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A gas-filled recoil separator, SHANS (Spectrometer for Heavy Atom and Nuclear Structure), constructed at
the Institute of Modern Physics in Lanzhou is reported. With the QDQQ magnetic configuration, where D
and Q denote the dipole and quadrupole magnets respectively, the apparatus is used to study the heavy
nuclei produced in the heavy-ion-induced fusion reactions. The helium gas is filled in the field region of
the separator at a pressure of about 1 mbar. The maximum magnetic rigidity of the dipole magnet is
2.9 Tm. With the commissioning of the device, the performance of the separator in several fusion evap-
oration reactions is investigated.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction To study the heavy and superheavy nuclei properties, a gas-
For the last half century, the kinematic recoil separator has been
an useful tool to separate and study the heavy nuclei produced in
complete fusion reactions (see, e.g., Refs. [1–3]). In the device, the
fusion evaporation products recoiling out of a thin target can be
efficiently separated in-flight from the primary beam particles
and other unwanted products. The separation time is extremely
short on the order of 1 ls. The gas-filled recoil separator [4,5] is
one type of the most successful separation instruments. It was
originally developed for the separation of fission products to study
the charge distribution of fragments [6]. Later on, the separation
method was used in studies of evaporation residues (EVRs) of com-
plete fusion-reaction products.

Currently, with the application of this type of device, the heavi-
est elements with atomic number Z = 113–118 are firstly studied in
209Bi (70Zn, n)278113 reaction [7–9] and 48Ca-induced hot-fusion
reactions [2]. The detailed spectroscopy in the actinide and trans-
actinide nuclei region [10,11] and the cold fusion reactions for
odd-Z projectiles with 208Pb target [12,13] are investigated system-
atically. Furthermore, as a pre-separator, the device is also used for
the heavy-element chemistry experiments [14,15]. Several similar
gas-filled recoil separators are now in use, which are DGFRS at JINR
[16], BGS at LBNL [17], TASCA at GSI [18], RITU at JYFL [19], and
GARIS at RIKEN [20], and so on.
filled recoil separator, SHANS (Spectrometer for Heavy Atom and
Nuclear Structure), was constructed recently at the Institute of
Modern Physics (IMP), in Lanzhou, China. In this paper, we describe
the configuration and technical parameters of the separator in
detail. The primary experimental performance of the device in
the 40Ar + 175Lu, 64Ni + 208Pb and 40Ca + 175Lu reactions is also
discussed.

2. Spectrometer

2.1. Operation principle

For the synthesis and studies of heavy nuclei, the heavy-ion-in-
duced fusion reactions are normally used. When the EVRs recoiling
from a thin target move in dilute gas and experience a large num-
ber of collisions with the gas molecules, their charge states will
fluctuate around an average charge state (qave) resulting from elec-
tron capture and loss processes [21]. Then the motion of the inter-
est ions in a gas-filled dipole magnetic field is determined by the
following equation,

Bq ¼ mv=qavee; ð1Þ

where B is the magnetic flux density, q is the curvature radius of the
trajectory for the particles, e is the elementary charge, m and v are
the mass and velocity of the ions, respectively. According to Bohr’s
assumption [22], for a nuclear species ZA, the expression for average
charge state

qave ¼ ðv=v0Þ � Z1=3 ð2Þ

http://crossmark.crossref.org/dialog/?doi=10.1016/j.nimb.2013.05.062&domain=pdf
http://dx.doi.org/10.1016/j.nimb.2013.05.062
mailto:zggan@impcas.ac.cn
http://dx.doi.org/10.1016/j.nimb.2013.05.062
http://www.sciencedirect.com/science/journal/0168583X
http://www.elsevier.com/locate/nimb


Table 1
Technical parameters of the gas-filled separator.

