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High spin states are observed for the first time in the neutron-rich nuclei 151,153Pr, 157Sm, and 93Kr from the
spontaneous fission of 252Cf. Twenty new transitions in 151Pr, twelve in 153Pr, five in 157Sm, and four in 93Kr
were identified by using x-ray(Pr/Sm)-γ -γ and γ -γ -γ triple coincidences. From the measured total internal
conversion coefficients αT of four low-energy transitions in 151,153Pr, we determine that two bands in each
nucleus have opposite parity. The interlacing E1 transitions between the bands suggest a form of parity doubling
in 151,153Pr. New bands in 157Sm and 93Kr are reported. The half-life of the 354.8 keV state in 93Kr is measured
to be 10(2) ns.
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I. INTRODUCTION

High spin states of the odd-mass La [1,2], Ce [3–5], Nd
[6,7], and Sm [8–11] isotopes around A = 150 have been
actively studied to see whether octupole correlations exist
in those isotopes. The octupole correlations in this nuclear
region are based on observed parity doublets associated with
the �N = 1, �j = 3, and �l = 3 orbital pairs such as
πd5/2-h11/2 near Z = 56 and νf7/2-i13/2 near N = 88 [12]. The
151,153Pr nuclei have N = 92 and 94, respectively, and Z = 59
which are near the octupole shell gaps. The πd5/23/2[411]-
h11/23/2[541] and νf7/23/2[532]-i13/23/2[651] Nilsson or-
bitals can play an important role in generating octupole
shape tendencies in Pr isotopes. When the odd proton in
151,153Pr occupies the πh11/23/2[541] orbital near the Fermi
surface, the octupole correlations are enhanced, because there
are strong Y3µ matrix elements connecting these orbitals.
Parity-doublet bands indicating strong octupole correlations
have not been observed in 149,151Ce [13,14] and 149,150Pr [15].
Therefore, it was of interest to search for the parity-doublet
bands which could indicate octupole correlations in 151,153Pr.
For the 152,153Pr isotopes, no excited states were previously
known [16]. Only the first excited state in 150Pr was observed
from the β− decay of 150Ce [16]. Several states in 151Pr were
reported from the β− decay of 151Ce [17].

Since yields [18] of 149−152Pr isotopes produced from the
spontaneous fission (SF) of 252Cf are relatively large, SF
research with 252Cf becomes a good experimental method to
search for high spin states in 149−152Pr. Several γ transitions
in 151Pr [4,15,17,19] were previously reported. The 96.8 keV
transition was assigned to 151Pr from the x-γ coincidences
from the fission fragments of 252Cf and from the β− decay
of 151Ce [16,19]. Based on this 96.8 keV transition (the
96.0 keV transition in Ref. [15]), many high spin states and
γ transitions were assigned to 151Pr from the SF work with
252Cf [15]. However, recently this 96.8 keV transition was not
confirmed in the β− decay work with Ce using the 235U(nth,f )

reaction [17]. This discrepancy is solved in the present work
by changing the mass of the 96.8 keV transition (the 96.0 keV
transition in Ref. [15]) and its coincident transitions from 151Pr
to 150Pr. In other words, a mass number of the previously
reported bands in Ref. [15] is changed from 151Pr to 150Pr by
comparing with the current new bands observed in 151,153Pr.
High spin states in 151Pr and 153Pr are for the first time
established in the present work. These new bands are found
to be parity-doublet bands that indicate the presence of the
octupole correlations.

The high spin states of strongly deformed Sm and Nd nuclei
[20–24] close to A = 160 have been actively studied from the
SF works with 252Cf because collective rotational bands and
isomeric excited states have been predicted theoretically. The
5/2−[523] and the 11/2−[505] neutron bands were identified
in 159Sm [21,22]. Also, the 5/2+[642] and 3/2−[521] neutron
rotational bands were observed in 153,155Nd [23,24]. The
3/2−[521], 5/2+[642], and 5/2−[523] bands were observed
in the N = 95 isotopes of 159Gd and 161Dy [16]. Because
these bands are missing in 157Sm, the search for these neutron
rotational bands in 157Sm will be interesting for the systematic
interpretation of the nuclear band structure. In the present
work, a new band in 157Sm is observed, but the configuration
is not assigned. Also, four new transitions in 93Kr are identified
and the half-life of the 354.8 keV state measured.

