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The detection system of the DGFRS-2 setup was employed in long-term experiments using ion beams of
40Ar, 8Ca, Ti,and **Cr from the DC-280 cyclotron at the Flerov Laboratory of Nuclear Reactions
(FLNR JINR). The registered energy spectra of recoiled superheavy nuclei were compared to calculated
spectra, and satisfactory agreement was achieved. Additionally, radiation effects observed during
prolonged irradiation were investigated. These effects included the growth of leakage current in the
DSSD focal detector as well as limitations on the use of silicon detectors and the application of ER spectra
modeling in long-term experiments. A representative example illustrating the increase in leakage current
of a DSSD detector during the experiment is presented. An attempt to predict the lifetime of the DSSD
detector in experiments at the DGFRS-2 setup is proposed, based on simple scaling of radiation damage
effects using the non-ionizing energy loss (NIEL) concept.

Keywords: superheavy element; separator; double sided silicon detector; leakage current; energy spectra

Introduction

The most profound insights into nuclear structure are often obtained through
the study of nuclei under extreme conditions. Superheavy nuclei (SHN) serve
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as a prime example, as their large proton numbers lead to intense Coulomb re-
pulsion, making them inherently unstable against spontaneous fission. However,
quantum shell effects provide additional stability, enabling the existence of these
nuclei. Several theoretical models predict an “island of stability” [1] — a region
around element 114 (flerovium), where nuclei are expected to exhibit significantly
increased half-lives relative to those outside this region.

Since 1998, the FLNR at JINR has conducted a systematic program of super-
heavy element synthesis using the Dubna Gas-Filled Recoil Separator (DGFRS)
[2, 3]. These experiments employed complete fusion reactions between “4Ca
ion beams and actinide targets. Between 1998 and 2002, new elements from
Flerovium (114) to Oganesson (118) were discovered at FLNR in reactions of 8BCa
with actinide targets of 242244pyy 243 A, 245248Cpy | 249Bk, 29Cf [4-7]. Several
of these findings were later independently confirmed at other international fa-
cilities, including SHIP, TASCA (GSI, Germany), BGS (Berkeley, USA), GARIS
(RIKEN, Japan) and SHANS-1, SHANS-2 (IMP, China) [8-14].

The synthesis of these elements was made possible by the use of advanced
gas-filled recoil separators and highly sensitive detection systems capable of
identifying rare «-decay chains and spontaneous fission events amidst substan-
tial background. These systems were crucial in reactions of the type **Ca +
actinide target — SHN + xn, carried out at the U-400 cyclotron. The observed
production cross sections range from 0.1 to 10 pb. However, future experi-
ments on the synthesis of elements with Z > 118 involving heavier projectiles
such as *Ti and >*Cr are expected to result in significantly reduced cross sec-
tions, thereby imposing more stringent requirements on the performance of both
separators and detection systems.

For further experiments, the new Superheavy Element Factory and the DGFRS-
2 separator were put into operation in 2020 [15]. The separator uses intense
(2-7 puA) heavy-ion beams from the DC-280 cyclotron [16]. During this period,
the following experiments were carried out [17-20].

Initially, the accelerated ions strike the target. As a result of a complete
fusion reaction — occurring with a very low probability — a compound nucleus
is formed in an excited state. In order to transit to its ground state without
losing protons, the nucleus must emit several neutrons and gamma rays. The
recoiled nuclei, ejected from the target due to the momentum imparted by the
bombarding particles (e.g., ¥Ca), enter the DGFRS-2 separator. There, they are
first vertically focused in-flight by the Q; quadrupole lens to pass through the
gap of the D; dipole magnet, which separates heavy nuclei from background
particles. Afterward, the recoils are additionally focused by Q, (horizontally)
and Qs (vertically), then pass through the D, magnet, which removes lighter
particles (such as protons and « -particles), before reaching the detector chamber.

The DGFRS-2 separator is filled with hydrogen gas at a pressure of approxi-
mately 0.7 Torr. The detector chamber is separated from the separator volume
by a 0.8 ym -thick Mylar window and is filled with pentane gas at 1.2 Torr. To
detect rare events of superheavy nuclei decay, the detection module shown in Fig-
ure 1 [21-23] was used. Regular leakage current measurements were conducted
to assess the detector’s radiation damage.
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The system is based on a DSSD detector for recording the decays of superheavy
nuclei and a low-fission gas module for detecting recoiled nuclei and other
charged particles moving outward from the cyclotron. Note that DSSD detectors
are widely used in science and not only in facilities such as gas-filled separators
[12, 24-29].

