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The heaviest elements were discovered in **Ca-induced
fusion reactions with actinide targets [1]. The observation
of the hitherto heaviest element 118 was claimed from
irradiations of targets of *°Cf, which is the highest-Z nu-
cleus that is available in sufficient quantities. Hence, to
search for elements beyond Z=118, reactions induced by
projectiles with Z>20 are required. Previously, **Ni+**®U
[2], ®Fe+**Pu [3], and recently **Cr+***Cm [4] were
studied, but element 120 is yet to be discovered. Theoreti-
cal predictions [5-8] agree on the *°Ti+**°Cf reaction to
have the highest cross section. Accordingly, the TASCA
collaboration selected this reaction to search for element
120. Maximum predicted cross sections range from 0.04
pb [5] to 0.75 pb [6, 8]. For comparison, the “®Ca+**°Cf

— Z=118 experimental cross section is O.Sf%'g pb [9].

On the way to a first search experiment for element 120
at TASCA, upgrades of several key components were
performed, compared to the setup as used for the
#44py(*8Ca,3-4n)??89114 reaction [10, 11]. These include
the implementation of a larger-area target wheel with 100
mm diameter comprising four targets [12]. The heat of
each 5-ms long UNILAC macropulse is now dissipated
over a four times larger area (6 cm?) than in the old sys-
tem (1.4 cm?) used for element 114.

The separation from unwanted nuclear reaction prod-
ucts was increased by a factor of ~10 [13] by (i) imple-
menting a carbon stripper foil in front of the target to in-
crease the beam charge state, (ii) a fixed scraper mounted
in the center of the first quadrupole magnet, and (iii) a
second, moveable scraper mounted behind the second
quadrupole. Both scraper positions were chosen based on
ion-optical simulations, which predicted significant back-
ground suppression without loss in EVR efficiency due to
the scrapers. Measurements, e.g., of the **Ca+*®Pb reac-
tion, confirmed the expectations (see also [14]). The effi-
ciency of TASCA for element 120 produced in the reac-
tion *°Ti+***Cf was calculated to be (62+6)%. Discrimina-
tion between various event types was enhanced by im-
proving the multi-wire proportional counter veto detector

efficiency compared to the element 114 experiment. Sev-
eral predictions of decay properties of isotopes produced
in the *°Ti+**°Cf reaction suggest their half-lives, Ty, to
be on the order of us. This is shorter than the dead-time of
the data acquisition (DAQ) system used in 2009 [11].
Therefore, a fast digital sampling pulse processing system
was built and integrated into the DAQ system [15]. This
allowed registering events with Ty, as short as 100 ns, as
confirmed in a study of the reaction *°Ti+"®Yb, which
yields decay chains with very short-lived members [16].

Old #°Cf samples were chemically reprocessed and
electrodeposited on ~2.2-um thick Ti backings by molec-
ular plating [17], yielding ~0.5-mg/cm? thick targets.

In August-October 2011, a first experiment to search
for element 120 was conducted. Intense beams (0.5-1.0
LAGar) Were applied on the Cf targets during 39 days of
beamtime. The data analysis is in progress.

Acknowledgments: We thank the ion source and accel-
erator staff for providing stable and intense *Ti beams,
and the experimental electronics department for making
the digital DAQ system available on a short time-scale.
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During the **Pu(®Ca,3-4n**?*114 experiment, high
background rates in TASCA were observed and attributed
to (1) transfer reaction products (TRPs) that have a mag-
netic rigidity (Bp) only ~15-30% less than the evapora-
tion residues (EVRs) of interest and decay properties sim-
ilar to the EVRs and (i1) primary beam passing through
pinholes in the target and entering TASCA without
charge-exchange or scattering reactions [1]. Both TRPs
and primary beam are separated from the evaporation
residues (EVRs) of interest in the dipole, but a small frac-
tion are guided back to the focal plane detector by the
horizontally focusing quadrupole. This is shown in Fig. 1
for primary beam as compared to EVRs.
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Fig. 1: Primary beam and EVR trajectories in TASCA.

Simulations [2] showed that separation between EVRs
and background occurs at the center of the first quadru-
pole (Q1) and at the exit of TASCA. The use of strategic
slits to reduce the acceptance of TASCA in these two
areas was expected to result in significantly reduced
background without large losses in EVR transmission
efficiency as shown in the bottom of Fig. 1. Two solu-
tions (hereafter referred to as M1 and M2) for reducing
background in TASCA are:

M1.Introduction of a slit at the center of Q1 reaching
from the low Bp side of TASCA to 8 cm from center.
This was expected to result in reductions of 4, 90 and
98% for EVRs, TRPs and primary beam.

