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ABSTRACT

Neutron single-particle states above the N=152 subshell have
been studied by high-resolution (d,p) reaction on a 250cg target.
All of the orbitals between N=152 and N=164 subshells have been
identified. A tentative assignment has been made for the 1/2-[750]
Nilsson state.

INTRODUCTION

Theoretical calculations!, about twenty years ago, predicted
long half-lives for superheavy elements with atomic number 114 and
neutron number 184, Attempts to identify such elements in nature
and in niuclear reactions have been unsuccessful, but neutron-
deficient isotopes of elements up to 109 have been discovered?. The
estimates of half-lives for superheavy elements are based on
calculations of nuclear energies as a function of deformation. An
essential ingredient in these Strutinsky type calculations is the
magnitude of the shell correction, which is extremely sensitive to
the single-particle energy gap at Z=114 and N=184, and to the level
spacings near these gaps. For this reason any experimental
measurements of energies of orbitals near these gaps is extremely
important. 1In the case of protons, the gap at Z=114 is determined
by the splitting of the f7,, and fs5); orbitals, and this was deduced
from the spectroscopy of odd-proton nuclei3+% and used to derive the
parameters of a single-particle potential as illustrated in Fig. 1.
The shell correction near N=184 is largely determined by the
position of the hjj/;, kyyj2 and j33/, spherical states?. It is
therefore imnortant to determine the energies of single-particle
states in the heaviest nuclei.

The best way to identify orbitals above the N=152 subshell is
to perform single neutron transfer reactions on a target with
neutron number 152 or greater. 1In such a stripping reaction, the
153rd neutron will occupy orbitals above the N=152 gap. The
advantage of a target with N=152 is that the population of hole
state orbitals is strongly suppressed because of the large values of
vZ (v2 is the pair occupation probability). Thus a clean (d,p)
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Fig. 1. Theoretical (two left columns) and extracted energies of
proton single-particle states. Theoretical energies were
calculated with a Woods-Saxon potential using the
parameters shown in the figure. The extracted energies
were obtained by removing the contribution of the pair
correlation effects from the experimental level energies,

spectrum is exgected. The only target with N2152, with a reasonable
half-life, is 48cm (Ty/2 = 3.5 x 103 y). Neutron transfer
reaction® and neutron capture gamma’ experiments have been performed
with 248cm targets which give information on states in 249Cm.
However, these experiments did not have sufficient sensitivity to
observe weakly populated levels. Another possible target with N2152
is 250cg (T1/2 = 13.1 y), which is much more radioactive than 248¢p,
but has the advantage that many single particle states in 291Cf have
been well characterized® in the alpha decay of 2°5Fm.

EXPERIMENTAL PROCEDURE

The 250Cf(d,p)spectra were measured with the Argonne Tandem Van
de Graaf accelerator using a 12.0-MeV deuteron beam and an a—pg/cm2
250cf target on a ao-pg/cm2 carbon film which was prepared in the
Argonne electromagnetic isotope separator. The emerging protons
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were momentum analyzed with an Enge split-pole spectrograph and were
detected with photographic emulsion plates in the focal plane.
Spectra were recorded at 90° and 120° with respect to the beam
direction. Portions of the proton spectra showing the regions of
interest are displayed in Figs. 2 and 3. The resolution (FWHM) of
the peaks in these spectra is 7 keV and these are among the cleanest
spectra measured in the heavy-element region.
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Fig. 2. Proton spectrum from the 230Cf(d,p) reaction measured with
the Argonne Enge split-pole spectrograph showing the
population of the 1/2-[750] and 9/2+[615]) bands. Energy
scale is ~3.5 keV per 0.25-mm strip.
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Fig. 3. A portion of the proton spectrum from the 250Cf(d,p)
reaction showing peaks above 1 MeV excitation. The
spectrum was measured with the Argonne Enge split-pole
spectrograph. Energy scale is ~3.5 keV per 0.25-mm strip.

