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Abstract. Using state-of-the-art y-ray spectroscopic techniques, the first rotational band of
a superheavy element, extending up to a spin of 20 %, was discovered in the nucleus 2°°Rf. To
perform such an experiment at the limits of the present instrumentation, several developments
were needed. The most important of these developments was of an intense isotopically enriched
50T beam using the MIVOC method. The experimental set-up and subsequent analysis allowed
the 2°°Rf ground-state band to be revealed. The rotational properties of the band are discussed
and compared with neighboring transfermium nuclei through the study of their moments of
inertia. These data suggest that there is no evidence of a significant deformed shell gap at
Z = 104.

1. Introduction
The definition of the proton number forming the low-Z border to the superheavy element (SHE)
region is often a subject of discussion. A superheavy element can be defined as an element with a
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macroscopic fission barrier calculated within the liquid drop model which leads to lifetimes lower
than the time needed to form a compound nucleus or a molecule such as hydrogen. Superheavy
elements only exist thanks to the nuclear shell and pairing effects, which give enhanced stability
and result in finite lifetime. Therefore, Z = 104 is often defined as border of superheavy elements.
Furthermore, the half-life systematics of even-even heavy nuclei presented in Ref. [1] shows that
starting from rutherfordium isotopes (Z = 104), gaps at larger neutron numbers start to play
significant role.

In the quest to discover the heaviest elements, the existence of a new element is usually
established on the basis of the observation of their a decay chain and fission properties.
Therefore, only a very limited number of excited states populated are observed with rather
low statistics. At the lowest border of this SHE region, cross sections are below the limits
of observation for state-of-the-art instrumentation employed in decay-tagged prompt ~-ray
spectroscopy. In the transfermium region, detailed spectroscopic studies have been performed
in many nuclei around ?**No in recent years. The growing number of experimental results
allowed systematic studies of the location and evolution of single-particle states. The study of
K-isomers and associated rotational band structures, and in-beam prompt ~-ray spectroscopy
are two major ways to investigate these structures.

Thanks to efficient tagging techniques, in-beam experiments were performed in the transfermium
region up to ?*>Lr (Z = 103). Reviews of the experimental results in this field are available in
Refs. [2, 3]. Experimental data on rotational bands and associated moments of inertia can be
compared to theoretical predictions in order to gain knowledge on the orbitals near their Fermi
surface. Great hope is placed in gaining confidence in the theoretical extrapolations of the
position of the long-sought Island of Stability [4].

In a recent experiment dedicated to prompt spectroscopy of 246Fm [5], the observational limits
were pushed down to the level of 11 nb, opening the way to the spectroscopy of a superheavy
nucleus, 2°Rf. The production cross section in this case is around 16 nb according to [6]. The
present proceedings focuses on the recoil-decay-tagged prompt y-ray study of this nucleus, which
allowed the structure of a superheavy nucleus to be explored for the first time. The 2°°Rf nucleus
is of specific interest in this region since it is situated at the neutron deformed shell gap N = 152
(as is 2°*No) and it allows the investigation of a possible proton shell gap at Z = 104.

To be able to perform prompt y-ray spectroscopy of 2°Rf at the University of Jyviskyli, Finland,
many years of development were necessary to fulfil the four main requirements:

e A lead target that can sustain a beam intensity of up to 70 particle nanoAmps (pnA). A
rotating target designed and built at IPHC Strasbourg has been used for several years at
the University of Jyvaskyla.

e Electronics that can sustain a high counting rate induced in the germanium detectors around
target. The JUROGAM II v-ray detector array was first fully digital-instrumented with
TNT2-D cards [7, 8] developed at IPHC Strasbourg and finally with Lyrtech cards adapted
by the Daresbury Laboratory and the University of Liverpool.

e High ~-ray detection efficiency of the germanium detector array. The current JUROGAM 11
array reaches an absolute efficiency of 5.2 % at 1.33 MeV.

e Intense isotopically enriched °°Ti beam. This last achieved requirement was developed at
the IPHC and first tested at the University of Jyvéskyld [9].

