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2.1 HIGH-SPIN GAMMA-RAY SPECTROSCOPY OF 42Sc

T. MORIKAWA1, H. KUSAKARI2, M. OSHIMA, Y. TOH, M. KOIZUMI,
A. KIMURA, A. OSA, Y. HATSUKAWA, K. FURUTAKA, J. KATAKURA,

M. NAKAMURA, M. SUGAWARA3, and K. SAGARA1

The 42Sc nucleus is composed of one proton and one neutron coupled to the doubly magic
40Ca core. While its low-lying yrast levels from Jπ = 0+ to Jπ = 7+ can be interpreted
as a member of {πf7/2}1 ⊗ {νf7/2}1 multiplet, high-spin states of J > 7 have not been
known. The negative parity levels, which should be a clear signature of the core-breaking,
have scarcely been observed either. For the formation of high-spin states of J > 7 in
42Sc nucleus, breaking of the 40Ca core is necessary. At the same time, the particle-hole
excitation of doubly-closed core is known to lead to a sizable nuclear deformation. Hence,
one can expect the onset of rotational motion of deformed state in 42Sc with large angular
momentum. In the neighboring 43Sc, a rather collective rotational band based on the (core-
breaking) Jπ = 3/2+ state has been studied [1] recently up to the terminating Jπ = (27/2+)
level.

In order to investigate the high-spin states in 42Sc, we undertook an experiment with
a target of 11 mg/cm2 PbS bombarded by the 60 MeV 16O beam. The γ-γ-coincidence
measurement with ±800 ns time window was made by using the GEMINI-II array [2]. The
data were offline sorted into γ-γ correlation matrices. As presented in Fig. 1, γ-ray cascades
of sizable multiplicity were identified as feeding to the low-lying yrast levels. Data analysis
is still in progress.

Fig. 1. A partial level scheme of 42Sc proposed in the present work. (tentative)

References
[1] T. Morikawa et al., Phys. Rev. C 70 (2004) 054323, and references therein.
[2] K. Furuno et al., Nucl. Instrum. Methods A421 (1999) 211.
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2.12 GAMMA-RAYS IN THE GROUND-STATE BAND OF 250Cm

T. ISHII, S. SHIGEMATSU1, H. MAKII, M. ASAI, K. TSUKADA, A. TOYOSHIMA,
M. MATSUDA, A. MAKISHIMA2, T. SHIZUMA, J. KANEKO1, I. HOSSAIN3,
H. TOUME4, M. OHARA1, S. ICHIKAWA, T. KOHNO1 and M. OGAWA1

We have measured in-beam γ rays in the neutron-rich transuranium nucleus 250
96 Cm154 pro-

duced by the two-neutron transfer reaction of a 162-MeV 18O beam with a 248Cm target.
Outgoing nuclei were detected using four sets of Si ∆E-E detectors placed at the grazing
angle, and γ rays emitted by residual nuclei were measured using six Ge detectors in coinci-
dence with the outgoing nuclei. Fig. 1 shows a γ-ray spectrum of 250Cm obtained by setting
the gate of 16O particles with kinetic energies corresponding to the excitation energies in
250Cm below the neutron separation energy. The γ rays shown in Fig. 1 were found to be
coincident each other. Furthermore, the in-plane to out-of-plane intensity ratios of these
γ-rays confirm that these transitions are stretched E2 types. On the basis of these results,
we have established the ground-state band of 250Cm up to 12+ as shown in Fig. 2.
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Fig. 1. γ-ray spectrum in coincidence with 16O particles whose kinetic energies correspond
to the excitation energies in 250Cm below the neutron separation energy. γ peaks of 250Cm
are labeled by energies in units of keV.

