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Spontaneous fission properties of the isotopes *’Rf, 2°Rf, and ***Rf produced in the reactions *°Ti + 2°’Pb,
SOTi + 28pb, and °Ti+ 2*Bi were studied. The method of time and position correlations was used to
identify spontaneous fission events. The correction to the energy deficit in measured total kinetic energy (TKE)
determined on the basis of a study of »?No was applied to evaluate the TKE of investigated rutherfordium
isotopes. A signature which we assigned tentatively to bimodal fission was observed in TKE distributions of
25Rf and ZRf. Two new high-K isomeric states in 2>Rf were identified by ER-CE-(CE)-«/SF correlation
search, with half-lives of 38f;2 and 151’2 s at excitation energies 1150-1450 and 900-1200 keV, respectively.
Including those metastable states a tentative partial level scheme was proposed.
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I. INTRODUCTION

The spontaneous-fission process is believed to finally ter-
minate nuclear stability. In the region of the heaviest ele-
ments, the macroscopic part of the fission barrier vanishes
at Z = 100-104 and the nuclear stability against sponta-
neous fission (SF) is provided only by microscopic effects
of few MeV resulting from the nuclear shell structure [1].
Investigation of structure and decay properties of the heav-
iest nuclei is essential in order to determine the production
possibilities of superheavy isotopes, to understand the limits
of nuclear stability, and to improve models predicting the
next spherical proton and neutron shells beyond %Pb (Z =
82, N = 126). The study of spontaneous-fission features such
as the relation of total kinetic energy (TKE), prompt neu-
tron emission, and partial half-lives of the competing decay
modes for isotopes in the transfermium region is manda-
tory to advance the understanding of this complex nuclear
process [2].

In this region only some limited experimental information
on half-lives or branching ratios is available; the knowledge
concerning fission modes, kinetic energy release, and fission
fragment mass distribution is scarce. Especially interesting are
TKE measurements, that are connected to the fission mode
(asymmetric from elongated shape, symmetric from elongated
or compact shape). The experimental values of mean TKE
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(TKE) as well as TKE distributions are very valuable inputs
for the development of advanced SF theory.

The discovery of bimodal fission was achieved by measur-
ing TKE distributions for a number of trans-uranium nuclides.
Theoretical calculations discuss the possibility of bimodal
fission for the even isotopes 254-2600Rf  for which indications
should be found in their TKE distributions [3]. In lighter
nuclei in the fermium-nobelium region (258Fm, 259.2600d,
and 2°%292No), experimental studies of mass and TKE dis-
tributions could confirm the concept of bimodal fission [4,5].
In all five reported cases of bimodally fissioning isotopes, one
common feature was observed: the lower-energy fission mode
was positioned at 200 MeV and the higher-energy fission
mode at 233 MeV. Until now, only a few TKE measurements
with limited statistics of SF events were performed for ruther-
fordium (Z = 104) isotopes [4-6].

In this work we present data on SF of 2Rf, %°Rf,
and 28Rf obtained at SHIP, where SF fragment energies of
nuclei implanted in a silicon detector were measured. For the
evaluation of the mean TKE release during the fission process
it was necessary to correct the detector response for the energy
deficit, mainly due to the pulse-height defect.

Another interesting feature studied in this region is the
presence of isomeric states. In deformed, axially symmetric
nuclei, the quantum number K is defined as the projection of
total nuclear spin €2 onto the symmetry axis. By breaking nu-
cleon pairs, multi-quasiparticle (qp) configurations with high
K values are possible (typically 2-qp or 4-qp configuration
for even-even and 3-qp for odd-even or even-odd isotopes).

©2020 American Physical Society
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TABLE I. Summary of the individual irradiations during the
experiment. E,, is the beam energy in the middle of the target thick-
ness, EZy is the excitation energy of the compound nucleus (CN)
calculated in the middle of the target, and / is the beam intensity.
The last two columns represent the absolute time of measurements
and evaluated production cross sections.

Fusion-evaporation Eiarg E& 1 Time o
reaction MeV) MeV) (ppAd) (h) (nb)

27ppOTi, 2n) °Rf 239.8 234 077 334 114418

28ppOTi, 2n) 2°Rf 2288 150 055 172 24403
2383 226 044 8.1 155+1.7
29Bi*°Ti, 1n) ¥*Db 2326 160 0.63 1956 2940.9

EC
— B8RS

The selection rules for electromagnetic transitions require the
multipolarity of the decay radiation at least as large as the
change in the K value [7]. A large difference in K between
initial and final state of a transition, hence a high transition
multipolarity, results in a reduced transition probability, giv-
ing rise to metastable, long-lived states, so-called K isomers.
The existence of K-isomeric states was previously reported
in several even-even isotopes (e.g., 22No [8], P*No [9-11],
Z3Rf [12], 2°Rf [13,14]), and odd-even or even-odd iso-
topes (e.g., >>No [15,16], >°Lr [17,18], »"Rf [19]). In
235Rf, only a single-particle 5/2[622] isomer with T; =
50 = 17 us populated by « decay of >°Sg was previously
identified [6]. The population of isomeric state(s) with 77,5 >
30 us was recently confirmed also for direct production of
25Rf [20]. One of the motivations of our work was therefore
the search for K isomers in 2> Rf.

II. EXPERIMENT

Experiments aimed at the production of rutherfordium and
dubnium (Z = 105) isotopes and investigations of their decay
properties were carried out at GSI Darmstadt (Germany)
using the velocity filter SHIP [21]. The beam of °Ti ions
was accelerated by the UNILAC to energies from 225 to
243 MeV. The isotopes 23%23%258Rf were produced in fusion-
evaporation reactions °Ti 4+ 2°7-2%Pb and °Ti 4 2%Bi. Tar-
gets of 207pps, 298ppS, and 2Bi, O3 with thicknesses of
450, 450, and 463 pug/cm?, respectively, were used. The evap-
oration residues (ERs) 2Rf and 2*°Rf were produced in the
2n evaporation channel while the 2®Rf was produced indi-
rectly through the electron capture (EC) decay of Db [22].
The irradiation details are summarized in Table I.

