1 h. Its decay scheme has been studied
viously byg-ray spectroscopy@9# with Ge spectrometers an
a spectroscopy@10# with a magnetic spectrometer. In add
tion, 250Cf(d,p) reaction spectra were measured with hig
resolution @11#. The particle states 1/21@620#, 7/21@613#,
3/21@622#, and 11/22@725# in 251Cf were identified both in
the decay scheme@9# and in the (d,p) reaction spectrum
@11#. The 1/22@750# and 9/21@615# orbitals were observed
in reaction spectra only@11#.

In Ref. @9#, 255Fm g-ray spectra were measured with
small Ge~Li ! detector and the source strength was o
;25 mCi. The recent use of high-efficiency Compto
suppressed Ge detectors in large arrays and the availa
of an order of magnitude more255Fm activity prompted us to
reexamine the decay scheme of255Fm. Preliminary results of
this study have been reported elsewhere@12#. The present
article describes the results of this investigation in more
tail. We have confirmed the previous single-particle assi
ments and have identifed octupole and pair vibrational ba
built on the 7/21@613# single-particle state in251Cf.
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II. EXPERIMENTAL METHODS AND RESULTS

The nuclide255Fm, which is the daughter product of th
38.3-d 255Es nucleus, was separated from;1 mg of Es
~isotopic composition 99.5%253Es, ;0.4% 254Es, ;0.04%
255Es) produced in the high-flux isotope reactor~HFIR! at
Oak Ridge National Laboratory. The chemically purifie
samples of Fm,;2 mCi each, were shipped to Argonn
National Laboratory in three different weeks. The first tw
samples were used for the measurement ofg-singles spectra
with a 25% Ge detector and a 2 cm2310-mm low-energy
photon spectrometer~LEPS! system. Each spectrum wa
measured for 17 h and its decay was followed for only th
half-lives because after that time the decrease in the p
heights made identification of weak transitions difficult. T
three spectra gave half-lives for the peaks which were u
for the identification of 255Fm g rays. Gamma rays with
intensities as low as 1.031026% per 255Fm a decay were
identified. We observed allg rays reported in the previou
work @9# and many new transitions. Theg rays below
;570 keV observed in the present work can be placed
the level scheme established in earlier studies. A portion
the g-ray spectrum showing newg rays in the range of
;570–;1120 keV is displayed in Fig. 1~b!. The strongg
rays with the energies 774.0, 836.1 and 870.9 keV deca
with a half-life of 22.560.5 h which is longer than the half
life of 255Fm. This, as well as the fact that theseg rays are
not in coincidence with CfK x rays, strongly suggests tha
theseg rays belong to a fission product.

In order to place theg rays observed in the singles spe
trum in a level scheme, ag-g coincidence measurement wa
performed with the GAMMASPHERE array@13# which con-
sisted of 101 Compton-suppressed Ge detectors. Most o
levels in 251Cf populated bya decay deexcite to the groun
state band or to the 7/21@613# band at 106.3 keV which
decays by highly converted low-energy transitions a
hence, there are very fewg-g coincidences. For this reason
only twofold coincidence events were collected. Coinciden
relationships deduced from the data confirmed the previ
©2000 The American Physical Society02-1
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assignments of the low-lying levels of251Cf. Gamma rays
connecting to the ground band and the 7/21@613# band have
no g ray in coincidence. In contrast, theg rays deexciting to
the 3/21@622# band at 177.6 keV have CfK x rays in coin-
cidence because this band decays byM1 transitions with
largeK conversion coefficients. Theg-ray spectrum gated by

FIG. 1. ~a! 255Fm g-ray spectrum measured with th
GAMMASPHERE array and gated by CfKa1 peak.~b! g-singles
spectrum of a 1 mCi 255Fm source measured with a 25% Ge dete
tor. The sensitivity of the measurement can be judged from
counts in the 632.0-keV peak which has an intensity of;2.0
31026% per 255Fm a decay.
06430
the Cf Ka1 peak is shown in Fig. 1~a!. The two spectra in
Fig. 1 clearly distinguish theg rays which decay to the
3/21@622# band from those decaying to the ground and
7/21@613# bands.