1. Energy spectra of recoiled superheavy nuclei de-
tected with the silicon radiation detector

In the experiments on the synthesis of superheavy elements (SHE), a special-
ized registration method known as the “active correlation technique” is em-
ployed. It enables registration of a -decays from daughter products in a virtually
background-free mode by switching off the cyclotron beam for the decay time
after detecting the ER-a correlation link in real time.

One-sided silicon strip detectors

Mylar window | =0 o o
0'8l1’m
ER’s & ey
background
from DGFRS-2

.\ Pentane, 12 Torr = [
—220V deflection plate AFE counter Double-sided silicon

strip detectors

Figure 1. Schematics of the detection module of the DGFRS-2 setup (not to scale).

The idea behind the “active correlations” method for real-time operation is
to create two discrete (matrix-based) virtual objects (“detectors”) in the memory
of the detection system’s computer. Specifically, these are the recoil (ER) and
alpha particle matrices, each with a discretization of X x Y. Here, X and Y
represent the number of horizontal and vertical strips, respectively. Naturally,
before this, the experimenter defines the ER and alpha-decay objects as part of
the preliminary conditions file.

The matrix elements contain the current time obtained from the hardware
(or the Windows system clock). When a signal of a type is received, it is
compared with the corresponding element of the ER matrix. If the time difference
tij(a) — t;j(ER) < e, the irradiation process is paused for a duration of At. If
an alpha decay is registered during the beam-off pause, and it falls within a
predefined energy range and the same position, the beam-off phase is extended.
Edge effects between neighboring strips are naturally taken into account [21, 30].
An alternative version of the trigger is also possible, using ER-a —a instead of
the standard ER-« [31]. Over the past two years, a more advanced version of
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this method has been tested, replacing the standard algorithm with a flexible
algorithm [22, 32, 33]. In essence, the experimenter sets an acceptable level of
irradiation time loss, and the system automatically selects the correlation time
interval in an adaptive mode. It is believed that this algorithm may be most
efficient at titanium beam currents around 10 puA or slightly lower. Simplified
versions are also possible, such as stopping solely by an alpha-decay signal (if the
energy of the studied nuclide is known), or working with correlated signals while
ignoring AE signals [33]. In detail, this method is described in [21, 30-34]. As a
visual example, Figure 2 shows the decay chain of flerovium from the experiment
242Py +8Ca — 7Pl + 3n.

10.019 5, MeV 11.800 MeV
0.060043 s Fi2s7| | EI290

14/96 14/96(155 mm)

9.529,, MeV
2.365374 s
14/96

Cn283

193.737 MeV
0.042744 s
14/96

Figure 2. Example of a decay chain of the nucleus 2% FI. Shadows denote beam-off time interval after detecting ER —
sequence in a real time mode. The recoiled nucleus is shown in pink, while the nuclei undergoing alpha decay and
spontaneous fission are shown in yellow and green, respectively. The energy, coordinates, and decay time are also
indicated.

After the detection system registered an ER-a correlation in real time, the
beam was switched off (with a dead time of approximately 100 us), and the subse-
quent decays (indicated by the shaded area) occurred under virtually background-
free conditions.

Consequently, understanding the shape of a recoiled heavy nucleus spectrum
is relevant for both ongoing experiments and planned efforts to synthesize
elements with Z = 119 and Z = 120 in the foreseeable future, particularly when
using heavy-ion beams of ultra-high intensity, up to approximately ~ 5-10 puA.

Figure 3 shows the spectra of the registered energy of nuclei implanted into a
silicon detector for the reactions ?*3Am + %Ca — Mc* and ?42Pu + *Ca — FI*.
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Figure 3. a) Measured (black) and calculated (grey) spectra of Mc ER’s. Reaction 2**Am +% Ca — Mcx . b) Measured
(black) and calculated (grey) spectra of Fl1 ER’s. Reaction 22py 448 Cq — Flx .

