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INTRODUCTION

The discoveries of new superheavy elements with
Z = 113–118, as well as of new neutron�rich isotopes
of elements 104–112, appeared to be the brightest sci�
entific results of the last decade. The priority experi�
ments were performed in Dubna (Russia) at the U�400
accelerator complex of the Flerov Laboratory of
Nuclear Reactions (FLNR) at the Joint Institute for
Nuclear Research (JINR) [1]. The synthesis was
effected in complete fusion reactions between doubly
magic 48Ca nucleus and neutron�rich actinide nuclei
(238U, 237Np, 242, 244Pu, 243Am, 249Cm,249Cf, and 249Bk).

The relatively long lifetimes of a number of new
nuclides (>1 s) have made it possible to perform inde�
pendent chemical identification of elements 112–115
and conduct pioneer experiments aimed at studying
the chemical properties of elements 112 and 114 [2].
The results of the synthesis of elements 112, 114, and
116 in Dubna were confirmed later by GSI (Darmstadt,
Germany) [3, 4] and Lawrence Berkeley National Lab�
oratory (LBNL) (Berkley, United States) [5].

The synthesis of new nuclides has stimulated the
development of methods for identifying them using
the classical mass�spectrometric techniques. However,
by contrast to the classical mass spectrometry, the

masses of new nuclides must be measured online, i.e.,
directly in the course of their synthesis on accelerated
heavy ion beams similarly to the well�known ISOL
method [6]. To do this, the Mass Analyzer of Super
Heavy Atoms (MASHA) has been designed and pro�
duced by the FLNR, JINR [7]. The unique potential
of the mass analyzer can be attributed to its capabilities
of measuring the masses of synthesized superheavy
element isotopes and, simultaneously, of detecting
their α decays and (or) spontaneous fission.

The main goal of this study was to develop the tech�
nique for measuring the isotope masses of the 112th
and 114th elements synthesized in the reactions
48Са + 238U and 48Са + 242, 244Pu. In this case, the key
points were the operating speed (the lifetime of
nuclides is from 0.6 to 30 s) and the separation effi�
ciency (the cross section of these reactions is ~5 pb).

LAYOUT OF THE SETUP 
AND ITS KEY PARAMETERS

The setup, the layout of which is shown in Fig. 1,
consists of the target assembly with a hot catcher; an
ion source based on the electron cyclotron resonance
(ECR); a magneto�optical analyzer (a mass spectrom�
eter) composed of four dipole magnets (D1, D2, D3a,
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and D3b), three quadrupole lenses (Q1–Q3), and two
sextupole lenses (S1, S2); and a detection system
located in the focal plane of the spectrometer. The
ion�optical scheme of the mass spectrometer was
comprehensively considered in [7]. In this section, we
describe separate units of the setup and present results
of measurements of the key separator characteristics.

Ion Source

An ion source based on the ECR (the ECR source)
with a 2.45�GHz frequency of its microwave oscillator
has been selected for ionizing atoms of nuclear reac�
tion products. The description of this source and its
characteristics were presented in [8]. In the ECR,
atoms are ionized to charge state Q = +1, accelerated
with the aid of the three�electrode system, and gath�
ered into a beam, which is thereafter separated by the
magneto�optical system of the mass spectrometer. The
ECR source helps to obtain ion currents consisting of
almost 100% of singly ionized atoms, and the ioniza�
tion efficiency of noble gases is as high as 90%.

The operating modes of the ECR source were opti�
mized by selecting the power and the frequency of
microwave radiation and the buffer gas pressure in the
ionizer chamber. Helium was used as a buffer gas, and
its pressure was regulated using a controlled piezoelec�
tric valve. The optimal parameters of the source were
obtained at a helium pressure in the range of (1–2) ×
10–5 mbar and a microwave oscillator power of ~30 W.