III. DISCUSSION

Results of the250Cf(d,p) reaction experiment have bee
discussed in Ref.@11#. In Fig. 2 we display the portion of the
(d,p) spectrum relevant to the levels discussed in this
ticle. Theg rays from the deexcitation of some of the leve
identified in Fig. 2 are shown in Fig. 1. In Ref.@11# the 600-
626-, 633-, 683-, and 708-keV levels were assigned to
3/2, 7/2, 1/2, 11/2, and 5/2 members of the 1/22@750# band
on the basis of the expected cross sections. The transit
resulting from the decay of the 600.8-, 625.7-, 632.0-, a
708.0-keV levels are shown in the partial level scheme
Fig. 3. No transitions were observed from the decay of
683-keV level because of its expected low alpha intens
The level spins and parity deduced from theg decay are
consistent with the previous assignments. Alpha intensi
to these levels are not shown because it is difficult to de
mine the feeding to these levels. The outgoingg-ray inten-
sities indicate a maximum of;531026% a intensity for
each level.

A partial level scheme constructed on the basis of
present work and previous studies is displayed in Fig. 4. T
hindrance factors, shown on the right side of the levels,
defined as the ratio of the experimental partial half-life to t
value calculated with the spin-independent theory of Pres
@14#. SinceM1 andE1 transitions dominate the interban
deexcitations, excited bands withK51/2 and 3/2 will decay
to the ground band and the 3/21@622# band at 177.6 keV.
Rotational bands withK>7/2 will decay to the 7/21@613#
band at 106.3 keV. Transitions observed in coincidence w
Cf K x rays were, therefore, interpreted as deexcitation
levels to the members of the 3/21 band at 177.6 keV and
provided the energies of the excited states. These ene
were further confirmed by the placement ofg rays between

-
e

r.

FIG. 2. A 250Cf(d,p) spectrum measured

with an Enge split-pole magnetic spectromete
See Ref.@11# for detail.
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the excited states and the members of the ground band.
The decay pattern of the levels fixes their spins to wit

one unit of angular momentum. The single-particle assi
ments of these levels were made on the basis of the (d,p)
reaction cross sections, thea-decay rates, and the calculate
level energies@15,16#. In the (d,p) reaction, large cross sec
tions are associated with particle states because of large
ues ofu2, the probabilty that the level is not occupied by
pair of neutrons. The large cross section to the 972-keV le
~Fig. 2! clearly indicates that it is a particle state. The dec
of this level to the members of the 7/21@613# band restricts
its spin to 7/2, 9/2, or 11/2. Of the available single-partic
levels with these spins in251Cf at this excitation energy, only
9/21@604# is expected to have a large cross section beca
of its large cj

2 , where cj is the expansion coefficient of th
wave function in terms of spherical basis. We, therefo

FIG. 3. A partial level diagram showing the decay of t
1/22@750# band previously identified in the250Cf(d,p) reaction
@11#. Alpha intensities are not shown because of theg-ray feeding
uncertainties to these levels.
06430
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conclude that the 974.0-keV level has a substantial com
nent of the 9/21@604# orbital.

We have calculated the cross section to the 9/21 level
with the DWBA codeDWUCK4 @17# using the potential pa-
rameters listed in previous studies@18#. By normalizing to
the cross section of the well characterized 9/21 level at 166
keV, and using values ofcj

2 from Ref. @11# and values ofu2

from Ref. @19#, we calculate the cross section for th
9/21@604# state. The measured cross section is only 60%
the theoretical cross section. Although theoretical calcu
tions typically do not reproduce cross sections exactly,
lower cross section suggests that the state is not of p
single-particle character. Calculations of intrinsic states
volving phonon degrees of freedom indicate that most sta
in 251Cf with excitation energies of;1 MeV are only
;50% pure@20,21#. The decrease in cross section and ex
tation energy from the predicted values could be due to
brational phonon mixing in the state. It should be pointed
that without the knowledge of the spin deduced from t
g-decay data, it would be difficult to decide whether t
9/21@604# level is at 972 keV~as assigned in this work! or at
1183 keV ~Fig. 2!, both of which have almost equal cros
section. In Ref.@11#, the 9/21@604# orbital was assigned to
the 1183-keV state because of the better agreement with
theoretical prediction of its energy@15,16#.