On the other hand, it should be noted that there are isolated events outside
the £3¢ standard deviation region. Below, in Figure 4, the recoiled nuclei spectra
from the calibration reaction "Yb + 48Ca — 217Th + 31 are shown.
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The presence of a right-hand tail in the spectrum is evident, whereas the left
side is absent. The nature of these small deviations from the model spectrum
may become one of the objectives of our future investigations. However, as a
reasonable hypothesis, we can point to two possible processes responsible for the
presence of the right-side tail of the distribution:

¢ channeling effect of heavy ions in silicon [35];
¢ strong asymmetry of non-ionizing energy loss (NIEL) fluctuations in silicon.

Table 1 below shows the events that fall outside the +3c range of the main
distribution. It should be noted that quantitatively these account for no more
than approximately 2.8% of the total number of events.
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Figure 4. Spectra of 27Th ER for different correlation time intervals (centroids # and interval values At are shown,
dashed lines indicate 43 sigma interval).

Table 1.
Event distribution outside +3¢ .
2177 Left / right outside
Mean value, | Standard +30, %
dt(ER — ), ps keV deviation (with respect to
Reaction "Yb +48 Ca p
total event number)
25 18128 1656 1.18 / 1.34
50 18182 1677 1.51 /1.23
100 18236 1639 1.55 / 1.36
800 18282 1625 1.49 / 1.55
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On the registered energy spectra of *No nucleus

When preparing this manuscript, the experiment 24! Am + 4Ca — Mc* has been
successfully finished [13] at the Institute of Modern Physics (Lanzhou, China).
During that experiment, a complete fusion nuclear reaction 2%®Pb + 48Ca —
24No + 21 was used for the sake of calibration and to test the overall electronics
readiness. Below, in Figure 5a, spectra of 2*No ERs implanted into a DSSD
detector for different correlated time intervals are shown. It can be easily seen
that for different time intervals the same shapes of these spectra are observed.
In Figure 5b, a simulated evaporation-residue (ER) spectrum for nobelium (No)
is presented [36]. The difference in the centroid position of about 0.9 MeV is
measured and is added to Table 1 for the sake of comparison. Namely, one can
accept this result as a local conclusion.
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Figure 5. a) The registered energy spectra for 254No nuclei. Correlated times are: 300, 100, 55, 25 and 10 s, respectively
(from top to bottom). b) Calculated spectrum of 2**No ER’s using code from [21].

Reaction 2*Bk + °OTi — 2°°119 + 3n

Using the code for generating the spectrum of implanted heavy nuclei [21] and the
data from Table 2, the recoiled nucleus spectrum of the isotope 2°°119, produced
in the fusion—evaporation reaction 2¥Bk + >°Ti — 2119 + 31, was generated.
This reaction is considered a promising candidate for the synthesis of element
Z = 119 at the DGFRS-2 setup in the near future, using an intense titanium ion
beam at the DC-280 cyclotron. The resulting spectrum is shown in Fig. 6 along
with a Gaussian fit. It is worth noting the high value of the statistical criterion
R* =0.992.

Additionally, the 99.7% confidence interval is indicated by a dotted line,
taking into account Table 2 (seventh row) and [37]. This value, along with its
confidence intervals, can be useful for experimenters during the planned experi-
ment at the DGFRS-2 setup in 2026-2027, as only a few decay events of the 26119
nucleus are expected to be registered due to its very low production cross section
[38—41]. This is especially relevant when applying the active correlations method,
which is used to significantly suppress background products associated with the
operation of the DC-280 cyclotron. Moreover, it is reasonable to adopt this interval
as the first approximation for the search for ER-« correlated sequences in real
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time (the active correlations method). The second and subsequent approximations
can be determined using a “flexible” algorithm that takes into account the “lost”
time criterion [31-34,42]. That is, the predicted total irradiation pause time for
the target should not exceed a few percent, where this value is set in advance
by the experimenter. In the mentioned works (tests), we selected the maximum
number of irradiation stops as Nmax = 4 with a pause duration of 100 s. Thus,
the maximum loss did not exceed 0.5% in those tests. It is important to note that
the left boundary plays a crucial role, since the distribution of background signals
shows a sharp decline toward higher registered energies. Naturally, the second
iterative parameter when applying the flexible algorithm in the active correlations
method will be the value of the ER-« correlation interval. In addition, it should
be kept in mind that expanding this calculation model for the spectrum of the
Z =119 nucleus in the reaction ?*Bk + °Ti — 2119 + 31, when approaching
an irradiation dose by low-energy target-like products D — 10 ions/cm?, can
be achieved by using the actual value of the surface recombination rate (see
Sec. 3).
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Figure 6. Registered energy spectrum of implanted recoiled nuclei of the isotope 296119 is shown, with the 99.7%
confidence level interval indicated by dotted lines (reaction 9Bk +50 Ti —2% 119 +3n).