A Target Assembly and a Hot Catcher

In the first experiments aimed at measuring the
masses of isotopes of the 112th and 114th elements, a
hot catcher was used to inject products of complete
fusion reactions into the ECR source. Physically, the
hot catcher is a part of the target assembly shown in
Fig. 2. Prior to hitting the target, the primary beam of
heavy ions passes through the diagnostic system com�

posed of a split�type aperture of the electrostatic
induction sensor and a Faraday cup. The split aperture
is divided into four sectors each of which measures the
fraction of the beam current that does not fall into the
hole of the aperture. This system allows control of the
beam position relative to the ion guide. Physically, the
induction sensor is a stainless steel tube fixed in place
on an electrically isolated frame located past the split
aperture downstream of the beam and is used to mon�
itor the current in the course of the experiment. The
Faraday cup is fixed in place on the rotary vacuum�
tight feedthrough at a distance of 70 mm in front of the
target. Behind the diagnostic system, there is a station�
ary target fixed in place between two grids, which are
cooled with water and have a honeycomb structure
with an 85% transparency. The diameter of the active
part of the target is 15 mm. Nuclear reaction products
escape from the target, pass through the separating
foil, and are stopped in the graphite absorber, which is
heated to a temperature of 1500–2000 K. In the form

S2

D3b

D3a

S1 Q3

D2 Q2 Q1

D1

ECR source

Ion
beam

Hot
catcher

Focal plane F

Detector

Fig. 1. Schematic diagram of the MASHA mass separator: (D1, D2, D3a, D3b) dipole magnets, (Q1, Q2, Q3) quadrupole lenses, and
(S1, S2) sextupole lenses. The detection system is in focal plane F of the separator.

123

4

56

Ion

beam

112, 114
to the
source

Fig. 2. Target assembly with the hot catcher: (1) split aper�
ture, (2) measuring foil, (3) target, (4) separating foil, (5)
graphite absorber, and (6) heater.
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of atoms, the products diffuse from the graphite
absorber to the vacuum volume of the hot catcher and,
moving over the pipeline, reach the ECR source.

Foil made of heat�expanded graphite with a density
of 1 g/cm3 and a thickness of 0.6 mm is used in the hot
catcher as an absorber material. The graphite absorber
is shaped as a 30�mm�diameter disk placed behind the
target at a distance of 30 mm. The absorber is heated
by thermal radiation of a tantalum tape through which
a constant current is passed. The tantalum tape has a
15�mm width, a 50�µm thickness, and a length of
50 mm between the electric clamps. The spacing
between the heater and the graphite absorber is 2 mm.

The temperature calibration of the graphite
absorber was made using an IR pyrometer, which had
been placed outside the vacuum chamber of the target
assembly before the beam experiments. The pyrome�
ter detected radiation from the heated graphite, which
emerged through the sapphire window. Since the con�
figuration of the target assembly made it impossible to
monitor the temperature in the course of the experi�
ments, the temperature of the graphite absorber was
determined during the measurements by the heater
current.

Detection and Control System

A special strip detector intended for measuring low
direct currents was produced for adjusting the operat�
ing modes of the ECR source. It is an exact copy of the
frontal part of the silicon detector and looks like a cop�
per multistrip structure on a fiber�glass plastic.
The pitch of the structure is 1.25 mm, and the total
number of strips is 192. When the mass spectrometer
was tuned and calibrated, this detector was placed in
front of the silicon detector by means of the vacuum�
tight feedthrough. A special multichannel electronic
module was developed for this detector to measure the
low currents [9]. One module is used for 64 channels.
The lower threshold or a single channel is 60 pA, and
the upper limit is 5 µA. The electronic modules are
mounted outside the vacuum chamber with the detec�
tors. The data from the modules are transmitted
directly to a personal computer via a special interface
board.