M2.M1 plus a slit at the exit of TASCA reaching from
the low Bp side of TASCA to 3.5 cm from center.
This was expected to result in reductions of 5, 97 and
99% for EVRs, TRPs and primary beam.

In April 2011, M1 and M2 were tested using the
28ph(* Ar,xn) reaction, chosen to represent ‘fast’ recoils
were the Bp of the EVRs is approximately 15-30% higher
than the Bp of the TRPs or primary beam. This is similar
to what would be expected in reactions such as those cur-
rently being investigated to produce elements 119 and
120: **Bk(C’Tixn) and **Cf(*°Ti,xn) and the TASISpec
element 115 X-ray Fingerprinting experiment.

The high and low energy spectra during the macropulse
and the low energy spectra outside of the macropulse for
unmodified TASCA, and TASCA with M1 and M2 are
shown in Fig. 2. Background reductions of 77 and 84%
for TRPs and primary beam, respectively, were observed
with M1. For M2, reductions of 93 and 96 were observed
for TRPs and primary beam, respectively, in fair agree-
ment with the simulations. Rates of all events in the
macropulse were reduced 65 and 88% for M1 and M2,
respectively, while the outside of macropulse event rate
for M1 and M2 was reduced by 75 and 89%, respectively.
The experimental change in EVR transmission efficiency
could not be quantified due to the low 2®*Pb(*Ar,xn)
cross section and interference from TRPs.

Without modification, the rate of events in the focal
plane detector during the **®*Pb("’Ar,xn) reaction was
2900 Hz during the macropulse and 40 Hz outside of the
macropulse. With the addition of either M1 or M2, these
rates were reduced to <200 Hz inside and <3 Hz outside
of the macropulse.
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Fig. 2: Total energy spectra for TASCA unmodified and
after M1-M2, normalized to the beam integral.
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For the synthesis of the new element with atomic
number Z = 120, the fusion reaction of *°Ti with *°Cf was
studied at the gas-filled recoil separator TASCA [1]. Pre-
used 2*Cf, originating from the decay of **°Bk, was
provided by the Lawrence Berkeley National Laboratory
to produce suitable targets.

The chemical form of the delivered **°Cf was either the
oxide, chloride or the nitrate. In a first step the material
was dissolved in 8 M HCI. The #*°Cf solution contained
Al, Fe, Pb and Ti as impurities. In a first purification step
the anion-exchanger BioRad AG MP-1M was applied to
remove Al and Fe from the solution. In the second step a
cation exchange column with DOWEX 50WX8 was used
for the removal of Pb and Ti. Over both purification steps
the Cf recovery was almost 100 %.

A rotating target wheel assembly was used, which was
previously tested to accept high beam intensities up to 2
MA (particle). Molecular plating (MP) [2] was employed
for the preparation of 2°Cf layers on ~2.2-pym thick Ti
backing foils produced by cold rolling at GSI.

The average foil thickness was determined by
weighing, whereas the homogeneity of the foil thickness
was checked by a-particle energy-loss measurements over
5 positions per foil. The standard deviation of the foil
thickness varied between 0.03 and 0.14 pm.

The deposition parameters for Cf were optimized in
experiments with Gd. This also included MP with *3Gd-
tracer to verify the homogeneity of the Gd layer using a
commercial radiographic imager [3] (FLA 7000 from
FUJIFILM Corp.).

The first step in the MP of Cf was the conversion of the
Cf chloride into the nitrate by evaporation to dryness and
re-dissolution in 8 M HNOs. An aliquot of the Cf-solution
with about 3 mg of ?*Cf (455 MBq) was evaporated to
dryness in a Teflon™ beaker. The green residue was re-
dissolved in a small volume (100 pl) of 0.1 M HNOs. The
solution was transferred into an electrochemical
deposition cell (EDC) made of PEEK. The beaker was
washed with 3 x 300 pl isopropanol, which was also
transferred to the EDC. The EDC was filled up to a
volume of 52 ml with isobutanol. For the mixing during
the deposition grocess an ultrasonic stirrer was used [3].
For the MP of 2°Cf with a surface of 6 cm? a voltage of
200 — 600 V at a maximum current density of about 0.3
mA/cm® was applied. The deposition time was 4 — 5
hours. The deposition yield exceeded 90 %. Fig. 1 shows
one of the produced target segments.

Figure 1: Cf target-segment

Prior to the production of ~0.5-mg/cm? thick 2°Cf
targets, a thin °Cf target was prepared. With this target
we tested the deposition parameters. Before the
deposition, and in 1-h steps during the MP process, 10 pl
aliquots of the ***Cf-solution were evaporated to dryness
for a-particle spectroscopy. With these measurements the
decreasing Cf content in the solution during the
deposition was determined as well as the deposition yield.

