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Why COULEX?
SHE structure: 

• nuclear deformation  
(from spherical to prolate and oblate shapes)  

• possible triaxiality 
Ćwiok S, Heenen P-H and Nazarewicz W 
Nature 433 (2005) 705 

• superdeformation  
Polikanov S M et al, I Sov. Phys. JETP 15 
(1962)1016 

• collective octupole excitations 
Kondev F G, Dracoulis G D and Kibédi T,  Data 
Nucl. Data Tables 103–104 (2015) 50  

• high-K states 
Löbner K E G, Phys. Lett. B 26 (1968) 369

Coulomb excitation: 

• low energy of interaction 
(good separation of nuclear surfaces, big 
distance of closest approach to neglect 
nuclear interaction) 

• high cross-section for the excitation process  
(depends on nuclear deformation) 

• applicable for a low beam intensities 

• precision measurements of electric moments 
in a model independent way 

• efficient population of high-spin states to 
study their spectroscopic properties  
(including non-yrast states) 

•



[325, 326], U234,236 [325] 238U [327], 242,244Pu [328] and
248Cm [329]. Prompt γ-ray transitions were detected using
Ge(Li) detectors. In order to select events corresponding to
the highest probability of multi-step excitation and conse-
quently, to enhanced population of high-spin states, the de-
excitation γ-rays were registered in coincidence with scattered
projectiles and target recoils detected in parallel plate
avalanche counters (PPACs). The information from these
detectors was also used to perform the Doppler correction.
Figure 46 shows the resulting γ-ray spectrum in the case of
248Cm [329], corresponding to a rotational band populated up
to spin I 30�= . This is the heaviest nucleus, for which a
high-spin rotational band had been known prior to the 254No
studies performed in 1998. High-spin states of 248Cm have
not been revisited so far. Similar experiments were performed
in the same period at the LBNL, e.g. Coulex of a 248Cm target
using a 136Xe beam [330]. Besides energies of γ-ray
transitions, the reduced transition probabilities B E2( ) were
also deduced up to I 22�= . The fit procedure included the
lifetime of the 2+ state measured by Ton et al [323]. No
similar measurement could be yet performed for the heaviest
nuclei.

In the series of articles mentioned above, a rise in the
moment of inertia was observed. It was discussed as resulting
from the alignment of the high-j orbitals i13 2p , j15 2n . A
backbending was observed for the first time in this region in
244Pu [328]. The evolution of the moment of inertia was
compared to results of a cranked HFB calculation performed
with some simplifications to circumvent computational
difficulties which did not allow in the 1980s for ‘full’
calculations in this region. From this calculation, it was
concluded that the alignment was due to the breaking of a

i13 2p pair. However, the question of a competition between
the i13 2p and j15 2n pairs in the description of upending and
backbending is a longstanding problem which is still under
debate 40 years after, as discussed in paragraph 3.7.

For completeness, let us also mention in the same spirit
more recent Coulex experiments on 248Cm and 240Pu using a

thick target ( 50 mg» cm−2), in which new negative-parity
side bands have been observed [331].

3.2.2. Transfer reactions. While Coulomb excitation allows
only access to nuclei that can be provided as a target or as a
beam, MNTs allow to explore nuclei in a broader
neighborhood of the target or beam. Compared to Coulomb
excitation measurements, where only the inelastic and fission
channels are open (at least for sub-barrier experiments), the
experimental conditions are more demanding for MNT
studies. In order to perform prompt γ-ray studies one has to
(i) identify the MNT products in (A, Z); (ii) detect the angle
and velocity for Doppler correction, since the products are
characterized by a large momentum and angular dispersion.
These requirements can be fulfilled in lighter mass regions
using e.g. a PPAC [332, 333], a E ED - telescope for light
fragment identification [334], or an annular Si detector [335].
These techniques are, however, difficult to adapt to highly
active targets. Moreover, the most interesting channels
usually correspond to several transferred nucleons, and so
the relevant cross sections drop rapidly. The techniques
mentioned above do not provide an unambiguous (A, Z)
identification of the heavy products. A mass separator would
not necessarily address the difficulties: a separator/
spectrometer at the grazing angle would intercept only a
small fraction of the differential cross section and therefore
would lower the observation limit (provided that a sufficient
(A, Z) resolution would be obtained). The question whether
the differential cross section remains non-negligible around
zero degrees and therefore whether a zero degree separator
could be used is largely debated and we will come back to this
subject in section 5.2.1.