II. EXPERIMENTAL METHOD

The experiment was carried out with a 252Cf source of
strength ≈62 µCi for two weeks by using the 101 Ge detectors
of the Gammasphere. The 252Cf source was sandwiched
between two Fe foils of thickness 10 mg/cm2 and was mounted
in a 7.62 cm diameter plastic (CH) ball to absorb β rays,
conversion electrons, and partially neutrons. The 5.7 × 1011

triple- and higher-fold γ coincidence events were obtained
within a 1 µs electronic time window. The cutoff energy in
the low-energy region is 33 keV. The x(Pr/Sm)-γ -γ [25] and
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γ -γ -γ coincidence data were analyzed with the RADWARE

software package [26].

III. RESULTS AND DISCUSSION

A. 151,153Pr

In the coincidence spectra double gated on several known
transitions in 96−99Y, we found the new 292.0 and 363.3 keV
transitions. Because the Pr Kα and Kβ x rays and transitions
belonging to the Y isotopes (partner isotopes of Pr) [16] are
observed in the coincidence spectrum of Fig. 1(a), these new
292.0 and 363.3 keV transitions should belong to one of the Pr
isotopes. The new 206.6 and 279.5 keV transitions in Fig. 1(b)
should belong to one of the Pr isotopes because the Pr Kα and
Kβ x rays and transitions belonging to the Y isotopes (partner
isotopes of Pr) are observed in the coincidence spectrum
of Fig. 1(b). The 36.0 keV peak observed in our spectra is
the result of the combination of Kα1 (36.026 keV) and Kα2

(35.550 keV) x rays and another at 41.1 keV is the result of the
combination of Kβ1 (40.748 keV), Kβ2 (41.764 keV), and Kβ3

(40.653 keV) x rays [16]. The mass numbers of the new 292.0
and 363.3 keV transitions and the new 206.6 and 279.5 keV
transitions are assigned to 151 and 153, respectively, from
the comparison of the 122.3 (96Y), 668.8 (97Y), 101.0, 119.4
(98Y), and 125.3 (99Y) keV transition intensities in Fig. 2 as
follows.

The 97Y and 98Y isotopes have isomeric states at excita-
tion energies of 667.5 keV (1.17s) and 495.8 keV (8.0 µs),
respectively. When we gate on the γ transitions in Pr isotopes,
the 97,98Y yields populating these isomeric states directly
from the fission are not known. These missing 97,98Y yields
cannot be obtained from the coincidence spectra gated on
the Pr isotopes. Therefore, the yields of 97,98Y should be

bigger than those obtained from the γ transition intensities
in the coincidence spectra gated on the γ transitions in
Pr isotopes. Rather than measuring the relative yields, the
changing pattern of the γ transition intensities belonging to
the Y isotopes in Fig. 2 are compared between the coincidence
spectra double gated on the γ transitions belonging to
149,150,151,153Pr.

For example, to assign the mass number to the new
transitions, the intensity ratio values R(119.4/122.3) of the
119.4 keV (98Y) and 122.3 keV (96Y) transitions are compared
in Fig. 3. The relative intensities of the 119.4 keV (98Y)
and 122.3 keV (96Y) transitions are obtained from the three
coincidence spectra in Fig. 2. The R(119.4/122.3) values
for the Pr isotopes are 1.86(19), 0.95(10), and 0.15 (3) for
Figs. 2(c), 2(b), and 2(a), respectively. In Fig. 3, the R value
of 1.86(19) for Pr is normalized to the R(4n/6n) value for
156Sm for the comparison. The normalized R values for
Figs. 2(c), 2(b), and 2(a) are 0.87(9), 0.44(4), and 0.07(1),
respectively. These normalized R values for Pr are com-
pared with the R values of R(4n/6n) = 0.87(9), R(3n/5n) =
0.47(5), R(2n/4n) = 0.22(4), and R(1n/3n) = 0.11(2) for
Sm isotopes. Therefore, the normalized R(119.4/122.3) val-
ues of 0.87(9), 0.44(4), and 0.07(1) for Figs. 2(c), 2(b),
and 2(a) should correspond to 150Pr, 151Pr, and 153Pr, re-
spectively, as shown in Fig. 3. Based on this analysis,
the 155.6 and 303.7 keV transitions, 292.0 and 363.3 keV
transitions, and 206.6 and 279.5 keV transitions belong to
150Pr, 151Pr, and 153Pr, respectively. This indicates that the mass
number of the previously reported bands including the 177.6
and 303.7 keV transitions [15] in Fig. 2(c) should be changed
from 151Pr to 150Pr. This new mass assignment requires a new
interpretation of the 150Pr level structures and new spin and
parity assignments for these levels. The 220.3 and 415.8 keV