As a method for the yield determination, y spectroscopy
was used. For this, the thin %*°Cf target served as a
reference sample. The distance from the target to the vy
detector was about 3 m, the dead time was 5%. The data
confirmed a thickness of ~0.5-mg/cm? and the final
analysis of the thickness values, including measurements
performed after the element 120 experiment [1], is in
progress.
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Within the TRAKULA project
(Transmutationsrelevante kernphysikalische
Untersuchungen langlebiger Aktinide) which requires
large-area samples (> 40 cm® ) of ****U and ****’Pu
to calibrate fission chambers and to measure neutron-
induced fission yields for transmutation studies [1], large
area targets of "*U were prepared. Moreover, according
to the need of targets for precise measurements of the
half-life, t;,, of very long-lived a-particle emitters like
"Nd (tp = 2:10" y), ™Nd samples with different
surface properties were produced.

" targets were prepared using 250-um thick circular
Ti backings with an area of 43 cm’. The targets were
prepared by Molecular Plating (MP) using "UO,(NO)s-
6H,0. This salt was dissolved in 0.1M HNO; and 200 pl
of this solution (5.7 mg of elemental U) were inserted
inside the plating cell. This was then filled with 230 ml
of isopropanol. "™Nd targets were prepared on two
circular Ti backings with different surface roughness to
investigate the influence of a different surface structure
on the quality of the deposited layers. One was a 50-um
thick Ti foil with an average roughness of 20 nm, while
the smoother one was a 300-um thick Ti coated Si wafer
with an average roughness of 10 nm. The deposition area
of these samples was 9 cm” and for this reason a smaller
volume cell was used. The MPs were realized using
"Nd(NOs);- 6H,0. This salt was dissolved in 0.1M
HNO; and 100 pl of this solution (containing 1.1 mg of
elemental Nd) were inserted inside the plating cell. This
was then filled with 1 ml of isopropanol and 34 ml of
isobutanol. In both cases a constant current density of
0.6 mA/cm’ was applied for the production of the
targets. The deposition time was 3 hours. The solution
was mixed via ultrasonic strirring. The temperature was
kept constant (14°C) using water-cooling.

The deposition yield was determined by Neutron
Activation Analysis (NAA) and y-spectroscopy. The 106
keV y-line resulting from the 23-min decay of **°U into
2.4-d *’Np was used to determine the U content in 2 ml
samples of the supernatant solution taken before and
after the deposition process. The 2 ml extracted from the
deposition cell before the plating process were used as
standard reference. This sample volume represents less
than 1% of the total volume of solution inside the cell
and corresponds to a negligible loss of material for the
deposition (~ 50 pg of U from a total amount of 5.7 mg).

The evaluated deposition yield of the produced "*U
targets was very high: (99.921+0.021)%. Gamma
spectroscopy was used for the "*Nd targets after active
MPs, (i.e. depositions realized using a radioactive tracer
-"“"Nd- inside the plating solution). The 91 keV y-line of
the p-decaying '“/Nd was used as a reference during the
y-measurements of the standards and of the samples.

* work supported by BMBEF,
02NUKOI13E.

contract number

The standards were obtained by soaking a filter paper with
the same geometry as the targets with the tracer-containing
solution. The evaluated deposition yield was very high in
both cases: (95.6+2.7)% for the "'Nd target produced on the
Ti foil, and (98.7%0.8)% for the "*Nd target produced on the
Ti coated Si wafer.

The homogeneity of the radioactive targets was inspected
by using Radiographic Imaging (RI), using a FUJIFILM
FLA 7000.

Taking into account the different deposition areas, the
obtained yields, and the homogeneities as evaluated in the
RI investigations, the areal density of the produced ™U
targets was (132+13) pg/cm®. For the "Nd target produced
on the Ti foil it was (117+12) pg/cm®, and for the ™Nd
target produced on the Ti coated Si wafer it was (121+12)
pg/em’.

The surface roughness of the "“Nd targets was
investigated by using an Atomic Force Microscope (AFM)
(MFP 3D, Asylum Research) in tapping mode. Fig. 1 a and
b show the AFM image of the Nd target produced on the Ti
foil (mean roughness 120 nm) (a), and on the Ti coated Si
wafer (mean roughness 65 nm) (b). From these results
follows that smoother backings lead to smoother layers.
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Figure 1: AFM picture of a "™Nd target produced on a Ti
foil (a) and on a Ti coated Si wafer (b).
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Production and decay of short-lived ?'U (previously
unknown) and ***U (only the halflife is known) were
studied at the gas-filled separator TASCA. These two
nuclei have only few neutrons more than the magic num-
ber N=126, which leads to high o decay Q-values and,
therefore, to very short half-lives (< 10 ps). To explore
this microsecond/sub-microsecond half-life region, digital
electronics was implemented into a combined “ANalog”
and “Dlgital” (ANDI) data acquisition system [1].

