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Using the GABRIELA detector array, gamma-ray and internal-conversion-electron decay spec-
troscopy has been performed on ***Rf nuclei that were produced via the 2°"Pb(°°Ti,2n)?**Rf fusion-
evaporation reaction at SHELS. Three isomers were identified in ?*Rf with the aid of GEANT4
simulations. The existence of two high-K isomeric states in cascade has been confirmed. Possible
three-quasiparticle configurations involving the coupling of the unpaired 9/27 [734] neutron to two-
quasiparticle states have been suggested and a likely decay scenario has been proposed on the basis
of comparisons to GEANT4 simulations. The simulations have also confirmed the existence of the

5/27 [622] spin isomer at low excitation energy.
DOTI:
PACS:

I. INTRODUCTION

Superheavy nuclei (SHN) with Z> 104 materialize be-
cause of the stabilizing shell correction energy. This shell
correction energy creates a fission barrier that is nonex-
istent for these nuclei in the liquid-drop model because
of the massive Coulomb repulsion between the protons.
The notion of the stabilizing effects of shells points to
the possible existence of a hypothetical island of stabil-
ity inhabited by long-lived spherical superheavy nuclei.
However, the predicted localization of this island based
on different theoretical approaches diverge. For instance,
Macroscopic-Microscopic models (using Nilsson, Woods-
Saxon, Folded-Yukawa potentials) predict the center to
be around Z = 114, N = 184 [1, 2] while the self-consistent
models using Skyrme, Gogny, or Relativistic Mean Field
effective nuclear interactions predict stronger shell effects
at Z = 120, 124, 126 and N = 172, 184 [3-6].

Therefore, a large body of experimental data of sin-
gle and collective states gathered through prompt and
decay spectroscopy is desirable to benchmark the theo-
ries that aim to describe the underlying nuclear structure
in the superheavy mass region. The SHN are typically
produced in fusion evaporation reactions with very low
production cross-sections (=~ 10 nb in A = 250 region).
The cross-section diminishes even more as a function of
atomic number [7]. As a result, the available spectro-
scopic data in the transfermium region is rather scarce
[8]. Performing detailed spectroscopy in the lighter trans-
fermium region is thus more practical and one step closer
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to understanding the properties of the SHN. In this re-
gion, K isomers are of specific interest as they give in-
formation about the single-particle states near the Fermi
level and their internal decay can populate states that are
not normally accessible through alpha decay. In axially
deformed nuclei, the K quantum number is the projec-
tion of the total angular momentum onto the symmetry
axis. High-K isomerism occurs due to hindrance in elec-
tromagnetic transitions involving a large change in the K
quantum number (from high-K to low-K for example). K
isomers have been identified and/or suggested in several
isotopes in this region (see Ref. [9-18]) and are also ex-
pected in 25°Rf. The ground-state configuration of 2°>Rf
is thought to be based on the 9/27[734] Nillsson orbital
as in the lighter isotones (such a configuration has been
unambiguously determined in 23No through laser spec-
troscopy [19]).

In a recent study from GSI, two high-K isomers have
been observed with half-lives T} /o = 384_'%2 ps and Ty 5 =
1578 s and were suggested to have spin > 17/2h [20].
The excitation energies of these isomers were estimated
to be 1.15-1.45 MeV and 0.9-1.2 MeV. In another study at
GSI, an isomeric state with a half-life of T ;, = 50 £17us
and an excitation energy of around 135 keV [21] was ob-
served in alpha decay of 2°°Sg to 2°°Rf. The 5/2+[622]
configuration was assigned to this isomer from the sys-
tematics in the lighter N = 151 isotones. Besides the
5/2+[622] spin isomer, two other excited states 1/27[620]
around 510 keV and 11/27[725] around 600 keV were also
tentatively suggested in their work.

In this paper, we confirm the existence of two high-K
isomers and the spin isomer in 2°*Rf. We report on their
half lives and excitation energies and suggest their most
likely spins and parities. We also present a decay sce-
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nario, whose simulation in GEANT4 [22] reproduces all
of the spectroscopic observables and provides a measure-
ment of the isomeric ratios.