DISCUSSION

The rotational bands 1/2+[620], 7/2+[613], 3/2+{622],
5/2+[622], 11/2-[725]) and 9/2-[734] were well characterized® in the
255pm alpha decay. The present (d,p) reaction data (Fig. 2) fully
support these assignments and enable us to compare calculated cross
sections with the measured ones. All observed levels below 600 keV
excitation fit extremely well as members of known bands, leaving no
level unassigned. According to our calculations the remaining
intense peaks below 1 MeV should be associated with the 1/2-{750]
and 9/2+([615) bands. Using the calculatedd signature of the 1/2-
[750] band we have made the following assignment: 1/2 (633 keV);
3/2 (600 keV); 5/2 (708 keV); 7/2 (626 keV); 11/2 (691 keV). These
level energies give a rotational constant of 4.8 keV and a
decoupling parameter of -3.29, in very good agreement with the
theoretical value of -3.8. The peaks at 683 and 758 keV are
assigned to the 9/2 and 11/2 members of the 9/2+[615] band,
respectively, which yield a reasonable rotational constant of
6.9 keV. The observed energy of the 9/2+({615] orbital in 251cf is
considerably higher than the assignment made in 249cm at 209 kev®.



The experimental level energies, after correction for pairing
effects, are shown on the right hand side in Fig. 4. These are
compared with the energies calculated with a momentum-dependent
Woods-Saxon single particle potential using vy = 0.25, v, = -0.01
and Vg = +0.02 (left column). The deformation par:meters were
chosen to give a good fit to the energies of the well characterized
levels in 2451Cf, The agreement between the theoretical and
extracted energies is good. This gives us some confidence in the
predicted energies of the higher lying states. The values of C;2
obtained in these calculations are given in Table 1. Values of Cj2
for the lower-lying orbitals are given in Ref. 10.

Although there are many peaks in the spectrum above 1 MeV (Fig.
3), only tentative assignments have been possible for some levels.
Ve have made a tentative assignment of I=1/2, 5/2, 9/2 and 3/2
members of the 1/2-[761] rotational band to the 1250, 1262, 1326 and
1335 keV levels. These assignments give a rotational constant of
6.9 keV, and a decoupling parameter of +3.1, which is in good
agreement with the theoretical value of +3.9 for this band. We also
assign the 1183 keV level to the 9/2 member of the 9/2+[604] band
because it is the strongest peak in the spectrum above 1 MeV
excitation.

The energy of the 1/2+([880) orbital, which is largely
determined by the position of the kj7;, spherical shell state, is
calculated to be 1376 keV. The decoupling parameter of +8.3 makes
this a very unusual band. 1In addition, this band has a very strong
interaction with the 3/2+[871] band. Using appropriate Coriolis
matrix elements we have made a mixing calculation which brings down
the 9/2+, 13/2+, 5/2+ and 17/2+ levels below the energy of the 1/2+
level to 1218, 1224, 1267 and 1286 keV, respectively. Also, the
9/2, 13/2, 17/2, and 1/2 members of the band are expected to receive
populations of 10-30 gb/sr. We do not have any unassigned peak in
the spectrum below 1 MeV with the predicted cross section,
indicating that the 1/2+[880] band lies above 1 MeV excitation. One
important thing worth noting is the lowering of the 17/2 member of
the 1/2+[880] band to ~1 MeV. Thus heavy-ion reactions, which
preferentially populate high angular momentum states, could be used
to identify the 1/2+(880] band.

In summary, we have identified all nf the sin§le-particle
states in the subshell between N=152 and N=164 in 451Cf. We have
also calculated the levels above the N=164 gap and have tentatively
identified the 1/2-[761) and 9/2+[604] orbitals. The position of
the 1/2-(761) orbital provides information about the j13/2 spherical
shell orbital which lies above the N=184 neutron gap. If the
excitation energy of the 1/2+([880] orbitsl can be determined, we
will then have some experimental information on all of the spherical
orbitals between N=184 and N=224. These constraints should help us
to determine the feasibility of making superheavy elements.
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Fig. 4. Theoretical (left column) and extracted (right column)
energies of neutron single-particle states. Theoretical
energies were calculated with a Woods-Saxon potential,
using V3=0.25, V4=-0.01 and Vg=+0.02. The extracted
energies were obtained by removing the contribution of pair
correlation effects from the experimental level energies.

