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Joint Institute for Nuclear

SUPER HEAVY ELEMENT FACTORY
Research

SCIENCE BRINGING NATIONS

SCIENCE 8 BASIC JINR FACILITY FOR SHE RESEARCH

- Discovery of new SHE HI Cyclotron DC-280
- High statistics experiments:
nuclear chemistry Mission:
spectroscopy

High intensity of heavy ion beams
mass measurements
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Proton number
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SHE chemistry focus: isotopes produced in 4Ca reactions

PHYSICAL REVIEW C 106, 024612 (2022)

Chart of nuclides
Investigation of *Ca-induced reactions with *“Pu and “U targets at the JINR Superheavy
Element Factory

)
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The chemistry of Fl is the most exciting!
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Mpynna = 14

U Mepuopg,
6 Vrnepon Periodic trends down the group:
2 C 12,011
Fl

@ o @ +2 oxidation state

® 3 Si 2808
3s73p® * Increasing the stability of elem. states
VOLATILE METAL SHORT-LIVED 32 TepmaHuin

14  KpemHuin

a Ge 726 * Enhancement of metallic properties
' Ty 3d'%as?4p?
. * The properties in group 14 differ more from each
Flerowium s predicted to Flerovium's longest-lived 5 Sl‘l 18,7 .
insomEmmR | | |k st ool 4d"95525p? other than in other groups
# QA% Al 100 temparature. uses outside research, - cs""e“
Coanen|mres By of ety 6 Pb 207,2
- 4'5d196s%6p?
Discovered in 1999 7p
114 ®neposwuii 3/2 e . s .
7 Fl @ 7p Spin-Orbit stabilization of Fl atom
Sfited76%7p% SO makes it much less reactive than Pb
B. Eichler, 1974 - . tal fi ti :
. i, xperimental confirmation o
High volatility of elements 112-118 P12 P _ o
the strong influence of relativistic effects
is needed!

Pitzer, 1975: 112 and 114 elements will be
very inert, like noble gases

Led to larger number of modern calculations —>
and model experiments FLNR, PSI, GSI etc.

Gas adsorption thermochromatography on gold
method developed to study one atom behavior
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50

204

Fl chemistry, several runs in two labs, 2006-2015

COLD setup, PSI behind the target@U-400, FLNR

Cn < Fl AH,q, (Flon Au) =

25° € ~|-90° C| .34, kdimol (95%c.i.)

10 ar ¢ ice =
@1 '7 )c)*(lo c)

I 25U 2
(4" ¢ ‘ (88" [C) 4 .50

" t”- c) —_—
AHads (Cn on Au) = ’(.9,“-" [ »

]

52 ; kd/mol (68%c.1.)

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Eichler, R. el al. Angew. Chem. Intl. Ed. 2008, 47, 3262-

Eichler, R. f al. Radiochim. Acta 2010, 98, 133-13¢

by R. Eichler

Two deposition zones observed! Questions remain:
High volatility and inert behavior - in elemental state?

Physi- or chemisorption on gold?

Very volatile inert metal or gas?

COMPACT setup behind the TASCA separator, GSI

TAS CA l 783,785 |

EVR trajectory
RTC window @ o
. 1821844 g
RTC [T **Rn

Yakushev A. et al. On the adsorption and reactivity of element
114, flerovium // Front. Chem. 2022, 10:976635.

Further research with higher

statistics is needed!