FIG. 1. Coincidence spectra double gated on the new transitions belonging to 151,153Pr. Transitions marked with the asterisk are new and
belong to 151Pr or 153Pr. 3n means the Y nucleus corresponding to the 3n channel. Note that the 101.0 keV peak (98Y) in panel (b) is very weak
as expected for the 1n channel. BK indicates background peaks.
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FIG. 2. Coincidence spectra double gated on the γ transitions belonging to 149,150,151,153Pr. 3n means the Y nucleus corresponding to the
3n channel. The transition energy of 177.9 keV (150Pr) given in Ref. [15] is changed to 177.6 keV (150Pr) in the present work. Note that, in the
present work, the mass number of the previously reported bands in Ref. [15] is changed from 151Pr to 150Pr by comparing with the current new
bands observed in 151,153Pr.

transitions in Fig. 2(d) should belong to 149Pr as reported
in Ref. [15] because the transitions corresponding to the 4n

channel are very strong in Fig. 2(d). New transitions associated
with 150,152Pr will be presented in a separate publication.

From this mass assignment, in Fig. 2(a), the 122.3 keV peak
(3n,96Y) and the 668.8 keV peak (2n,97Y) have the strengths
expected for the 3n channel and 2n channel, respectively.
Here the 3 neutron channel means the 3 neutron-loss channel
in the spontaneous fission of 252Cf. In Fig. 2(b), the 122.3 keV
peak (96Y) is as strong as the 119.4 keV (3n,98Y) peak as
expected for the 5n channel. In Fig. 2(c), the 122.3 keV peak
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FIG. 3. Transition intensity ratios 119.4(98Y)/122.3(96Y) and
768.1(92Kr)/707.1(90Kr) as observed in Figs. 2 and 7 vs the mass
numbers (A) of Pr and Sm isotopes. The R(4n/6n) value for 150Pr is
normalized to the R(4n/6n) value for 156Sm for the comparison.

is much weaker than the 101.0 and 119.4 keV (4n,98Y) and
125.3 keV (3n,99Y) transitions as expected for the 6n channel.
In summary, in Fig. 2(c), the 101.0, and 119.4, and 130.0 keV
peaks (98Y) are in the 4n channel and the 125.3, 158.7, and
198.6 keV peaks (99Y) are in the 3n channel. In Fig. 3(b), the
101.0, 119.4, and 130.0 keV peaks (98Y) are in the 3n channel,
and the 125.3, 158.7, and 198.6 keV peaks (99Y) are in the
2n channel. In Fig. 2(d), the 125.3 keV peak (4n,99Y) is the
strongest one as expected for the 4n channel, and the 101.0,
119.4, and 130.0 keV peaks (5n,98Y) are relatively weak.

The new level schemes of 151,153Pr in Fig. 4 are built based
on the coincidence relationship of other new transitions with
two new 292.0 and 363.3 keV transitions in 151Pr and two new
206.6 and 279.5 keV transitions in 153Pr as shown in Fig. 1.
For example, twelve new transitions of energies, 41.9, 90.8,
162.3, 204.2, 216.3, 292.0, 363.3, 411.7, 427.1, 483.1, 531.6,
and 575.0 keV in 151Pr are identified in Fig. 1(a) and seven new
transitions of energies, 88.0, 206.6, 279.5, 351.1, 417.8, 477.9,
and 528.4 keV in 153Pr are observed in Fig. 1(b). The low-lying
excited levels in 150,151Pr identified from the β− decay work
are not connected to the γ transitions observed in the present
fission work of 252Cf. If the lowest lying states in the 150,151Pr
observed from the spontaneous fission of 252Cf are the ground
states or isomeric states or decay through very low energy
(�33 keV) transitions to the ground state or isomeric states,
the low-lying transitions shown from the β− decay cannot
be observed. This will explain why γ transitions of 150,151Pr
observed in the β− decay work are not seen in the fission
work.