Parameters Values

Configuration Qv DhQv Qh

Total length 6.5 m
Angular acceptance 25 msr
Dispersion 7.3 mm/%Bq

Dh magnet
Bending radius 1.8 m
Central trajectory length 1.6 m
Bending angle 52 �

Maximum magnetic rigidity 2.9 Tm
Entrance angle �45�

Exit angle 22�

Qv magnets
Effective length 667 mm
Aperture radius 120 mm
Maximum field gradient 6.8 T/m

Qh magnet
Effective length 500 mm
Aperture radius 85 mm
Maximum field gradient 8.9 T/m
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is obtained from the atomic Thomas–Fermi model in the first order
approximation within a velocity range 1 < v=v0 < Z2=3, where v0 is
the Bohr velocity (2:19� 106 m=s ). Thus, the magnetic rigidity Bq
can be expressed as the formula,

Bq ¼ 0:02267 � A=Z1=3ðTmÞ; ð3Þ

which is approximately proportional to Z2=3. It is indicated that the
Bq is independent of the initial charge state distribution and the
velocity of the particles. The corresponding trajectories of the ions
are only determined by the mass and atomic number. Conse-
quently, the EVRs can be efficiently separated in-flight from unre-
acted beam and other transfer products by their largest magnetic
rigidity. The main loss of EVRs is due to the ion optical characteris-
tics and scattering with gas molecules. However, in most cases, for-
mula (2) overestimates qave. The fact that the average charge state is
related to v ; Z, the type and pressure of the filling gas is clearly
shown in Ref. [5,25]. The accurate estimation of the qave is necessary
for setting the proper magnetic rigidity. In general, due to the lack
of knowledge about charge exchange cross-sections, the average
charge state qave can only be calculated by some semi-empirical
expressions [5,23–25].
2.2. Status of the gas-filled recoil separator, SHANS

The schematic view of the gas-filled recoil separator, SHANS, is
shown in Fig. 1. The separator consists of four magnets in a
QvDhQvQ h configuration, where D refers to a dipole magnet and
Q to a quadrupole magnet, as well as the subscripts h and v stand
for horizontally and vertically focusing, respectively. Comparison
with the classical DQQ configuration, an additional quadrupole
magnet with vertically focusing direction is added in front of the
dipole for matching with the dipole acceptance and increasing
the angular acceptance (25 msr). The dipole magnet is designed
with a horizontally focusing quadrupole component aimed to ob-
tain high transport efficiency. The 52� bending angle of dipole is
beneficial to reduce the background particles scattered onto the fo-
cal plane. The large maximum magnetic rigidity (2.9 Tm) of dipole
magnet is suitable to separate the heavy and superheavy nuclei
produced in cold and hot fusion reactions. Some of the characteris-
tics of each magnet are shown in Table 1.

Pure helium gas at about 1 mbar pressure is filled in the separa-
tor to achieve the required charge state exchange statistics. A
differential pumping system is installed upstream of the target to
isolate the vacuum region of accelerator side and the gas-filled
Fig. 1. A schematic view of the gas-filled recoil separator, SHANS. Dh denotes the
dipole magnet with horizontally focusing ability. Qv and Qh stand for vertically and
horizontally focusing quadrupole magnets, respectively. The typical trajectories of
primary beam and evaporation residues are also indicated.
region leading to window-less operation. Using this pumping
system, the pressure at the accelerator side could keep about 7
orders lower than the target chamber. In order to tolerate a very
intense heavy ion beam, a rotating target system is installed at
the target position for preparing the experiments with low melting
point targets. The maximum rotating speed of the wheel is up to
2000 rpm. A beam chopper is used to avoid irradiating the target
frame. And the chopping signal is recorded by the data acquisition
system in order to distinguish between beam-on events and beam-
off ones. In experiment, the beam intensity is monitored by four
silicon avalanche photodiodes (APD) to measure beam particles
elastically scattered by the target nuclei. They are mounted at
±30� and ±45� with respect to the incident beam direction. The
unreacted incident beam is stopped by a copper box installed
inside the dipole chamber.

A silicon semiconductor detector box (Si-box) is installed at the
focal plane position of the separator. Three 300-lm thick Position
Sensitive Silicon Detectors (PSSD) are mounted at the back of Si-
box as implantation detectors. They have total active area of
150 � 50 mm2 and are divided into 48 independent vertical strips
Fig. 2. a-Particle energy spectrum measured in the silicon strip detectors and
vetoed with the MWPC using the 204 MeV 40Ca+175Lu reaction.