A °Ti'" beam was accelerated to energies Ej;,=230
and 240 MeV and irradiated a rotating '"*Yb target wheel
to produce ?U and *'U in 4n and 5n de-excitation chan-
nels of the complete fusion reaction, respectively.

The evaporation residues (ER) were separated from the
primary beam by TASCA and implanted into the stop
detector consisting of two double-sided silicon-strip de-
tectors. Two signals, one from each side of the stop detec-
tor were processed in two different parts of the ANDI
system with a common trigger and zero suppression [1].
The signals from 144 vertical front strips were processed
by analog amplifiers connected to peak-sensing ADCs
[2]. The preamplified signals from 48 horizontal back
strips were processed by sampling ADC’s (FEBEX2)
with 60 MHz frequency. Traces with total length of 50 us
(7 us before and 43 ps after) were recorded following an
accepted trigger. The deadtime of the “analog” part was
shorter than 43 ps. Therefore it was always ready to ac-
cept the next triggered event [1]. Further, both data were
combined into single events by an event builder of MBS
[1]. .
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An ER-a correlation analysis was performed to find re-
coiling nuclei and identify the measured a lines (Fig. 1).
Only a-particle events were considered without a signal
from the time-of-flight detector. Alpha decays of *'*Ra,
25Ra, 2“Fr, and *"Th were identified. From further
analyses the decay of *'*Fr was found as a member of ER-
a(7-18MeV)-a(2l4Fr) chains. The second member of this
chain is typically a pile-up of two o decays. These events
were investigated using the data from the “digital” part.
Clearly two signals were found in traces of them and
decays of ***Pa and *'®*Ac were unambiguously deter-
mined (see Fig. 2a).

The traces of the ER’s from ER-a(*'*Ra) were investi-
gated in order to find “missing” o decays of mother '*Th
and grandmother “*U nuclei. In most cases only single
signals were found, pointing to the implantation of **Ra.
However, traces with two and three signals were also
found (see Fig. 2b). These data allow us to unambigu-
ously assign a decays of *'*Th and **U.

The traces of the ER’s from ER-o(*'"Th) were investi-
gated to find the o decay of the new nucleus *'U. In most
cases a single ER signal was seen. However, traces with
two signals, which include the o decay of the new nucleus
21y, were also found (see Fig. 2¢). More detailed infor-
mation will be provided in [3]. ,
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In preparation for an approved experiment aiming at X-
ray fingerprinting of element 115 decay chains to unam-
biguously determine the atomic number of the involved
nuclei, a number of final tests were performed in June
2011. The main experiment is designed to measure the
energies of characteristic X-rays emitted following de-
excitation via internal conversion in coincidence with «
decays into excited states. 287115 will be produced in
the 243Am(*3Ca,4n) reaction, isolated in the gas-filled re-
coil separator TASCA [1], and guided to the TASISpec
setup [2].

In this experiment we studied which of the two ion-
optical modes of TASCA [1] is more beneficial to use
together with TASISpec.  Previously, TASISpec has
been used with TASCA in the “Small image mode”
(SIM) with good results. However, simulations and ex-
periments [4] have shown that insertion of slits inside
TASCA can decrease the background in “High transmis-
sion mode” (HTM) significantly. To investigate the per-
formance of TASISpec with TASCA in HTM, the reac-
tion 298Pb(*8Ca,2n)***No was used (for details, see [3]).
First, the previously determined optimal TASCA SIM
quadrupole magnet settings for TASISpec were confirmed
to yield the maximum transmission. Secondly, a series of
HTM tests using the nominal TASCA focal-plane detec-
tor confirmed that a strong background suppression can be
achieved by inserting slits in TASCA. Thirdly, the HTM
magnet settings were optimized to give the best trans-
mission of 2°4No into TASISpec. This optimization was
guided by simulations [5] of the trajectories of 2°*No
through TASCA. Relative experimental transmissions were
derived from the number of events recorded in the o peak
from 2°*No in the TASISpec implantation detector, nor-
malized to the beam integral. The optimal settings were
found within the range of magnet settings suggested by the
simulations.

The spacial distribution of 2°*No events over the TASI-
Spec implantation detector with TASCA in HTM is illus-
trated in Fig. 1(b), showing data from a simulation of the

*This work was co-funded by the European Commission under the ca-
pacities program (Grant Agreement Number FP7-227867, ENSAR), and
supported by the Helmholtz Institute Mainz. We also thank the Royal
Physiographical Society in Lund for funding of equipment.
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Figure 1: (a) Energy spectra accumulated using SIM (blue)
and HTM (black). (b) Simulated distribution, in HTM, of
254No in the TASISpec implantation detector [3].

experiment. The implantation profile is elongated in the
horizontal direction, as expected in HTM. Since the ions
have to pass a cylindrical tube on their way to TASISpec,
the best use of the two focusing quadrupoles turned out to
be when the horizontal focusing is somewhat stronger than
the vertical one. The optimized settings established in this
experiment can be used for determining how to tune the
magnets in other experiments using TASISpec with HTM.