II. EXPERIMENT

In this study, rutherfordium nuclei were produced in
the fusion evaporation reaction of 2°7Pb(°0Ti,2n)?5Rf
in two experimental campaigns at the FLNR facility of
JINR in Dubna, Russia. The °°Ti beam having intensi-
ties & 337—370 pnA in the first campaign and =~ 360—396
pnA in the second and an average energy of ~ 253 MeV in
both was delivered by the U400 cyclotron. The PbS tar-
gets (enriched with 2°"Pb - 96.2 %, 2°®Pb - 2.6%, 2°°Pb
- 1.1% and 2°'Pb - 0.1%) were 0.4 pg/cm? thick, de-
posited on 1.5 um Ti backings, and were mounted on a
rotating target wheel. The evaporation residues (ERs)
that emerged out of the target were separated using the
velocity filter SHELS [23] and transported to the focal-
plane detection setup, GABRIELA [24, 25].

The ERs were implanted into a large-area double-sided
silicon strip detector (DSSD) with the corresponding
electronics [26] set to measure conversion electrons (up
to 2 MeV) and alpha particles (up to 25 MeV) simul-
taneously. The fission fragments (typically > 60 MeV)
thus were detected as overflows. The DSSD provided po-
sition and time correlations between the implanted ions
and their successive decays. In the DSSD, isomeric de-
cays were detected through Jones’ calorimetric method
[27] i.e., by measuring the low-energy signals (called CE
henceforth) produced from the summation of total or par-
tial energy depositions in the DSSD by internal conver-
sion electrons (ICEs), X rays, Auger and Coster-Kronig
electrons. The calorimetric method is a powerful tech-
nique to evidence isomers whose decay proceeds by a
cascade of highly converted transitions. In the case of
short lifetimes and short cascades, however, the isomeric
CE signals may be missed due to the dead-time and
thresholds of the electronics. In this study, the average
threshold of the DSSD was between 60-100 keV, and the
dead-time was ~ 32 us. To detect the ionizing particles
(mostly ICEs) that escape the DSSD, a tunnel composed
of eight small DSSDs is placed in the upstream direction
of the large DSSD. Four coaxial, large volume Germa-
nium (Ge) detectors were mounted on each lateral side
of the DSSD array and one clover detector [28] behind the
DSSD to measure the X rays and gamma rays. The aver-
age threshold of the tunnel detector was also between 60-
100 keV and the energy resolution was 14.4(12) keV (Full
Width at Half Maximum) at 320 keV. For the gamma-
ray detectors these corresponding values were ~ 15 keV
and 2.26(17) keV at 1332.5 keV.
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FIG. 1: Recoil-decay correlations measured in the
DSSD for 2°"Pb(°°Ti,xn). The relevant regions of the
plot has been marked from I-VII and they correspond
to random correlations (I), 2°>Rf fission-decay events
(IT), 25SRf fission-decay events (III), 254Rf fission-decay
events (IV), 2°°Rf full-energy alpha-decay events (V),
alpha-decay events of transfer products (VI) and CE
signals from isomeric-decay events (VII).

ITII. RESULTS
A. Ground-state properties

In the two experimental campaigns, we produced a to-
tal of ~ 7880(112) ?°°Rf nuclei. Fig. 1 shows a recoil-
decay correlation plot, where the time between a decay
event and an ER signal is plotted in log, scale as a func-
tion of the decay energy. The half-life of the ground state
of 2%°Rf was measured from the time distribution of its
characteristic alpha decay events (in the 8660-8850 keV
range) and fission events, and they are Tf‘/2 =1.67£0.05

s and Tlf /2= 1.69 4+ 0.03 s respectively. The correspond-
ing estimated branching ratios are B, = 49.1 + 1.3%
and By = 50.9 & 1.1%. These values are compatible
with the reported values given in the literature [29-32].
Since no 2°°Lr alpha decay was identified, an upper limit
of the BT /EC decay branch of 25°Rf was deduced as
Bgcys+ = 0.06 £0.02%.