Thanks to all these developments, the 2°°Rf nuclei could be produced using the “triple-magic”
208pK (59T, 2n) fusion-evaporation reaction and studied with state-of-the-art instrumentation.
The high quality of the data acquisition [10] and analysis software [11] allowed the 2°Rf
rotational band to be revealed online. The preliminary spectrum was already presented while
the experiment was still running [12]. The full statistics of the experiment were then carefully
analyzed and the results were first published in Ref. [13].
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In the next section, the development of the °°Ti beam is presented. The subsequent sections
are devoted to the description of the experimental setup and the conditions used in order to
identify the 2°6Rf nuclei. Thereafter, a section is dedicated to the observation of the prompt
~v-ray spectrum and followed by a discussion of the spin assignment, and a comparison of the
rotational properties with selected transfermium nuclei. Finally, some information concerning
known isomers in this nucleus [14, 15] is discussed in the light of these new data.

2. Isotopically enriched °°Ti beam development
Several methods enable the production of an intense isotopically enriched °°Ti beam. After
a comparison between all the possible methods at the University of Jyvaskyla ECRIS2 ion
source [16], the Metal Ions from Volatile Compounds (MIVOC) method was chosen for its quite
low material consumption and rather simple use. With this method, the beam is produced by
dissociation in the ECR plasma of a volatile organometallic compound. The greatest difficulty
in this case is related to the chemistry of the molecule. Suitable MIVOC compounds are char-
acterized by a good chemical stability associated with sufficiently high vapor pressure. More
details concerning this method can be found in Ref. [17]. A titanium compound was already
tested some years ago [18] but could not supply enough beam intensity due to the rather low
proportion of °°Ti (5.18 %) in natural titanium. In order to resolve the issue, it was necessary
to synthesize the compound starting from enriched °°Ti material.
During the development and testing phase, several organometallic compounds were tested
using a residual gas analyzer at the University of Jyvaskyld. Those with sufficiently high
vapor pressure were then tested directly in the ECR ion sources. From all the com-
pounds reviewed only two were compatible with MIVOC beam production: the dimethyl-
bis-cyclopentadienyl-titanium (CpeTi(CHs)s2) and the trimethyl-pentamethyl-cyclopentadienyl-
titanium (Cp*Ti(CH3)3), where Cp corresponds to 7°-CsHs and Cp* corresponds to
n°-C5(CH3)s. Fig. 1 shows the residual gas analyzer mass spectrum of both of these com-
pounds. One can observe peaks corresponding to several fragments of the MIVOC compound
generated by the filament of the mass analyzer. The vapor pressures of the two compounds
were quite similar. Since the CpyTi(CHs)e was proven to be unstable under high vacuum, the
Cp*Ti(CHs)s was selected due to its better behavior, despite its sensitivity to light, air and
moisture.

After the successful tests with the natural titanium compound, commercially available TiCly
enriched to 92% in 59Ti was used as the starting point for synthesis at IPHC Strasbourg. The
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Figure 1. Residual gas analyzer spectrum from: (a) the natural Cp2Ti(CHz)s and (b) the
enriched Cp*>°Ti(CH3)3 compounds. Insets: 3D view of the molecules.
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corresponding mass spectrum is shown in Fig. 1.b. Intensity of 19 epA for °Ti''* beam was
obtained from the ECRIS2 ion source [9] and accelerated through the K = 130 MeV cyclotron.
This beam was then used for the 2*Rf experiment which lasted for a total beam-on-target time
of 450 hours. The average beam intensity was 29 pnA and reached a maximal value of 45 pnA
on target. Quite stable operating conditions were observed during the experiment and a con-
sumption rate of 0.63 mg.h~! was determined. More details of the beam development can be
found in Ref. [9].