The moments of inertia 2J0/h̄
2, which are almost the same as 6/E2+ , are plotted versus

neutron number in Fig. 3, for the ground-state bands of even-even actinide nuclei whose
excitation energies were measured precisely. In the region of well-deformed nuclei, a nucleus
with a deformed shell closure is expected to have a larger moment of inertia than those
of neighboring nuclei, because the pairing energy gap becomes smaller at the deformed
shell gap. The present result shows that the moment of inertia of 248Cm152 is larger than
that of 250Cm154 by an appreciable difference of 10%. This fact supports the existence of
the N = 152 deformed subshell closure in Cm isotopes. A cranking model calculation by

1Tokyo Institute of Technology
2National Defense Medical College
3Seoul National University
4Ibaraki University
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Sobiczewski et al. [1] explained the systematics of the moments of inertia of actinide nuclei
by taking account of higher order deformations. They have shown that the pairing energy
gap has a local minimum at N = 152 in Cm isotopes and predicted that the moment of
inertia of 248Cm152 is larger than that of

250Cm154, in agreement with our experimental
result.

This experiment is the first in-beam γ-ray study beyond N = 152, which became possible
by using a small-emittance beam supplied by the tandem accelerator operated at 18 MV,
a small-sized thick Cm target and high-resolution Si ∆E-E detectors. This result has been
published [2].
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Fig. 2. Level scheme of the ground-
state band of 250Cm. The energy of the
2+ level was derived from the moment
of inertia deduced from the higher
levels.

138 140 142 144 146 148 150 152 154 156

100

120

140

160

Neutron Number

 2
J

0
/ 

h
2
  
(M

eV
-1

)

90Th

92U

94Pu

96Cm

98Cf

100Fm
102No

/

N=152

Fig. 3. Systematics of moments of inertia, 2J0/h̄
2, for ground-state bands of even-even

actinide nuclei. Because there are no accurate measurements for the moment of inertia of
252Fm152, the data for

250Fm and 254Fm are connected by a dotted line.

References

[1] A. Sobiczewski, I. Muntian and Z. Patyk, Phys. Rev. C 63 (2001) 034306.

[2] T. Ishii et al., J. Phys. Soc. Jpn 75 (2006) 043201.



JAEA-Review 2006-029

－ 41 －

2.13 ALPHA-GAMMA COINCIDENCE SPECTROSCOPY OF 255No

M. ASAI, K. TSUKADA, H. HABA1, A. TOYOSHIMA, T. ISHII, Y. NAGAME,
I. NISHINAKA, T. ICHIKAWA, Y. KOJIMA2 and K. SUEKI3

Excited states in 251Fm fed by the α decay of 255No have been studied by means of α-γ
coincidence spectroscopy to establish Nilsson single-particle states in odd-mass superheavy
nuclei. The nucleus 255No was produced by the 248Cm(12C, 5n) reaction. The beam energy
was 77 MeV on target. Reaction products were transported by a He jet into a rotating wheel
α-γ detection system, and deposited on a thin foil forty of which were set on the wheel [1].
The wheel periodically rotated at 180 s intervals, and moved the deposited sources to two
consecutive detector stations each of which were equipped with two Si detectors and two
Ge detectors.

Figure 1 shows γ-ray spectra in coincidence with α particles of 255No. The time window was
set at −100–+500 ns from the prompt peak for the prompt coincidence spectrum and at
0.5–47.5 µs for the delayed one. On the basis of the α-γ coincidence relationships, the decay
scheme of 255No has been established as shown in Fig. 2. The 200.09 keV level was found
to be an isomeric state whose half-life was determined to be 21.1(19) µs. From the K X to
γ intensity ratio, the K internal conversion coefficient of αK = 16.7(27) was derived for the
200.09 keV transition, which allows us to assign the M2 multipolarity to that transition.
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Fig. 1. Gamma-ray spectra in coincidence with α particles of 255No. (a) The prompt
coincidence spectrum obtained by setting the time window at −100–+500 ns from the
prompt peak. (b) The delayed one obtained by setting the window at 0.5–47.5 µs. For
assignments of the 221.5 and 354.0 keV γ rays, see a forthcoming paper.
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Fig. 2. Proposed decay scheme of 255No.

This isomeric state was previously reported by Bemis et al. [2] at 192 keV and with a
15.2(23) µs half-life; these values were derived from the α fine structure measurement and
the α-X(γ) coincidence one. Very recently, Heßberger et al. [3] reported the α-γ coincidence
results for 255No. Their half-life and energy of the isomeric state agree well with our data.