The total internal conversion coefficients (αT ) of the
low-energy �I = 1 transitions in Table I were obtained by
comparing the transition intensities as follows. The transition
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FIG. 4. New level schemes in 151,153Pr. All transitions in 151,153Pr are new. Note that the bandhead spin and parity (3/2−) of the parity-doublet
band in 151Pr is consistent with the spin and parity (3/2−) of the ground state in 151Pr observed from the β− decay work [16]. However, the
parities of all four bands might be the reverse. In that case, the spin 7/2 bandhead could be the result of the strong Coriolis mixing of
the lower-lying h11/2 proton orbitals. This would be a case of semidecoupling of the odd-proton h11/2 from the prolate spheroidal long
axis.

intensities were corrected by the detection efficiency values
obtained from the present fission data. The αexpt value of the
54.0 keV transition was obtained from the 54.0, 162.3, and
204.2 keV transition intensities in the coincidence spectrum
[Fig. 1(a)] double gated on the 292.0 and 363.3 keV transitions
in 151Pr. As shown in Table I, because the theoretical αT

values of the 54.0 keV transition are αtheor(E1) = 1.34 and
αtheor(M1) = 7.93, if the 54.0 keV transition had an M1 char-
acter, the photopeak of the 54.0 keV transition should not be
seen in the coincidence spectra. Since the 54.0 keV transition
appears both in Fig. 1(a) and Fig. 5, the 54.0 keV transition
should have an E1 character. The αT value [αtheor(E1) =
0.064] of the 162.3 keV transition is ignored because it is small
compared to the αT value of the 54.0 keV transition. Then, the
obtained αT value [αexpt = 1.9(6)] of the 54.0 keV transition is
only consistent with αtheor(E1) = 1.34 in Table I. Therefore,
the 54.0 keV transition has an E1 character. The αexpt value of
the 47.2 keV transition was obtained from the 47.2, 244.8, and
298.8 keV transition intensities in the coincidence spectrum
(Fig. 5) double gated on the 363.3 and 427.1 keV transitions
in 151Pr. As shown in Table I, because the theoretical αT

values of the 47.2 keV transition are αtheor(E1) = 1.90 and
αtheor(M1) = 11.8, if the 47.2 keV transition had an M1

TABLE I. Total internal conversion coefficients (αT ) of the low-
energy transitions in 151Pr and 153Pr.

Nucleus Energy αexpt αtheor

E1 M1 E2

151Pr 47.2 1.2(4) 1.90 11.8 37.5
54.0 1.9(6) 1.34 7.93 21.8
90.8 1.1(3) 0.328 1.75 3.03

153Pr 88.0 1.2(5) 0.358 1.92 3.40
50.4 2.3(7) 1.60 9.71 28.7

character, the photopeak of the 47.2 keV transition should
not be seen in the coincidence spectra. Because the 47.2 keV
transition is seen in Fig. 5, the 47.2 keV transition must
have an E1 character. The αT value [αtheor(E1) = 0.0221]
of the 244.8 keV transition is ignored because it is small
compared to the αT value of the 47.2 keV transition. Then, the
obtained αT value [αexpt = 1.2(4)] of the 47.2 keV transition
is consistent with αtheor(E1) = 1.90 in Table I. Therefore,
the 47.2 keV transition has an E1 character. The αexpt value
of the 90.8 keV transition was obtained from the 90.8 and
292.0 keV transition intensities in the coincidence spectrum
double gated on the 216.3 and 363.3 keV transitions in 151Pr.
Then, the obtained αT value [αexpt = 1.1(3)] of the 90.8 keV
transition is consistent with αtheor(M1) = 1.75 in Table I. The
E2 mixing will be small because αtheor(E2) is 3.03. Therefore,
the 90.8 keV transition has an M1 character. The αexpt value
of the 50.4 keV transition in 152Pr was obtained from the
50.4 and 279.5 keV transition intensities in the coincidence
spectrum double gated on the 206.6 and 351.1 keV transitions
in 153Pr. Then, the obtained αT value [αexpt = 2.3(7)] of the
50.4 keV transition is consistent only with αtheor(E1) = 1.60
in Table I. Therefore, the 50.4 keV transition has an E1
character.