Experimental difficulties have been overcome only
recently using e.g. the 248Cm O18( ,16O)250Cm reaction [386].
A light beam was selected in order to keep a sufficient
(A, Z) identification of the ejectile, however it resulted in
observation of transitions at low spin only, which did not
allow to fully probe alignment phenomena. An alternative to
event-by-event ion identification using a particle detector is to
rely on high-fold ng or X– ng coincidences to pin down the
decay cascades of interest. A highly efficient and selective γ-
ray detection array is therefore needed. Since particles are not
detected, one has to use a thick target (or a thin target on a
backing) to minimize the Doppler broadening. This works
only if the time needed for the ion to be fully stopped in the
target material is shorter than the lifetimes of the states of
interest, which turns out to be the case, since typical stopping
times are of the order of a picosecond, comparable to the time
needed to emit a few γ-rays at high spin6.

This technique using a thick 232Th target and large Ge
arrays has been applied by Cocks et al in a series of
experiments performed at JYFL, ANL and LBNL [336]. In
the experiment using the 136Xe (833 MeV) + 232Th reaction
and GAMMASPHERE, high-spin states of 218,220,222Rn

Figure 46. Ground-state rotational band of 248Cm populated in
Coulomb excitation using a 208Pb beam at 5.3 MeV/u . Reprinted
figure with permission from [329], Copyright (1981) by the
American Physical Society.

6 Take as an example the 30 28+ + transition at 520 keV in 232Th. From
(34): Q20 = 1321 efm2 assuming 0.3b = . Then from (23): B E2( ) = 56×103

e2fm4 and finally from (25): t T E1 21 2 = ( ) = 0.4 ps.
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COULEX of 24896Cm 
classic approach

Experiments: 

• GSI Darmstadt, 
Target: 248Cm (250 μg/cm2) 
Beam 208Pb (5.3 MeV*A)  
Piercey R B et al., Phys. Rev. Lett. 46 (1981) 
415 

• LBNL 
Target: 248Cm (1.18 mg/cm2) 
Beams: 58Ni (4.5 MeV*A), 
             136Xe (4.7 MeV*A)  
Czosnyka T et al.,  Nucl. Phys. A458 (1986) 123

Piercey R B et al, Phys. Rev. Lett. 46 (1981) 415
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neutron-rich molybdenum and ruthenium isotopes are among the 
nuclei with the best prospects for the observation of low-spin tri-
axial phenomena, mainly due to the occupation of the neutron 
1νh11/2 and proton 1π g9/2 intruder orbitals [12–16]. However, 
this is a challenging issue to address as the shape degrees of free-
dom (β , γ , etc.) are defined in the intrinsic frame of the nucleus 
whereas observations are made in the laboratory, and one has to 
rely on the Kumar–Cline sum rules [17,18], which require knowl-
edge of several experimental E2 matrix elements, to provide the 
bridge between the two.

The level structure of 110, 112Ru has been investigated by prompt 
γ -ray spectroscopy of fission fragments [19–24] and in beta de-
cay [25,26]. The excitation energy of the first 2+ state reaches a 
near constant value between 108Ru and 114Ru; i.e., close to the 
N = 66 mid-shell point, suggesting constant quadrupole deforma-
tion. However, the ratio between the excitation energies of the first 
2+ and 4+ states never reaches the rotational limit for axial sym-
metry (R42 = 10/3), in contrast to the observations in the neigh-
boring Sr and Zr isotopes. In addition, it has been shown that the 
energy of the 2+

2 states decreases with increasing neutron number 
for the Ru isotopes, thus indicating an increasing susceptibility to 
the triaxial (or γ ) degree of freedom. In 110Ru, the 2+

2 level is ob-
served to be energetically below the 4+

1 state, a strong indication 
of triaxiality according to the Rigid Triaxial Rotor Model (RTRM) of 
Davydov et al. [27,28]. In fact, the Mo–Ru isotopes have the low-
est known 2+

2 states of any nucleus, with the exception of 192Os 
[29]. In addition, the relation E(3+) = E(2+

1 ) + E(2+
2 ), indicating 

a possible breaking of axial symmetry, is satisfied in 110−114Ru. 
It is important to note that such empirical criteria for triaxiality 
are only fulfilled in one other area of the nuclear chart; i.e., in 
the neutron-rich Os and Pt isotopes [6], but in this case the phe-
nomenon is limited to only a few isotopes, in contrast to a sizeable 
region.