SHE Factory

nikolay.aksenov/ TASCA 26 workshop/ on-line 20.05.2026

Supported by theory: '

Rn
+21°C....eeuv -160°C
) 7
O & SiO, layer I &7 Aulayer

by V. Pershina
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New separator at SHE Factory
Gasfilled Recoil Analyzer and Nuclei Detector — GRAND

AV. Yeremin, et al.
Universal GRAND Gas-Filled Separator: First Experimental Results. Alexander SVIRIKHIN
Launched in 2022 PEPAN Letters, Vol. 21, No. 3, pp. 518-525 (2024) Spectroscopy of heaviest nuclei

* DGFRS-2 analogue
* Helium

* Transmission 50 %
* Two setups

* Joint team
chemists and physicists

nikolay.aksenov/ TASCA 26 workshop/ on-line 20.05.2026



Cryodetector setup for Nh chemistry, FLNR

Detection system

8 modules

32 stripes
Gap =2 mm
gt oy s e i o
gt s e i Wb il
e Y S L)

NUCLEAR EXPERIMENTAL
TECHNIQUE

Detecting System of the Setup for Studying Chemical Properties
of Superheavy Elements Using the Gas Chemistry Techniques
A.Vlnnv"A.VYuv-ln'Nlh-mu-’tV?nun‘A.\Kw

Iabll Irssinute for Audn Aescarch
*H dear Recctions

wm-ﬂbmlm#llu Energy Phpsics
ul. Joliot-Curie &, Db, Mascow obiast, 141980 Russia
Se-mall traeveiiine.ru
Wewrved Marsh 31, 210
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U-400: behind the target

U-400: behind the DGFRS

Dubna Gas-Filled Recoil Separator (DGFRS)

/ ] Target
/ wheel (*Am)

Ar flow (2 |/min) n

Teflon capillary Detector array Detector array 2
(50°C, 4.5 m) (Au, +20°C) (Au, -20°C)



Cryodetector setup to couple to GRAND separator, DC-280

Cryodetector setup

New GRAND separator DC-280 Cyclotron

- larget
wheel diff. pumping

DC280 beam

Long-term stable 5 ppA of 8Ca on
the target separator with stable energy

PHYSICAL REVIEW C 106, 024612 (2022)

of *C; with **Pu and ***( targets at the JINR Superheavy

1. To rebuild FLNR setup for Cn and Fl chemistry —

Yu. Ts. Oganessian,' V. K. Utyookov©,' D. Ibadullayev,"* I Sh. Abdullin,' S. N. Dmitriev,' M. G. Itkis,' A V. erav.'
N. D Kovrizhaykh,' D, A. Kuznetsov,' O, V. Petroshkin,' A. V. Padshibiokin,' A. N, Polyakov,' A. G. Popeko,
R N. Sagaidak,' L Schlattaver,'' V. D. Shubin.' M. V. Shumeiko,’ D. L Solovyev,' Yu. S. Tsyganov,” A- A Voinov,!

2. To reproduce PSI and/or GSI experiments [

3. Speciation w/surface interaction study =

Iaboeatory frame ensrgies of 'Ca in the midille of e target layer, rewalting excitativn
tertsl beats dwes. the munbess of clserved decay chuin msigned o ™A (3n), "5 (4a),

e by 1077

"
0.5 EEX] 413348 50 via
™ 2344 u os
087
RETN] 07344 124

“The beam emergy wos meassed with a time of gt system. which has 3 syseestic uncermatmy of 1 Me\.

8
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BEAM TIME 242Py(*8Ca, 3n)287FI

Joint team of chemists and physicists (Spectroscopy sector by A. Svirikhin)

Run 1. December 2022:

Target - 240 mm, 0.7 mg/cm?
Mean beam intensity - 2 yA *8Ca1+
Beam integral -1.6x10"®

29 days

Setup in "Nh-mode”

0ld RTC

Gas flow 2 L/min

Capillary 40 cm
He/Ar = 60/40, 1,3 bar
Temperature gradient 20 °C- -170 °C

nikolay.aksenov/ TASCA 26 workshop/ on-line 20.05.2026



Transfer from U-400 to SHE Factory: Pre-separation approach

What do we need from a separator? GRAND separator as a pre-separator tool
* Rotating target - Increase beam and production rate
* Separation from by-product actinides (alpha, SF) —

low background at Cryodetector g8 ' P e ey 00250 beam
» Separation from %8Ca beam — «Clean» conditions in gas phase f
* Setup placement at the focal plane — faster gas transport

larget
wheel diff. pumping

Disadvantages of GRAND for chemistry
* Decrease isolation efficiency (at least x2)
* Pressure difference between setups —
gas leak into separator
e Large focal image - increase transport time