This compound was later tested successfully in its natural form at two other international lab-
oratories, FLNR (Dubna, Russia) and GANIL (Caen, France). At the University of Jyvéskyla,
improvements were made to diminish the consumption rate to 0.20 mg.h~! and enhance avail-
able beam intensity.

3. Experimental set-up

The experiment was carried out at the Accelerator Laboratory of the University of Jyvaskyla,
Finland. The ?°Ti''* beam was accelerated to an energy of 242 MeV to maximize the production
cross section with a mid-target beam energy of ~239 MeV (see Ref. [6]). The beam irradiated a
self-supporting 2°®Pb target with a thickness of 446 ug/cm? which was rotated in order to avoid
deterioration under radiation.

The experimental set-up was composed (from upstream to downstream) of the JUROGAM II
Ge array, the RITU gas-filled separator [19] and the GREAT focal-plane detection system [20].
Prompt ~-rays emitted at the target were detected by the germanium detector array.
JUROGAM II was composed of 15 tapered and 24 clover Compton-suppressed high-purity Ge
detectors. The measured absolute detection efficiency was 5.2 % at 1.33 MeV, when using the
add-back method for the clover detectors. All JUROGAM II Ge detectors were instrumented
with Lyrtech VHS-ADC digital cards.

Using the gas-filled separator RITU, recoiling nuclei were separated from target-like and transfer
products by their magnetic rigidity. At the focal plane of RITU, reaction products passed
through a Multi-Wire Proportional Counter (MWPC) where the energy loss of the particle was
recorded (noted AE). Then, they were implanted into two Double-sided Silicon Strip Detectors
(DSSDs) of the GREAT detection system, which are placed side-by-side. Time-of-Flight (ToF)
was measured as the time difference between the MWPC signal and the implantation in the
DSSDs. Each DSSD had a thickness of 300 um and was divided into 60x40 strips of 1 mm
width, defining 2400 pixels of 1 mm? per DSSD. The amplifier gains of each side of the DSSDs
were set for different purposes: the X-side (horizontal strips) had a range of 2 MeV for conversion
electron detection (to search for possible isomeric states) and the Y-side (vertical strips) was
tuned to detect recoils and fission energy depositions (up to 250 MeV). Furthermore, a planar
germanium detector of thickness 1.5 cm was situated behind the DSSDs in the vacuum chamber,
and three clover detectors surrounding the focal plane were added to perform delayed ~-ray
spectroscopy.

During the experiment, the energy of every event in all detectors was timestamped by an
universal 100 MHz clock and saved using the triggerless Total Data Readout (TDR) method
(see Ref. [10]). The correlations between groups of detectors were exploited with the GRAIN
data analysis package (see Ref. [11]).

4. ?°SRf nuclei identification

Since 2°Rf nuclei decay almost exclusively by spontaneous fission (more than 99.5 % according
to Ref. [21]), the identification of these nuclei of interest was realized through a selection using
the “Recoil-Fission Tagging” technique, a specific version of the usual “Recoil-Decay Tagging”
technique. The following conditions were imposed to achieve the selection:
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A recoil implantation and a spontaneous fission event had to be detected successively in the
same pixel of the DSSDs.

e The fission energy deposition had to be higher than 25 MeV, in order to avoid selection
of electrons, alpha particles, target-like or transfer products. The corresponding energy
spectrum is shown in Fig. 2.a.

e The search time between the implantation and the fission event was limited to an optimal
value of 100 ms. Fig. 2.b shows the time difference distribution with a logarithmic time
scale.