Radiation effects

The primary manifestation of radiation damage to the detector during long-term
experiments is the increase in leakage current. This parameter is commonly used
to characterize the operational quality of the detector. For instance, these effects
have been studied in [43, 44]. Notably, radiation damage ultimately limits the
operational lifetime of silicon detectors in experiments involving ultraintense
heavy-ion beams.

Figure 7 illustrates the performance of DSSD detectors Nos. 1-4 in experiments
conducted using the DGFRS-2 setup over the past four years. The abscissa
represents measurement dates, while the typical "live” beam time (~ 2-3 puA)
spanned 2-4 months per year. Target-like particles with energies between
0.5-5 MeV (comprising ~ 95-98% of the detector load) were the primary
contributors to the detector’s workload. Figure 7b displays the relationship
between leakage current and dose for detector No. 2. The estimated dose accuracy
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was within ~ 20%. In Figures 7a—d, an increase in detector leakage current can
be observed as the experiment progresses. It increases by approximately 1 yA
per day at a temperature of ~ 27 °C. The dependence of leakage current on dose
can be seen in Figure 8.
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Figure 7. a) Changes in leakage currents against date for detector No. 1; b) For detector No. 2; c) Changes in leakage

currents against date for detector No. 3; d) For detector No. 4.

Of course, one can easily see that the degradation process of the DSSD detector
is quite different for experiments with *®Ca compared to those with *°Ti and
4Cr projectiles. (Dose ~ 7-107 corresponds to the limit for the peak stability
region.)

From the perspective of the practical application of silicon detectors in ex-
periments with ultraintense heavy-ion beams — specifically for predicting the
detector’s in situ lifetime — the dependences (systematics) presented in Fig. 8 are
of key importance. This figure illustrates the rate at which the dose approaches
the “critical” value, as discussed in [44, 45].

Results and Discussion

All measured amplitudes of recoiled nuclei were obtained strictly in the range
of up to an effective dose of ~ 7-10” ions/cm?. Note that a small percentage
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Figure 8. Dependence of leakage current on effective dose value.

of events lies outside the energy interval registered by the DSSD detector and
calculated using the code reported in [21]. Table 2 presents typical deviations of
the average value of the distribution amplitudes from the value calculated for the
reactions listed in the table. The weighted average of the adjustment was:

_IN;- A
XN,

which will be used in subsequent experiments, namely, in the form of a
correction formula:

AE = 0.67, (1)

Acorr = 0.28 - E;, —0.006 - E2, — 0.3, )

here E;, is the energy of the recoiled nucleus at the input of the DSSD detector
in MeV, and the average value of the deviation is calculated by the formula:

Sd: - h
D==""1
i 3)
whereas the statistical weight of the deviation is taken as [37, 46]
VN
hi = , (4)

It should be noted that the issue of radiation damage scenarios in silicon
detectors under exposure to light particles — hadrons — has been studied for
the past 20 years within the RD50 collaboration at CERN [47, 48]. The impact
of heavier particles, such as ions of various elements, became relevant only a
few years ago in connection with the design of the international accelerator
complex FAIR (GSI, Darmstadt, Germany) [49, 50]. It is important to emphasize
that in our case we deal with extremely hard radiation (e.g., 38U at ~ 6 MeV
has a penetration depth of about one micron, meaning that defect formation
occurs in the near-surface region). Even if a single implanted uranium atom
creates just one level in the silicon bandgap, then at a dose of about 7 - 107 cm ™2,
the concentration of levels will be 7- 10! cm™3. For comparison, the donor
concentration in 7 -type silicon with a resistivity of approximately 8 k()-cm is
equal to ~ 2.8-10" cm~3. The dynamics of the transformation of the 7 -type
semiconductor are described in [51]. Typically, the degradation scenario includes
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information on how detector characteristics change with increasing radiation
dose — such as generation current, electric field, and several others. The role of
near-surface defects under the impact of heavy ions is discussed in [52].

