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Nuclear structure of >**Fm, >**Fm, and their daughter nuclei were investigated via detection of their radioactive
decays, o, ¥, and spontaneous fission. Measured «-decay energies, half-lives, and branching ratios improve the
literature data significantly. A signature for detection of the hitherto unknown ***Cm was found in the a-decay
chains from ***Fm. Two groups of « events with average energies of 6.69(2) MeV and 7.01(2) MeV and with a
half-life of Ty, = 3004_?(5)8 s are suggested to originate from 25Cm. Tentative decay schemes for 23 Fm, 29Cf,
B5Cm, and **Fm, >*'Cf isotopes are suggested based on the present experimental data. Systematical trends of
single-particle states in N = 141 isotones of Z = 92-98 nuclei are discussed.
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I. INTRODUCTION

The properties of microscopic single-particle energy levels
determine the interplay between the attractive nuclear and
repulsive electric forces. They become most important in the
region of heavy and superheavy nuclei, where the stabilizing
macroscopic liquid-drop properties vanish [1-7]. Especially
large binding energies are expected for spherical nuclei at and
near closed shells for either protons and neutrons or both. As
a result, these nuclei have relatively long partial spontaneous
fission (SF) half-lives due to high fission barriers. Also partial
a-decay half-lives are prolonged for nuclei at and below the
closed shells.

For many decades, the aim of experimental studies was to
confirm the existence of an island of stability predicted to be
located at proton number Z = 114 and neutron number N =
184 [1,3,7-9]. Only in recent years, experimental data con-
firmed an increase of stability for nuclei with Z = 114-118
and neutron numbers approaching the predicted closed shell
at N = 184 [8]. In addition to the closed shells for protons
and neutrons, increased stability was predicted for deformed
nuclei with proton and neutron numbers Z = 100, N = 152
and Z = 108, N = 162 [3,9,10].

For these proton and neutron numbers large single-particle
energy gaps were calculated, which result in increased binding
energies due to an increase of the level density below the
gap. It was calculated that the width of this energy gap is
rather robust and only weakly dependent on the number of the
complementary type of nucleons over a relatively wide range.
For obtaining the highest stability, not only the quadrupole
deformation, which has a value of 8, =~ 0.25, but also higher-
order degrees of deformation have to be considered. The

“j khuyagbaatar @ gsi.de

2469-9985/2020/102(4)/044312(8)

044312-1

existence of both regions of increased stability for deformed
nuclei is experimentally well established by measurements of
partial SF and «-decay half-lives, energies, and spectroscopic
data [1,2,5,6,11].

So far not clearly proven is an increased stability predicted
for more neutron-deficient deformed nuclei, 8, &~ 0.22, lo-
cated at Z = 96-100 and N = 142 [9,10]. For these nuclei
located at the limit of the presently known isotopes, spectro-
scopic information is scarce. In particular, systematic trends of
binding energies, a-decay energies (E,) and partial a-decay
half-lives (T,), and spin and parity (/™) values of ground and
excited states are incomplete.

In the present work, we aimed to study the o decay of
25Fm (N = 145) and >*Fm (N = 143) and their daughter
nuclei **'Cf (N = 143) and *Cf (N = 141), in order to
accumulate information on single-particle neutron states of
N = 141 and N = 143 isotones.

II. EXPERIMENTAL DETAILS

The experimental data were gathered in several shorter
irradiations already in 2007 and the data on SF were presented
in Ref. [12]. Accordingly, in this work we present the data on
the o decay.

The experiment was performed using the velocity filter
SHIP at GSI in Darmstadt. The fermium isotopes were pro-
duced by the fusion-evaporation reactions *°Ar +2%Pb and
“0Ar 4 28Pb. The argon beam with a charge state of 9* and
with an intensity of up to 3 particle uA (1 particle uA =
6.25 x 10'? particles per second) was delivered by the linear
accelerator UNILAC. Lead sulfide (PbS) targets with average
thicknesses of ~400 wug/cm? (for Pb) had been evaporated
on carbon backing foils of 40 pg/cm? thickness [13]. On
the downstream side, the target was covered by a 10 pg/cm?
carbon layer. The targets were mounted on a wheel, which
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rotated synchronously to the beam structure (5 ms long pulses
with 50 Hz repetition frequency).