The ERs were separated from the primary beam by the
velocity filter SHIP and delivered to the detection setup. After
passing the time-of-flight system [23] they were implanted
into a 16-strip position-sensitive silicon detector (STOP)
placed at the focal plane of the separator. Six detectors (BOX)
of the same type and shape arranged in a “box” geometry were
mounted in front of the STOP detector to register escaping
particles emitted into the backward hemisphere. A germanium
clover detector (four crystals of 50-55 mm diameter and
70 mm length) was installed in close geometry behind the
STOP detector for y- and x-ray detection [24].

BOX

BOX

FIG. 1. Schematic view (not to scale) of STOP and BOX detec-
tors registering fragments from SF of an implanted nucleus (side
view with respect to the direction of implantation). The solid red
circle represents an ER implanted into the STOP detector, while
dotted-line arrows indicate the emission direction of the two fission
fragments. The active area of the Si detectors is in light grey;
dead layers are in dark grey. From the geometrical point of view,
three possible cases can occur: (a) STOP-BOX anticoincidence (both
fragments stay in STOP), (b) STOP-BOX coincidence (one fragment
escapes to BOX), or (¢) STOP-BOX anticoincidence (one completely
escaped fragment). Note, scenarios (a) and (b) allow the reconstruc-
tion of the TKE, while (c) does not.

The implantation depth of ERs into the focal plane detector
is typically a few micrometers while the range of fission
fragments in silicon is 10-20 pum. When registering SF of
ERs implanted in the STOP detector, three different situations
can occur. Considering a 180° angle between the fission
fragments, there is ~60% probability (strongly depending on
the ER implantation depth in the STOP detector) that both
fragments are stopped in the STOP detector [Fig. 1(a)]. The
remaining part includes events when one fragment escapes
from the STOP detector in the backward direction. In this case
there is an ~80% probability for the escaping fragment to be
detected by the BOX detector [denoted here as STOP-BOX
coincidences; see Fig. 1(b)]. The remaining ~20% of the
escaping fragments are not detected [Fig. 1(c)]. Since fission
events with one escaping fragment not registered by the BOX
cannot be separated from the events with both fragments
being stopped in the STOP detector, we refer to both cases
as “STOP-BOX anticoincidences.” For the cases with one
fragment not detected, the fission energy cannot be fully
reconstructed. The presence of these events in the spectrum
results in a low-energy tail (for more details see Ref. [25]).

A. Correction of the energy deficit in TKE measurements

A crucial task for the evaluation of TKE using silicon de-
tectors is the correction of the deficit in the measured energies.
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FIG. 2. TKE from the SF of 2?No as a function of implantation
depth of ERs in the detector for (a) STOP-BOX anticoincident
SF events and (b) STOP-BOX coincident SF events. Dashed blue
line, TKE = 194.3 MeV of *?No from Ref. [29]; solid red line,
saturation-growth fit of experimental data.

Two main effects influencing the TKE measurements were
discussed in previous studies performed at SHIP [25-27].

First, the energy calibration of the silicon STOP and BOX
detectors was based on a-decay energies of implanted nuclei.
In contrast to signals from « particles, there is a pulse-height
defect present for heavy ions including fission fragments
(see, e.g., Ref. [28]), mainly caused by recombination of
electron-hole pairs due the high local charge values created
by the impact of the high-Z particle in the semiconductor.
Second, there is a strong dependence of the energy deficit
on the implantation depth into the STOP detector. Escaping
fragments pass through the dead layers of STOP and BOX
detectors under various angles, which leads to a larger loss of
collected charges adding to the energy deficit.

To evaluate the energy deficit, we did a reanalysis of
the data from Ref. [25], where the calibration reaction
*8Ca + 20Pb was performed to produce >’No for which a
value of TKE = 194.3 MeV is known from earlier work [29].
We measured the TKE of 2?No at six different implantation
depths for STOP-BOX anticoincident [Fig. 2(a)] and coin-
cident SF events [Fig. 2(b)]. Experimental values of TKE

were fitted by a saturation-growth function (see Fig. 2). The
calculation of energy loss of the *®Ca projectiles in the target
material (we assumed the reaction at half target thickness) as
well as the energy loss of 2>No ERs in the target material,
target backing foil, degrader foil, and implantation depths in
the STOP detector were done using LISE+ + [30]. The energy
deficit at given implantation depth can then be determined
as the energy difference of the known TKE of 194.3 MeV
and the value from the fit curve of the experimental values as
AE = (194.3 — TKEg ) MeV.

Since the investigated rutherfordium isotopes are close in
Z and A to 2>No, we applied the corrections evaluated above
also here to correct the deficit in TKE. The implantation
depths of ERs were 6.5-6.8 um. These depths correspond
to energy corrections of 26-23 MeV for STOP-BOX coinci-
dences and 22—19 MeV for anticoincidences. More details can
be found in our previous report [31].

The full width at half maximum (FWHM) of TKE distribu-
tion for 2>2No also changed as a function of the implantation
depth. In the study of STOP-BOX coincidences we observed
a slight decrease of FWHM from =38 MeV at 0.1 um to
~36 MeV at 5.4 pum.