Nevertheless, indisputable evidence for stable, non-axial nuclear 
shapes close to the ground state based solely on the analysis of 
energy spectra is notoriously difficult to obtain [30]. It is more 
instructive, therefore, to consider reduced transition probabilities 
in this type of analysis. Complications arise as B(E2) values or 
transition quadrupole moments in the ground-state band are only 
weakly affected by gamma deformation [31], although a recent 
study [32] reported such moments in the 8–16h̄ spin range for 
the yrast bands in 108−112Ru and discussed the results in terms of 
γ softness or possible triaxiality. More sensitive indications of tri-
axiality are the static quadrupole moments and the B(E2) reduced 
transition probabilities between levels of an excited, K = 2, band 
and states in the ground-state band [31]. In particular, Hartree–
Fock–Bogolyubov (HFB) based calculations going beyond the mean-
field approach using the Generator Coordinate Method (GCM) with 
the Gaussian Overlap Approximation (GOA), as well as results ob-
tained with phenomenological triaxial rotor models [27,28] predict 
reduced quadrupole moments and large B(E2; J → J ) values be-
tween %K = 2 bands. For the ruthenium isotopes, however, such 
absolute B(E2) values between bands were thus far experimentally 
unknown beyond stable 104Ru, which was found to be character-
ized by a prolate-triaxial shape with a degree of γ -softness [7].

In this Letter, results from the first multi-step Coulomb exci-
tation study of 110Ru are reported with the aim of searching for 
evidence of a triaxial shape close to the ground state, and of here-
with providing new information on shape evolution in the Ru iso-
topes. This unique study represents the first post-acceleration of 
an unstable, isotope of a refractory element and can only now be 
realized thanks to the CARIBU facility [33]. Despite long-standing 
interest, such studies have hitherto been impossible due to the 
physical properties of refractory metals, which prevent their re-
lease from the targets used at traditional isotope separation on-

Fig. 1. (Color online.) The CHICO2 particle spectrum. The plot displays the difference 
in ToF between the beam and target nuclei versus scattering angle, θ . The Pb recoils 
and various beam contaminants are labeled.

Fig. 2. (Color online.) Doppler corrected γ -ray energy spectrum gated on the A=110
group in the CHICO2 spectrum. A number of 110Cd peaks (labeled in green) are 
visible in additions to the 110Ru γ rays (red).

line (ISOL) facilities [33,34]. Furthermore, the measurement re-
ported here also benefits from the superior Doppler reconstruction 
achieved by the combination of the γ -ray tracking capabilities of 
the GRETINA array [35] and a highly-segmented particle detector, 
CHICO2 [36].

The experiment was performed at the Argonne Tandem Linac 
Accelerator System (ATLAS). As stated above, the 110Ru beam was 
provided by the CARIBU facility [33,38,39] where, starting from a 
∼ 1.7Ci 252Cf source, fission fragments were efficiently thermal-
ized and turned into a beam of 1+ charged ions by a gas catcher. 
The 110Ru1+ ions were then selected through the isobar separator 
and directed to a dedicated ECR source for charge breeding (to q =
21+) before being sent to the ATLAS linac for subsequent accelera-
tion to 430 MeV. The 110Ru beam impinged on a 1.5 mg/cm2-thick 
208Pb target (99.9% enrichment) located at the center of the 
GRETINA + CHICO2 experimental apparatus. The intensity of the 
radioactive beam was monitored at the beam dump by measuring 
the yield of γ rays associated with its beta decay (see Ref. [37]
for details). On average, 2000 110Ru ions per second hit the target. 
Gamma rays from multi-step Coulomb excitation were measured 
by the GRETINA tracking array [35] in coincidence with scattered 
reaction partners detected in the CHICO2 heavy-ion counter [36]. 
For this experiment, GRETINA consisted of 8 modules with 4 seg-
mented HPGe detectors each. Otherwise the experimental appara-
tus was essentially identical to that described in Ref. [37]. With 
the described setup, a resolution of 4.5 keV was achieved for the 
658-keV transition in 110Cd, which is shown in Fig. 2.