B. Isomers
1. Detection of two isomeric transitions in cascade

After the detection of an ER and before the detection
of the ground-state alpha or fission decay of 2°°Rf, two
CE signals in a cascade were detected in the DSSD. These
decay chains are denoted as ER-CE-CE-?°°Rf, and a total
of 27 such decay chains were detected. The energy and
the time distributions of the first and second CEs are
compared in Fig. 2, where one can notice:

(a) the first isomer (isol) is relatively longer-lived than
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FIG. 2: (a) Time and (b) energy distribution
comparisons between the CEs observed in the 27
ER-CE-CE-?*’Rf decay chains. The dotted lines in (a)
are for guiding the eye.

the second (iso2) and (b) the detected signal of isol is of
much smaller in energy than that of iso2. The lifetime
of isol was measured with respect to the ER signals that
precede them and that of iso2 with respect to the isol.
Incidentally, no coincident gamma rays or ICEs (in the
tunnel detectors) were detected with the CE signals of
isol. However, six gamma rays and eight ICEs were de-
tected in coincidence with the CEs of iso2. The recorded
energies of these gamma rays are 166 keV, 281 keV, 470
keV, 543 keV, 551 keV, and 778 keV and the electrons
have energies below 160 keV. In the decay of iso2, by
summing the energies of CEs with the energies of the co-
incident gamma rays and electrons on an event-by-event
basis, the total calorimetric energy (E.q0r) was found to
be =~ 1 MeV. For iosl, E 40 is =~ 200 keV as no coinci-
dent gamma ray or ICEs were detected.

In some cases where only one CE signal in between an
ER and the ground-state decay of 2°°Rf was detected, it
was still possible to assign two isomeric decays in a cas-
cade using the germanium and tunnel detectors. Gamma
rays and/or ICEs were detected in between the ER and
CE signals, and, these decay chains are denoted as ER-
[*]-CE-255Rf, where [*] = v for gamma rays and [¥] =
e~ for ICEs. We observed nineteen ER-y-CE-2%°Rf and

twenty-three ER-e~-CE-2°°Rf correlations. In the ER-
7-CE-255Rf correlations, there were L X rays around 26
keV and a distinct 102 keV transition. No gamma rays
above 102 keV were observed, and the absence of K X
rays in the gamma-ray spectrum suggests that no transi-
tion in the decay from isol to iso2 lies above the K-shell
binding energy (156.3 keV) of rutherfordium. In the elec-
tron spectrum, a peak around 80 keV, possibly from the
L conversion of 102 keV transition and/or another tran-
sition with similar energy, was observed. From all these
correlations, the half-lives of isol and iso2 were measured
to be 49715 s and 2977 us respectively. Our data con-
firms the results of Ref. [20] that there are at least two
isomers: isol and iso2; isol at excitation energy around
1.2 MeV and iso2 around 1 MeV above the ground state,
and isol feeds iso2.

2. Detection of single isomeric transitions

A total of 701 CEs were detected between the ER im-
plantation signals and 2°°Rf ground-state decays. Out of
these, 38 were preceded by gamma rays or ICEs or both
and were discussed in the previous section. The energy
and time distribution (in log, scale) of the remaining 663
CEs of the ER-CE-25°Rf decay chains are shown in Fig.
3. The bulk of these CEs is concentrated around 145
keV, whose lifetime seems slightly higher than those of
the higher energy counterparts. The average half-life of
these CEs is T /o = 52 £ 2 us.
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FIG. 3: Energy and time distribution plot of the CE
signals observed in the decay chains ER-CE-2°°Rf. The
inset shows the fit of the time distribution.

In coincidence with the CEs in the decay chains of ER-
CE-?°Rf, 103 gamma rays and 69 ICEs (in the tunnel
detectors) were observed (see Fig. 4). In the gamma-ray
spectrum, the most intense line is the 778 keV transi-
tion and L X rays around 24 keV. The 778 keV, 543 keV
and 170 keV transitions that are distinguishable in the
gamma-ray spectrum of ER-CE-?*Rf were also seen in
coincidence with iso2 in the ER-CE-CE-2°°Rf cascades
(see the previous section). In the electron spectrum, two
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FIG. 4: Spectrum of (a) electrons in the tunnel
detectors and (b) gamma rays observed in coincidence
with the CEs in the ER-CE-2%°Rf decay chains.

noticeable structures were observed: one below 100 keV
and the other around ~ 145 keV. Very few electrons were
observed with energies between 200 and 400 keV. The
measured FE.,, involved in the de-excitation of the sup-
posed isomer was found to be & 1.1 MeV. This excitation
energy corresponds to the one of iso2 in the two-CE-
cascade correlations, however, the half-life is longer but
is in line with the half-life of the 5/2% spin isomer mea-
sured at GSI [21]. The spectrum of single isomeric decays
is most likely complex, involving contributions from isol,
when iso2 goes undetected and vice-versa, from iso2 alone
and also from the 5/2% spin isomer.