The αexpt value of the 88.0 keV transition in 153Pr was ob-
tained from the 88.0 and 279.5 keV transition intensities in the
coincidence spectrum double gated on the 206.6 and 351.1 keV
transitions in 153Pr. Then, the obtained αT value [αexpt =
1.2(5)] of the 88.0 keV transition is more consistent with
αtheor(M1) = 1.92 in Table I. The E2 mixing will be small,
because αtheor(E2) is 3.40. Therefore, the 88.0 keV transition
has an M1 character. The M1 characters of the 90.8 keV (151Pr)
and 88.0 keV (153Pr) explain why the crossover 132.7 keV
(151Pr) and 138.4 keV (153Pr) transitions are missing in Fig. 4.
It is because the crossover 132.7 keV (151Pr) and 138.4 keV
(153Pr) transitions would be M2 transitions in Fig. 4. Based on
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FIG. 5. Coincidence spectrum dou-
ble gated on the 363.3 and 427.1 keV
transitions in 151Pr.

these measurements, all other �I = 1 transitions of the new
bands except the 90.8 keV transition in 151Pr and 88.0 keV
transition in 153Pr have an E1 character. It is suggested that
the new bands in 151,153Pr are parity-doublet bands because of
the intertwined E1 transitions.

In Table II, the B(E1)/B(E2) values shown are calculated

from the equation B(E1)
B(E2) = 0.771 Iγ (E1)Eγ (E2)5

Iγ (E2)Eγ (E1)3 (10−6 fm−2)

for Weisskopf units BW (E1)
BW (E2) = 3.84 × 10−2 fm−2 for Pr. The

B(E1)/B(E2) ratios for the low-energy E1 transitions at
47.2 and 54.0 keV are much larger than other B(E1)/B(E2)
ratios. Based on the systematics, it has been known that for
deformed nuclei with A ≈150, the E2 transition strength
is enhanced by a factor of up to 300–1000, while the E1
transition strength is reduced by a factor of around 0.01
from the Weisskopf single-particle shell-model calculated
value [16]. Therefore the systematic B(E1)/B(E2) values
are around 10−5 W.u. This estimate was obtained from
experimental data including E1 transition energies between
100 and 200 keV. In Table II, the B(E1)/B(E2) values
including the higher energy E1 transitions at 330.1, 244.8,
and 162.3 keV are consistent with the systematic estimate
above. The B(E1)/B(E2) values including the lower energy
E1 transitions at 47.2 and 54.0 keV are an order of 10
larger than the systematic value. These large B(E1)/B(E2)
values may indicate relatively reduced quadrupole collectivity
(in other words, increased single-particle characteristics) as
well as enhanced octupole correlations caused by the odd-

TABLE II. B(E1; I − 1)/B(E2; I − 2) ratios in 151Pr.

Energy B(E1)/B(E2) Energy B(E1)/B(E2)

10−6 fm−2 10−6 W.u. 10−5 fm−2 10−4 W.u.

330.0/377.2 0.34(8) 8.9(21) 47.2/292.0 3.2(10) 8.3(26)
244.8/298.8 0.16(4) 4.2(10) 54.0/216.3 0.92(33) 2.4(9)
162.3/204.2 0.26(6) 6.8(16)

proton of 151,153Pr. In order to analyze the B(E1)/B(E2)
values systematically, more experimental data of the odd-odd
and odd-A nuclei in the A = 150–170 region are required,
especially for the low-energy E1 transitions around 50 keV. A
comparison with microscopic calculations could shed more
light on the mechanism responsible for the enhanced E1
strength.

There are πd5/23/2[411]-h11/23/2[541] and
νf7/23/2[532]-i13/23/2[651] Nilsson orbitals which can
play an important role in promoting octupole collectivity
in Pr isotopes. In 151,153Pr, if the odd proton occupies
the πh11/23/2[541] orbital associated with the octupole
correlation, the observed parity-doublet bands could be
explained. In this case, the bandhead state would be assigned
spin-parity 3/2−. This proposed bandhead spin-parity of the
parity-doublet bands in 151Pr(3/2−) are consistent with the
tentative ground-state spin-parity (3/2−) of 151Pr deduced
from β− decay of 151Ce [16,17]. A transition from the
132.7 keV 7/2+ level to a tentative (7/2+) level at 35.1 keV
seen in 151Pr from β− decay was not seen. Based on other
cases where octupole doublets are seen along with other
states, e.g., 145Ba [27], one would not expect to see this
(7/2+)→(3/2+) decay because of their different structure.
The spin-parity of the ground state of 153Pr was not previously
known.

