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In-beam y-ray spectroscopy of 24:250:232Cf by neutron-transfer reactions using a Cf target
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The ground-state bands of 2#3:230:22Cf have been established up to the 10*, 12+, and 107 states, respectively, by
in-beam y-ray spectroscopy using neutron-transfer reactions with a 153-MeV 80 beam and a highly radioactive
Cf target. The deexcitation y rays in 2*82%%252Cf were identified by taking coincidences with outgoing particles
of 19710 measured with Si AE-E detectors, and by selecting their kinetic energies. Moments of inertia of

248.250.22Cf were discussed in terms of the N = 152 deformed shell gap.
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High-spin states in heavy-actinide nuclei provide us with
information to predict the stability of superheavy nuclei
[1]. Recently, in-beam y-ray spectroscopy was carried out
for heavy-actinide nuclei using a recoil-decay tagging tech-
nique [2] (e.g., high-spin states in 2>*No produced by the
208ph(48Ca,2n) reaction were studied using this technique
[3-6]). By this technique, only neutron-deficient nuclei can be
approached because those nuclei are produced by heavy-ion
fusion reactions. Using radioactive actinide targets with a high
atomic number, we can approach high-spin states in actinide
nuclei near the S-stability line [7,8] and in the neutron-rich
region. We have studied high-spin states in neutron-rich nuclei
such as 240242y, 24Py, and »°Cm by heavy-ion transfer
reactions with actinide targets of 235U, %44Pu, and %3Cm
[9-13]. No in-beam y-ray experiment using a target with an
atomic number higher than ¢¢Cm, however, has been carried
out because that target, such as a Cf, has high radioactivity.
In the present work, we have performed an in-beam y-ray
experiment of 243:230-252Cf using a Cf target.

Excited states in 2*8Cf have been studied through the
29Cf(d,1)**8Cf reaction [14], the B~ decay of 8Bk [15],
and the o decay of 2>Fm [16]. The ground-state band
was established up to the 8" state; energies of the 2 and
4% states were determined precisely through the o decay of
252Fm [16], and those of the 67 and 8% states were reported
with an accuracy of +2 keV through the transfer reaction
[14]. This transfer-reaction experiment also identified many
two-quasiparticle states in >*8Cf. In 2°Cf, many y transitions
were observed in the EC decay of 2.22-h 20Es and 8.6-h 2°°Egs,
and energies of the ground-state band up to 67 were determined
precisely [17,18]. The transfer reaction of («, t) established
the ground-state band up to 87, although the energy of the 8"
state was not reported explicitly [19]. As for 232Cf, the 2+ and
47 states in the ground-state band and a 3% quasiparticle state
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were investigated by the EC decay of 23?Es [20]. In the present
study, we have identified higher-spin states in the ground-state
bands of 248:250:22Cf up to 10F, 12*, and 10", respectively.

The experiment was carried out at the Japan Atomic Energy
Agency-Tokai tandem accelerator facility [21]. We used a Cf
target whose isotopic compositions were 63%, 13%, and 24%
for the mass numbers of 249, 250, and 251, respectively.
To reduce the total radioactivity of the target, we made a
very small target with a diameter of 0.8 mm, but with an
ordinary thickness of 0.45 mg/cm?, electrodeposited onto a
0.9 mg/cm? aluminum foil. The total amount of this Cf target
was 2.3 ug, and the total radioactivity was 1.4 MBq. The target
was bombarded by a 153-MeV 30 beam with 0.8 particle nA.
The total dose was 1.6 x 10" ions of '80. The beam was
adjusted so as not to hit a collimator of 1.2 mm in diameter
placed in front of the target.

Outgoing nuclei were detected using four sets of Si AE-E
detectors 20 mm in diameter. y rays emitted from residual
nuclei were measured using six Ge detectors in coincidence
with the outgoing nuclei. The experimental setup was the same
as in Ref. [12] except that these four sets of Si A E-E detectors
were placed at 43° with respect to the beam axis. The count
rate of each Ge detector in the experiment was about 50 kcps
(kilocounts per second) among which 10 kcps were associated
with the decay of the Cf target itself. We recorded the particle-
y-(y)-t coincidence data.