The evaporation residues (ERs) were separated from the
primary beam by the velocity filter SHIP [14] and were then
implanted into a position sensitive 16-strip Si detector (stop
detector) with an active area of 80 x 35 mm? [1]. Before im-
plantation, the ERs passed through two time-of-flight (TOF)
detectors [15]. Their signals were also used to distinguish the
incoming ERs and radioactive decays of the implanted nuclei.

Six additional silicon detectors of the same size as the
stop detector, subdivided into 28 energy-sensitive segments,
were mounted in the backward hemisphere for detection of
escaped « particles or fission fragments (box detector). These
detectors covered an area of 85% of the backward hemisphere.
The signals from stop and box detectors were split into two
energy ranges; a low-energy 0.2—-16.0 MeV and a high-energy
branch 4-320 MeV for the stop detector and 2—-160 MeV for
the box detector. The signals of the low-energy branch were
calibrated using o particles of implanted nuclei produced in
the nucleon transfer channels of the *° Ar 4-29%208Pb reactions.
The typical energy resolution of the stop-detector strips was
25 keV (FWHM). For most of the segments of the box detec-
tor the energy resolution of « particles reconstructed from the
sum of the signals from stop-detector strips and box-detector
segments was in the range from 60—120 keV depending on the
segment involved. The high-energy branches of the stop and
the box detectors were calibrated with standard « and fission
sources, 2¥Pu 4 2*' Am + 2**Cm and 22Cf, respectively.

The stop detector had been used in a preceding experiment
for transfer-reaction studies that was performed two months
earlier. Therefore, o decays originating from the long-lived
transfer products were detected during the present experiment
as shown in Fig. 1(a). This spectrum was taken two days be-
fore the start of the present experiment with the “*Ar 4-2%8Pb
reaction. All of the observed « lines were identified as marked
in the figure.

A high-purity Ge clover detector consisting of four crys-
tals, each 50 mm in diameter and 70 mm in length, was
mounted behind the stop detector. The clover detector was
calibrated by using '**Ba and '>>Eu sources. The typical
energy resolution of each crystal was 1.1 keV (FWHM) at
121 keV. Due to high rates of y rays during the irradia-
tion, signals from the clover detector were recorded within
a 5-us time interval in coincidence with any event reg-
istered in stop and/or box detectors. The time difference
between the signals, e.g., between stop and clover detector,
was measured with time to amplitude converters (TAC). De-
tailed descriptions of the experimental setup can be found in
Refs. [1,12,16].

Radioactive decays of implanted nuclei were studied in
time and spatial correlation analysis between signals from
the implantation of ERs, «-like, and fissionlike events [17].
The ER-like events were selected using the coincident TOF
signals while «-like and fissionlike events required to be
anticoincident to the TOF detectors or occurring during the
beam-off periods of 15 ms. Position windows of £1.2 mm
and +0.5 mm were applied for searching for ER-« and o-«
sequences, respectively. In the case of « particles emitted in
backward direction, which deposit typically small amount of
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FIG. 1. The stop detector « spectrum from the background mea-
surement taken (a) two days prior to the experiment and (b) from the
0 Ar 4 2%8Pb reaction accumulated during the beam-off periods. The
identified « lines from background (a), and the 40 Ar 4 28Pb reaction
(b) are indicated. Counts of the events with energies above 8.3 MeV
were multiplied by a factors of five and ten in (a) and (b), respec-
tively. Vertical dotted lines mark the energies of the background o
lines. See text for details.

energies (< 1 MeV) in the stop detector, position windows
of £1.5 mm and +1.0 mm were used for ER-o and «-«
correlations, respectively. Different position windows are used
due to the energy-dependent position resolution of the detec-
tor. Search times for correlated signals were limited due to
an average counting rate of ~0.4 Hz of ER-like background
events in the position window of a single strip.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Decay of **Fm and its daughter nuclei

The isotope **Fm was produced in the 3n evaporation
channel of the fusion reaction “°Ar +2%Pb at a beam energy
of Epp = 192 MeV determined at half of the target thickness.
This energy corresponds to an excitation energy of 32 MeV
of the compound nucleus **Fm. The « spectrum measured
during the beam-off periods is shown in Fig. 1(b). « lines
originating from the reaction *° Ar + 2°8Pb are marked by their
corresponding isotope. In the case of lines originating from
fusion evaporation, the isotope is underlined. In all other cases
the o lines were assigned to transfer reactions.