When no CEs are recorded in the implantation detec-
tor, thanks to the Ge and tunnel detectors again, single
isomeric decays can still be detected in these detectors
by looking at the gamma rays and ICEs that follow an
ER signal with a subsequent alpha or fission decay in the
same pixel (ER-v/e™-2°°Rf). The E_ ., obtained in this
case from the summed energies of the coincident gamma
rays and electrons is =~ 1 MeV, in agreement with the
previous values. The energy spectra of these gamma rays
and electrons observed in this case are shown in Fig. 5.
In the electron spectra, a peak around 110 keV is visible,
but, it is impossible to resolve other peaks and associate

them to the observed gamma-ray transitions.

In the gamma-ray spectrum, we notice two prominent
gamma-ray lines: one at 778 keV and the other at 170
keV. Some weaker transitions of energy 708 keV, 666 keV,
543 keV, 185 keV, 150 keV and 102 keV are also observ-
able. Here one could argue that the 150 keV line is due to
radiative process while filling vacancies of the K shell of
rutherfordium. However, only ~ 2 counts of Kg, = 150
keV are expected from an estimation using the intensity
of the K,, (126.3 keV) in contrast to 12 counts in the
gamma-ray spectrum suggesting that the 150 keV line is
indeed a real gamma-ray transition.

The efficiency corrected intensities of the above tran-
sitions relative to the 778 keV line are given in table I.
From the gamma-ray intensities, we can exclude the pos-
sibility of the 170 keV line being an M1 transition as we
do not observe enough K X-rays. If it were an M1 tran-
sition, we expect to detect =~ 106 counts at the energy
of the Rf K,, energies, whereas only 8 counts were de-
tected. Looking at the electron spectrum, we can also
rule out the possibility of the 170 keV line to be an E2
transition. If it were an E2 or an M1 transition, we ex-
pect to detect ~ 80 LMN+ ICEs with energies ranging
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FIG. 5: Spectrum of (a) electrons in the tunnel
detectors and (b) gamma rays observed in the
ER-vy/e™- 25°Rf decay chains.



from 139-170 keV in the tunnel detector. But, in the
electron spectrum, we have only a total of 110 counts in
the 130 - 180 keV range, which include the tail of the 110
keV main peak. If, on the other hand, the 170 keV line
is an E1 transition, we expect to detect only 1-2 counts.

TABLE I: Detector efficiency corrected intensities (1)
of the prominent gamma-ray transitions following the
decay of the isomeric states observed in this work.
Intensities were normalized to the intensity of the
778-keV transition. The multipolarity of the 170 keV
transition has been deduced from experiment while the
counterparts for the other transitions are from the
proposed decay scheme shown in Fig. 7. Spin
assignments and branching ratios (bry) to these
transitions are also from the proposed scheme (see
section IV for details).

E, (keV) L, bry (in %) I — Iy Multipolarity
778 100(7)  59(5)  (19/2%) — (17/27) El
708 20(3) (17/27) — (15/27) M1
666  16(2)  9(1)  (19/27) — (19/27) El
610  13(2) (17/27) — (17/27) M1
543 21(3)  12(2) (19/27) — (21/27) El
185 8(1) (17/27) — (13/27) E2
170 34(4)  20(3) (19/2%) — (17/27) El
150  15(2) 100 (5/27) = (9/27) M2
102 13(2) 100 (21/2%) — (19/27) M1

To get a hint of the states involved in the 778 keV, the
666 keV, the 543 keV, the 170 keV and the 98 keV (dis-
cussed later) transitions, their reduced hindrance factors
fv were calculated. We have calculated the f, values for
E1, M1 and E2 electromagnetic multipolarities undergo-
ing AK = 3, 4 and 5 in each case. f, is defined as:

= (17)5/T1)s) (1)

where Fyy is the hindrance of a given gamma-ray transi-

tion, T1 /2 is the partial gamma-ray half-life determined

experimentally, TIV}/Q is the half-life calculated from Weis-
skopf single-particle estimates and v is the degree of K-
forbiddenness expressed as v = AK — L in which L is
the multipolarity of the emitted radiation and AK is the
change in K quantum number in transitioning from an
initial state I; to a final state Iy. Knowing the total
internal conversion coefficient ao; of a gamma-ray tran-
sition, its 77 1/2 can be calculated from the experimentally

fV:F{}V/V7 FW

measured half-life Tf/m?p using the following relation:

(1 + aTot)
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FIG. 6: (a)Measured f, of the prominent gamma-ray
transitions observed in coincidence with the decay of
isol and iso2, for AK = 3, 4 and 5, having E1, M1 and
E2 multipolarities in each case. The band gives the
phenomenological range, f, = 20 — 300, usually used to
make spin/parity assignments. (b) Their corresponding
Fy compared with the expected Fyy after taking into
account the multipority-dependent offset shown by
fo=p and fo =100 line. The lines are there for
guiding the eye.

o (electric or magnetic) and on the nuclear structure en-
tailed in the reduced transition probability B(cL,I; —
Iy) [33]. Thus, Fy is a measure of the deviation of the
true nuclear transition rate from the approximate single
particle model in which a single nucleon in an average
potential de-excites the nucleus.

Using the measured half-life of iso2, branching ratios
given in table I and internal conversion coefficients from
BRICC [34], the f, values for the 778 keV, 666 keV, 543
keV and 170 keV transitions were calculated. For the
98 keV transition, we have used half-life of isol and as-
sumed 100 % branching ratio in the decay of isol to iso2
as shown in Fig. 7. These measured f, values are plotted
in Fig. 6a in which the band shows the phenomenological
range (f, = 20,300) usually referred to for interpreting
decay properties and assignment of spin/parity. In Fig.
6a, it is indicative that the transitions emanating from



iso2 can most likely involve AK = 5. However, the types
of these transitions can not be determined. Fig. 6a also
suggests that they could be M1 or E2 transitions. But,
on the other hand, it is also not uncommon to have large
hindrances (f, =~ 1000) for E1 transitions and it should
also be emphasized that this phenomenological range is
arbitrary as the experimental data points on which it is
based mainly in the works of Rusinov [35] and Lébner [36]
are considerably scattered. Lobner pointed out that there
is a dependence of hindrances on multipolarities. Kon-
dev et al. with more experimental data later quantified
these multipolarity-dependent offsets in their work [37]
(see table C of Ref. [37]). They have also shown that f,
is much smaller (represented here by f, = p) compared
to the commonly used Rusinov’s empirical rule f,, ~ 100,
i.e., the hindrance increases by a factor of approximately
100 with an increase of AK by 1 unit. We have compared
the measured Fy with the expected values obtained after
factoring in the multipolarity-dependent offsets on hin-
drances in Fig. 6b. The figure shows two lines obtained
using the relation log,, Fw = log,o Fo+v1ogyg fo [37]: a)
when f, = p, using the fit parameters of Ref. [37] and b)
when f, = 100 expected from Rusinov’s empirical rule
but with the same Fj parameter of a) to take into ac-
count the multipolarity dependency. Several trends can
be noticed in Fig. 6b: compared to a), b) overestimates
the hindrances in all cases, b) favours AK = 4 E1 and
M1 transitions and a) favours AK =5 E1 and M1 tran-
sitions and AK = 4 E1 transitions.

IV. DISCUSSIONS

To interpret the experimental results, we have relied
heavily on GEANT4 simulations. The ground-state band
of 2°5Rf was built based on the ground-state band of the
N = 151 neighboring isotone i.e., 2**No [38]. The rota-
tional g-factor gr was taken as gg = 0.7Z/A = 0.285
where we have used a quenching factor of 0.7 to ac-
count for pairing effects [39]. The intrinsic quadrupole
moment was taken as Qg = 12.42 eb using the pre-
dicted quadrupole deformation of By = 0.252 [40]. We
assumed these values to remain constant for all other ex-
cited states. The single-particle g-factors gx in this work
were obtained from deformed shell model calculations
with a Woods Saxon potential using the prescription that
the nucleon spin g-factor is taken to be 0.7 X g, free. For
the 9/27[734] configuration, gx was taken to be -0.25.
To build a rotational band, we also assumed a constant
moment of inertia in eq. 3

2
Eie(l) = Eie(lo) + 5= (10 +1) = K(K+1)) ()
where Ex (1) is the band head energy, I is the spin of the
rotational state, and K is the total spin projection onto
the symmetry axis. For the ground-state band, % was
taken as 5.8 to have one in-band E2 transition around
185 keV, a peak observed experimentally at this energy.