The ground state of 251Fm is known to have the 9/2−[734] configuration [4]. On the basis of
the ground-state spin-parity of 251Fm, multipolarities of γ transitions derived from K X to γ
intensity ratios, hindrance factors of α transitions, and analogy of rotational band energies
in neighboring nuclei, spin-parities and single-particle configurations of excited states in
251Fm as well as the ground state of 255No are suggested as shown in Fig. 2. The 392.0 and
395.4 keV levels are assigned as the 1/2+ and 3/2+ members of the 1/2+[631] band. These
two levels were not resolved in Ref. [2], and were misassigned as the 7/2+[613] bandhead.
The 1/2+[620] state populated by the favored α transition is located at 558.7 keV.

The energy spacing between the 9/2−[734] orbital and the 1/2+[620] one in N = 151 isotones
reflects the deformed shell gap at N = 152. This energy increases with the proton number
from Z = 96 to 102, indicating that the N = 152 deformed shell gap increases with the
proton number at least up to Z = 102.
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5.3 KAONIC PASTA STRUCTURES IN DENSE MATTER

T. MARUYAMA, T. TATSUMI1 , D. N. VOSKRESENSKY2

and S. CHIBA

There have been discussed various phase transitions in nuclear matter, like liquid-gas tran-
sition, various meson condensations, hadron-quark deconfinement transition, etc. In most
cases these are first-order phase transitions (FOPT). In the systems with different charged
species undergoing the FOPT the structured mixed phases might appear [4]. For example,
in case of the nuclear matter below the saturation density, where the liquid-gas FOPT is
relevant, the “nuclear pasta” structures [1, 2, 3] have been studied by many authors. Taking
charged kaon condensation as a further example, we study whether the “pasta” structures
appear in the high-density neutron-star matter [5]. Kaons are the lightest mesons with
strangeness, and their effective energy is much reduced by the kaon-nucleon interaction in
nuclear medium. For low-energy kaons the s-wave interaction is dominant and attractive in
the I = 1 channel, so that negatively charged kaons appear in the neutron-rich matter once
the process n → p +K− becomes energetically allowed. Since kaons are bosons, it causes
the Bose-Einstein condensation at zero momentum [6].
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Fig. 1. Density profile of high-density
nuclear matter. “3D” etc. means the
geometrical dimension. The horizontal
axis r is the distance from the cell center
and the hatch shows the cell boundary.
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We use the density functional theory (DFT) within the relativistic mean field (RMF) model
[7]. We get the coupled equations of motion for meson fields (sigma, omega, rho and kaon),
nucleon fields, the electron field and the Poisson equation for the electric field. Within this
framework all the fields are consistently treated. The numerical solution is obtained by
employing the Wigner-Seitz cell approximation and a relaxation method. Our framework

1 Department of Physics, Kyoto Univeristy
2 Moscow Institute for Physics and Engineering
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and its ability to reproduce properties of nuclear matter and finite nuclei have been reported
by the present authors [3].

We calculate the structure of the neutron star matter at zero temperature for a given average
baryon density. For each baryon density, the cell radius and the geometrical dimension
(indicated in Fig. 1 by “3D”, “2D”, “1D”) are chosen to satisfy the minimum of the energy.
Around the critical density for kaon condensation, the matter may exhibit the structure
change similar to the nuclear “pasta” phases [3]: the kaonic droplet, rod, slab, tube, bubble.
Actually we observe such structures in our calculation (see Fig. 1). From the top of the
figure, the matter structures correspond to droplet, rod, slab, tube, and bubble. The cluster
mainly consists of kaon and proton. This is due to the strong attraction between proton
and kaon. On the other hand the neutron distribution proves to be rather flat. In the upper
panel of Fig. 2 we plot the energy per nucleon of the matter. Pieces of solid curves indicate
the energetically favored structures, while the dotted curve shows the case for the uniform
matter with a single phase. One can see the softening of matter by the appearance of “pasta”
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Fig. 3. Comparison of density profiles
of kaonic pasta structures with (left)
and without (right) the Coulomb inter-
action. The cell size is set to be 17 fm
for all cases.

structures. In the lower panel of Fig. 2
plotted are the cluster size (radius of kaon-
matter or kaon-hole) and the cell size.
The dashed lines show the Debye screening
lengths of the electron, the proton, and the
kaon, λ