It was Kurokawa [43] who first recognized the importance of the non-ionizing
energy loss value ( Ay ) along the ion path in silicon as a critical parameter. In [44],
critical dose values are presented for three groups of ionizing particles: protons,
a -particles, and fission fragments. In Figure 9, a second-order polynomial
extrapolation is shown to predict the critical dose for 6 MeV 23U ions using
both the Wilkins [53] formula and the Ogihara [54] formula. The formula is as
follows:

At =233-107%- A%7. 12 E, (5)

where A - mass number, E - energy in Mev, Z - atomic number.

Table 2.

Parameters of recoiled superheavy nuclei (DSSD types BB-17 and BB-24; see
https://www.micronsemiconductor.co.uk). For all cases, the summary leakage
current is lower than 45 uA.

(%
= — Ocenter — ——
Reaction Ecale/stdcalc 4 = Ereg n(event) Asymmetry d = {d;) center
ECALC Mtarget/Mion according to CLT
28U +90 Ar — Ds* 6.7 /15 —0.4 2 5.95 (0.78) 1.06
22py +%¥ Ca — FIF 118/ 1.6 +1.1 99 5.04 0.161
B Am +*%¥ Ca — Mc* 124 /15 +0.2 125 5.06 0.134
Py +0Ti — Lv* 13.0 / 1.9 +1.8 5 4.84 0.85
BBY 5% Cr — Lv* 185/ 2.0 +0.2 1 4.41 2.0
B2Th +*¥ Ca — Ds* 131/12 +1.7 9 4.83 0.40
BBY 4+8 Ca — Cn* 112/17 +0.9 16 496 0.425
208pp, 148 Ca — No* 121/ 1.39 +09 - 433 N"tféjl;ezallrc‘;‘iaatfgﬁum
242py 448 Ca — B7F1 4 3n 114 /23 —0.4 25 4.84 0-46
<(7center> = 0.69

Therefore, as a local summary, one can state that the critical dose for 6 MeV
uranium ions is less than 10% cm~2. The same result can be obtained using the
electric field-independent formula for the pulse height defect from [44, 55], which
is:

6W B
+ —
W = [W+8 1_12525]/\/ 1.407]’ (6)
W=K-E, )
4
K =653 10 (8)

[Z(Z2/3 +5.81)1/2. (A +28.1)]

where B = 18 [56].

Our experience shows that for our DSSD back strips the typical change in
FWHM ranges from 33-35 keV to 55-65 keV. While this is not critical, the
peak positions are considered to be unstable.

Note, additionally, that one can obtain nearly the same result by using TRIM
[57] calculations of the average number of primary vacancies as the X axis for
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Figure 9. a) Extrapolation of the critical dose value in the region of 23U - 6 MeV based on the Wilkins’ formula. The

x-axis represents the parameter Ig(y) ; b) The same as in Figure 9 a, but based on Ogihara’s formula; c) based on formula
from work.

interpolation, as shown in Figure 10. A Monte Carlo calculation using event-by-
event files from the experiment can be performed (the first 2000 events were taken
from the working file PuTi.558 of the 242Pu + °°Ti — Lv* reaction). Specifically,
each event can be used to calculate both the incoming energy and the individual
number of primary vacancies to estimate the effective mean number of vacancies.
Of course, each registered energy amplitude should also be corrected individually
for the pulse-height effect. For the dependence of the number of vacancies on the
registered incoming energy, it is reasonable to apply an analytical approximation.

The use of primary defects, as calculated by TRIM (Figure 10), allows for an
extrapolation that is independent of the NIEL (non-ionizing energy loss) method.
Naturally, not all primary defects create recombination centers within the silicon
forbidden gap. However, as a first-order approximation, it is reasonable to assume
that the fraction of defects forming effective recombination levels is proportional
to the number of primary defects. Therefore, the number of primary defects can
be used as a basis for systematics (the X axis).

The fact that the obtained dose value of approximately ~ 710”7 cm~2 co-

incides with the result derived using the NIEL method makes this approach
self-consistent.