The transmission to TASISpec with TASCA in HTM
was ~80% of the one achieved in SIM. The main advantage
in HTM is the excellent background suppression. Fig. 1(a)
shows beam-on energy spectra from SIM (blue) and HTM
with slits inserted (black). The clean HTM spectrum im-
plies that it is possible to search for a-X-ray coincidences
in the beam-on periods as well as in the beam-off periods,
even without using a veto detector, such as a MWPC, for
implanted particles. In SIM, only beam-off data can be
used when no MWPC is installed, due to too high back-
ground rates during beam-on periods. Since the beam-on
data accounts for 25% of the events due to the duty cycle
of the beam, the total amount of TASISpec data is compa-
rable for HTM and SIM.
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The design for a new Inelastic Reactions Isotope Sepa-
rator (IRiS) [1] to be installed at the GSI Darmstadt has
been developed in a joint effort of an international col-
laboration, headed by the University Mainz, the Helm-
holtz Institute Mainz, and the GSI. This separator will be
dedicated to the investigation of neutron-rich isotopes of
heavy and superheavy elements, which can be produced
exclusively in multi-nucleon transfer reactions. So far,
experimental studies of transfer products with recoil sepa-
rators have focused on light isotopes not far from stability
for a number of reasons. These include low efficiencies
for multi-nucleon transfer reactions of recoil separators
that are optimized for fusion-evaporation reactions. Here,
we present developments toward a dedicated facility fea-
turing an extra-large angular acceptance separator IRiS,
which will make the study of heavy neutron-rich transfer
reaction products feasible.

The task of IRiS is to separate reaction products of in-
terest from the primary beam and unwanted byproducts.
The separated products will be delivered either into a de-
tector setup or alternatively to auxiliary setups for identi-
fication and further investigation of the species of interest.
For internal detection in a Si stop detector, maximum
acceptable count rates are on the order of 1 kHz. For de-
tection in auxiliary systems like a gas stopping chamber
for coupling to external experimental setups, count rates
up to 100 kHz appear acceptable.

In our feasibility calculations, two particular nuclear re-
actions were studied in detail: the reaction **Ca + ***Cm at
a center-of-mass beam energy Ecy = 209 MeV, and the
reaction 2*U + ***Cm at Ecy = 750 MeV. Predictions for
the multi-nucleon transfer channels from theoretical mod-
els of V. Zagrebaev [2] and G. Adamian and N. Anto-
nenko [3] were used for these studies. An ion-optical
simulation was developed in framework of this study to
test the performance of various potential IRiS setups for
the two selected reactions. Besides the heavy n-rich
products of interest, other reaction byproducts were simu-
lated as well as they will be the major source of back-
ground.

Due to large differences in the properties (e.g., velocity,
energy, angular emittance) of the studied heavy transfer
products when produced in different reactions, the opti-
mal setup differs for either of the reactions. The most ver-
satile setup was found to be one based on a superconduct-
ing solenoid magnet as the main component, with a stored
energy of E ~ 10 MJ. In the simulations, a solenoid
magnet with a maximum magnetic field strength of
Buax=4.3 T and dimensions of 2 m length and 90 cm inner
diameter was used. The target is located on axis at the
entrance of the solenoid. A beam dump blocking central
ions is placed axially at the exit of the solenoid and the
detector is located further downstream from the solenoid,

see Fig. 1. Ton-optical simulations of the identified opti-
mal setups resulted in efficiencies of roughly 20% for
separation of the heaviest (Z > 102) transfer products,
while keeping the background rate well below 100 kHz.
For the reaction ***U + **Cm, the background is predicted
to be below 1 kHz, when using a 500-pg/cm? thick target.
Using thicker targets resulted in increased background.
For the reaction *Ca + ***Cm two setups were investi-
gated. The setup tuned for detection of the heaviest
(Z > 102) transfer products resulted in background below
1 kHz and the possibility to roughly identify A and Z of
the ions. When the setup was adjusted for the detection of
Fm isotopes, the background increased to ~ 10 kHz.

Beam .

Actinide target

Solenoid

Detector

|5

Gas cell

-~ Beam dump
Figure 1: Schematic drawing of a solenoid-based IRiS
design in an asymmetric mode. A thin actinide target is
bombarded with a heavy-ion beam. A beam dump located
on axis behind the solenoid stops both, beam ions, which
pass through the target without undergoing nuclear reac-
tions (red arrow) as well as light products of transfer re-
action channels (violet). Heavy transfer reaction products
(blue) are focused on a disk-like detector at the exit of the
solenoid. In the separator mode, the detector is removed,
and the products pass through a thin window into the gas-
filled stopping cell, where they are available for transport
to ancillary setups.