A constant matrix element (G=21/A MeV) was used for the
pairing calculations.



20L°0 100°0 S9T°0 €T0°0 %10°0 £90°0 0€0°0 0°0 0°0 [z9sl,z/s
950°0 0°0 LTO0°0 0S0°0 8ST°0 202°0 915°0 0°0 0°0 [t19l,z/¢
0°0 )°0 £00°0 966°0 0°0 0°0 0°0 0°0 0°0 [909i,2/1T
0°0 L66°0 T00°0 0°0 0°0 0°0 0°0 0°0 0°0 [ots]-2/¢€T
T0L°0 0°0 T6T°0 800°0 220°0 0€0°0 Z%0°0 T00°0 0°0 [tz8l42/€
0°0 610°0 Z€E°0 6%0°0 L9€°0 ¥€0°0 981°0 00 T€0°0 6°€+ [t9zl-2/T
€EYL°0 0°0 602°0 T00°0 620°0 %00°0 200°0 100°0 900°0 £°8+ [ossl,z/T
S00°0 0°0 600°0 9.0°0 0T6°0 0°0 0°0 0°0 0°0 [vo9l,z/6
0°0 LET O £90°0 162°0 %6070 60€°0 S50°0 8%0°0 0°0 [zszl-2/¢
0°0 0ZT°0 110°0 L02°0 §20°0 €8€°0 6€0°0 €81°0 T€0°0 8 €~ loszl.z/t
0°0 0°0 9T0°C %160 690°0 0°0 0°0 00 0°0 [¢19l,2/6
0°0 186°0 %00°0 0T0°0 0°0 0°0 0°0 0°0C 0°0 (czsl-z/tT
2000 0°0 %20°0 9610 19T°0 8S€°0 160°C 89T°0 0°0 (zzol,2/e
€00°0 0°0 6%0°0 Z0T°0 €¥8°0 €00°0 0°0 0°0 0°0 (e19l42/L
- - 6€0°0 €ET°0 8€T 0 9120 602°0 Tv0°0 TET"0 Z0%° 0+ [oz9lizit
ANA: zlsT Z/eT z/1t zl6 AN zls cle Z/1 ® a3e3s

ZST=N 2A0QV $33B3§ S[0T3I1eJ-oTBUTS UOIINAN 103 50 I 21qel



ACKNOWLEDGMENT

This research was supported by the US Department of Energy,

Nuclear ?hysics Division, under contract No. W-31-109-ENG-38. The
calculations were carried out on the NFMECC computers at Livermore
The authors acknowledge helpful discussions with D. G. Burke.

REFERENCES

S. G. Nilsson, C. F. Tsang, A. Sobiczewski, Z. Szymanski,
S. Wycech, C. Gustafson, I. L. Lamm, P. Moller, and B. Nilsson
Nucl. Phys. Al31, 1 (1969). '
P. Armbruster, Ann. Rev. Nucl. Part. Sci. 35, 135 (1985).
I. Ahmad, A. M. Friedman, R. R. Chasman, and S. W. Yates, Phys.
Rev. Lett. 39, 12 (1977). '
R. W. Lougheed, J. F. Wild, E. K. Hulet, R. W. Hoff, and
;. g. L;ndrum. J. Inorg. Nucl. Chem. 40, 1863 (1978).
. R. Chasman, I. Ahmad, A. M. Friedman and J. R. Erski
, , A. M. . R, sk .

Mod. Phys. 49, 833 (1977). e, Rev
T. H. Braid, R, R. Chasman, J. R. Erskine and A i

, R. R. , J. R, 4 . M. F
Phys. Rev. C4, 247 (1971). riednan,
3. Ww. prf, W. F. Davidson, D. D. Warner, H. G. Borner and
T. von Egidy, Phys. Puw. C25, 2232 (1982).
I. Ahma?, F, T. Porter, M. S. Freedman, R. F. Barnes,
R. K. Sjoblom, F. Wagner, Jr., J. Milsted and P. R. Fields
Phys. Rev. C3, 390 (1971). '
P. D. Kunz, University of Colorado (unpublished).
R. R. Chasman, Phys. Rev. C3, 1803 (1971).

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Meither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.