A well�type silicon detector is installed in the focal
plane of the mass spectrometer to detect decays of
nuclear reaction products. The plane of the frontal
detector part is oriented along the normal to the beam
direction. The diagram of the detector with the key
dimensions marked in it is shown in Fig. 3. The frontal
detector part covers a 240 × 35 mm area of the focal
plane and consists of 192 strips with a pitch of 1.25 mm.
Four side detectors are installed around the frontal
detector part to increase the geometrical efficiency of
detection of reaction product decays. Each of the top
and bottom planes is divided into 64 strips, and each of
the left and right planes is divided into 16 strips.
All detector sections are 300 µm thick, and the thick�

ness of the dead layer at the entrance does not exceed
50 nm. The detector assembly in the focal plane is
mounted into a single metal frame. The standard oper�
ating bias of the detectors is –40 V, and their energy
resolution for α particles from a 226Ra source is
~30 keV. The described geometry of the detector
assembly makes it possible to detect no less than 90%
α particles emitted in a single nuclear decay at the cen�
ter of the detector’s frontal part.

The signals from each strip of the silicon detector
are read out independently. The signals arrive at the
input of 16�channel charge�sensitive preamplifiers
mounted outside the vacuum chamber. The output
signals of the preamplifiers are fed to the input of
8�channel shaping amplifiers with an embedded mul�
tiplexer. Each amplifier channel has two independent
amplification sections differing in the gain by a factor
of 10. One of them is tuned to the maximum energy
range of 20 MeV and is intended to detect α particles,
and the other is tuned to 200 MeV and is used for fis�
sion fragments. The output signals from both amplifi�
ers arrive at the input of independent analog�to�digital
converters (ADCs). The electronic modules, except
for the amplifiers, are made to the CAMAC standard.
The data from the CAMAC crates are transmitted to
the main computer situated in the experimental room
near the mass spectrometer. Control of this computer,
as well as data readout and visualization are effected
over the network from the remote computer at the
measuring center.

Two independent data acquisition programs are
used in the experiments: one for the silicon detector,
and the other for the strip detector measuring low
direct currents. The program servicing the silicon
detector allows viewing of one�dimensional energy
spectra from each strip, as well as two�dimensional
spectra of the energy dependence on the strip number
for each crystal. For the strip detector, it is possible to
view the spectrum of all 192 currents in the focal
plane, which is updated every second.

The system controlling individual elements of the
mass spectrometer, the vacuum system, the ECR
source, and the hot catcher is based on the standard

35

240

1324 4

Fig. 3. Silicon detector of the focal plane: (1) frontal part
(192 strips), (2) top part (64 strips), (3) bottom part
(64 strips), and (4) side parts (16 strips in each).
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LabVIEW package. Control is performed with the aid
of personal computers located at the measuring center
of the MASHA setup.

Setup Parameters

The operating modes of the ECR source and the
ion�optical system of the spectrometer were optimized
using special calibrated leakages of noble gases that
had been added to the helium that acted as the buffer
gas. The leakages provided atomic flows of noble gases
with the natural isotopic composition of up to (1–3) ×
10–7 (mbar L)/s. When the buffer gas was not supplied
and microwave radiation was absent, the vacuum con�
ditions allowed a pressure of ~5 × 10–7 mbar to be
obtained in the discharge chamber exhausted over the
7�mm extraction hole. Under these conditions, 90–
95% of the current extracted from the source consisted
of helium. Ions of the noble gas arriving from the cali�
brated leakage made ~3%, and the rest of the current
consisted of admixtures of the residual gas and other
ions produced in the microwave plasma of the source.
The mass spectrum of xenon isotopes measured using
the above technique is presented in Fig. 4. The
obtained mass resolution determined at half�maxi�
mum of the peak R = M/ΔM = 1300 appeared to be
close to the result of the calculation.

The dependence of the ECR source efficiency on
the mass number of noble gases is shown in Fig. 5.
The efficiency was defined as the ratio of the total
intensity of ions of all isotopes for a particular noble
gas in the focal plane of the mass spectrometer (in
terms of ions per second) to the atomic flow of this
gas supplied from the calibrated leakage to the dis�
charge chamber of the ECR source (in terms of atoms
per second). The error of the relative measurements
presented in this figure was ±10%. From Fig. 5, it is
apparent that the efficiency increases with an increase

in the mass number of a noble gas, being 84% for
xenon.