The alpha-decay hindrance factor is also consistent w
the assignment. Thea-decay hindrance factors betwee
states having their intrinsic spins parallel are between 10
100. Also the particle states have additional hindrance r
tive to the hole states because of the lower values ofv2, the
pair occupation probability, of that state in the pare
nucleus. Thus the hindrance factor of 500 for the 974-k
level is reasonable for the 9/21@604# state.

The 981.6-, 1009.1-, and 1044.1-keV levels fit as me
bers of aK53/2 band. We observe transitions from th
1/22@750# band in coincidence with CfK x rays@Fig. 1~a!#.
This indicates the presence ofK-converted transitions from
higher lying states to the members of the 1/22@750# band. In
the g-g coincidence spectrum gated by the 632.0-keV pe
we identified a 349.6-keVg ray and CfK x rays ~Fig. 5!.
The ratio of theK x-ray intensity to that of the 349.6-keVg
ray was found to be;1, which indicatesM1 multipolarity
for the 349.6-keV transition. This clearly demonstrates t
the 3/2 level decays to the 1/22 level by anM1 transition
and, hence, the 3/2 level should have negative parity. A
incidence gate on the 553-keV peak produced 381.0-
408.2-keVg rays and the gate on the 660.2-keV peak p
duced a 301.0-keVg ray. These coincidence relationship
are shown in Figs. 3 and 4. The 3/22 state at 981.6 keV
could be the single-particle state 3/22@752#. However, the
smaller than calculated cross sections measured for the m
bers of the 981.6-keV band and the smalla-decay hindrance
factors rule out this assignment. We interpret this band a
vibrational state with the configuration 7/21@613#322. The
Kp522 octupole band is known to lie at 870 keV in250Cf
@22#.

The deexcitation of the 1077.6-keV level to the memb
of the 7/21@613# band restricts its spin to 7/2 or 9/2. The lo
2-3
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FIG. 4. A partial level scheme showing th
decay of excited bands in251Cf. Excited bands at
974.0, 981.6, and 1077.6 keV have been iden
fied in the present work for the first time. Th
981.6- and 1077.6-keV bands are interpreted
the 7/21@613# state coupled to the 22 octupole
and 01 pair vibrations, respectively. The deca
of the 1/22 band at 632.0 keV is shown in Fig. 3
The hindrance factors shown on the right side
levels were calculated with the spin-independe
theory of Preston@14#.
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hindrance factor suggests that this might be a pairing vib
tion built on the state 7/21@613#. In 250Cf there is a 01

excitation at 1.15 MeV@23#. If this interpretation is correct
we might expect a 9/21 state at roughly 1.6 MeV which is a
pairing vibration built on the 9/21@615# state. An admixture
of such a state with the 9/21@604# single-particle state would
account for the observed lowering of the 9/21 energy rela-
tive to the theoretical single-particle energy and the sma
than expected cross section in the~d,p! reaction~see discus-
sion above!.