We conclude that the optimal identified setups perform
better than expected for the reactions of choice. These
setups will most probably not only allow for delivery of
separated products into a gas stopping cell, which is the
main design requirement, but also enable on-line detec-
tion in internal Si detectors. The above described setups
offer enough space for inserting of multiple gas-filled
detectors for precise TOF measurement and ideally also
for a rough Z identification.
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Masses in the region of the heaviest elements could pre- g 11| B
viously only be derived indirectly by linking mass dif- E 11 CIC]
ferences between nuclides and their decay products using E”i N
measurech-decay energies. However this approach de- £ DIDD
pends on the knowledge of nuclear level schemes. Incon- & — O L
trast, direct mass measurements yield absolute mass values, 109] |
binding energies and provide anchor points to pin down 104 L]

«a-decay chains. This is especially important for odd-odd 103
and odd-A nuclides, where thedecay typically populates _
excited states. In the absence of complete and quantita- 102 8;;%;0 s;’:ggs 85235@‘
tive information of the nuclear structure, no unambiguous I I | — T
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mass determination is possible. Mass measurements of nu- Neutron number
clides, e.g., arountf*No allow determining the masses of
nuclides located in the superheavy element region. Figure 1: Decay chains linked to the direct mass measure-

Nuclides above fermium can only be produced at vergnents from this work. The mass excess is indicated in keV.
low rates. Nonetheless, recently the first direct measure-
gﬁln;?rggtprarisur_«’la_lﬂlumbl:[lu_cllddes have tbeen perforlmed W'thln the Atomic-Mass Evaluation 2003, the masses of the
[1]. The obtained accurate mass values prog, o ciym isotopesd®>:2%6Lr were only estimated from

vided anchor points to fix-decay chains passing thrOthsystematic trends. The combination of our direct mass

i H 52—254
the nobelium isotope¥® No [2]. The measurements measurements with spectroscopic data allows determining

the masses of superheavy nuclides (see Fig 1). The masses
i 55 255—256 i i -

clides, namely***No and Lr. The ra_dlonuchdes of a-decay chains starting with even-even nuclides, as for
were proqluce_d and separat_ed from the primary l_)eam %&ample”ODs (Z = 110), are now established with low un-
thfg éel(;cny f'lte.{hSIHldP' Flés:;)_n-ev{a;]p?ranotn reactions do ertainties. For the first time we also provide anchor points
a —t.a beam with fead and bismuth targets were usec Br nuclides with an odd number of protons. Moreover,
produce different nobelium and lawrencium isotopes wit e new mass value froRi*No complement our previous
cross sections as low as about 50 nb. Evaporation residygs i< on the neutron-rich side of thé = 152 deformed
were guided to SHIPTRAP. In a first step thel_r ENErgy Wagnhe|1. Thus our experimental binding energies provide pre-
decre_ased from_tens of MeV fo a few eV using a _bUﬁer'ise values for the two-neutron separation energigs

gas filled stopping cell. Afterwards they were injecte his allows mapping the deformed shell gaphat= 152,
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qB/(2rm) of the ions using a time-of flight ion-cyclotron- i s herefore the results obtained with SHIPTRAP en-

resonance _detect|on technique. An Important developmep\ce oy knowledge of shell effects nearby the predicted
to substantially reduce long-term fluctuations of the Magziand of stability

netic field [3] allowed the recording of a single resonance
over a period of 4 days in the case®fLr. This measure-
ment represents a significant breakthrough towards direct References
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Gas-phase chemical studies of transactinide elements
were so far restricted to simple, thermally stable, inor-
ganic compounds. Metal-carbonyl complexes would pro-
vide a link to metal-organic chemistry. Binary, mononu-
clear, volatile carbonyl complexes are known for all
lighter elements of group 6 and 8 of the periodic table.
Seaborgium hexacarbonyl has been predicted to be stable
[1]. Its experimental study would be interesting, because
relativistic effects are predicted to influence the metal-CO
bond.

We explored the method of rapid in-situ synthesis of
transition-metal carbonyl complexes with short-lived iso-
topes. First tests were performed at the TRIGA Mainz
reactor, using the **Cf(n,f) reaction. Recoiling fission
products were thermalized either in pure N, or in a
CO/N,- mixture. All volatile compounds were transported
in a gas stream to an activated charcoal trap, which was
monitored with a y-ray detector. Figure 1 shows a typical
spectrum from the CO/N, measurements.
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Figure 1: y-ray spectrum of fission products transported in
a CO/N; mixture collected for 2 min in a charcoal trap.
Subsequently, the sample was measured for 2 min. y-
lines, which were also visible in spectra of pure N, ex-
periments, are marked with *.