TEST EXPERIMENTS 
ON THE HEAVY ION BEAM

The first stage of testing of the entire technique was
performed on a beam of 40Ar ions. After passing
through a system of apertures and the separating foil
(Fig. 2), the beam with an energy of 284 MeV was
decelerated in the graphite absorber, which was heated
to the temperature Tgr = 1600 K. Argon atoms diffused
from the absorber volume and, moving in vacuum over
the pipeline, reached the discharge chamber of the
ions source in which they were ionized. The change in
the argon intensity was measured in the focal plane of
the spectrometer during beam deceleration in the
absorber and during its interception by the Faraday
cup. Figure 6 presents the dependence of the change
in the 40Ar+1 ion current in the focal plane of the spec�
trometer during beam deceleration in the absorber and
during its interception by the Faraday cup. The total
separation efficiency was determined as the ratio of the
argon intensity in the focal plane to the intensity of the
beam incident on the graphite absorber. The experi�
mental value was 25 ± 5% at the absorber temperature
Tgr = 1600 K.

Since element 112 is a chemical analog of mercury,
a decision has been made to carry out model experi�
ments aimed at determining the separation efficiency
and time of radioactive Hg isotopes synthesized in com�
plete fusion reaction 40Ar + 144Sm  184 – xnHg + xn.
The energy of the 40Ar beam accelerated at the
U�400M cyclotron was 284 MeV. The beam energy was
measured on a dedicated beamline by ions elastically
scattered from a gold foil with a thickness of 250 mg/cm2.
The energy was simultaneously measured by two inde�
pendent detectors: a time�of�flight detector based on

50
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Fig. 4. Mass spectrum of xenon isotopes.
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Fig. 5. Efficiency of the ECR source vs. the mass number
of noble gases.
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two microchannel�plate sensors and a silicon detector.
The accuracy of energy measurements by both detec�
tors was ±0.7%. The energy of the beam incident on
the target was measured by means of two titanium foil
absorbers installed in a frame in front of the target.
A monoisotope fixed target enriched with 144Sm to
98.5% was used in the experiment. The target material
in the form of oxide Sm2O3 was applied to a titanium
substrate 3.14 µm thick using the molecular elec�
trodeposition method. The working area of the target
was 15 mm in diameter. On the side of the graphite
absorber, the target was coated with a 2�µm�thick tita�
nium foil fixed in place at a distance of 3 mm from the
target. This foil was used as a heat shield protecting the
target material from destruction caused by inadmissi�
ble heating by radiation from the graphite absorber.
The target thickness was 0.8 mg/cm2 (as referred to
Sm). In the focal plane, products of a complete fusion
reaction were detected by the well�type silicon detec�
tor described above. Since the energy of the reaction
products escaping from the ECR source was only
38 keV, all of them stopped in the dead layer in the
frontal part of the silicon detector (the dead layer
thickness was ~50 nm) and thereafter suffered α decay.
About 50% of these α particles were detected by a
detector strip in which they were slowed down. As a
result, a two�dimensional matrix of the dependence of
the α�particle energy on the strip number was thereby
formed. Since the strip number is unambiguously
related to the Х coordinate of the focal plane, the mass
corresponding to this coordinate has been determined
by the field value in the analyzing dipole magnets of
the mass spectrometer. The α�particle spectrum pro�
vided additional information on the detected product.

Figure 7 presents the α�particle energy spectrum of
mercury isotopes as a function of the strip number in
the frontal part of the silicon detector. From the figure,
it is apparent that isotopes are separated with a high
efficiency both by the mass and by the α decay energy.

This dependence is basic for subsequent detailed data
analysis.

The energy spectrum of α particles for mass num�
ber А = 180 is shown in Fig. 8. Apart from the peak
associated with 180Hg decay (E

α
 = 6120 keV), the peak

corresponding to decay of daughter nucleus 176Pt
(E

α
= 5753 keV) is also recognizable in this spectrum.

From the spectrum, it is evident that the measured α
particle energies coincide with the tabulated values to
an accuracy of 5–6 keV (the tabulated values are pre�
sented in brackets), and the full width at half�maxi�
mum of the peaks is ≈40 keV.