An E-AE plot obtained from the experiment is shown
in Fig. 1. Outgoing nuclei were separated not only by
atomic number, but also by mass number. The dashed line
in Fig. 1 represents a calculated energy loss for 'O particles.
Figures 2(a) and 2(b) show y-ray spectra obtained by setting
the gate of the enclosed areas (a) and (b) in Fig. 1. The
gate (a) in Fig. 1 is 7O particles with kinetic energies
corresponding to the excitation energies of 2°Cf between
0 and 6 MeV for the 2*°Cf('80, 70)*°Cf reaction. The
20Cf nucleus with these excitation energies emits no neutrons
because the neutron separation energy of 2°Cf is 6.6 MeV. The
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FIG. 1. (Color online) E-AE plot of scattered nuclei measured
by a Si AE-E detector in the reaction of a 153-MeV '*0 beam with
a M9 250.51Cf target. The dashed line represents a calculated energy
loss for 'O nuclei. The enclosed areas (a) and (b) indicate the gate
settings for 17O + On and '°O + On reaction channels, respectively.

gate (b) is '°0 particles with kinetic energies corresponding to
the excitation energies of 2*8Cf between 0 and 6 MeV for the
29C£(180,1°0)2*8Cf reaction.

We observed 99.2-, 154.3-, 207.7-, and 258.9-keV y rays
having almost equal energy spacings, as shown in Fig. 2(a).
These four y rays were coincident with each other. The
307.4-keV y ray was also found to be coincident with these
y rays. Because the 99.2- and 154.3-keV transitions observed
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FIG. 2. (Color online) (a) y-ray spectrum obtained by setting
the gate on '7O + On [gate (a) in Fig. 1]. The kinetic energies of 7O
correspond to the excitation energies of 2°*2>2Cf between 0 and 6 MeV
for the 22! Cf(130,170)**252Cf reaction. The y rays marked with
circles and stars are transitions in 2°Cf and °2Cf, respectively. The
303.3-, 349.5-, and 383.8-keV y rays are transitions deexciting the
4~ state with the configuration of {v[734]9/27; v[620]1/2" } in 2°Cf
[18]. The 139.1-keV y ray is the transition deexciting the 3" state
with the configuration of {v[620]1/2%;v[613]7/2*} in 22Cf [20].
(b) y-ray spectrum obtained by setting the gate on '°O + On [gate (b)
in Fig. 1]. The y rays with asterisks have not been assigned yet.
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TABLE I. Observation of y rays in the ground-state bands of
248.250.252Cf for different gates of '°7'°0. Gates where y rays in the
ground-state bands of 2#8:25-252Cf were observed are marked with a
cross. Gates used for analysis of y-ray properties are marked with
an asterisk. Gates of '°™'°0 + On and '°~'°0 + 12 correspond to the
excitation energies of 0-6 MeV and 6-12 MeV in Cf, respectively.
Reaction channels for producing 2*8230-232Cf are listed in the bottom
row. Crosses within parentheses indicate that the observation of
these y rays would come from an admixture of neighboring reaction
channels.

Gate 248Cf 20¢f 22Cf
190 4+ 0n (x) X
10 + 1n X

70 4 0n * *
70+ 1n x (x)
30 + On X

B0 + 1n X X

90 +0n * X

Y0+ 1n X (x)

249Cf(]80 180}’[)
249Cf(180 190)
250Cf(180 190}’1)

249Cf(]8o, I()On)
249Cf(180, 170)
250Cf(180, 17011)
250Cf(1807 ISO)
251Cf(180, lSOn)
251Cf(180, 190)

250cf(180 160)
251Cf(180 l60n)
251Cf(180 170)

in the present work have the same energy as the 47 — 27
[99.16(1) keV] and 67 — 47 [154.35(6) keV] transitions
in the ground-state band of °Cf [18], we have identified
the y rays of 207.7, 258.9, and 307.4 keV as well as the
y rays of 99.2 and 154.3 keV as the transitions in the
ground-state band of >°Cf.