B. 157Sm and 93Kr

The production yield of 157Sm is 0.277 per 100 252Cf
spontaneous fission (SF) events [18]. The intensities of the γ

transitions in 157Sm are weak. Therefore, the x-ray(Sm)-γ -γ
triple coincidences [25] were mainly used to confirm these
weak transitions. It is shown in Fig. 6 that the new 273.8
and 348.6 keV transitions are in coincidence with Sm x rays.
The 40.1 keV peak observed in our spectra is the result of
the combination of Kα1 (40.118 keV) and Kα2 (39.522 keV) x
rays and another at 45.8 keV is the result of the combination of
Kβ1 (45.414 keV), Kβ2 (46.578 keV), and Kβ3 (45.293 keV)
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FIG. 6. Coincidence spectra double gated on the γ transitions in 157Sm and the Sm x rays. 5n means the Kr nucleus corresponding to the
5n channel.

x rays [16]. Because the 40.1 and 45.8 keV x(Sm) rays are
the combination of two and three main x rays, the 40.1 and
45.8 keV x(Sm)-ray peaks are still seen in the spectra in Fig. 6,
even though these are gated by the 40.1 (Kα) and 45.8 (Kβ) keV
x rays of Sm. To separate the background peaks from the
real coincident peaks, three coincidence spectra are shown in
Fig. 6. Real coincident transitions of energies 163.6, 273.8,
348.6, 422.1, 493.2, and 560.7 keV appear in all three spectra
in Fig. 6. Also, because the 707.1 keV (90Kr) and 768.1 keV
(92Kr) transitions of the Kr nuclei (Sm fission partner) are
observed in the three spectra in Fig. 6, the transitions of
energies 163.6, 273.8, 348.6, 422.1, 493.2, and 560.7 keV
should belong to one of the Sm isotopes. In Fig. 6(a), double
gated on the 273.8 keV transition and the 40.1 keV x ray, the

707.1 keV (90Kr) and 768.1 keV (92Kr) transitions are clearly
seen.

To assign the mass number to these new transitions, the
intensity ratio values R(768.1/707.1) of the 707.1 keV (90Kr)
and 768.1 keV (92Kr) transitions are compared in Fig. 3. The
relative intensities of the 707.1 keV (90Kr) and 768.1 keV
(92Kr) transitions are obtained from the four coincidence spec-
tra in Fig. 7. The R(768.1/707.1) values are 0.87(9), 0.22(4),
and 0.11 (2) for 156Sm, 158Sm, and 159Sm, respectively. The
R(768.1/707.1) value in the coincidence spectrum [Fig. 7(b)]
gated on the new 273.8 keV transition is 0.47(5) which, as
shown in Fig. 3, should correspond to 157Sm. Therefore, the
transitions of energies 163.6, 273.8, 348.6, 422.1, 493.2, and
560.7 keV should belong to 157Sm. The new level scheme of

FIG. 7. Spectra in coincidence with transitions in 156,157,158,159Sm. 5n means the Kr nucleus corresponding to the 5n channel.
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FIG. 8. New level schemes for 157Sm. The 273.8, 348.6, 422.1,
493.2 and 560.7 keV transitions in 157Sm are new. Gamma transitions
below the (7/2+) state were previously known from β− decay
work [16].

157Sm is shown in Fig. 8. The 52.4 and 163.6 keV transition
were previously known from β− decay work [16]. Because
the band observed in 157Sm is very weakly populated, the
γ transitions belonging to the partner Kr isotopes are not seen
in the coincidence spectra in Fig. 6. Very weak transitions
below the 7/2+ state reported from the β− decay work
[16] were not clearly observed in the present fission work.
Therefore, these transitions are not shown in the partial level
scheme (Fig. 8) of 157Sm.