B. Correction of the electron energies

For fast decays in our STOP detector (up to 500 us) the
decay signal [e.g., o decay or internal conversion electrons
(CE)] is summed with the tail of ER signal. This pile-up
effect causes a deviation of the measured decay energy which
depends on the time difference between the ER implantation
and the decay. For the investigation of electron energies in
our work, discussed further in Sec. IIIE, it was necessary
to determine an energy correction. We estimated this effect
using the « decay of 2'%Ac collected during the calibration
measurement employing the reaction *°Ti 4 "°Er, which de-
livers a peak at 9118 keV in the « spectrum and has a half-life
of 440 £ 16 us. The plot of measured «-particle energy as
a function of the time difference between the implantation
and decay is shown in Fig. 3. A clear dependence can be
seen, modifying the energy values of decays that occurred
faster than 500 ws after the implantation of ER. We used
the difference in measured and expected energies (green and
red lines, respectively, in Fig. 3) at given times as an energy
correction in our further analysis.

III. RESULTS

We registered several hundreds of SF events in each of
the irradiations. To identify the SF events of 2Rf and
26Rf isotopes, we used the time and position correlation
methods [32], based on delayed coincidences between the ER
implantation and subsequent high-energy signal (correspond-
ing to SF) in the same position of the detector. For *>*Rf
we also searched for CEs after B decay of Db produced
in the reaction °Ti+ 2’Bi and subsequent SF decay of the
daughter nucleus >>*Rf. The searching time windows between
either ER-SF or CE-SF correlations were set to about five
times the half-life for each isotope. For the SF events, the
energy condition window for high-energy signals was set to
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FIG. 3. Measured energy of the 2'®Ac o decay as a function of
the time after implantation of the ER. For fast decays, the «-decay
signal is summed with the tail of the ER signal. The correction is
given as the difference between the fitted measured energies (solid
green line) and the nominal energy (dashed red line) at a given time.

100-300 MeV. Searching methods and conditions as well
as the statistics of detected SF events for each isotope are
described in Secs. III A-IITC and summarized in Table II.
We also searched for ER-CE-SF/a and ER-CE-CE-SF/«
correlations in order to look for any possible isomers in 2>>Rf.
The details are described in Sec. III E.

A. P5°Rf produced in reaction **Ti+ 2%®Pb

The reaction °Ti+ 2%®Pb with the projectile energy set
to 241.5 MeV (compound nucleus (CN) excitation energy of
22.6 MeV) was suited for the °Rf production through the
2n evaporation channel from the CN 2°Rf. For a part of the
experiment the projectile energy was lowered to 232 MeV
(CN excitation energy 15.0 MeV) to produce 'Rf by the
1n evaporation channel. To detect the SF events, we searched
for ER-SF correlations. The time-difference distribution of
detected ER-SF events from this reaction is shown in Fig. 4(a).
A time distribution corresponding to the half-life of 2>°Rf
(Ti» = 6.67 ms [13]) was formed, well-separated from the
distribution of random correlations without any visibly differ-
ent SF activity.

N T
B 507j + 208py, g:
L ER - SF M
150 rn. Randoms
w [ ! |
E L |
S100fF (a) | I
o - I
i i 256Rf |
s0[- |
i |
0: ! ; | ! I
L |
[ 507j + 207pp ! 21 |
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i : @,
g T | '
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<] - \ 1]
o - | \
L I
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O r 1 1 A :
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FIG. 4. Time-difference distributions obtained from the (a) ER-
SF correlation search in the data from reaction *°Ti 4+ 2°*Pb, (b) ER-
SF correlation search in the data from reaction *°Ti+ 2°’Pb, and
(c) CE-SF correlation search in the data from reaction *Ti + 2*Bi.
The dashed vertical lines represent the limits that were set for time-
difference windows used to separate the isotopes: (a) 0-35 ms for
2ORF, (b) 35-8500 ms for >°Rf and (c) 0-60 ms for **Rf. Solid
red lines represent the fit of the data with the universal function from
the maximum likelihood method discussed in Ref. [33].

In total, we registered 591 SF events that were preceded by
the implantation of ERs with time differences less than 35 ms.
In 138 cases they were in coincidence with BOX detector

TABLE II. Statistics of SF events for each isotope from STOP-BOX coincident and anticoincident events. The searching time windows
between either ER-SF or CE-SF were set to about five times the half-life for each isotope. For the SF events, the energy condition for

high-energy signals was set to 100-300 MeV.

Isotope Type of searched events Condition Counts (STOP-BOX coinc) Counts (STOP-BOX anticoinc)
ORf ER-SF At = 35-8500 ms 160 715

2ORf ER-SF At = 0-35 ms 138 453

B8RE SF y coinc 220 a

28Rf CE-SF At = 0-60 ms 118 412

“In this case a coincidence with the BOX detector was required.
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signals and the energy value was reconstructed summing the
signals from STOP and BOX detectors.

We can exclude a possible SF contribution of 2>>Rf at
these beam energies. The number of 2>Rf fission events
should be comparable to the o decays due to their similar
branching values (bsg = 0.52 £ 0.06, b, = 0.48 £ 0.06 [34])
and we did not observe any a(*>Rf)-a(**'No) correlations
(by(P'No) ~ 91%).

We also found about 700 ER-a(>*’Rf) correlations, mainly
at the beam energy of 232 MeV. With respect to the branching
ratio of 0.013 [35] for SF of 2’Rf and a half-life of 4.8 +
0.2 s [36] the number of SF events for 2’Rf is negligible
within At = 35 ms after the implantation of ERs.

We assigned all SF events detected during this reaction
within the selected time window to 2*°Rf. From the STOP-
BOX coincident events, we evaluated a half-life of 6.75 +
0.49 ms [see inset in Fig. 5(b)], which is in agreement with
the half-life reported in Ref. [13].