y transitions in the ground-state band of *°Cf were
also observed in other reaction channels. For example, these
y rays were observed in the 'O gate with kinetic energies
corresponding to the excitation energies between 6 and
12 MeV in 'Cf, which is high enough to evaporate one
neutron from 2!Cf. These y rays should be produced by the
reaction channel of 2°Cf(130, 1°0n)*°Cf; the gate setting of
this reaction channel is denoted by '°O + 1n. Furthermore, the
y rays in 2°Cf were observed in coincidence with '°O + On,
produced in the reaction channel of B30, Y0)»cf.
Because the target comprises three isotopes, we took account
of several reaction channels producing 2°Cf. In Table I, we
summarize the gates in which y rays in the ground-state
bands of 243:230.22Cf were observed. The reaction channels
for producing 243:230.252Cf are listed in the bottom row. The
ambiguity of the excitation energy is approximately 2 MeV
owing to the covering angles of the Si AE-E detectors.
Therefore, the gate represented by '°0 4 1n, for example,
includes components of reaction channels of ('*0, 1°O + On)
and (*20, 1°0 + 2n).

We have identified 164.5-, 220.4-, and 272.6-keV y rays
observed in Fig. 2(a) as the ground-state band transitions
in 52Cf. These y rays have almost equal energy spacings,
and are coincident with each other. Figure 3 shows a sum
of y-y coincidence spectra gated on 164.5-, 220.4-, and
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FIG. 3. (Color online) y-y coincidence spectrum for ground-
state band transitions in 22Cf, obtained by the sum of spectra in
coincidence with 164.5-, 220.4-, and 272.6-keV y rays.

272.6-keV y-ray peaks. These y rays are considered to be
populated by the 2!Cf(*80, 170)>2Cf reaction. The intensity
ratio of this 164.5-keV y peak to the 154.3-keV y peak
of 20Cf is approximately one-third, consistent with the
composition ratio of 2*°Cf to 2! Cf in the target. The 164.5- and
220.4-keV y rays were observed as well in the '°O + On and
160 + 1n gates, which correspond to the reaction channels of
2OCf(180, 1°0)22Cf and P! Cf (120, 1°0n)?>2Cf, respectively.
This fact confirms the assignment of these y rays to >2Cf. The
observation of y rays in 232Cf in the gate of 7O + 1n would
come from the admixture of the (30, 70) reaction channel.
We have assigned 149.6- and 200.6-keV y transitions
observed in Fig. 2(b) as the ground-state band transitions in
248Cf. These y rays are coincident with the 249.3-keV y ray.
These three y rays have almost equal energy spacings. They
are considered to be populated by the >*°Cf('80, 1°0)**8Cf
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reaction. The 149.6- and 200.6-keV y rays were only observed
in the gates of '80 + 1n, O 4 0n, and 'O + 1n. This fact
confirms the assignment of these y rays to 2*3Cf.

Level schemes of the ground-state bands of 243:250:232Cf
are shown in Fig. 4. We have extended high-spin states of
the ground-state bands of 24825%.232Cf up to 10*, 12%, and
107, respectively. Energies, relative intensities, and in-plane to
out-of-plane anisotropies, I, (in)/I, (out), for the y transitions
in the ground-state bands of 2482°0:22Cf are summarized in
Table II. The relative intensities of the y rays in Table II are
normalized to the intensity of the 4+ — 27 transition in 2°Cf.
The I,,(in)/ I, (out) values for the transitions in 20Cf are larger
than unity, which confirms that these transitions are stretched
quadrupole transitions [23,24].

The moments of inertia for the ground-state band of >>2Cf
are plotted as a function of squared rotational frequency in
Fig. 5. IV and I® represent the kinematic and dynamic
moments of inertia, and w is the rotational frequency [9]. The
ID values were derived from the spins as well as the y-ray
energies. The solid line in Fig. 5 is the fit of IV to Jy + 0?1,
where Jy and J; are constants. The /® values calculated
by Jo + 3w?J; are drawn as the dashed line in Fig. 5. The
Jo values of 2#3250-22Cf (N = 150, 152, 154) were obtained
as 72.10(5), 70.15(1), and 65.43(5)h> MeV~!, respectively.
Sobiczewski et al. [25] predicted that a moment of inertia has
a larger value at N = 152 than those of neighboring nuclei
because the pairing correlation is weak at N = 152 owing
to the deformed shell gap. According to their calculation,
moments of inertia of jooFm and ;9,No have a clear peak at
N = 152, but those of ¢4Pu do not. This is caused because the
deformed shell gap at N = 152 becomes narrower for nuclei