A representative time-of-flight (ToF) particle histogram is given 
in Fig. 1 while a γ -ray spectrum gated on mass 110 reaction prod-

COULEX of exotic beams 
(like „the 254No breakthrough”)

• projectile excitation  
(also inverse kinematics) 

• low beam current acceptable 
(high efficiency of detectors) 

• normalisation to target 
excitations.

COULEX @ 2000 110Ru per sec (3.9 MeV*A)  
ANL Caribu, GRETA & CHICO 
D.T. Doherty et al.,Physics Letters B 766 (2017) 334 



Current spectroscopy setup for SHE  
(e.g. GABRIELA@JINR, Dubna)

• High efficient set of HPGe 

• DSSSD front detector (HI 
and alpha) 

• DSSSD side detector  (alpha 
and EC) 

• MCP for TOF 

• Separator…
A. Yeremin et al., EPJ Web of Conferences 86 (2015) 00065



Inspiration: Slow down beams 
Coulex setup at GSI

• 2 MSP detectors for tracking 
of projectiles 

• target between MCP and 
DSSSD (e.g. 

• scattering angle from tracking 

• similar approach for  
SHE COULEX setup? 

• Limit: SHE beam intensity!

Development of Slowed Down Beams at the FRS for FAIR 727
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Ni ions and the

contaminants from nuclear reactions in Al degrader are shown in solid curves.

3. Experimental setup and results

In the present experiment a primary 64Ni beam at 250 MeV/u was slowed
down in a 3.95 g/cm2 Al degrader at the FRS. The experimental setup is
shown in Fig. 3 which consists of a plastic scintillator, a degrader, two po-
sition sensitive micro-channel plate (MCP) [4] detectors and a silicon (Si)
detector. The Si detector was used for a rough estimate of the beam en-

Fig. 3. Schematic setup for the slowed down beam experiment.

ergy during the measurement. The proper beam velocity after the degrader
was obtained from the Time-of-Flight (TOF) measurement between the fast
scintillator and the MCP detectors. The extracted energy distribution (from
TOF measurement) of the 64Ni ions after the degrader is shown in Fig. 4.
The width of the energy distribution is 8 MeV/u (FWHM). In order to
estimate the background underneath the 64Ni energy peak, the simulated
background distribution (see Fig. 2) was scaled to the observed distributionTarget

Target

F. Naqvi, P. Boutachkov et al.,  
 ACTA PHYS. POL. B 42 (2011) 725 



SHEs’ Menu
SPIRAL2 & S3: 

• 256Rf ~ 10-1 pps @ 15 pμA  

• 254No ~ 10 pps @ 15 pμA

separator. The optics elements remain unchanged, therefore, it
will have a QvQhD configuration with the possibility to choose
different angles at the exit of the dipole (different bending
angles) in order to optimize the performance as a function of the
reaction kinematics. A test performed in 2009 validated the
concept [563]: a transmission of 95%» has been measured for
the reaction 40Ca + 150Sm with a direct beam intensity larger
than 1010. A transmission × detection efficiency larger than
60% is expected for Ca+Pb like reactions using the 20 × 10
cm2 MUSETT DSSD array [564]. VAMOS-GFS is intended to be
coupled with AGATA [565], EXOGAM [566, 567] or the PARIS
calorimeter [568].

5.1.3. The cw-LINAC project for GSI/FAIR. With the advent of
the new facility FAIR at GSI, the existing GSI universal Linear
Accelerator (UNILAC) will be adapted to the requirements of
the new facility, losing its high duty cycle capabilities
(presently 25%: 5 ms beam pulse length with a repetition
rate of 50 Hz) which are essential for SHN research. As an
injector for the synchrotrons of FAIR it will have in future
short pulses at a low frequency of 1–3 Hz. As a consequence, a
new dedicated accelerator project is presently under
development. It will consist of a new superconducting
28GHz full performance ECR ion source combined with an
RFQ injection structure and a new continuous wave (cw)
heavy ion LINAC. This high intensity/high duty cycle
accelerator facility will serve for SHN research, with SHIP

and TASCA, as well as material research, biophysics and plasma
physics experiments at beam energies of several MeV. For
more details of this project see [569], from which the design
parameters of this machine are taken as listed in table 7.