Identification of « decays from **Fm and its daughters
by correlation analysis (ER-« and/or «-«¢) was not possible
due to a high contribution from background events having
similar properties as the **Fm ER’s. The measured rate of
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0.4 Hz of these events within the used position window was
70 times larger than the rate of 245Fm ER’s. For this reason, a
sufficiently long correlation time could not be applied, which
should exceed at least three times the half-life of 4.2(13) s
of 2Fm [18]. Therefore, o decays of the fusion-evaporation
products were identified by their well-known decay proper-
ties [19-22]. The most intense « peak at an energy of 8.155(7)
MeV corresponds to the decay of 2> Fm. A cross-section value
of 32(3) nb was deduced from the number of detected o
events. The decay of *!Cf, which was produced after the
o decay of **Fm is visible at an energy of 7.328(15) MeV.
No other « transitions and/or fission events were attributed to
241Cf and **Fm. a-decay branches of 0.15(1) and ~1, respec-
tively, were obtained. The new value for >*!'Cf significantly
improves the literature data of ~0.25 [23,24].

The o line at the energy of 7.73 MeV was assigned to
25Es. This isotope could be produced in the p2n channel of
the fusion-evaporation reaction and/or in the electron-capture
(EC) decay of *Fm. A cross-section value of ~2 nb was
deduced from the intensity of the 7.73-MeV line. According to
HIVAP calculations [25], the cross section of the p2n channel
was expected to be ~1 nb, which is similar to the experi-
mental value. Thus, the reasonable origin of the ***Es decay
is direct production in the p2n fusion-evaporation channel
of the *°Ar + 2%Pb reaction. However, we do not exclude a
contribution of a possible EC decay of > Fm. Based on the
number of observed **’Es decays an upper limit of 0.07 was
deduced for the EC decay of ***Fm. For the SF branching
of >>Fm an upper limit of 0.003 was deduced based on the
numbers of observed fission and « events.

a decay of 2*7Cm, which has an energy of 6.66 MeV and
an upper limit of the o-decay branching ratio of 0.01 [26], was
impossible to disentangle in the @ spectrum. Moreover, it was
also not possible to identify the o decay of *’Cm in a triple «
correlation sequence due to its long half-life.

Electromagnetic transitions originating from excited
and/or isomeric states in the nuclei of interest were searched
for by coincident (within ~5 us) y signals in all ER-like
and «a-like events. Only a-like events were accompanied by
such y rays, which form several peaks clearly distinct from
background. An energy spectrum of these y rays is shown in
Fig. 2 together with a two-dimensional spectrum of coincident
y and o events. Three well-pronounced peaks or clusters of
the data in the two-dimensional spectrum are visible at y
energies of 50(1), 63(1), 440(1) keV.

We assign the 63-keV y rays, which are promptly coin-
cident to « particles at &7.83 MeV and ~7.61 MeV to the
decay of the first excited level in 2®*Bi. This 63-keV level
is populated in the o decay of the isomeric state (71, =
0.12s, I" =97, E, = 7.837(6) MeV, b, = 0.66) and of the
ground state (T, =031 s, I" =17, E, =7.616(6) MeV,
by = 0.16) of 212 At [23,24].

The 440-keV y rays were measured within the coincidence
window of 5 us prior to « particles with an energy of ~8.39
MeV. These y-« delayed coincidences are assigned to the S~
decay of 2*Bi (T ,2 =46 min), which populates a 440-keV
level in 2'*Po with an intensity of 0.31. After y decay of this
level the '3Po ground-state decays by emission of « particles
with Ty = 4.2 us [23,24].
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FIG. 2. (a) y spectrum in coincidence with beam-off « events
with stop-detector energies of 7.2-8.5 MeV. (b) Two-dimensional
energy spectrum of o particles and coincident y rays. Energies (in
keV) of identified y lines being in coincidence with o decays are
marked. See text for details.

y rays with an energy of 50(1) keV, which were detected
in prompt coincidence to the « decay of >*!Cf (T} 2 =227s,
E, =7.342(5) MeV, b, ~ 0.25, [23,24]) were not reported
previously. Their origin is assigned to the deexcitation of
an excited state in >’Cm. A total conversion coefficient of
o = 0.21(7) was deduced for the 50-keV electromagnetic
transition. It was obtained as ratio of the number of mea-
sured 50-keV y rays being in coincidence with 7.328-MeV
o particles to the total number of measured 7.328-MeV «
particles. The ratio was divided by the efficiency for detection
of 50-keV y rays, which was derived from «-y coincidences
of known transitions of 2!'Po and >'?" At nuclei as described
in Ref. [16].