As for radiation restrictions on the use of this type of detectors, it is obvi-
ous that for more symmetrical ion/target combinations, the number of cases
of achieving doses of ~ 108 ionscm~2 this time is significantly shorter. Obvi-
ously, when working with heavy-ion beam intensities of ~ 10 ppA and more, a
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Figure 10. Dose per cm? against primary average vacancies number as a parameter (X-axe) for extrapolation procedure.

number of radical changes in the detection system and the DGFRS-2 separator
itself will be strictly necessary. These changes are not considered in this article,
but we note the unacceptability of trivial approaches, for example, the use of
additional absorbers. The reason is a notable decrease in the nuclide implantation
depth, which significantly reduces the efficiency of recording the coordinate of a

composite signal of a decay (focal DSSD + side detector, see Figure 1).

During the defect formation process, generation-recombination levels are
created within the silicon bandgap, which leads to an increased significance of
generation—-recombination processes, including an increase in leakage current.

Table 3.

Reasonable scenarios to improve the detection system.

Action

Advantage

Disadvantage

An assumed period

1) To set degrader (mylar,
aluminum foil)

The simplest

It decreases implantation depth,
therefore, to decrease part of en-
ergy signal in DSSD when detect-
ing escaping decay

In stage of discussion

2) To change pentane pres-
sure up to 1.5-2.2 Torr

The simple and in contrast to (1)
is more flexible

The same as (1)

Late 2025 or early 2026

3) To optimize collimators
behind rotating target and
some other magnet optics

No need beam time (to a first ap-
proximation). See e.g. [61].

Beam time test is strongly re-
quired after finishing develop-
ment process

Early 2026

4) To increase a little bit
(up to 0.8-1 Torr) Hy pres-
sure in the DGFRS-2

Highly likely the same as (2). Can
be considered as complementary
to (2)

Late 2025 or early 2026

5) “Soft” annealing, 50—
80 °C

Typical procedure

No warranty of non-destruction of
contacts

No plans

For the reverse current arising due to generation—recombination processes in
the depletion region, one can write:

en;d

] r —
& Teff

7

©)

where e is the elementary charge, d is the width of the depletion layer, n; is the
intrinsic carrier concentration, and T.¢ is the effective lifetime of electron—hole
pairs [58-60].

It is evident that after the beam is turned off not only the number of recom-
bination levels increases — leading to a decrease in the effective carrier lifetime
and, consequently, an increase in leakage current — but also some of the newly
formed levels within the silicon bandgap undergo relaxation, as observed in the
figures above.
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It is important to note, however, that this standard approach does not explain
the observed saturation in the decrease of leakage current after the end of the
experiment. As a preliminary conclusion of this section, the following points
should be mentioned:

¢ the system has demonstrated good performance and will continue to be
used in its current form for asymmetric reactions (e.g., 48Ca, see Figure 5a)
in long-term SHE synthesis experiments;

e for reactions involving *°Ti and °!Cr ions, reasonable but not radical
adaptation scenarios are possible, as outlined in Table 3;

¢ as long as the mitigation strategies described in Table 3 remain effective, we
do not foresee any radical changes in the near future (up to ~ 2026).

And, of course, in any case, a compromise should be reached between the
chosen action (1-5) and achieving the maximum possible implantation depth.

Conclusion

In long-term experiments conducted using the DGFRS-2 setup, spectra of recoiled
superheavy nuclei with Z = 114-116 were measured in [17-20] and found to
be in good agreement with computer simulations, with discrepancies limited
to a small empirical correction of approximately 6 % . Regarding the negative
radiation-induced changes in the leakage current of DSSD detectors, at heavy-
ion intensities on the order of 2-3 puA (using **Cr and *’Ti projectiles), the
leakage current can increase by approximately 1 yA per day at a temperature
of ~ 27 °C. An attempt was made to roughly estimate the radiation dose limit
for DSSD detector applications during irradiation with low-energy target-like
products. The detection system can be improved without radical changes for
long-term experiments with Ti and Cr ions at intensities above 2-3 puA.

Furthermore, we will continue to enhance the method for calculating spectra
of implanted recoiled nuclei in silicon detectors, including the use of more asym-
metric distributions for fluctuations in non-ionizing energy loss and taking into
account other phenomena that lead to approximately 2.8 % of events deviating
from the main dependence.
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