49+13 s 1238 25/2: 9/27(734], ® 7/27[514], ® 9/2*([624],
98N 1205 1721

1103 VI 19/2+ 9/27[734], ® 1/27[521], ® 9/2¥[624],

Ty =

Ty =297 ps

! / W
I/E1 I 170\,934 17/2-
E1 -
543 / Er /é1 9 15/2

666/ 1 /719 13/2-
| 632

11/2-

FIG. 7: Proposed partial level scheme for 2°°Rf. The
half-lives of the 19/2" and 25/2" are from this work
and that of the 5/27 level is taken from Ref. [21].

Similarly, for the 11/27[725] configuration, the gx was
taken as -0.22 in accordance with the theoretical value
(9x —9r)/Qo = 0.040 [18], and the rotational parameter

was taken as % = 6.7 to reproduce the rotational band

observed in 2°"Rf. The excitation energy of the 11/2~
state was taken to be around 600 keV as per the study of
alpha decay of 259Sg to 2°°Rf [21]. We have adjusted the
energies of the rotational states by a few keV to accom-
modate the observed gamma-ray transitions. The M1
and E2 transition rates and the mixing ratios were com-
puted using the standard formulas [33]. The conversion
coefficients were obtained from BRICC [34], and for the
intra-band M1/E2 transitions, the conversion coefficients
have been corrected using the relation:

a(M1) + §%a(E2)
1+62

amized(Mla E2) = (4)
where § is the mixing ratio and is derived from the square
root of the ratio of the transition rates T;_, y:

Tivs 5 (E2)

S(B2/M) = |72 E s

()

For the two observed isomers at excitation ener-
gies around =~ 1.1 — 1.25 MeV, there are several pos-
sibilities: the odd neutron (9/27[734],) can couple
to the 57,87 or 3% two-quasi-proton states observed
and/or suggested in 2°*No and 2°%2°°Rf.  The 5~
and 8~ two-proton configurations are expected to be
the lowest (see Table VII in Ref. [18]) and lie close
in energy. So, the possible high-K and low-lying 1-
neutron ® 2-proton configurations for the isomers are
therefore {9/27 [734], ® 1/27 [521]_ ® 9/21 [624] } and
{9/27[734], @ 7/27 [514] . ®9/27 [624] .} yielding states
with K™=19/2% and 25/27.



Considering the constraints set by observables such as
Ecator, Tij2 and the intensities in the v-ray, electron,
and CE spectra, many decay scenarios were simulated
and compared with the experimental results. The de-
cay scenario shown in Fig. 7 is the final decay scheme
whose simulation reproduced the experimental spectra
very well.

In this scenario, the 19/27 is placed at 1103 keV as
per the E g0 of is02. We assumed that the isomer de-
cays to the ground-state (AK = 5) and to an interme-
diate structure 11/27[725] (AK = 4) via E1 transitions.
From intensity arguments (see table 1), the two most
intense lines (778 keV and 170 keV transitions) must
be parallel. We speculate that the 778 keV transition
along with two other high energy lines (666 keV and 543
keV) populate the 17/27,19/2~ and 21/2~ states of the
ground-state band. The 170 keV transition populates the
17/27 of the intermediate structure, which then decays
to the ground-state band via two high energy M1 tran-
sitions. All E1 transitions have hindrances f, < 900
(610142, 857793 and 688752 for the 778 keV, 666 keV
and 543 keV transition respectively) except for the 170
keV transition with f, = 17007157, These values are of
the order of the values obtained for three E1 transitions
de-exciting the 21/27 isomer in 2°Rf [18] and AK =5
52 keV E1 transition from the 8~ isomer in 254No [13].

Furthermore, the 708 keV and the 610 keV M1 tran-
sitions from the 17/2~ state of the 11/2~ band to the
17/2~ and the 15/2~ states of the ground state band
seem to obey the Alaga intensity rule [41]. The ex-
pected branching ratio of these two transitions is <
T S < T s o
compared to Ig19/I708 = 0.65(12) experimentally. Note
that to fit the high-energy lines, we have placed the 11/2~
band at 632 keV, which is slightly higher than what was
inferred from alpha spectroscopy.