A first linac demonstrator unit presently being tested at
GSI is shown in figure 79 taken from [569]. It consists of a
cryostat housing a superconducting CH-cavity in between
two super conducting solenoids. The final complete cw-
LINAC should have similar performance characteristics as the
other two high intensity stable beam accelerator projects
presently being constructed: the SHE-factory at FLNR in
Dubna (see section 5.1.1) and the SC LINAC+S3 at GANIL
in Caen, France (see section 5.1.2).

5.1.4. AGFA at ANL. AGFA is the new Argonne Gas-Filled
Analyzer [227]. It is a high acceptance gas-filled separator
with a QvD configuration. According to simulations, a
transmission × detection efficiency of 70%» is expected
for reactions of the Ca + Pb type. AGFA is intended to be

Table 6. Proposed nuclei for ‘day 1’ experiments at S3 and for the phase 1++ when an injector with the capability to prepare ions with A/
Q = 6 or 7 will be available at the SC LINAC presently under construction at the SPIRAL2 facility of GANIL. Courtesy of the S3

collaboration.

Nuclide Reaction Feature Cross-section Rate # of events
(pbarn) (ER) (h−1) per 7 days

254No 48Ca+208Pb K-isomer 2 106´ 6 104´ 6 107´
256Rf 50Ti+208Pb K-isomer 17 103´ 550 540.000
266Hs 64Ni+207Pb ER 15 (270Ds) 0.34 285
266mHs 64Ni+207Pb K-isomer 15 (270Ds) 0.01 12.5
270Ds 64Ni+207Pb ER 15 0.45 380
270mDs 64Ni+207Pb K-isomer 15 (270Ds) 0.22 190
262Sg 64Ni+207Pb α-decay 15 (270Ds) 0.02 25
276Cn 70Zn+207Pb K-Isomer 0.5 (277Cn) 0.01 12.5
288115 48Ca+243Am ER 10 0.3 300
288115 48Ca+243Am L x-rays 10 1,8 1800

Table 7. Design parameters of the planned cw-LINAC configuration
for SHN research at GSI/FAIR. Reproduced from [569]. CC BY
3.0.

Mass/charge 6/1
Frequency 217 MHz
Max. beam current 1 mA
Injection energy 1.4 MeV/u
Output energy 3.5–7.5 MeV/u
Output energy spread ± 3 keV/u
Length of acceleration 12.7 m
Sc CH cavities 9
Sc solenoids 7

Figure 79. Scheme of the cw-LINAC Demonstrator with the CH-
cavity (yellow) in its center in between two super conducting
solenoids (red-orange). Reprinted from [569]. CC BY 3.0.
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But in inverse kinematics to have  
3 MeV*A:  
254No ~ 2 pps @ 2 pμA (Pb beam)

challenging as far as the separator beam rejection is
concerned.

The charge state plunger technique is an alternative for
lifetime measurements [221]. This technique is based on the
electronic conversion of low spin transitions. After conver-
sion, the electronic structure is re-arranged with subsequent
emission of x-rays, Auger and Koster–Croning electrons. As a
consequence of Auger and Koster–Croning emission, the ion
charge state increases. The principle is to place an
‘equilibrium’ or ‘reset’ foil after the target. If the transition
occurs before the foil, it will reset the charge state to its initial
value while in the opposite case the charge state will be
higher. Analysis of the charge state distribution as of function
of the distance between the target and the foil provides the
(folded) lifetime of converted transitions. As mentioned in
section 2.3, MARA is well suited for the implementation of
this technique.

Mention should also be made of the conversion-electron
detection using the recoil shadow method [222]. The principle
is to screen the electron detection, which is at 90° with
respect to the beam axis, using a mask placed between the
target and the detection. Only electrons emitted after the mask
can be detected. Converting the mask size into flight-time and
changing its size subsequently enables measurement of the
(folded) lifetime of converted transitions. Lifetimes at the sub-
ns level can be measured in this way.