(e)
D , λ

(p)
D and λ

(k)
D , respectively. In

most cases λ
(e)
D is less than the cell size Rcell

but it is larger than the size of the cluster
Rd. However the proton and kaon Debye
lengths are always shorter than Rd. When
the minimal value of the Debye length in-
side the cluster is shorter or of the order
of Rd, the charge screening effects should
be pronounced. In fact, when we discard
the Coulomb interaction, the density pro-
file (see Fig. 3) and the structure size will be significantly modified. In case of the full
calculation (left panel of Fig. 3) the difference between the negative charge density (of
kaons and electrons) and the positive charge density of protons is smaller, indicating that
the system tends to have a local charge neutrality. This charge screening effect reduces the
Coulomb energy of the system and makes the structure size bigger.
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5.4 A HYBRID APPROACH TO THE TWO-BODY COULOMB SCATTERING

IN THE MOMENTUM SPACE

S. CHIBA, S. ORYU , S. NISHINOHARA , N. SHIIKI and Y. TOGAWA

The integral equation, namely the Lippmann-Schwinger (LS) equation for the 2-body scattering,

has been used widely to understand nuclear reaction mechanisms and nature of the underlying

interaction. It serves also as a starting point of more elaborate methods for 3-, 4- and many-

body problmes. However, the LS equation suffers a serious numerical difficulty in the momentum

space, that is, the overlapping of the pole of Green’s function and a logarithmic singularity of the

Coulomb potential.

It is obvious that simple manipulation of the LS equation does not give the correct solution to

the Coulomb scattering since it is naturally associated with a plane-wave boundary condition:

A screened Coulomb potential does not yield a converged solution even if the screening range

is increased to infinity. This difficulty in the momentum space has prohibited one to construct

an exact Coulomb solution in few-body problems. This has been a long-standing issue in the

scattering theories in the momentum representation[1].

In this study, we treat this problem by using an auxiliary potential with a special boundary condi-

tion. In order to pose this boundary condition, we employ a solution in the configuration space,

which makes this method “hybrid”. Here, we consider only the s-state of the p-p system.

Firstly we decompose the Coulomb potential, , to a sum of a screened Coulomb potential

and the auxiliary potential :

where . The potentials are expressed in the configuration space as and

. The LS equation now includes 2 potentials;

(1)

When employed in the LS equation, and are expressed in the momentum representation.

Secondly, we seek for the range parameter by solving, in the configuration space, the Schrödinger

equation that makes the phase shift of , , where =0, 1, ... Since involves the

Coulomb potential, this calcualtion was done with pure Coulomb wave functions in the asymp-

totic region. In this way we have incorporated the boundary condition of the Coulomb scattering.

The result is shown in Fig. 1 as a function of center-of-mass-energy. It exhibits a discontinuity at

the energy where the s-wave Coulomb phase shift becomes 0, corresponding to the change in

Tokyo University of Science
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. We use the range parameter determined in this way for the calcualtion in the momentum space.

Once determined, the range is a definite function of energy and , so no more an adjustable

parameter. The choice of to make results in a fact that the on-shell T-matrix for the po-

tential vanishes, since where denotes the on-shell momentum,

the reduced mass. Furthermore, it was shown that, when this condition is satisfied, the half-off

shell T-matrix also vanishes; for any (Lemma 1 of Ref. [2]).
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that gives

Thirdly, we apply the 2-potential theory (2-
PT) to the LS equation with the decomposed
Coulomb potential. Then, we obtain the fol-
lowing set of equations;

The on-shell component of can be obtained
by numerically solving the equations above.
Owing to the condition posed to the range pa-
rameter, it can be shown that

since , and are -functions. This condition facilitates numeri-

cal calcualtions to a great extent.
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obtained in the momentum space. The open
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line is the s-wave Coulomb phase shift .

Finally the phase shift for is obtained as a

phase of the , and is plotted in Fig. 2. It

is noted that the present method gives the correct

Coulomb phase shift down to around 1 MeV.

However, we still have numerical problems in

the lower energy region, so the definite conclu-

sions are awaited.
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