12t 1070.2
TABLE II. Energies and relative intensities of y rays in
248,250.252Cf, Total internal conversion coefficients ay for E2 tran-
307.4 sitions were taken from Ref. [22]. In-plane to out-of-plane intensity
: ratios, 1,,(in)/ I, (out), are also given.
+ 809.2
N 473 10ty 1628 1O et
10 . 1 I —>1; E,(keV) I, I,(1+ar)  1I,(in)/1,(out)
2493 258.9 ’ 6T — 47" 149.6(1) 9.4(5) 44(2) 1.10(12)
: 536.6 8t — 67 200.6(1) 6.8(6) 14(1) 1.05(18)
N 488.0 g+ | 503.9 8t ¥ 10" — 8t 249.3(5)*  2.4(13)* 4(2)*
s I 220.4 it
200.6 I — I E, (keV) I, I,(1 +a7) I,(in)/1,(out)
4 316.2
6+ 4 287.4 F—— 4% — 2% 99.2(1) 4.2(4) 100(10) 1.01(23)
164.5 67 — 4+ 154.3(1)  17.6(6) 75(3) 1.17(7)
149.6 8t — 67  207.7(1) 21.2(9) 42(2) 1.34(9)
&+ 137.8 4+ $ 151.7 10F — 8+ 2589(2)  9.7(6) 14(1) 1.38(19)
127 — 10T 307.4(5)*  2.9(12)* 4(2)*
2+ 41.5 2+—45-7 252
o+ 0 keV o+ 0 keV o+ 0 keV Ct
ZgngISO 295ng152 295;?Cf154 I — I E, (keV) I, I, +ay) I,(in)/I,(out)
+ +
245.250.25 ) 6t — 4 164.5(1) 6.3(5) 22(2) 1.33(22)
FIG. 4. Level schemes of Cf. The y-ray and level g8+t — 6+ 220.4(3) 4.7(5) 8(1) 1.14(33)
energies are in units of kiloelectron volts. Energies of the 2% and 10t — 8t 272.6(5) 2.8(5) 4(1) 1.35(44)

4+ states in 2*8Cf, those of the states up to 6 in 2°Cf, and those of
the 2% and 47 states in 2>Cf were taken from Refs. [16,18,20].

4Obtained from y -y coincidence data.
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FIG. 5. Plot of moments of inertia for the ground-state band
of 22Cf versus squared rotational frequency w?. The closed and
open circles represent the kinematic moments of inertia /" and the
dynamic moments of inertia 1®®, respectively. The solid line is the
fit of IV to Jy + w?J;. The dashed line is calculated by Jy + 3w?J;,
using Jy and J; obtained from the fit of IV,

with lower atomic numbers [11]. Their calculation shows that
the moments of inertia of ¢gCf still have a peak at N = 152.
On the other hand, the experimental Jy value of 28Cf 50 1S
larger than that of 2°Cf;s5,. More sophisticated calculations
are required to reproduce the experimental results.
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We have found that the moments of inertia of the ground-
state bands in 243:230.22Cf gradually increase up to the 107,
12, and 10" states, respectively. At higher-spin states,
effects of rotation alignment originating from high- j orbitals,
such as mij30, vjis/2, and vki7,2, should appear. Sun [26]
predicted that a band crossing occurs around [/ = 24. By
measuring higher-spin states, we could obtain information
regarding single-particle energies of high-j orbitals. These
energies provide us with information relating to the stability
of superheavy nuclei.

In conclusion, in-beam y-ray spectroscopy of Cf isotopes
has been performed for the first time using neutron-transfer
reactions and a highly radioactive Cf target. The ground-state
bands of 248-250:252Cf were extended up to the 10*, 12+, and
10" states, respectively. The y rays in each nucleus were
identified by taking coincidence with outgoing particles and
by selecting their kinetic energies using Si AE-E detectors.
The present experiment demonstrated that a target with high
radioactivity or on the order of micrograms can be used
in in-beam y-ray spectroscopy. The moments of inertia of
248.250.252Cf 50 152,154 does not clearly show the effect of the
N = 152 deformed shell gap.
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