Fig. 3. The position distribution of the decay of 210,211Ac obtained with the implantation detectors at 0.8-mbar pressure of He and the 1.72-Tm magnetic rigidity. The image is
projected onto the area of 150 � 50 mm2.
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providing 3-mm horizontal position accuracy. Signals are provided
from both the top and bottom of each strip. Resistive charge divi-
sion provides 1.5-mm vertical position resolution with each strip.
The typical energy resolution of PSSD is 50 keV FWHM for 5–
10 MeV a particles. Signals from the preamplifiers are processed
through two amplification branches, one for measuring 1–
20 MeV a particles and the other for measuring implantation and
fission fragments with energies of 5–200 MeV. Eight non-posi-
tion-sensitive silicon detectors are mounted in an open box
arrangement around the strip detectors. They are used to detect
the escaping radioactive decay events. Three punch-through detec-
tors, which have the same size and thickness as the implantation
detectors, are mounted behind the PSSD to provide veto signals
for light particles passing through the strip detectors.

A Multi-Wire Proportional Counter (MWPC) is mounted up-
stream of the Si-box as a timing detector, which have an active area
of 180 � 80 mm2. When arriving the detector chamber, the recoils
pass through the MWPC and are finally implanted into the PSSD.
The time-of-flight measurement allows us to distinguish the radio-
active decay events in the PSSD from the implantation ones. The
events without signals from the timing detector are regarded as
the decay events. The event chains consisting of implanted EVRs
and their subsequent a decay and/or spontaneous fission are iden-
tified by the position-and-time correlation method [1].
3. Performance of the separator

In the first testing experiment, the complete fusion reaction,
175Lu (40Ar, 4–5n)210,211Ac, was performed on the gas-filled separa-
tor to study the basic separation performance. The stationary tar-
get was used. Only one position-sensitive PIPS detector with an
active area of 58 � 58 mm2 was mounted at the focal plane posi-
tion. The measurement of magnetic rigidity distribution at differ-
ent helium gas pressures showed that the optimum pressure was
in the range of 0.8–1.0 mbar with the minimum of the image size.
The measured transport efficiency for 4–5n reaction products was
14%. However, this value should be considered a lower limit due to
the 50% uncertainty of the reference cross section [26] and the
insufficient detector active area.

As the first superheavy nuclei experiment on the device, the
cold fusion reaction, 208Pb (64Ni, n)271Ds, was carried out at a beam
energy of 317 MeV. The total counting rate in the focal plane detec-
tor was about 25 s�1 at the beam intensity of 6:6� 1011 ions=s. And
the rate of the 7–11 MeV a-particle energy region was 3.5 s�1. In
the experiment, one correlated a-decay chain assigned to the de-
cay of 271Ds nucleus was observed. The implantation event with
the energy of 30.63 MeV was followed by three a particles with
7–11 MeV energy in the same position window. The observed
10.644-MeV a-particle decay energy and 96.8-ms decay time for
the 271Ds are consistent with the values reported in the Ref.
[12,27,28]. The details of the decay chain are discussed in Ref. [29].

Recently, with the newly installed detection system
(MWPC + Si-box), a measurement was made using a 40Ca beam at
204 MeV incident on a stationary 500-lg/cm2 thick 175Lu target.
The target was evaporated on a carbon backing (33-lg/cm2 thick-
ness). The MWPC-vetoed a-particle energy spectrum obtained by
the strip detectors is shown in Fig. 2. Several isotopes from xpyn
evaporation channels and their subsequent a-decay nuclei were
identified by their decay energies. The suppression of the full en-
ergy primary beam was estimated to be a factor of 1015. Fig. 3
shows the position spectrum of the decay of 210,211Ac at the
implantation detectors under the condition of 0.8-mbar pressure
of Helium gas and the 1.72-Tm magnetic rigidity. With a dispersion
of 7.3 mm/%Bq, an acceptance interval (DBq) of �0:11 Tm (±6%) is
defined by the horizontal position distribution of the isotopes
210,211Ac.
4. Conclusion

A gas-filled recoil separator, SHANS, with the type of QvDhQvQ h

configuration is commissioned at IMP, which is dedicated to the
studies of heavy nuclei produced in heavy-ion-induced fusion reac-
tions. The large angular acceptance, bending angle and maximum
magnetic rigidity are designed. The complete fusion reactions,
40Ar + 175Lu, 64Ni + 208Pb and 40Ca+175Lu, were performed on the
separator and the fusion evaporation products were observed
clearly by the focal plane detection system. For the future work,
the research activity will be mainly concentrated on the study of
the very neutron-deficient isotopes in the actinide or transactinide
region.
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