B. *°Rf produced in reaction *Ti+ *’Pb

The next case was the study of 2>>Rf produced in the
reaction °Ti+ 2YPb via the 2n evaporation channel from
the CN 27Rf. For this purpose, the beam energy was set to
243 MeV which corresponds to a CN excitation energy of
23.4 MeV.

Similarly to the reaction 50T + 208ph discussed in the
previous section, we also searched for ER-SF correlations.
The time-difference distribution of detected ER-SF events is
shown in Fig. 4(b). Two groups of events corresponding to SF
activities of 2°Rf and *>Rf were observed. For the identi-
fication of SF from 2>Rf we accepted only events with time
differences between the ER and SF signals of 35-8500 ms.
With regard to the time distribution for 2°°Rf obtained in
the reaction °Ti+ 2%8Pb [see Fig. 4(a)], the minimum time
difference between ER and SF signals was set to 35 ms in
order to avoid a contamination from 2°Rf (due to the 1n
evaporation channel of the °Ti + 2’Pb reaction and possible
208pb impurities in the 2°’Pb target resulting in 21 evapora-
tion channel of the *°Ti + 2%8Pb reaction). The upper limit for
the time window was set to 8500 ms, which is about five times
the half-life of 2°Rf (1.68 =+ 0.09 s reported in Ref. [37]).

In total, we identified 875 SF events corresponding to
25Rf; 160 of them were in coincidence with the signal in
the BOX detector. In about 20% of the cases, we found two
possible ER candidates (ER; and ER;) for one SF event within
35-8500 ms due to the fact that the end of the searching
time window was already in the region of random correlations
[see Fig. 4(b)]. Although this situation results in background
for the time-difference distributions (both ER; and ER, are
included), it does not effect the TKE distributions of SF events
(each SF event is included only once). If ER; was in the
range 0-35 ms before the SF event and ER; in 35-8500 ms,
the assignment to 2>Rf or 2°Rf was questionable and we
excluded this SF event from further TKE studies.

Among the events found within 35-8500 ms, we estimated
the contribution of only three SF events that may originate
from 2°Rf and, as there is no possibility for any other SF
activity, we assigned all the events found within 35-8500 ms

— data 60~ T»=1.60£0.07s
25 single Gaussian .240_ 1 data .
Lo double Gaussian 3 — exp. fit
coo G1 O 20+
g 20 [ G2 ) | |
2 : ° 0 5,000
~ r r
g PF (@) At(ER-SF) [ms]
5 &
o 10 :_ 255Rf
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0 L
20
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c
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FIG. 5. TKE distributions of SF fragments from STOP-BOX
coincidences (a) for SF of 2*Rf obtained from ER-SF correlations
(inset shows ER-SF time differences), (b) for SF of 2°Rf obtained
from ER-SF correlations (inset shows ER-SF time differences), and
(c) for SF of Z¥Rf obtained from STOP-BOX coincidences (inset
shows CE-SF time differences in cases when CE was registered).

to 2Rf and used these in the further TKE studies. From the
STOP-BOX coincident events, we evaluated the half-life of
1.60 £ 0.07 s [see inset in Fig. 5(a)], which agrees with the
half-life reported in Ref. [37].

034310-5



P. MOSAT et al.

PHYSICAL REVIEW C 101, 034310 (2020)

C. 3Rf produced via EC decay of Db

The reaction °Ti 4 2%Bi with the projectile energy set to
236 MeV (E¢y = 16.0 MeV) was suited for the ***Db pro-
duction through the 1n evaporation channel. A considerable
amount of >Rf was produced by EC decay of Db (bgc =
0.23£0.08 and Ti, =4.3£0.5 s reported in Ref. [11]).
The investigations of the EC process in 2*®Db and also -
decay studies of ®Rf as well as the problems of ®Rf SF
identification in this case were reported in Refs. [22,38]. We
searched for correlations between CE from the deexcitation
of states in 2®Rf populated after the EC decay of 2*Db and
subsequent SF. The time-difference distribution of detected
CE-SF events is shown in Fig. 4(c).

We identified 530 SF events within a time window of 0—
60 ms (about five times the half-life of >>’Rf) between CE and
SF. In 118 cases, signals were in coincidence with the BOX
detector. We assigned all events to 2>Rf. We used the CE-
SF (STOP-BOX) time differences to determine a half-life of
8.79 &+ 1.12 ms [see inset in Fig. 5(c)], which is in agreement
with the values reported in Ref. [22].

However, we estimated that the detection efficiency for
electrons was less than 50%. Thus, for further studies of
STOP-BOX coincident events, we decided to take all high-
energy events in coincidence with a signal from the clover de-
tector (no correlation with CE) in order to increase the statis-
tics in the TKE distribution. The high-energy background
mainly comes from scattered projectiles that passed through
the separator. The probability of STOP-BOX coincidences in
the case of projectiles is very low. Only random coincidences
can contribute. In addition, projectiles are not accompanied
by y rays as is the case for SF events. Thus, the criterion of
a STOP-BOX-CLOVER coincidence is strongly selective for
SF detection [25]. We found 220 of these events, which almost
doubled the statistics in comparison with CE-SF correlations.
Since there is no possible contribution from any other SF
activity, we assigned all events to >>*Rf.

In the case of STOP-BOX anticoincident SF events, we
still required correlations with CEs, since the criterion of a
STOP-CLOVER coincidence is not as selective as a STOP-
BOX-CLOVER coincidence, leaving a considerable amount
of high-energy background events.

D. Total Kkinetic energies

To evaluate the TKE of SF events detected for each of
the isotopes 255Rf, 2%°Rf, and 2°Rf, we used the correction
method described in Sec. IT A. The values of TKE obtained
from all SF events (described in Fig. 1) for each isotope are
summarized in Table III.