Coulomb excitation (Coulex) provides the most direct
measurement of the electric quadrupole moment. Using the
inverse kinematics reaction 48Ca(208Pb,2n)254No, an energy
of ≈3.1 MeV/A results for the residues. At this energy, the
Coulomb excitation cross section on a Pb target is of ≈27, 11,
5 b for the 4+, 6+, 8+ states, respectively [424]. However, a
rather pure 254No beam with a decent intensity of at least 10
ions s−1 should be delivered on the secondary target, which
can only be achieved using a 208Pb primary beam with an
intensity at the pμA level, in conjunction with a high
transmission separator with inverse kinematics capabilities.
As far as we are aware, both requirements are not fulfilled by
any existing or foreseen facility (the SC LINAC accelerator of
SPIRAL2, Caen should provide in the future a pμA 208Pb
beam but the S3 electric dipole is not suited for the high
electric rigidities associated to inverse kinematics).

In lighter isotopes populated with higher cross section
(via fusion-evaporation, transfer or eventually MNT), a re-
acceleration of VHN/SHN can be envisaged. This is already
possible at REX-ISOLDE up to at least Ra isotopes. An
actinide beam factory would be beneficiary for Coulex
experiments, but also for other techniques like direct reactions
of the type d(X, Y)p in inverse kinematics with the perspective
to study nuclear structure and to measure spectroscopic
factors via light particle spectroscopy.

In addition spectroscopic techniques used in other mass
regions can also be transposed to the heaviest nuclei, provided
that they are produced with sufficient yield, for instance
time differential perturbed angular correlations in a magnetic
field to measure the g-factors, atomic magnetic resonance
[623], etc.

6. Conclusion and open questions

Pushing the frontiers of the nuclear landscape in the direction
of mass and charge extremes has long been a driving subject
of research. Since the 18th century, well before the quantum
revolution, a considerable collection of literature has been
devoted to the search and claim for new elements, see e.g.
[624, 625]. With the discovery of the elementary constituents
of atoms and the need to deploy energies, orders of magnitude
larger than that of the chemical bonds, huge efforts have been
devoted to build facilities and devices to transform, modify
and probe nuclear matter. This corresponds to the ‘big sci-
ence’ (r)evolution during and after the Second World War.

In the field of heavy elements several main directions
were followed in parallel: (i) production of new elements and
isotopes (ii) chemistry (iii) detailed spectroscopy of the hea-
viest possible atoms and nuclei. While these studies have
important methodological differences, they basically require
similar facilities and devices with the largest beam intensities,
largest device transmission and selectivity, largest detection
efficiency, fastest response, etc. Dedicated devices were
specially designed for the SHN studies, just to cite SHIP at
GSI, the DGFRS and VASSILISSA in Dubna, GARIS at RIKEN,
and the BGS at LBNL. In the continuation of these efforts to
continuously push the frontiers, new dedicated projects will
soon be operational, namely the SHE factory in Dubna and
the SC LINAC — S3 combination at GANIL, Caen. This
promises a wealth of new discoveries. The quest for the SHN
island of stability is a tremendously difficult task; indeed, it is
not even clear whether it will be ever possible to reach the
corresponding isotopes. Spectroscopic information on the
particular nuclear structure features of VHN and SHN can
help to pave the path towards the superheavy species. It is
crucial in characterizing this extreme form of nuclear matter.
However, low production cross sections are also here an
additional obstacle to go beyond the region of Z 100» iso-
topes. The problem can be illustrated with the example of
254No and 256Rf, for which the production cross section drop
by more than 2 orders of magnitudes from ≈2 μb to ≈10 nb.

Several prospects in the field of detailed spectroscopy
have been discussed in this review. Advances and open
question can be summarized as follows.

The study of single-particle states and low lying collective
modes using decay spectroscopy is limited so far to production
cross sections of few tens of pb, i.e. potentially Z 106» at
best. In the forthcoming years with new facilities, studies
should reach the pb level corresponding to Z 116» (Lv). In
parallel, experimental developments should be made: for
example target technologies should be developed in order to
sustain the highest beam currents, experimental devices should
be able to probe short lived nuclei or isomers in the sub μs
range, etc.