B. Suggested decay schemes for >*Fm, **' Cf, and >’Cm

Decay schemes of >*Fm, 2*!Cf, and ?*’Cm are shown
on the right side of Fig. 3. The present and literature
data [18,23,24,27] were used for the construction of these
decay schemes.

o decay of **Fm with an energy of 8.155(7) MeV is
assigned to the favored transition between the single-particle
neutron states in mother and daughter nucleus. This assign-
ment is based on a deduced hindrance factor (HF) of 1 for this
« transition. The hindrance factor was calculated as a ratio be-
tween the measured half-life and that of a semiempirical one
estimated from Refs. [28,29] with the present experimental
0, value.

From the systematics of the known lighter N = 145
and 143 isotones, such a favored transition occurs between
1/2%[631] states as the ground-state configuration for the
nucleus with N = 145 and an excited state for its daughter
with N = 143. Thus, the above « transition is assigned to
the ground-state decay of **Fm, which populates an excited
state with the same 1/27[631] configuration in *'Cf. To the
ground state of ! Cf a 7/2~[743] configuration was attributed
based on the systematics of lighter N = 143 isotones. Com-
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FIG. 3. Suggested decay schemes for isotopes stemming from o decays of >*Fm and >**Fm. The major part of the experimental data (-
decay energies, hindrance factors, branching ratios, and half-lives) is from the present work while literature values are from NNDC 2019 [23],
Asai 2006 [26], and Audi 2017 [18]. Dashed lines mark levels assigned tentatively. See text for details.

paring the evaluated ground-state to ground-state o-decay Q
value of 8.44(10) MeV for **Fm [27] and the one of 8.29
MeV deduced from the measured o energy, an excitation
energy of ~150 keV is expected for the 1/27[631] state in
241Cf. Decay into the 7/27[743] ground state would occur
by a highly L converted E3 transition for which a half-life
of 0.2 ms is expected according to Weisskopf estimate [24]
as known for the cases of the lighter N = 143 isotones [23].
In the present experiment, neither o decay nor y emission of
such a long-lived isomeric state could be observed.

With the spin and parity assignments given in Fig. 3, the
ground-to-ground state « transition from >*>Fm to 2*'Cf oc-
curs with a change of the angular momentum of A/ = 3. For
such a transition and an « energy of ~8.3 MeV, we determined
a partial « half-life of 3.8 s according to the WKB theory. For
details of the used WKB calculation, see Ref. [30]. A similar
calculation for the ground-to-excited state decay results in a
partial « half-life of 4.6 s for a Al =0 transition and an
a energy of 8.155 MeV. Under these conditions we would
expect similar intensities of the two transitions. However, we
did not observe a clear indication for a ground-to-ground state
a decay with an energy of ~8.3 MeV. From the number of «
events within the energy range of 8.25-8.35 MeV an upper
limit of 0.02 for the branching ratio of the « decay of the
255Fm ground state to the ground state of **! Cf was deduced.
This value results in a lower limit of the partial o half-life of
210 s, which in turn leads to a hindrance factor by nuclear
structure of HF > 55 for this transition. The good agreement
between measured and calculated half-lives for the transition
from the ground to the excited state, on the other hand, results
in a hindrance factor of ~1.

For the « decay of *'Cf, a hindrance factor of HF ~3
was deduced from the present data. Similar favored « tran-
sitions with HF &3 are known in the lighter N = 143 isotones
where they proceed between the 7/27[743] states. Thus, we

suggest that the 7.328-MeV « transition populates an excited
state with the 7/27[743] configuration in the daughter nucleus
27Cm, which predominantly deexcites via emission of a 50-
keV y ray. In Fig. 3, the more precisely measured value of
7.342(5) MeV [23] is given instead of the present result of
7.328(15) MeV.