The separation time was measured using the
method of beam chopping by applying a dc voltage to
the deflector plates. Two electrostatic deflectors were
used in the experiment: one of these was placed in the
injection channel of the U�400M cyclotron and per�
formed accelerated beam chopping, and the other was
placed at the exit from the ECR source of the MASHA
mass separator and used to chop the ion beam of com�
plete fusion reaction products. The graphite absorber
temperature was maintained in these measurements at
a level of 1600 K.

The time dependence of the α�activity counts is
presented in Fig. 9 for three mercury isotopes
(179, 180, 181Hg) detected in the silicon detector in the
focal plane of the setup. In this measurement, the
beam of the reaction products was chopped by the
deflector at the exit from the ECR source.

The second measurement was taken while chop�
ping the primary 40Ar ion beam incident on the target.
In this case, the activity was accumulated in the mate�
rial of the hot graphite absorber. In this case, the time
dependence was distorted by diffusion of Hg atoms
from the graphite, transport from the hot catcher for
the ECR source, and ionization in the source. Figure 10
presents the time dependence of α�activity counts of

50

5

0

10

15

100 150 200
t, s

I, A

Tgr = 1600 К

Beam OFFBeam OFF

Beam ON
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the silicon detector of the focal plane for the same
three mercury isotopes. From the figure, one can see
how the process of activity transportation from the
heated graphite absorber to the focal spectrometer
plane changes the time structure of the accumulation
and decay. The maxima of the peaks for all three iso�
topes were shifted toward longer time, and the “visi�
ble” decay constant increased. Since it was impossible
in the experiment to discriminate between the time of
diffusion from the graphite and the time of transporta�
tion to the ECR source, the ionization time, and the
time of flight to the focal plane, this visible decay con�
stant of each isotope is the additive effect due to these
four processes. Nevertheless, it is the diffusion of mer�
cury from the hot graphite that makes the decisive
contribution. Thus, the transport from the hot
absorber volume to the ECR source is described by the
molecular regime of gas outflow over the pipeline.
Calculations show that, under the conditions of our
experiment, the time it takes to transport mercury ions
from the absorber to the source does not exceed 0.1 s.
The ionization process in the ECR source takes 0.01 s
or less [10], and the time of flight of 40�keV ions from
the ECR source to the focal plane of the separator is
~40 µs.

Therefore, ignoring the ionization time in the ECR
source and the ion transport times, the dynamics of
accumulation and decay of the activity in the detector
of the focal plane can be presented as the difference of
the number of nuclei accumulated in the hot catcher
with the diffusion being ignored and taken into
account:

(i) during irradiation with the primary beam (τirr )
0 < t < τirr,

(1)

(ii) after the beam spill, t > τirr,

(2)

Here, the auxiliary function of isotope accumulation
in the hot catcher F (λ, t) = (λprod/λ) (1 – exp(–λt)) is
introduced and the following parameters are defined:
λprod is the isotope production constant, λdecay =
= ln(2)/T1/2 is the decay constant of this isotope, λdiff is
the diffusion constant, and λtotal = λdecay + λdiff.

The result of fitting is shown in the figures with a
solid line. The diffusion time averaged over three iso�
topes is 〈τdiff〉 = 1.8 ± 0.3 s.

The measured maxima of the effective cross sec�
tions for mercury isotope production are presented in
Table 1 for three reaction channels (2n, 3n, 4n). The
yields of the respective isotopes were corrected for the
branching of the α decays and the measured diffusion
time from the hot graphite. For comparison, this table
presents the maxima of the cross sections for produc�
tion of these isotopes, calculated using the modified
HIVAP program [11, 12]. The results of the calcula�
tions were normalized to the experimental data

( ) ( ) ( )beam�on decay total, , ;N t F t F t= λ − λ

( ) ( ) ( )[ ]

( ) ( )[ ]

beam�off decay irr decay irr

total irr total irr

exp

exp

,

, .