The analysis of collective modes using prompt spectroscopy
has recently reached the 10 nb limit. A new generation of Ge
arrays based on digital electronics and/or γ tracking is being
built, but it will be difficult to go beyond the nb limit (Z 106» )
due to the rapid drop of the cross section and to the detector
counting rate limitations. A technological breakthrough is
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Summary
• COULEX of SHE: 

Fm, No (Z=100,102)  

• Detection setup - realistic 
update of existing facilities  

• Ions rate:  
a few pps @ 3 MeV*A  
- on the limit. 

• Challenge: 
SEPARATOR for inverse 
kinematics

In a pioneering experiment, Laatiaoui and co-workers
used reaction products from heavy ion fusion-evaporation
reactions separated from the beam by the velocity filter SHIP

[232]. In a cycle procedure the positively charged heavy ions
were stopped after SHIP in a gas volume, then attracted by a
filament polarized to a negative electric potential and
subsequently released into the gas volume again by heating
the filament to a controlled temperature. Shining lasers of
characteristic frequencies on the now neutral nobelium atoms,
they were ionized and transported to a solid state detector,
where they were identified by their characteristic α decay.

Scanning a specific frequency range with lasers in a two-
step excitation scheme the experimenters succeeded in
locating the resonance for the 1S0

1P1 g.s. transition in
254No for the first time in a transfermium nuclide [232],
opening up the possibility to study this nucleus in detail by
laser-spectroscopic means. With the observation of a first
series of Rydberg states they were able to establish an upper
limit for the ionization potential of the nobelium atom. A
continuation of these experiments will provide a firm
establishment of this value [233]. Using the different
technique of surface ionization, the ionization potential of
lawrencium (Z = 103) has been recently measured in

Table 2. List of spectrometers and separators in operation or being built for the spectroscopy or synthesis of VHN/SHN.

Name Optics Acceptance Dipole(s) B maxr E maxr Resolution Length
msr angle deg. Tm MV m

Vacuum devices

SHIP [213] QQQEDDDDEQQQD 3 6, 12, 12, 6 1.2 20 50n nD = 12
SHELS [215] QQQEDDEQQQD 22, 22, 8 12
RMS [218] QQESDSE 10 40 1 12 M MD = 280 8.2
FMA [219] QQEDEQQ 8 40 1 18 M MD = 350 8.2
MARA [220] QQQED 9 40 1 14 M MD = 250 7
S3 Q3DQ3Q3DQ3– 9 22, 22, 22 1 1.8 M M 300D = 30
[223] Q3EQ3Q3DQ3

LISE [214] QQQ(E×D) 4 n.a. 3.0 n.a. 11.5
(FULIS) (E×D)QQQD

Gas-filled devices

DGFRS [224] DQhQv 10 23 3.1 n.a. n.a. 4.3
DGFRS-II [224] QvDQvQhD 30, 10 3.2 n.a. n.a. 6.3
GARIS [207] DQhQvD 22 45, 10 2.2 n.a. n.a. 5.75
TASCA [212] DQhQv 13 30 2.4 n.a. n.a. 3.5
RITU [225] QvDQhQv 8.5 25 2.2 n.a. n.a. 4.7
BGS [208] QvDhD 45 70 2.2 n.a. n.a. 4.6
SHANS [211] QvDDQvQ 25 52 2.9 n.a. n.a. 6.5
HYRA GF [226] QQDQDQQ 28 2.25 n.a. n.a.
AGFA QvD 44@40 cm 38 2.5 n.a. n.a. 3.9
[227] 22@80 cm 4.2
VAMOS-GFS [563] QvQhD 70 max 20-60 2.2 n.a. n.a. 7.6-8

Figure 24. The velocity filter SHIP of GSI in its version from 1994. In
addition to the original version [213], apart from focal plane
detection development, a magnetic dipole for further background
suppression had been added at the end of the ion-optical system [49].
(Graphics: Maurer. Reproduced with permission from J. Maurer.)

Figure 25. The SHELS separator at Dubna. Reprinted from [217],
Copyright 2015, with permission from Elsevier.
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