e Recoiling products were selected using an E-ToF matrix, where E is the implantation energy
of the recoil in the DSSDs. The corresponding matrix is shown without any selection criteria
on Fig. 3.a. It clearly appears that the identification of fusion products is not trivial.
However, by imposing a selection with a recoil temporally followed by a fission event in the
same pixel, it is possible to make a very clean selection (see Fig. 3.b). The final region used
to select fusion products is displayed in red.
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Figure 2. (a) Energy spectrum of correlated fission events detected within 100 ms at the same
position in the DSSDs as the implanted recoil. (b) Time difference between correlated recoil and
fission events with a logarithmic scale. The green line points the maximum of the curve which
corresponds to the value of the 2°Rf ground-state life-time.
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Figure 3. Time-of-Flight in GREAT versus implantation energy matrices for: (a) all recoiling
products and (b) recoiling products followed by a fission event. The polygonal gate displayed in
red was used for the selection of the correlated events.
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This selection allowed unambiguous identification of 2210 correlated events in the duration of the
experiment out of more than 107 recoiling nuclei implanted in GREAT. Assuming a separator
transmission efficiency of 40 + 5%, a cross section of 17 + 3 nb was estimated. From the
maximum of the curve on Fig. 2.b corresponding to the life-time, one can measure a life-time
of 10.0 ms represented by a green line. Therefore, the recoil-fission time difference provided a
measured half-life of 6.9 + 0.2 ms for the ground-state of 2°°Rf. These two experimental values
are consistent with previous measurements as shown in Table 1.

Table 1. Comparison of measured 2°°Rf spontaneous fission half-lives and production cross
section.

Reference [21] (6] [14] [15] This work
Tep (ms) 6.2+ 0.2 6.70£0.09 6.67+009 69+04 69+0.2
o (nb) 12 £ 1 15702 17+£2 ~14 17+ 3

5. Prompt ~v-ray spectrum

To obtain a prompt 7-ray spectrum associated with the correlated 2°°Rf decays, a matrix of the
recoil Time-of-Flight (in GREAT) versus the time difference between the detection of the y-rays
and the corresponding recoil implantation (basically the Time-of-Flight in RITU) was used (see
Fig. 4.a). A two-dimensional polygonal gate (in red on the figure) is displayed around the points
that correspond to y-rays emitted from 2°°Rf and detected in JUROGAM II. The other points
correspond to random coincidences.

This specific selection led to the y-ray spectrum displayed in Fig. 4.b. One can note the power
of selectivity: 745 counts are plotted in the energy range shown, whilst it is estimated that more
than 10'? y-rays were detected at the target in the course of the experiment. At low energy,
intense peaks due to Pb and Rf X-rays can be observed. A regularly-spaced sequence of eight
peaks are labeled with their energies in the figure. The sequence is clearly characteristic of a
rotational band, as observed in other transfermium nuclei. The measured transition energies
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Figure 4. (a) Matrix of the Time-of-Flight in GREAT versus the Time-of-Flight in RITU. The
polygonal gate used for the selection of correlated prompt 7-rays is displayed in red. (b) Energy
spectrum of prompt singles y-rays correlated with fission-tagged 2*Rf nuclei.
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are 161, 218, 272, 323, 371, 417, 459 and 499 keV. The transitions are assigned to the rotational
band built on the ground state of 2°°Rf, showing that this nucleus is deformed.

6. Spin assignment

To assign spins to the observed states, moments of inertia could be obtained according to the
formalism of Harris [22]. It is possible to parameterize the rotational band in terms of the
kinematic (J') and dynamic (72) moments of inertia using the following formula:

TV = Ty + Jiw? (1)
TP = T+ 3 Jiw? (2)

where w is the rotational frequency (w = E,/2h). By fitting the experimental kinematic moment
of inertia (calculated with the formula J() = [I — 1/2]/w(I), spin values can be assigned to
the observed states. Since the nucleus of interest has an even number of protons and neutrons,
all spins are supposed to have positive even values. Values of initial spin proposed for the first
observed transition (161 keV) were tested against the experimental points using Eq. (1). A
reduced x? comparison of these fits is shown on Fig. 5.a where a clear minimum at 6% leads
to the conclusion that the 161 keV peak corresponds to the transition between the 67 and 4+
states. The spins of the observed rotational structure can then be assigned up to a spin of 20 A.
Simultaneously, one can extract the two Harris parameters from the corresponding kinematic
moment of inertia Jo = 66.7 K2 MeV~1 and J1 =175.5 KBt MeV—3,