The experimentally deduced total conversion coefficient
is 0.21(7). According to the Weisskopf estimation [24], a
50-keV y transition decaying within 1 ps can have a multi-
polarity of either E1, E2, or M1 [24]. Expected conversion
coefficients are 0.9, 504, and 52, respectively [31]. Only a
multipolarity of E1 is in agreement with the experimental
value. Therefore, this 50-keV y is interpreted as an E'1 transi-
tion between the excited 7/27[743] state and the 5/2" ground
state in 2*’Cm. From these findings, one can deduce a Q,
value of 7.50(2) MeV. This value is in agreement with an
evaluated ground-state to ground-state O, value of 7.66(15)
MeV [27], thus supporting the suggested decay scheme shown
in Fig. 3. Based on the systematics of ground-state properties
in the lighter N = 141 isotones 2*'Th, 2**U, and **Pu, a
5/2%[633] configuration was attributed to the ground state of
27Cm [26]. The ground-state decay properties of ***Fm and
231Cf are summarized in Table I.

C. Decay of >*Fm and its daughter nuclei

The isotope >**Fm was produced in the *°Ar +2%Pb re-
action at beam energies in the range of Ejp, = (185-204)
MeV [12]. The o spectrum measured during the beam-off
periods is shown in Fig. 4. Several new peaks compared to
the background spectrum shown in Fig. 1(a) were observed.
Some of them are due to transfer reactions similar as in the
case of the “°Ar +2%Pb reaction [cf. Figs. 1(b) and 4(a)].
Two « lines at energies of 8.546(8) MeV and 7.636(8) MeV
corresponding to >**Fm and *°Cf, respectively, are associated
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TABLEI. Summary of the present experimental data on « decays
and half-lives of the nuclei investigated in this work. The literature
half-life values from Refs. [18,23] are also given.

Ea Tl/2 bot
Isotope (MeV) this work lit. this work
25Fm 8.155(7) - 42(13) s 1
283Fm 8.546(8) 231(9) ms - 0.91(3)
#cf 7.342(5) [23] - 141(11) s 0.15(1)
3¢t 7.636(8) 28(2) s 39137 s 0.65(3)
Cm 6.692) 3001750 s - 0.01010:907

7.01(2) -

with a fusion-evaporation reaction. «-, fission-, and EC-decay
branches of 0.91(3), 0.09(3), and <0.1, respectively, of 23Fm
were already reported in Ref. [12]. Also reported in Ref. [12]
was the lifetime of 333(13) ms [71,, = 231(9) ms], which was
deduced from the time distribution of the «(***Fm) events
correlated with their ERs shown in Fig. 5(a). Due to this
short half-life, the correlation analysis could be prolonged
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FIG. 4. (a) The « spectrum measured in the stop detector during
the beam-off periods from the *’Ar +2%Pb reaction. (b) Stop and
stop + box detector energies of «; and a, from the ER—o; (**Fm)—a,
(6.4-9.0 MeV) correlation. (c) Stop and stop + box detector energies
of o), o, and a3 from the a; C¥Fm)-o, (3 Cf)—03(6.4-7.5 MeV)
correlation. Counts in the energy range of oz were multiplied by a
factor of four. Shaded rectangles mark the regions where the energies
of the a3 events do not overlap with energies of the background
o peaks. o lines originating from transfer reactions are marked by
the corresponding isotope in (a). « lines of the fusion-evaporation
product ***Fm, its a-decay daughter ***Cf, and its granddaughter
235Cm are marked by the isotope or « energy, respectively, in (b) and
(c). For details see text.
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FIG. 5. (a) The time distribution of the « events from the ER—«
(**Fm) sequence taken from Ref. [12]. (b) The time distribution
o —a from the ER—a; (**Fm)-a, sequence measured here (signals
from stop detector and sum of signals from stop and box detectors
were considered) is attributed to the decay of ***Cf. Solid lines
correspond to the fit of the experimental data with lifetimes of
T = 333(13) s and T = 40(3) s, respectively, according to Ref. [33].

in order to search for additional « events. Here we present
the data on the decays of the daughter isotope >**Cf and the
granddaughter >*Cm.