Then we separately treated only STOP-BOX coincident SF
events with fully reconstructed energy [described in Fig. 1(b)].
The TKE distributions of STOP-BOX coincident events for
25Rf, °Rf, and 2®°Rf are shown in Fig. 5. We fitted the
TKE distributions with single-Gaussian function and also with
double-Gaussian function. For double-Gaussian fit we used a
FWHM of 20 MeV for both Gaussian components as a fixed
parameter (discussed in Sec. IV A). The TKE values, FWHM,

TABLE III. Total kinetic energies evaluated in this work, com-
pared to previous results. TKE,; was evaluated from all SF events
obtained from both STOP-BOX coincidences and anticoincidences,
TKE, is the reference value, and Ref. is the reference.

ﬁall ﬁref
Isotope (MeV) (MeV) Ref.
25RE 199.54+2.7 199 +3 [6]
26Rf 198.7+2.8 198.9+4.4 [4]
8RS 198.2+3.0 197.6+ 1.1 [4]

and x?/degree of freedom (doF) values of single- and double-
Gaussian fits for each isotope are summarized in Table IV.

By fitting with a single Gaussian we obtained TKE
of 201.2 £ 0.9 MeV (FWHM =313+ 1.7 MeV), 1975+
1.0 MeV (FWHM = 31.2 £ 2.0 MeV), and 197.9 £ 0.7 MeV
(FWHM = 30.3 + 1.4 MeV) for the 2> Rf, 2°Rf, and >°Rf
isotopes, respectively.

By deconvolution with two Gaussian components we es-
timated the TKE of the low-energy and the high-energy
components to be 186.3 £ 1.5 and 207.8 £ 0.8 MeV in the
case of *°Rf, 191.4 £ 0.7 and 214.8 £ 1.5 MeV in the case
of ¥°Rf, and 194.4 & 1.5 and 213.5 4.8 MeV in the case
of 2*Rf.

E. Search for isomeric states in 2*Rf

To look for new possible isomeric states in 2>>Rf we
searched for correlations containing an electron signal from
the deexcitation of an isomeric state by internal conversion,
preceded by an ER signal and followed by a SF or « de-
cay from the ground state (ER-CE-(CE)-SF/«). CEs were
searched for in a time window of 500 us after the ER im-
plantation as a low-energy signal (up to 1 MeV). Subsequent
o decays from the ground state (g.s.) of 2>Rf were searched
for within 0-8500 ms and an energy range of 8500-9000 keV.
For the SF, a time condition of 35-8500 ms was set in order to
avoid a contamination from 2°Rf (with the same arguments
that were mentioned in Sec. III B).

The detection system used in our study has some limita-
tions for detection of low-energy electrons. For a significant
part of the CEs the information on the position within the strip
was missing. Therefore, we required a position agreement
of the ER and SF/« signal to be within 1 mm and the
same strip number for all three generations of a ER-CE-SF/«
chain. We detected 144 ER-CE-SF/a correlations fulfilling
the conditions mentioned above. The details are summarized
in Table V.

In 74 cases the chains ended by SF and in 70 cases by «
decay corresponding to 2Rf and/or 2°'No. The detection of
2INo « particles was preceded either by a full energy signal
from the >Rf o decay or by 1-2 MeV signals originating
from the escape of >Rf « particles from the detection
system. We evaluated branching ratios of >>>Rf according to
detector efficiencies to be bsg = 0.51 £ 0.07 and accordingly
by = 0.49 £ 0.07. A contribution of a branching ratio for EC
decay of 2°Rf (evaluated as < 0.06 in Ref. [6]) was not
considered.
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TABLE IV. In columns from left to right, for each isotope, characteristic values from fitting of TKE distributions (for SF events from
STOP-BOX coincidences) are stated. For double-Gaussian fit: TKE, of low-energy component, TKEy of high-energy component, AE energy
difference between TKE; and TKEy, and the residual sum of squares (x?) divided by the degrees of freedom (doF). For single-Gaussian
fit: TKE, FWHM, and residual sum of squares ( x?) divided by the degrees of freedom (doF). TKE,.s is the reference value and Ref. is the

reference.

Double-Gaussian fit

Single-Gaussian fit

TKE, TKEy AE TKE FWHM TKE ¢
Isotope (MeV) (MeV) (MeV) x?/doF (MeV) (MeV) x2/doF (MeV) Ref.
5Rf 186.3 £ 1.5 207.8 £0.8 21.8+ 1.7 3.6 201.2+0.9 313+ 1.7 5.6 199 £3 [6]
2ORf 191.4+£0.7 2148 £ 1.5 2344+1.9 33 197.5+ 1.0 31.2+2.0 6.7 1989 +44 [4]
28R 1944+ 1.5 213.5+4.38 19.1 £5.0 7.4 197.9 £ 0.7 303+ 1.4 6.3 197.6 £ 1.1 [4]

In three cases of detected ER-CE-SF/« correlations, the
CE was followed by another CE within 500 us. The details
on these three ER-CE-CE-SF/a (*Rf) correlations including
CE energies and decay times for each chain are summarized
in Table VL.

From the total of 147 CEs detected in ER-CE-SF/« or ER-
CE-CE-SF/a correlations, in 19 cases, CEs were in prompt
coincidence with y rays and in 128 cases without. The energy
spectra of these CEs without or with coincident y rays are
shown in Figs. 6(a) and 6(b), respectively. The CE energies
were corrected by the method discussed in Sec. 11 B. Figure 7
shows the two-dimensional (2D) plot of CE energies as a
function of ER-CE time differences. The gap of ~25 us at
the beginning is due to the dead time of the data acquisition
system. We might separate the electrons into at least two
groups according to their time distributions. The half-life of
the lower-energy electrons (0-370 keV) is 35 £ 6 us and of
the higher-energy group (>370 keV) is 15f2 US.