The two lowest transitions cannot be observed due to the dominance of internal conversion for
such a high Z nucleus. Using the two above-mentioned parameters, it is possible to extrapolate
the energies of the two unobserved transitions 47 to 2% and 2% to 0% using the formula:

3
I =Jow+ Jiw’ +1/2 (3)
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Figure 5. (a) Reduced x? of the Harris fit to the experimental kinematic moment of inertia as a
function of the initial spin of the first observed transition. (b) Experimental kinematic moment
of inertia for the observed rotational band. Extrapolation of the Harris fit at low energy allows
the energies of the two unobserved transitions to be obtained (green dots). (c) Proposed energy
level scheme of the rotational band based on the ground state of 2°°Rf.
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where I is the initial spin of the transition [22]. The extrapolation is shown on Fig. 5.b. where
the green dots correspond to spins of 4 and 2. The energies thus obtained are 104 and 44 keV,
respectively.

This analysis allows an energy level scheme of the rotational band based on the 2°°Rf ground
state to be proposed, as presented in Fig. 5.c. Full details of the transition energies, spin
assignments and relative intensities corrected for detection efficiency and internal conversion are
listed in Table 2.

Table 2. List of measured energies and proposed transition assignment of the rotational
band, the two first transitions are extrapolated (see text). Relative intensities are corrected
for detection efficiency and internal conversion.

E, (keV) Transition assignment Relative intensity (%)

(44 +1) (2 = 0h)

(104 £ 1) (4% — 2t)

161 +1  (6F — 4%) 100 + 30
218+ 1 (8T — 67) 80 =+ 20
272 £ 1 (10 — 8%) 53 + 12
323+ 1 (127 — 107) 49 £ 11
371 +1 (147 — 12%) 22 + 8
417 +£2 (167 — 147) 20 £ 7
459 £2 (187 — 167) 18 + 7
499 £2 (20T — 18%) 16 + 7

7. Moment of inertia studies
Systematic study of the moments of inertia in a specific region can be a powerful source of
information about the properties of rotating nuclei. Indeed, these moments are rather sensitive
to the orbitals near the Fermi surface and the pairing strength. Fig. 6.a shows the kinematic
moment of inertia as a function of rotational frequency for 2°Rf and three other transfermium
nuclei: 2°9Fm, 2°2No and 2°*No. The latter three cases were chosen to do isotopic and isotonic
comparisons. The curves drawn correspond to the Harris fit to the low-spin part of the observed
transition using Eq. (1). One can observe that the behavior of the moment of inertia of 2°°Rf is
quite similar to that of 2°*No (also a N = 152 isotone), with a difference of absolute value over
the full frequency range. The rotational properties of the N = 150 isotones (**°Fm and 2*?No)
are different and exhibit a faster alignment than the N = 152 isotones.
One can question the difference of absolute value between these moments. The pairing
correlations are expected to diminish at a deformed shell gap, which leads to a higher value
for the moment of inertia. The nucleus ?°Fm (Z = 100, N = 150) has the largest moment of
inertia. With two additional protons in the 2°?No nucleus, the moment of inertia drops. This
may be due to the reduced influence of the Z = 100 deformed shell gap. The same conclusion can
be drawn with 2**No which has a larger moment of inertia with two neutrons more than 2°2No,
due to the influence of the N = 152 deformed shell gap. If there would be a significant deformed
shell gap at Z = 104, one could expect a higher moment of inertia for 2°°Rf as compared to
254No. The absence of such an effect suggests that there is no significant gap for Z = 104. The
difference of moment of inertia can be explained by the decreasing influence of the Z = 100 gap.
Fig. 6.b displays the experimental dynamical moment of inertia (calculated with the formula
J® = 2h/[w(I) — w(I — 2)] as a function of the rotational frequency normalized by its Harris



11th International Conference on Nucleus-Nucleus Collisions (NN2012) IOP Publishing
Journal of Physics: Conference Series 420 (2013) 012010 doi:10.1088/1742-6596/420/1/012010