A correlation analysis searching for an ER—a; (***Fm)—a;,
(6.4-9.0 MeV) sequence was performed to identify the o
decay of 239Cf [22]. The search time for the o, member was
set to 200 s and only beam-off events were requested. The
energy spectra of the «; and o, members found from the
triple correlation are shown in Fig. 4(b). Only one group of o
particles with an energy of 7.636(8) MeV was found to follow
the decay of >**Fm. It was assigned to the decay of >**Cf.

The time distribution of the «, events at 7.636(8) MeV
is shown in Fig. 5(b). The figure shows a representation of
an exponential decay curve using logarithmically increasing
time bins. To our knowledge this representation was first
published in Ref. [32]. For the calculation of the error bars
in the case of poor statistics and the determination of true
and accidental correlation chains we used the methods worked
out in Ref. [33]. From a fit of the time distribution, a life-
time of T =40(3) s that corresponds to Tj,, = 28(2) s was
deduced, which significantly improves the literature value of
Ty = 391’?; s [22,23]. An a-decay branching of 0.65(3) was
determined based on the measured numbers of o decays of
283Fm and 2*’Cf [cf. Fig. 4(a)]. No y line was found, which
could be attributed to >**Fm and/or *°Cf. In addition, we
searched for a third a-decay member (>*>Cm) in the a-decay
chains originating from **Fm by performing the correlation
analysis of a; **Fm)—a, (**Cf)—a;3 (6.4-7.5 MeV).

We note that our first attempt to identify the decay of 2>Cm
was carried out already in 2006 [35]. In that work, we used the
398 + 298Pb reaction in which **>Cm was directly produced in
a 3n-evaporation channel. We have observed four and two a-
decay chains, which had energies of 6.67(2) MeV and 6.98(2)
MeV for the first « decays, respectively. The second, third,
and fourth o decays had similar properties as the decays of
21py, 227y, and 2**Th, respectively, as expected for a decay
of the parent **>Cm. However, we could not measure the
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correlation times for the first events because of the high
random probabilities of the ER-like signals. Thus, for con-
firmation of these results we needed an additional experiment
where the half-life of 2*Cm could be measured, which was
not possible in Ref. [35].

Taking into account a predicted half-life of 300 s for
235Cm [18], a search time of up to 2000 s was chosen for
the o3 member. Energy spectra of the o-decay chain members
found in the correlation analysis are shown in Fig. 4(c).

The o3 events with a broad energy distribution below 7.5
MeV may belong to randomly correlated events and genuine
o decays of 2> Cm. One can see that the energies of most of
the o3 events coincide with the intense background « lines.
Thus, these are attributed to random correlations.

In addition, some o3 events with average energies of
6.69(2) MeV (five) and 7.01(2) MeV (two) in the stop detec-
tor, which are out of the energy range of background « lines
are observed. These energies are the same as those we saw in
the previous experiment as mentioned above. Thus, presently
observed events may belong to the decay of 2°Cm.

In order to confirm this assumption, we searched for true
and randomly correlated o3 events at these energies. A triple
correlation analysis was performed to search for o3 events
with energies in the ranges of 6.66-6.71 MeV and 6.97-7.02
MeV. The correlation time was prolonged to 10* s. The re-
sults are shown in Figs. 6(a) and 6(b). Additional two and
four a3 events within the energy ranges of 6.66-6.71 MeV
and 6.97-7.02 MeV, respectively, were found with correlation
times between 2000 s and 10* s.

To examine a random origin of these events a triple corre-
lation was performed for a3 events with energies in the range
of 6.60-6.65 MeV (*!'Bi), which should occur randomly.
The result is shown in Fig. 6(c). An increasing trend of the
observed number of events as a function of the correlation
time up to 10000 s is observed. This time distribution can
be described by an exponential curve with an average corre-
lation time of gz = 14500 s. This value was extracted from
the events observed in the time windows of 1-2000 s and
2000-10* s. The expected number of events within a chosen
time window was calculated by considering that the extracted
curve with 7z = 14500 s describes a density distribution of
random events according to Refs. [33,34].