We separately evaluated the half-life of the lower-energy
CEs (0-370 keV) in coincidence with y rays as 38f§2 us
(explained in the discussion in Sec. IV B). The energy spectra
of coincident y rays are shown in Fig. 8. There is no sign of
any distinct y lines in single-crystal mode or add-back mode
of the clover detector. The spectrum of summed energies of
electrons and coincident y rays is shown in Fig. 6(c), where
energies go up to 1050 keV.

IV. DISCUSSION

A. Total kinetic energies

As was mentioned in Sec. II the spectra from STOP-BOX
anticoincidences contain a small part of events where one of
the fragments escaped without being detected in the BOX
detector. These events have incomplete energy and affect the
shape of the TKE distribution (see discussion in Ref. [25]).

These distributions are therefore not suitable for the analysis
of their shape, as would be desirable for the search of bi-
modal fission; however, they could still be scaled to allow an
evaluation of TKE. The TKE of *Rf SFis 199.5 £ 2.7 MeV,
which is in a good agreement with the value of 199 + 3 MeV
from Ref. [6], where 2>>Rf was produced at SHIP indirectly
by « decay of **°Sg and the method from Ref. [27] was
used to correct TKE for the energy deficit. The TKE values
of 198.74+2.8 MeV for **Rf and 198.2+3.0 MeV for
238Rf are also in a good agreement with previously measured
198.9 £4.4 MeV and 197.6 £ 1.1 MeV [4], respectively. The
TKE distributions containing all types of SF events have a
FWHM &37 MeV for all three isotopes.

To study the shape of TKE distributions, it is necessary to
use only STOP-BOX coincident events with completely regis-
tered energy as a sum of energies from STOP and BOX detec-
tors. From the results of single-Gaussian fitting of the TKE
distributions we can state that for all three isotopes >>°Rf,
255Rf, and 8Rf we observed TKE distributions that were
more narrow (30-31 MeV) than in the case of »?*No from
the calibration reaction (36-38 MeV) discussed in Sec. I A,
and also than the reported cases of bimodal fission in ®Fm,
259.260Md, and 2%292No. TKE of the distributions for 2°Rf,
256Rf, and 2°Rf were ~200 MeV. Similar values for TKE
were obtained in previous studies for the TKE distribution
of *®Rf [4] and **°Rf [5]. The TKE value of ~200 MeV
also corresponds with the value for the lower-energy fission
mode in reported cases of bimodal fission for isotopes 2>Fm,
259.2600Md, and 2°%%%?No [5]. We did not observe any SF
events for 2°Rf, °Rf, and ***Rf with TKE ~233 MeV, that
would correspond to the TKE of a higher-energy fission mode
as it was observed in reported bimodal-fission cases.

The distribution for the isotope 2>®Rf is rather symmetric.
A slight asymmetry in the TKE distributions of >>Rf and
23Rf is noticeable. In this case one cannot exclude the

TABLE V. Summary of ER-CE-SF/« correlation search. The time and energy conditions are stated. In 74 cases, chains ended by SF; in

70 cases by « decay of 2°Rf or ! No.

Correlation At(ER-CE) range At(CE-SF/«a) range E range Counts
ER-CE-(CE)-SF(*Rf) 500 pus 35-8500 ms 100-300 MeV 74
ER-CE-(CE)-a(*°Rf)-(«(*'No)) 500 s 0-8500 ms 8500-9000 keV 70
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TABLE VI. CE characteristics from the ER-CE-CE-SF/«
correlations.

ER-CE-CE-SF/« Ecg; Alcgi Ecgs Atcga g:s.
chain (keV) (us) (keV) (us) decay
1 81.0 57 147.5 33 SF
2 126.0 38 143.8 25 o

3 146.4 50 19.8* 26 o

2The second electron from the third chain was in coincidence with
305.6-keV y ray.

possibility of bimodal fission in these isotopes, as it was
predicted by theoretical calculations [3], although in this case,
the two possible fission modes would have TKE closer than
in known cases in 2%Fm, 2*2°Md, and >%2°’No. For this
purpose we also provided a fit of the TKE distributions by
double-Gaussian function.

During the fitting procedure we used the value of 20 MeV
as a fixed width for both Gaussian components. The TKE dis-
tributions for all three isotopes were themselves 30-31 MeV
wide and we could not use any FWHM value obtained from
other isotopes, generally considered as single-mode fissioning
(e.g., *No) as a reference value during the fitting since the
FWHM of *?No was 36-38 MeV.

The quality of single- or double-Gaussian fits can be char-
acterized by the values of the residual sum of squares ()?)
divided by the degrees of freedom (doF). The values of
x?/doF are suitable for comparison only for histograms with
similar statistics (considering the same binning). Thus, the
quality of single- or double-Gaussian fits for TKE distribu-
tions can be compared via x?/doF only for the same isotope.
For 2Rf, x%/doF was lower in the case of the double-
Gaussian as compared with the single-Gaussian fit. For 2°Rf
the situation was the same. In the case of 2**Rf, the x2/doF
value for the double-Gaussian fit was higher.

Asymmetric TKE distributions and lower yx?/doF values
for double-Gaussian fits lead us to the conclusion of possible
bimodal fission for 2°Rf and 2°°Rf. For 2*>Rf the high-
energy component is dominant while for 2°Rf the low-energy
component is dominant. In ®Rf we do not clearly see asym-
metry in the TKE distribution and the double-Gaussian fit
gives a slightly higher x2/doF value than the single-Gaussian
fit, which means that this isotope is either fissioning by only
one fission mode or there are two fission modes with similar
abundances, adding up to a symmetric TKE distribution.
Such a possibility for 2®Rf also resulted from the theoretical
calculations [3].