N t F t

F t

= λ τ −λ − τ

− λ τ −λ − τ
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Fig. 8. Energy spectrum of α particles for mass А = 180.
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Fig. 9. Time dependence of α activity counts for three Hg
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The chopped beam extracted from the ECR source con�
sisted of complete fusion reaction products. The time of
activity accumulation in the silicon detector is shown with
gray color (2 s). The theoretical dependences of accumu�
lation and decay of activities of the relevant isotopes are
presented with solid lines.
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obtained by Reisdorf in [13] when measuring the
energy dependence of the fusion cross section for the
reaction 40Ar + 144Sm  184Hg*. From Table 1, it is
apparent that, owing to its partially sub�barrier char�
acter, the calculated maximum of the excitation func�
tion cross section for the 2n channel is obviously
unlike the relations for the 3n and 4n channels. This is
the evidence of the unreliability of calculations for the
reaction proceeding near the Coulomb barrier. There�

fore, we decided to use the ratio of the sums of the
maxima for all three reaction channels to estimate the
efficiency. In this case, the computational and experi�
mental uncertainties are eliminated due to possible
redistribution of the cross sections between channels
2n and 3n. As a result, the total separation efficiency
has been obtained; its value is 7.0 ± 1.4%. The basic
measurement errors are associated with the inaccu�
racy of beam intensity monitoring and the thermal
degradation of the target material during irradiation.
A similar procedure has been used to determine the
separation efficiency for the ISOL method when pro�
cessing the data obtained at the ISOLDE setup
(CERN) [14]. In particular, an extraction efficiency of
7.8% has been obtained for long�lived mercury iso�
topes in synthesis of Hg isotopes in the reaction of
molten lead fragmentation with 600�MeV protons.
The hot system of transport from the target to the
plasma ion source was used in this experiment.

Table 2 presents the comparative data on the con�
ditions of the experiments conducted at the ISOLDE�
SC and MASHA setups. From the figure, it is apparent
that, at similar efficiencies, the time constant of Hg
isotope separation obtained at the MASHA setup is a
factor of 15 smaller relative to the ISOLDE�SC,
though the transport beamlines from the target to the
ion source differ in temperature.

CONCLUSIONS

Using the calibrated noble gas leakages, the ion�
optical system of the MASHA separator was adjusted
and the operating modes of the ECR ion source were
tuned. The efficiency and the operating speed without
the hot catcher were measured in the autonomous
mode. The operating modes with the hot catcher were
adjusted on the accelerated 40Ar beam, and the separa�
tion efficiency for argon was determined.

Mercury isotopes, some chemical properties of
which are close to the properties of the 112th and
114th elements, have been synthesized in complete
fusion reactions 40Ar + 144Sm. The technique for
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Fig. 10. Time dependence of α activity counts for three Hg
isotopes detected in the focal plane of the MASHA setup.
The chopping was performed for the beam incident on the
target. The activity accumulation time is shown with gray
color (2 s). The fit based on Eqs. (1) and (2) is presented
with a solid line.

Table 1. Maximum values of the cross sections for mercury isotope production in reaction 40Ar + 144Sm  184Hg*

Cross section

Reaction channel

2n 3n 4n Σ(xn)

Calculated cross section, mb 0.15 4.7 2.3 7.15

Measured cross section, mb 0.18 0.19 0.13 0.50

Efficiency, % 7.0 ± 1.4
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online separation of nuclear reaction products using a
hot catcher was used in the experiments. Spectra of α
particles from decays of isotopes were detected in the
focal plane of the well�type silicon detector. The oper�
ating speed of the setup was determined; its value was
1.8 ± 0.3 s. The separation efficiency was determined
by measuring effective maxima of the cross sections for
mercury isotope production and comparing them to
the results of calculations; its value was 7.0 ± 1.4%.
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Table 2. Comparative data on the conditions of the experiments conducted at the ISOLDE�SC and MASHA setups

Setup Absorber (target) material Absorber (target) 
thickness, g/cm2

Transport
temperature,

K

Separation
time, s

Separation
efficiency, %

ISOLDE�SC Molten lead 170 ≤1000 30 7.8

MASHA Heat�expanded graphite 0.06 293 1.8 7.0
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