For the total number of random events we calculated a
value of Ng ot = 110, which results in Ng ¢y = 14 and 41
random events in the time intervals 1-2000 s and 2000-10* s,
respectively. These numbers are in agreement with the ob-
served 14 and 43 random events. Assuming that this random
time distribution of high counting rate events is valid also
for low counting rate events, we calculated the expected to-
tal numbers of random events for o3 (6.66-6.71 MeV) and
a3 (6.97-7.02 MeV) using as basis the observed two and
four events, respectively, in the time range from 2000-10* s.
Expected time distributions of random correlations for o3
(6.66-6.71 MeV) and o3 (6.97-7.02 MeV) are shown by the
dashed curves in Figs. 6(a) and 6(b), respectively. We expect
a total of 6 and 11 random events, respectively. With these
numbers, we expect to observe about one randomly correlated
event with a correlation time shorter than 2000 s for a3 (6.66—
6.71 MeV). We observed a considerably larger number of
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FIG. 6. Time distributions a,—a3 from the o *Fm)—a, (**Cf)—
a3 sequence with energies of 6.69(2) MeV and 7.01(2) MeV are
plotted in (a) and (b), respectively. The time distribution of randomly
occurring o3 events from the background o decay of 2!!Bi is plotted
in (c). Only a’s measured in the stop detector were considered
and the correlation search time was limited to At = 10* s. Vertical
lines mark the measured individual time At¢ between o,—w3. Total
numbers, N, 1o, of observed events with Az < 10* s are given. The
solid curve in (a) was fitted [33] to the measured four events, which
are assigned to a nonrandom correlation (Ny, o.c). The curve with
T = 57 s represents the decay curve based on one correlated event in
(b). Dashed curves show the time distribution of the random events
with an average correlation time of 14500 s. Calculated values for
total numbers of random events, N ca o, and numbers of events,
NR cal, Within various ranges of At are given. Measured numbers of
random events, Ny ,,, are also given. See text for the analysis of the
data.

five events. Thus, the majority of these events can be consid-
ered as nonrandom correlations of the ;¥ Fm)—as(P°Cf)
sequence. We attribute the four events with shorter correlation
times to true correlations. The time distribution of these events
result in a lifetime of t = 540 s (17, = 370 s).

The two correlated events a3 (6.97-7.02 MeV) were mea-
sured at correlation times of 57 and 690 s. For the number of
random events having time intervals smaller than 1000 s we
calculated a value of 0.7. We attribute the one event observed
with the shorter correlation time (t = 57 s) to be nonrandomly
correlated to the oy (***Fm)-a, (**?Cf) sequence.

Finally, from the total of five a3 events we determined
a half-life of Ty, = 3001”%88 s. However, it is necessary to
mention that at such a long correlation time and at the
present background conditions the correlation analysis could
be contaminated by random events. The energies and relative
intensities are similar as reported in Ref. [35], which supports

044312-6



o DECAY OF ***Fm 43 AND **Fm4s, AND OF THEIR ...

PHYSICAL REVIEW C 102, 044312 (2020)

the previous tentative assignment of the two lines to >*3Cm.
Additional support comes from the predicted o decay Q value
of 2°Cm of 7.3(2) MeV [27], which is in agreement with
the present result within uncertainty. From the intensities of
the 2*°Cf and >*Cm « decays we determined an a-decay
branching ratio of 0.0lOfg:ggg for 2°Cm.

D. Suggested decay schemes for 2*Fm, 2**Cf, and **Cm

Tentative decay schemes for 28Fm, 2°Cf, and >Cm are
shown on the left in Fig. 3. We did not observe any y rays
associated with the implantation of 23Fm. However, this does
not exclude the existence of a 1/2%[631] isomeric state in
2$3Fm similar to known cases of the lighter N = 143 iso-
tones [23] and expected in 2*' Cf.

A hindrance factor of 1 was calculated for the o decay
of 2Fm, which can be attributed to a transition between
7/27[743] states in **Fm and 2*°Cf. For this transition no
prompt y rays were found. This indicates either a change
in the ordering of the 7/27[743] and 5/2%[633] levels or
that they are very close in energy (with respect to the lighter
N = 141 isotone »’Cm). In the suggested decay scheme,
a scenario is given, where the ground state of **Cf has a
5/2%[633] configuration. Consequently, it is suggested that
this state decays by emission of « particles with an energy
of 7.636(8) MeV, which populates the ground state of >*Cm
having the same 5/2%[633] configuration. The latter inference
is based on the deduced hindrance factor of 1 and the evalu-
ated Q,, value of 7.81(6) MeV for a ground-to-ground state o
transition [27].