From the fact mentioned above we can summarize that in
any of the three isotopes 2°Rf, 2°Rf, and 2®Rf we did not
observe TKE distributions that would confirm the presence
of two fission modes at ~200 and ~233 MeV as it was
common for all four, up-to-now reported cases of bimodal
fission in 2¥Fm, 2*2°Md, and >*?%>No [4,5]. However,
the bimodal fission for >Rf and 2®Rf was predicted by
theoretical calculations and the experimental TKE distribu-
tions are in qualitative agreement: asymmetric for 2°Rf with
dominant lower-energy mode and symmetric for 2®Rf. In
the cases of >¥Rf and 2°Rf the idea of bimodal fission

i Il CE (w/oy)
15 -
2 0 (a)
g L
o -
N -
\’IO_
4] L
(= L
3 L
(=}
(o] -
5k
0 ||I||||||||
4 Il CE (y coinc.)
>
£ (b)
o3r
N
~
4
521
O
O
1
O | TR T S [T SO T N N T
4L [ CE+y
>
g (©
o3
N
~
4
521
(=]
(9
1+
O|H||H|H|H|H|HH|| ||_H|||H||

0 200 400 600 800
Energy [keV]

1000

FIG. 6. Energies of conversion electrons from the ER-CE-(CE)-
SF/a correlations: (a) electrons not coincident with y rays, (b) elec-
trons in coincidence with y rays, and (c) summed energies of
electrons and coincident y rays.

is supported (besides the asymmetric TKE distributions) by
lower x2/doF values for double-Gaussian fits than single-
Gaussian fits. If there is a bimodal fission present in 5Rf,
255Rf, or Z8Rf, it has completely different characteristics
than cases reported in Fm—No isotopes—the components of
~20 MeV FWHM are closer to each other at energies of =190
and ~210 MeV.
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FIG. 7. CE energies as a function of the time difference between
the implantation of an ER and the detection of a CE. Red dots,
electrons not in coincidence with y rays; blue dots, electrons in
coincidence with y rays.

B. K isomers in 2°Rf

The previously identified single-particle 5/2%[622] isomer
in 2°Rf (populated by o decay of *Sg) with 7j,, = 50 £+
17 us at excitation energy of ~135 keV [6] was based on the
statistics of 42 ER(*°S g)-a-CE correlations. None of the CEs
in the previous study was observed in coincidence with y rays.
The energy distribution of the electrons formed a narrow peak
at ~105 keV with FWHM practically defined only by detector
resolution.

The 5/27[622] isomers in the N = 151 isotones essen-
tially decay by M2 transitions (with some E3 contributions)

into the 9/27[734] ground state (see studies of >*No —>

BIFm [39] and Z'Rf 5 23No [22]). These transitions
are predominantly K-converted, as seen from «-decay stud-
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FIG. 8. Energy spectrum of y rays in coincidence with electrons
from the ER-CE-(CE)-SF/« correlations. Inset: add-back spectrum.

ies and also from direct population (as for 2*No). These
5/2%[622] — 9/27[734] transitions were identified by a-x-
ray/y or ER-x-ray/y coincidences without coincident CE.
In the a-decay study of 2*’Sg no delayed coincidences be-
tween 2°Sg « decays and K-x-rays were observed, proving
that the excitation energy of the 5/2%[622] isomer must be
below the K-binding energy (i.e., =160 keV); the CEs pre-
sented in the 2°Sg study thus stem from L conversion. This,
however, means that within decay of the 5/2%[622] isomer no
CEs at E > 160 keV can significantly be observed.

In our study, with direct production of 2°Rf via the
2n evaporation channel, the results are different from those
reported for the 5/27[622] single-particle isomer. The energy
distribution of 147 CEs we detected in ER-CE-(CE)-a/SF
correlations was significantly broader and reaching up to
800 keV [see Fig. 6(a)]. Also 19 CEs were detected in coinci-
dence with y rays. Since CEs with energies above ~200 keV
cannot originate in the decay of the 5/2%[622] isomer, the
observation of higher-energy CEs in our data indicates the
presence of new isomer(s) in 2°Rf.

From Fig. 7 it seems that CEs that were detected with
higher energies (2370 keV) have a shorter half-life than CEs
with lower energies. Therefore, we divided CEs in two subsets
according to their energies and treated them separately. The
limit of 370 keV was based on the CE with the highest
energy from the lower-energy group with significantly longer
lifetimes.

In the energy range 0-370 keV, we found that most of
the CEs were not in coincidence with y rays. The half-life
of these events was 35 £ 6 us. The fact that many electrons
were not in coincidence with y rays can be explained by the
y-ray detection efficiency; however, we cannot exclude a con-
tribution from the 5/2%[622] isomer with T} 2 =50£17us
half-life, for which no y rays were observed in coincidence
with CEs [6]. As these events result in similar half-lives
and energies, they cannot be separated from the electrons
originating in the deexcitation of the new isomer we identified.
However, in 18 cases, lower-energy CEs were detected in
coincidence with y rays. Thus, we based the estimations
of new isomer properties on these events, as they cannot
originate in the known 5/2%[622] isomer. These events led
to the value for a half-life of 38712 us.