The excited states that we have identified in251Cf are
displayed in Fig. 6 and compared with the calculation@15# of
single-particle states with a Woods-Saxon potential. The
tracted energies represent the experimental single-par

FIG. 5. g-ray spectrum of a255Fm sample measured with th
GAMMASPHERE array and gated on the 632.0-keV photope
The intensity of the 349.6-keVg ray is;1.031026% per 255Fm a
decay.
06430
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FIG. 6. A comparison of the experimental and theoretical en
gies of single-particle states above the subshell atN5152. Experi-
mental energies are taken from Refs.@9–11# and the present work
The extracted energy represents single-particle energy correcte
pairing. The experimental energy of the 9/21@604# state is lower
than the calculated energy because this state is not of pure si
particle character.
2-4
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energies and were obtained from the measured energie
removing contributions from pairing@15#. Our study shows
that excited states up to;1 MeV can be observed in
a-decay measurements of short-lived nuclides and t
spins and parities can be deduced fromg-ray spectroscopy
However, for such states it is difficult to make single-partic
assignments because of the mixing between various con
rations, particularly with phonon excitations. It also poin
out the need for spectroscopic studies of even heavier
clides for characterization of single-particle states beyond
164 gap. We note that known nuclei throughZ5112 have
165 or fewer neutrons.

In summary,g-ray spectroscopy of255Fm samples has
enabled us to confirm the previous assignment of the 63
keV band in 251Cf to the 1/22@750# single-paticle configu-
ration. In addition, octupole and pair vibrations built on t
7/21@613# state were also identified. A 9/21 state was iden-
t.
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tified at 974.0 keV which was interpreted as a mixture of t
9/21@604# single-particle state and the pair vibration built o
the 9/21@615# state. The identification ofg rays with inten-
sities of;1.031026% pera decay clearly demonstrates th
sensitivity and power of the GAMMASPHERE array.
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@7# S. Ćwiok, W. Nazarewicz, and P.-H. Heenen, Phys. Rev. L

83, 1108~1999!.
@8# M. Bender, Phys. Rev. C61, 031302~R! ~2000!.
@9# I. Ahmad, F. T. Porter, M. S. Freedman, R. F. Barnes, R.

Sjoblom, F. Wagner, Jr., J. Milsted, and P. R. Fields, Ph
Rev. C1, 390 ~1971!.

@10# I. Ahmad and J. Milsted, Nucl. Phys.A239, 1 ~1975!.
@11# I. Ahmad, R. R. Chasman, A. M. Friedman, and S. W. Yat

Phys. Lett. B251, 338 ~1990!.
@12# I. Ahmad, inProceedings of the Second International Confe

ence on Fission and Properties of Neutron-rich Nuclei, St.
Andrews, Scotland, 1999, edited by J. H. Hamilton, W.
Phillips, and H. K. Carter~World Scientific, Singapore, 2000!,
p. 258.
.

.
.

,

.

@13# I. Y. Lee, Nucl. Phys.A520, 641c~1990!.
@14# M. A. Preston, Phys. Rev.71, 865 ~1947!.
@15# R. R. Chasman and I. Ahmad, Phys. Lett. B392, 255 ~1997!.
@16# I. Ahmad, B. B. Back, R. R. Chasman, J. P. Greene, T. Ishii

R. Morss, G. P. A. Berg, A. D. Bacher, C. C. Foster, W.
Lozowski, W. Schmitt, E. J. Stephenson, and T. Yamana
Nucl. Phys.A646, 175 ~1999!.

@17# P. D. Kunz and E. Rost, University of Colorado, codeDWUCK4.
@18# T. H. Braid, R. R. Chasman, J. R. Erskine, and A. M. Frie

man, Phys. Rev. C1, 275 ~1970!.
@19# R. R. Chasman, I. Ahmad, A. M. Friedman, and J. R. Erski

Rev. Mod. Phys.49, 833 ~1977!.
@20# F. A. Gareev, S. P. Ivanova, L. A. Malov, and V. G. Solovie

Nucl. Phys.A171, 134 ~1971!.
@21# S. P. Ivanova, A. L. Komov, L. A. Malov, and V. G. Soloviev

JINR Dubna preprint E4-6663.
@22# M. S. Freedman, I. Ahmad, F. T. Porter, R. K. Sjoblom, R.

Barnes, J. Lerner, and P. R. Fields, Phys. Rev. C15, 760
~1977!.

@23# I. Ahmad and R. R. Chasman, Phys. Rev. C19, 1140~1979!.
2-5