Regarding the 25/27 isomer, E.q0r < 200 sets a con-
straint on how far the 25/2% isomer can be in energy
from the 19/2% isomer. It was assumed that a low en-
ergy E2 transition deexcites the 25/2% (1238 keV) and
populates the 21/27 state of the 19/2% band with a low
energy E2 transition of 98 keV. Then an M1 transition
of 102 keV to the 19/2% state (observed experimentally)
follows. To reproduce the 102 keV energy spacing, the

rotational parameter % was taken as 4.9, which is ac-
ceptable for a band built on a 3-quasiparticle configu-
ration with reduced pairing. The parameters used to
build the rotational bands are summarized in table II.
The 25/27 isomer cannot be lower than the 21/2%, oth-
erwise it would then have to decay to the 19/2% band
head via an E3 transition, thus, having a much longer
lifetime. Assuming 100 % branching ratio for the 98 keV
transition from K=25/2 to K=19/2, a K hindrance of
f, = 31837822 was obtained.

GEANT4 simulations of the decay of isol and iso2
reproduce quite well the F.q.r (see Fig. 8) and the
gamma-ray spectrum except for a deficit of L X rays.
A deficit was also noticed in the simulated electron spec-

TABLE II: Parameters used to build the rotational

bands.

r gn g 27 (keV) Qo (eb)
9/2~ 0.285 -0.25 5.8 12.42
11/27 0.285 -0.22 6.7 12.42
19/2* 0.285 0.47 4.9 12.42
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FIG. 8: Eq0r in the decay of (a) isol and (b) iso2.

trum around 110 keV and a deficit in the CE spectrum
around 148 keV. These deficits were interpreted as the
contribution of the 5/2%[622] isomer (iso3) that decays
to the ground state via an M2 transition, not included
in the simulations thus far. The excitation energy which
best fits the excess counts in the experimental spectra
places the isomer at an excitation energy of 150 keV, just
below the K-shell binding energy of rutherfordium. The
significantly intense 150 keV line whose nature was not
understood a priori and missing in the simulated spec-
trum was also recovered. This excitation energy explains
the lack of K X rays observed at GSI [21]. After adding
the contribution of the 5/2% isomer, the shape and in-
tensity of the experimental CE and electron spectra are
well reproduced. Fig. 9, 10 and 11 show the contribu-
tion of each isomer in the gamma-ray, electron and CE
spectra, respectively. Note that in Fig. 9d, since there is
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FIG. 9: Comparison of experimental gamma-ray spectrum with simulations showing the contributions of
spectrum with simulations showing the contributions of (a) isol, (b) is02, (c) iso3 and (d) the total.

(a) isol, (b) is02, (c) iso3 and (d) the total including
normalized experimental background.
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FIG. 11: Comparison of experimental CE spectrum with simulations showing the contributions of (a) isol, (b) iso2,
(c) iso3 and (d) the total.

no background in the simulations, a normalized experi-
mental background has been added to the total simulated
spectrum to compare with the experimental counterpart
(see Appendix A). The isol, given its low E.qo does not
seem to contribute significantly to the electron and CE
spectra. Despite this uncertainty of the excitation en-
ergy of isol, simulations of the decay scheme reproduce
the experimental spectra. The properties (spin and par-
ity, excitation energy and half-life) of these three isomers
obtained in this work are compared with the values from
literature in table III.

For the simulations, we took the average threshold of
the implantation detector to be 100 keV. After taking

TABLE III: Comparison of the properties (spin and
parity I™, excitation energy E* and half-life Tl/g) of the
three isomers from this work with the values from

literature.
This work Literature
I E* (keV) Typ (us) I™  E* (keV) Ty/p (us) Ref.
25/2%  1.24 49133 1.15-1.45  3871%  [20]
19/2% 1.1 2017 >17/2 09-12 1575 [20]
5/2t 150 5/2F ~135 50417 [21]

TABLE IV: Isomer populations and their isomeric
ratios. To calculate these values, we varied the DSSD
threshold from 60 keV to 100 keV in steps of 5 keV (bin
width of the electron and CE spectra).