20
C(a r(b
:( ) o Rs " 1.%( )
85? L
~ f L
: E e L N=150
Z’ o g g2
= r L L
£ 75 s r ‘
~gs [ 85 r N=152
= “ L
<8 & ‘ /[
o ! - 1
i P ¢ =
- 1 — IR S
65— L * W W | !
Cov v v b v v v b v b e C e b e b e L
0 0.05 0.1 0.15 0.2 0.25 03 0 0.05 0.1 0.15 0.2 0.25 03
Rotational frequency (MeV) Rotational frequency (MeV)

Figure 6. (a) Experimental kinematic moment of inertia as a function of rotational frequency
for N =150 and N = 152 isotones. The lines correspond to the Harris fits using Eq. (1).

(b) Experimental dynamical moment of inertia as a function of rotational frequency for N = 150
and N = 152 isotones normalized to the one calculated with the fitted Harris parameters using

Eq. (2).

fit using Eq. (2). The same four transfermium nuclei are plotted. At a low rotational frequency
the behavior is close to Harris values and experimental values diverge from Harris values for
high frequency, a sign of the effect of aligning angular momentum with the rotational axis. This
divergence appears at a frequency of 0.15 MeV for the NV = 150 isotones and at 0.20-0.25 MeV
for the N = 152 isotones. According to Ref. [23], a competition between neutron vj;s /2 and
proton 7iy3/o orbitals in the rotation alignment occurs in these nuclei. The observed differences
are due to the relative positions of the relevant orbitals with respect to the Fermi surface. In
N = 150 isotones, the Fermi surface is just below the neutron vj;5/5[734]9/27 orbital and above
for N = 152 isotones.

Moreover, a delay of the alignment process can be seen between 2°4No and 2SRf. This effect is
due to protons since they are isotones. It is likely to be due to the effect of the proton Fermi
surface shift induced by the addition of two protons to 2*No driving the 7i;3 /2 orbital [624]9/ 2t
closer to the surface for 2°°Rf.

8. Investigation of Isomeric States

Two recent experiments were dedicated to searches for isomeric states in 2°6Rf. The first one
was performed at the Lawrence Berkeley National Laboratory using the Berkeley Gas-filled
Separator [14]. A decay scheme was proposed with three different isomeric multi-quasiparticle
states with half-lives of 25 + 2, 17 + 2 and 27 + 5 us, respectively. A single 900 keV ~-ray
decay transition was also observed and interpreted as a decay to ground state band of a low lying
K™=27 structure fed by these isomers. The second experiment was performed at the Argonne
National Laboratory using the Fragment Mass Analyzer [15]. A 17 £+ 5 us isomer was identified
with a quite low population and assigned as a 4-qp isomeric state. Thus, both these experiments
saw evidence for isomeric states but their conclusions are somewhat contradictory.

In the present experiment, a search for isomeric states in 2°°Rf was also made using the GREAT
focal plane detection system. Since our experiment was dedicated to prompt spectroscopy, the
beam intensity was limited and the statistics obtained lower than in previous experiments. The
data obtained in the present study and their interpretation are still under analysis and will be
published in due course [24].
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9. Conclusion

The rotational structure of the superheavy element ?*Rf was studied for the first time using
state-of-the-art y-ray spectroscopic techniques. This success took several years as it required
the development of a rotating target, the improvement of the ~-ray detector array as well as
its electronics. The intense isotopically enriched °°Ti beam development allowed a sufficiently
high intensity to be reached to perform the experiment. The systematic study of the moments
of inertia of several transfermium nuclei suggests evidence for the effect of weakened pairing
correlations due to the presence of deformed shell gaps. The difference of behavior and alignment
properties between the isotopes N = 150 and N = 152 are evidence of the relative proximity to
the Fermi surface of the neutron ji5/, and proton i;3/5 orbitals. The observations also suggest
the absence of a significant shell gap at Z = 104.
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