Short-lived isotopes of Se, Mo, Tc, Ru and Rh were
only observed in the spectra when CO was added. These
elements form volatile compound with the CO. Transport
with cluster (acrosol) material can be excluded.

To test this method under experimental conditions rele-
vant for transactinides, a-decaying '“W, '**W, '"0s and
"0s  were produced in '**Sm(*Mg4-5n) and
132Gd(**Mg,4-5n) reactions at the gas-filled recoil separa-
* Work supported by the Helmholtz Institute Mainz, the
Research Center Elementary Forces and Mathematical
Foundations (EMG), the BMBF under contract No.
06MZ2231, and the Swiss National Science Foundation
under contract No. 200020 126639 *evenj@uni-mainz.de
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tor TASCA. Evaporation residues were separated from the
primary beam and from unwanted transfer products
within TASCA. They were thermalized in mixtures of He
and CO in a Recoil Transfer Chamber (RTC) [2] at the
TASCA focal plane. Volatile carbonyl complexes — most
likely Os(CO)s and W(CO)s — were formed in the RTC
and were transported with the gas stream to the thermo-
chromatography detector COMPACT [3]. The COM-
PACT detector array is a chromatography channel consist-
ing of SiO, covered PIN diodes, suitable to register o
particles emitted from volatile species inside the channel.
A negative temperature gradient was applied along the
chromatography column. Figure 2 shows thermochroma-
tograms of Os(CO)s and W(CO)s. The measurements are
compared to Monte Carlo Simulations. From the deposi-
tion patterns of W and Os, adsorption enthalpies of
W(CO); of (—46.5 % 2.5) kJ/mol and (-43 33 ) kJ/mol for

Os(CO)s were deduced. These values indicate physisorp-
tion of these carbonyl complexes on SiO,.
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Figure 2: Upper graph: combined thermochromatogram
of 0s(CO)s and '"'0s(CO)s. Lower graph: combined
thermochromatogram of '*W(CO)s and '**W(CO)s.

Based on the results of our experiments, Sg(CO), and
Hs(CO)s are now within reach for transactinide chemistry.
These compounds are suitable for chemical characteriza-
tion by thermochromatography and appear highly promis-
ing for nuclear spectroscopy under low background con-
ditions.
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Precise knowledge of nuclear properties like binding
energies, nuclear spins and moments or charge radii is
essential to obtain a detailed understanding of nuclear
structure. The TRIGA-SPEC facility [1] allows to
determine these properties by investigating stable
nuclides, long-lived actinide isotopes and neutron-rich
fission products. An on-line ion source, based on the ion
source of the HELIOS mass seperator setup [2], was
recently installed and tested.

Short-lived neutron-rich isotopes are produced in the
neutron-induced fission of, e.g., 2°U at the TRIGA Mainz
research reactor. The fission products are thermalized in a
gas-filled recoil chamber, which is flushed with the gas
seeded with KCI aerosol particles, on which non-volatile
fission products adsorb. They are rapidly transported with
the gas flow through a capillary (1 mm ID) to the on-line
ion source [3].

The first part of the source is a cone-shaped skimmer to
remove the carrier gas while the aerosol particles enter the
source. The main part of the source consists of a tungsten
tube, which is heated up by electron bombardment to
temperatures above 2000°C. Aerosol particles inside the
source break up and fission products are released and
ionizied by surface ionization. This method works well
for alkaline, alkaline earth and rare earth elements. The
ions are subsequently extracted and accelerated by high
voltage (30 kV) towards a 90°-dipole-magnet which is
used for mass separation. Behind the magnet, several de-
tection systems (Faraday Cup (FC), Si-Detector,
Microchannel plate (MCP)) are available for beam moni-
toring.

In a first run, two mass spectra were recorded with the
FC (Figure 1), with and without gasjet. lons of alkaline
elements (Na", K, Rb") were detected as expected. The
K* signal increases significantly when the gasjet is turned
on because of the large number of KCI particles entering
the source.