The 117.4 and 237.4 keV transitions in 93Kr were observed
by G. Lhersonneau et al. from 93Br β−-decay data [28]. More
recently, Simpson et al. [29] put a new 237.8 keV transition
above the 117.8 keV transition [30] in the 156Sm level scheme
based on the coincidence spectrum double gated on 1147.7

and 174.2 keV transitions in 156Sm. However, the 117.4 and
237.4 keV transitions in 93Kr should be seen in this coincidence
spectrum in the 3n channel, but in Ref. [29] the 93Kr transitions
were not noticed, and they were not marked with asterisks in
Fig. 6 of Ref. [29]. Also, we have confirmed that the 117.4
and 237.4 keV transitions belong to 93Kr in the coincidence
spectrum double gated on the 174.2 and 354.5 keV transitions
in 156Sm. In this coincidence spectrum, the previously known
[30] 117.8 keV transition in 156Sm is excluded. In fact, from the
coincidence spectra double gated on one γ transition in 156Sm
(174.2, 267.4, 1147.7, or 117.8 keV) and another γ transition
in 90Kr (707.1 keV) or 92Kr (768.1 keV), it was confirmed that
the 117.8 keV transition in 156Sm reported from the β− decay
of 156Pm [30] is negligibly weak, so it could not be observed in
the present work. Therefore, the 237.4 keV transition should
not belong to 156Sm but to 93Kr. In the coincidence spectrum
(Fig. 9) double gated on the 237.4 and 628.4 keV transitions in
93Kr, the 174.2 and 267.4 keV transitions belonging to 156Sm
are shown in the 3n channel, but no Kr transitions such as
the 768.1 keV transition in 92Kr and the 707.1 keV transition
in 90Kr appear, as expected for the coincidence spectrum
double gated on the Kr transitions. Then by gating on two
known transitions of energies, 117.4 and 237.4 keV, four new
transitions of energies, 628.4, 533.7, 884.8, and 798.1 keV
were identified in 93Kr (see Fig. 9). The new level scheme for
93Kr is shown in Fig. 10.

In the present work, the half-life of the 354.8 keV state is
determined to be 10(2) ns by using the γ -γ -γ coincidences
with different time windows (t) [31] as follows. In Fig. 11,
coincidence spectra with several different time windows (t)
are compared by double gating on the 533.7 and 884.8 keV
transitions. In the 8 and 16 ns coincidence spectra [Figs. 11(a)
and 11(b)], count ratios of N (237.4)/N (628.4) are clearly
reduced when compared with the count ratios in the 28,
48, and 72 ns coincidence spectra [Figs. 11(c)–11(e)]. This

FIG. 9. Coincidence spectra double gated on the γ transitions in 93Kr. Kα and Kβ are Sm x rays [16].
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FIG. 10. New level scheme for 93Kr. The 628.4, 533.7, 884.8, and
798.1 keV transitions in 93Kr are new.

indicates that the 354.8 keV state between the 628.4 and
237.4 keV transitions has the half-life of about 8–16 ns.
These count ratios versus t are plotted in Fig. 12 in order
to determine the half-life of the 354.8 keV state. The count
ratios N (237.4)/N (628.4) can be fit to the decaying equation
of R = N (237.4)/N (628.4) = No(1 − e−λt ) [31] as shown
in Fig. 12. The count N does not have to be corrected for
the detection efficiency and internal conversion coefficient,

0 20 40 60 80
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0.8

1.0

1.2

1.4
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1.8

 117.4/237.4
 237.4/628.4N

t ( ns )

FIG. 12. Normalized counts vs time window (t) to determine the
half-life.

because those constant effects are included in the coefficient
of No. The half-life of the 354.8 keV state extracted from
the observed decay constant λ is 10(2) ns, which can be
compared with the previously measured half-life of 22(12)
ns obtained from a γ γ (t) measurement using the β− decay of
93Br [28]. In the 8 and 16 ns coincidence spectra [Figs. 11(a)
and 11(b)], count ratios of N (117.4)/N (237.4) are not reduced
relatively when compared with the count ratios in the 28,
48, and 72 ns coincidence spectra [Figs. 11(c)–11(e)]. This
means that the half-life of the 117.4 keV state has to be shorter
than 4 ns, because in the 8 ns coincidence spectra the count
ratio of N (117.4)/N (237.4) does not show any decrease when
compared with those in the 16, 28, 48, and 72 ns coincidence
spectra.

FIG. 11. Coincidence spectra with several time windows (t).
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IV. CONCLUSION

In conclusion, in the present work 20 new transitions
in 151Pr and 12 new transitions in 153Pr were identified.
From total internal conversion coefficient measurements,
the two bands in each of these nuclei have opposite par-
ities. These opposite parities may indicate the influence
of octupole correlations. Six and four new γ transitions
were identified in 157Sm and 93Kr, respectively. The half-
life of the 354.8 keV state in 93Kr was measured to
be 10(2) ns.
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