Isomer I Population Isomeric ratios (%)
isol 25/2% 2561199 3.3%07%
is02 19/2* 7001236 8.9%59
iso3 5/2F 9844170 12.5£2.2

into account the threshold, the dead-time associated with
the implantation detector, and the lifetime of the isomers,
we have estimated the number of the three isomers pro-
duced during the reaction (see table IV). Although these
suffer from uncertainties in the dead-time and thresholds,
they are consistent with known populations of low-lying
1-particle and 3-quasiparticle states. The difference in
isomeric ratios of the 2 high-K isomers may reflect the
average spin populated in the reaction [42]. The good-
ness of the reproduction of all the experimental spec-
tra gives confidence in the main features of the decay
scheme shown in Fig. 7 and in the proposed configura-
tions for the high-K isomers, which are in line with what
is known in heavier rutherfordium isotopes. This decay
scheme also suggests that the 11/2~ configuration may



contain some vibrational component through mixing of
the 11/2~ with the particle-phonon [7/2%[624] @ 27] .
Such a vibrational component has been predicted in the
quasiparticle-phonon model [43].

V. CONCLUSION

From this study, we confirm the existence of three
isomeric states in 2°°Rf which are interpreted as the
5/2%7[622], spin isomer and two high-K™ 19/2% and
25/2% states interpreted as the coupling of 9/27 [734]
with {1/27 [521]_ ® 9/2% [624] _}5_ and {7/27 [514] ®
9/27% [624],_}s— respectively. A tentative decay scheme
has been proposed. GEANT4 simulations of this de-
cay scheme were found to reproduce all the observables
fairly well. Despite some uncertainties in the energy of
the E2 transition of the 25/2% isomer deexciting to the
19/2% band (corresponding to a very large hindrance),
the conclusions of this study should remain valid as it
is constrained by the measured Fiq;o- < 200 keV. The
extracted isomeric ratios (which include dead-time and
threshold effects) correspond to the ratios expected for
1-particle and 3-quasiparticle states in a reaction.

VI. OUTLOOK

The proposed decay scheme should be confirmed by
repeating the experiment with better adapted electron-
ics, perhaps with digital electronics coupled to faster and
low-noise preamplifiers to lower the thresholds and the
dead-time. In particular, the prompt high energy tran-
sitions could be ascertained by performing prompt spec-
troscopy at the target for 25°Rf as in the case of 253No.
This could be attempted using JUROGAM at RITU in
Jyvaskyld. However, as the cross-section is low and the
flux is fragmented such an experiment will probably re-
quire the next-generation gamma-ray spectrometer such
as AGATA [44]. One could also repeat the experiment on
the alpha decay of 2°°Sg to ?*Rf to measure the decay
properties of 11/27 and 5/2" states similar to what was
done in the case of 2°"Rf to 253No [45].
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Appendix A: Sources of background in the
experimental spectra

The random correlations in the DSSD (Fig. 1), tun-
nel (Fig. 12a) and Ge (Fig. 12b) detectors mainly oc-
cur from the decay of beam/target-like transfer products,
long-lived nuclei produced in the calibration reactions
or during previous irradiation. In the gamma-ray spec-
trum, there are also contributions from terrestrial sources
such as 49K (1460 keV), 21Bi (610 and 1120 keV), 228Ac
(912 and 966 keV), 298T1 (584 keV), 212Pb (238 keV),
232Th, 238U and electron and positron annihilation radi-
ation (511 keV). To exclude the random correlations from
the gamma-ray and electron spectra the search time was
limited to logy AT = 8.6 = 388 us, the lifetime limit seen
in Fig. 2a. This gate removes the random correlations in
the electron spectrum but not completely in the gamma-
ray spectrum especially on the lower energy side. To
compare the simulated gamma-ray spectrum with the ex-
perimental one in Fig. 9d, the events in the time window
from logy AT = 9 = 512 us to log, AT = 12 = 4096 us
in the energy-time matrix shown in Fig. 12b was taken

7 20 : :
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FIG. 12: Energy and time distributions of (a) electrons
(in the tunnel detectors) and (b) gamma rays detected
after the detection of an ER but before the detection of
ground state alpha/fission decay event of 25°Rf in the
same DSSD pixel.



as the background. This projected energy spectrum was
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then normalized to the experimental one where no peaks
are observed.
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