In a second step a Si-Detector was used to detect the -
decay of fission products. The focus was on Rb isotopes,
because they are produced with high yield and can be
easily ionized. The signal of the Si-Detector had only a
weak background signal (about 1ct/s). While scanning
through the mass region of Rb, significant increases in the
count rate were observed. Around mass 92 and 93 count
rates of up to 5-20 cts/s were achieved. This corresponds
to the short-lived isotopes “’Rb and **Rb with half-lifes of
45 s and 5.8 s. ?Rb was collected for about 45 min by
implantation into an Al foil. Afterwards, the decay

counts

products (Sr and Y isotopes) were detected by a y-
measurement (Figure 2). This measurement demonstrates
for the first time the ionization of fission products at the
TRIGA-SPEC facility. Future work will focus on
improving the overall efficiency and stability of the setup.
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Figure 1. Mass spectrum behind the dipole magnet

recorded with a Faraday Cup.
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Introduction and motivation: An open question in
neutrino physics is whether the neutrino is its own
antiparticle, i.e. of Majorana type. The observation of a
neutrinoless double-beta transition could give the answer
to that question [1]. However, such transitions are
difficult to observe due to their long half-life. For
nuclides undergoing double-electron capture, the decay
rate is resonantly enhanced in case of an energy
degeneracy of the ground state of the mother nuclide and
the nuclear and/or atomic excited state of the daughter
nuclide [2, 3]. In this case the double-electron capture
can take place without the emission of an additional
photon to carry away the excess energy, which leads to a
significantly higher decay rate. The resonance condition
for double-electron capture is fulfilled if the excess
energy  A=(Q-E, —B,,) is smaller than the sum of

widths of the two-electron-hole state and the nuclear
excited state of the daughter nucleus I',;. Q denotes the
Q-value, i.e. the mass difference of the atomic masses
(Mm — Mg) of the mother and daughter nuclides, E, the
nuclear excitation energy, and By, is the energy of the
double-electron hole state. The uncertainty of the Q-
value is often the limitation for the identification of
resonantly  enhanced  transitions.  High-precision
measurements of the Q-value with Penning-trap mass
spectrometers such as TRIGA-TRAP [4] can provide
direct measurements of double-electron capture Q-
values with the precision of a few hundred electron volts
or better [5]. Thereby, resonantly enhanced transitions
can be identified. In 2011 we have investigated three
double-electron capture Q-values of the transitions
1OGCd-106Pd, 1OSCd_1 SPd, and 18405-184W.

Experimental setup and results: The mass and Q-value
measurements were performed offline with TRIGA-
TRAP using the laser ablation ion source [6] equipped
with cadmium, palladium and tungsten foils with natural
isotopic abundance. Due to the low isotopic abundance
of **0s (0.02%) a target was prepared from a sample
enriched in '®Os (1.5% abundance) and pressed into a
pellet using silver powder as adhesive material. The Q-
values were measured by recording alternately the
cyclotron frequency of the mother and daughter nuclide
with the time-of-flight ion-cyclotron resonance (TOF-
ICR) method. A Ramsey excitation scheme was used
with two excitation pulses of 100 ms and a waiting time
of 800 ms in between for cadmium and palladium, and
two excitation pulses of 200 ms excitation and 1600 ms
waiting time for osmium and tungsten. The Q-value is
obtained from the frequency ratio r = v,/vy from the
mother to the daughter nuclide:

Qsz_Md Z(Mm_me)(l_r)’

where m, denotes the electron mass. The Q-values obtained
from the measurements are listed in Table 1.

Transition Qexp / keV Qame2003 / keV
106Cd-1%pg 2775.01 (0.56) 2770 (6)
%8cd-"cd 272.04 (0.55) 272 (7)
#10s- W 1453.68 (0.58) 1451.2 (1.0)

Table 1: Q-values of double-electron capture transitions
determined by TRIGA-TRAP and the literature Q-value from the
Atomic-Mass Evaluation (AME) 2003.

Q-values of three double-electron capture transitions were
determined. In case of °Cd the Q-value from a previous
experiment [7] was confirmed. An energy degeneracy to an
excited (2, 3) state at 2748.2(4) keV excitation energy was
found [7, 8], but the decay rate is suppressed due to the
negative parity of the excited state and the double-electron
capture probability from KL; orbitals. The Q-values of the
double-electron capture in *®Cd and ***Os were measured
by Penning-trap mass spectrometry for the first time and
their uncertainties were reduced. No resonant enhancement
was found for '®Cd. '®0Os has an excited 0" state at
1322.152(22) keV excitation energy and an energy excess
of 11.3(1.0) keV for the capture of two K-shell electrons.
The upper limit for the half-life predicted for this transition
is about 10%” years [8], which is rather short compared to
other double-electron capture transitions. Our measurement
yields a smaller excess energy of 8.83 (0.58) keV
suggesting the half-life to be shorter. Our data will be useful
for a recalculation of the half-life.

Conclusion and outlook: Three Q-values of double-
electron capture nuclides were measured. For %°Cd the
value from [7] was confirmed. For ®Cd and *Os, the
uncertainty was significantly improved. Our result can be
used to recalculate the half-life of **Os in order to decide
whether it is a suitable nuclide to observe the neutrinoless
double-electron capture.
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