From the high number of electrons in comparison with the
number of y rays and nonobservation of a clear y-ray peak,
we assume that the transition deexciting the isomer has a high
total conversion coefficient. However, for low-multipolarity
transitions high conversion coefficients are expected only for
low transition energies up to 100-200 keV. Therefore, we
consider our electron signals to be formed as a summed signal
from a cascade of three to five transitions. The ground state
of 2Rf was assigned to be the 9/27[734] state in Ref. [37]
and thus the new isomer should be a high-K isomer with a
K number at least by 4-6 higher than the ground state. The
excitation energy can be estimated from the summed energies
of conversion electrons and coincident y rays [Fig. 6(c)],
which go up to 1050 keV. Depending on the binding energies
of electrons in the atomic K (147 keV) or L (*29 keV)
shells, the excitation energy is roughly estimated to 1150—
1450 keV.
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FIG. 9. Proposed decay scheme of the K isomers in *°Rf, pop-
ulated in the reaction 2’Pb(*°Ti, 2n) *>Rf (left) and in the « decay
of »%Sg (right).

At higher energies (>370 keV), another group of 13 CEs
(one of them in coincidence with y ray) with significantly
shorter lifetime than lower-energy CEs (assigned above to
a new isomer) was formed (Fig. 7). The half-life of these
events is 151’2 pus. Using the same arguments as above one
can expect these signals to be the sum of an electron cascade
from the deexcitation of another high-K isomeric state with
significantly shorter half-life. As the energies of electrons with
Tip = 154:2 us reach up to 800 keV one can estimate the
excitation energy to be 900-1200 ke V.

A supporting argument for an existence of two isomers is
also the observation of three ER-CE-CE-SF/ a(?Rf) correla-
tions shown in Table VI. We estimated that the total amount of
random correlations of this type in our measurement is below
2 x 107°. In all three cases, the decay time of the first electron
was significantly longer than the decay time of the second one.
From this fact we assume that besides a direct population of
the 15-us isomer during the production of the ER, the decay
of the longer-lived 38-us isomer might also feed the 15-us
isomer. Considering only the decay times and energies of the
second electrons in the chains, one also cannot exclude the
possibility of population of the 5/27[622] isomer. However,
given the fact that the second electron from the third chain
was in coincidence with a y ray which should not be present
for 5/27[622] deexcitation, this scenario seems to be less
likely.

The order and energy gap between two new isomeric states
can be estimated from the energies of the first CEs from
ER-CE-CE-SF/a(*Rf) correlations. By adding the binding
energy of an electron on the K or L atomic shell we estimated
the gap between the two isomeric levels to be 150-300 keV.
Based on the results presented before we propose the tentative
decay scheme shown in Fig. 9.

The crucial question for such an interpretation is the
availability of levels to form a configuration with a high
K value. The scheme of available single-particle levels for
protons and neutrons in 2>Rf prepared according to cal-
culations from Ref. [40] with nuclear deformations taken
from Ref. [41] is presented in Fig. 10. The order and also
energy gaps between proton and neutron single-particle levels
should be understood as rather illustrative and may vary
for different calculations. In the case of *Rf a high-K
configuration can be simply achieved for example by break-

5/2-[512]
3/2+[622]
1/2—[521] 11/2-[725]
9/2+[624] — @—@— 1/2+[620]
7/2+[613]

7/2-[514] " 0—@—

100 152

7/2+[633] " @—@—
3/2-[521] " @—@—

—@——— 9/2—[734]
—@—@— 5/2+[622]

—@—@— 7/2+[624]

FIG. 10. Single-particle levels for protons (left) and neutrons
(right) in 2Rf, calculated in Ref. [40] with nuclear deformations
taken from Ref. [41]. The neutron level 5/2%[622] was placed
according to experimental results from Ref. [6]. The ground-state
configuration is shown.

ing a pair of protons at 9/27[624] and shifting one pro-
ton to the 1/27[521] level. Such a three-quasiparticle con-
figuration {1/27[521]7r ® 9/27[624]7r ® 9/27[734]v} leads
to K =19/2" with AK =35. However, many different
configurations are possible. The calculated configurations of
2-qp isomer in the neighboring isotopes >*Rf and 2°Rf
reported in Refs. [12,19] should be considered as well in
2Rf with an additional unpaired neutron. The 3-gp con-
figurations composed of three unpaired neutrons demand a
neutron to be lifted over the level gap for deformed isotones at
N = 152. From the estimations of the excitation energy of the
new isomers, a quite low-lying high-K state can be expected.
Nevertheless, without having detailed calculations of energy
gaps, one cannot exclude the possibility of a three-neutron qp
state.

V. CONCLUSION

The correction of the energy deficit in TKE studied for
22No allowed us to evaluate the TKE of the rutherfordium
isotopes 2PRf, 2°Rf, and 2®Rf to be 199.5 +£2.7, 198.7 +
2.8, and 198.2 + 3.0 MeV, respectively. The results on TKE
are in good agreement with previous studies. To investigate
the TKE distributions, we considered only STOP-BOX co-
incident events with fully reconstructed energy. The TKE
distributions were positioned around 200 MeV with FWHM
of 30-31 MeV. We did not observe the TKE distributions with
two energy components at ~200 and *233 MeV as it was
in reported cases of bimodal fission in >®Fm, 2%2°Md, and
258.262N o, However, we observed asymmetric distributions for
25Rf and °Rf and a more symmetric shape for >>*Rf. A
possible explanation is the existence of bimodal fission for
235Rf and 2Rf, although with different characteristics as in
previous cases. Double-Gaussian fitting deconvolution leads
to closer TKE values of ~190 and ~210 MeV.

In the study of CEs detected in ER-CE-CE-SF/a(*°Rf)
correlations, we identified two new high-K, presumably
3-qp, isomers in 25Rf with half-lives of Tj p = 381’%2 us
and Typp = 15161 wus. Estimated excitation energies of these
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isomers are 1150-1450 and 900-1200 keV, respectively, with
150-300 keV of energy difference between them and a lower
limit for spin of 17/2h.
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