Hindrance factors of ~1 and ~100 were deduced for the
6.69(2) MeV and 7.01(2) MeV transitions, respectively. How-
ever, we note that uncertainties of these values are large.
An estimation based on the numbers of four and one events
give 1.0f8:§ and 1001“%;0, which, nevertheless, indicates that
the origin of these two transitions is different. A suggested
tentative decay scheme for >*Cm is shown in Fig. 3. The
ground-state decay properties of 2> Fm, >*Cf, and >Cm are
summarized in Table L.

E. Single-particle neutron levels in N = 141 isotones

A single-particle neutron level at N = 141 is the most
relevant orbital that is filled once the nucleus has 142 neutrons.
In Fig. 7, the systematics of the single-particle configurations
of the ground and excited states are shown for N = 141 iso-
tones. In the present work, we observed an E'1 transition in
27Cm, which is suggested to originate from deexcitation of
the 7/27[743] state that is populated in the o decay of the
mother nucleus >*'Cf (N = 143). Such favored « transitions
are known to occur in lighter N = 143 isotones, where the ex-
cited 7/27[743] state in daughter N = 141 isotones deexcites
via either fast M1 or E'1 transitions as shown in Fig. 7.

Ground states of 2! Th, 23U, and 2**Pu isotopes are known
to have a 5/27[633] configuration. Based on these facts and
taking into account the present results, the same configuration
is attributed to ground states of 27Cm, 2*Cf, and **'Fm.
The lowest-lying single-particle neutron state in **'Th and
233U isotopes appears at excitation energies of 0.18 MeV and
0.28 MeV, respectively. The single-particle levels, next higher
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FIG. 7. Low-lying single-particle neutron levels of N = 141
isotones known from experiment [23,24] and deduced from system-
atics [12,18]. Multipolarity and relative intensity of the most intense
y transitions from the deexcitation of the 7/27[743] states, which
are populated in favored « transitions from N = 143 nuclei are also
given. Short horizontal lines indicate the rotational band members of
a certain configuration. Data from **’Cm and **°Cf were obtained in
this work. For details see text.

in energy, appear with lower spacing in excitation energy,
hence at a higher level density. Furthermore, excitation en-
ergies of all single-particle neutron states show an increase
from 2*'Th to 2**U. Continuation of such increasing trend
of excitation energies as a function of the proton number
would indicate the presence of an energy gap at N = 142.
However, suggested single-neutron configurations of the low-
lying excited states in >*>Pu show that such an increase does
not occur for the 5/27[752] and 5/2%[622] levels. Their
energies are slightly decreased. More interestingly, the ten-
tatively assigned 3/27 state, which is the member of a band
with 1/2%7[631] configuration shows significant decrease in
the energy. Presently suggested configurations for the single-
neutron 7/27[743] level in 2?Cm and ?*Cf show a steep
decrease in the energy compared to lighter >>*U. However, one
can suggest that in >Pu the 7/27[743] level could already be
lowered by an energy similar to the case of the 3/2% state.
We note that a sudden decrease in excitation energies of both
1/2+[631] and 7/27[743] states in **Pu and >*’Cm, respec-
tively, could be initiated by a strong change in the nucleus’s
deformation. This phenomenon could have an interesting, but
not well understood, reason [5]. The other 5/27[752] and
5/21[622] levels in ***Pu are seemingly not much affected
by a variation of such a deformation.

IV. SUMMARY AND CONCLUSION

The radioactive decays of neutron-deficient isotopes stem-
ming from « decays of >*Fm and **>Fm were studied. The
present experimental data significantly improve the literature
values. Two groups of o decays with average energies of
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6.69(2) MeV and 7.01(2) MeV, and with a half-life of 77, =
300“:%88 s are suggested to originate from the decay of hitherto

unknown 2**Cm. Based on the new and improved experimen-
tal data, decay schemes for 23Fm, 23Cf, 2°Cm, and >*Fm,
241Cf are established. Systematic trends of low-lying neutron
single-particle states in N = 141 isotones are discussed.
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