Cryodetector
setup

To overcome: Development of high-speed recoil collection gas cell

O Safe connection between Cryodetector and GRAND

L Gas transport time and efficiency to detector array must be fast
enough to effectively study the 227Fl with a half-life of 360 ms

Experimental hall
10
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Research at GRAND in preparation for Fl chemistry (2023-2024) to be published

Joint team of chemists and physicists (Spectroscopy sector by A. Svirikhin) from FLNR and IMP CAS, China

100 —e—He/Ar 70/30 DG2024
90 —e—He/Ar 70/30 2023

Stopping range measurements
v" Mylar thickness

. < 80
Test reactions: ¥ 70

Y
=60

208pp(8Ca, 2n)259No (Egr = 40 MeV) [
1445m(40Ar, xn)'84"Hg (Egq = 47 MeV] £

v Double grid efficiency

v" He/Ar mixtures

178Hg (50%He + 50% Ar, 2 |/min)

Modeling: FP recoil collection effective area vs Ty, FI-287
Gas flow modeling
Development and manufacture

=
1)

—— Differential

Transport function

——Integral

=) ~ I ) o

On-line measurements using Cryodetector setup

o

0,2 0,4 0,6 0,8 1 1,2
Time, s

v" The transport efficiency of the new cell is 3-5 times higher

v' Mean transport time measured — 200 ms, 2 L/min, 50/50 = He/Ar

11
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Cryodetector setup successfully rebuilt for Fl chemistry (2024) to be published

New RTC

Speed and efficiency
performance improved

New Au coated detectors
Detection systems
improvement

nikolay.aksenov/ TASCA 26 workshop/ on-line 20.05.2026

* on-line research with short-lived 200 ms 178Hg

on-line, non-stop, reliable for 30 days run
Etc.

Gas loop system
improvement

New gas composition and
leaking control

New LN cooling system
Temperature gradient
stability tests

12



The 480 mm diameter target on GRAND

Target module
* Year: 2025 —— | |
. 242py(48Caq, 3-4n)287-285F] the target is stal_ole dl:lr‘il:lg -
several weeks of irradiation
* Pu0; target: 637+50 without any significant loss of
the material!
Data analysis is in progress...

ug/cm®on 1.5 um Ti
backing

* \Wheel diameter: 480 mm
* Total area: 141 cm-®
* Segments: 24

* Beam: 5 ppA
* (Gas on separator: He

: O.N. Malyshev, E. Teymurov and Yu. A. Popov
nikolay.aksenov/ TASCA 26 workshop/ on-line 20.05.2026 Alexey Sabelnikov and Alexander Bodrov 13



BEAM TIME 242Py(*8Ca, 3n)287FI

Joint team of chemists and physicists (Spectroscopy sector by A. Svirikhin) from FLNR and IMP CAS, China

Run 1. December 2022:

Target - 240 mm, 0.7 mg/cm?
Mean beam intensity - 2 yA *8Ca1+
Beam integral -1.6x10"®

29 days

Setup in "Nh-mode”
0ld RTC

Gas flow 2 L/min

CRYODETECTOR IMPROVEMENT

Capillary 40 cm
He/Ar = 60/40, 1,3 bar
Temperature gradient 20 °C- -170 °C

nikolay.aksenov/ TASCA 26 workshop/ on-line 20.05.2026

Run 2. June 2025:

Target - 480 mm, 0.7 mg/cm?®
Mean beam intensity up to 5 pA *8Ca’0+

Beam integral - 3.4x10'°

F1 synthesis/separation efficiency decreased

New RTC

Gas flow 1,5 L/min

Capillary 40 cm

He/Ar = 60/40, 1,3 bar

Temperature gradient 20 °C- -170 °C
Dew point -109 °C

14



GRAND as a preseparator for chemistry

pros:
* Rotating target

* Separation from #8Ca beam

* Separation from actinides (alpha+SF)

«Clean» conditions for chemistry

cons:

less efficiency (at least x2)
large focal image
Pressure drop

2025
Separator efficiency
droped x4-6

more beam diagnostic

Tests of ion optics
48Ca + "0Er — 4n + 214Ra
FP1 - 100x100 cm2 DSSD

Horizontal distribution

Qv D3O Qh QV D15

Horizonal distribution

(Q/D3Q,Q,Ds

tools development are needed...

nikolay.aksenov/ TASCA 26 workshop/ on-line 20.05.2026

conerot vl

\ \

| |
beam dump |
\
\

noutron shiold

target
whea

PEPAN Letters, 2024, Vol. 21, No. 3, pp. 518-525

dit. pumping

Separator GRAND
Gas-filled Recoil Analyzer and Nuclei Detector

Table 1. C of gas-filled ators used In anthe s is and study of the properties
of isotopes of heavy elements

Facility | Configuration A':“pu:::f: angle, Rotation angle | Max. Bp, Tm :":,p/c,?‘;::: Length, m Ref.
DGPRSI [D,Q,Q, 10 2y 31 7.5 4.07 151
DGFRS2? |Q,D,0Q,0,D 16 (324 10)° 335 32.8 7.41 16]
BGS QDD 45 (25 + 45)° 25 200 4.0 m
GARISI [D,0,0.D 122 (45 + 10)" 216 9.7 576 15
GARIS? [Q,D,Q,Q0,D 18.5 (30 + 7)° 243 19.1 5.06 191
TASCA | DO,0, 13. 300 24 9.0 3.5 110}
RITU Q,DQ,Q. 8.5 25° 2.2 10,0 4.8 (LA
SHANS  |Q,DQ,Q, 25 52° 288 7.3 6.5 1121
SHANS2 |Q,DQ,Q,D 25 30+ 10y 2.56 209 597 1131
AGUA QD 44 204 N 25 12 43 114)

[(XRI\ND Q,.D0,0Q,0,D 16 32+ 15)* 335 328 |7_95"; (,‘844 This vmtrl]

n = : ¥
o prhyes =

e
the “chemical” stop chamber of RNs

15
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Preliminary Results: 8 decay chains detected in the Cryodetector (to be published)

48Ca + 242Pu — 287F| (T,;, = 0.36 5) >

£ 3
287|:| 287|:| 287|:|
360*42 ms
a 10,016 a 9,76 a9,8
283¢cn 283¢cn 283¢,
3,81+045¢ 1,3s missing
0,36
a 9,531 a6.19—6,58

287|:| 287|:| 287|:| 287|:| 287|:|

missing missing missing missing missing

283Cn 283Cn 283Cn 283Cn 283Cn
9,48 a9,07* a9,52 a9,31 9,52

-100°C

11°C

-100°C

-19°C

7°C

-22°C

-70°C

11°C

3/3 of 287

1-3 of #83Cn are probably missing

* Oganessian Yu.Ts. et al. Investigation of 3Ca-induced reactions with 242Pu and 23U targets at the JINR
Superheavy Element Factory // Phys. Rev. C. 2022, 106, 024612.

nikolay.aksenov/ TASCA 26 workshop/ on-line 20.05.2026

No SF-background
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Counts

THERMOCHROMATOGRAPHY OF Fl ON GOLD IN INERT GAS FLOW

Two adsorption zones for Fl observed

6000

GOLD

4500

Hg

3000

Fl

1500

Temperature
gradient

11°C

L 12 13 14 15 16 17 18 19 20 21 22 23 7 28 30 3132

atographic channel, cnf
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ICE
20
-30
)
3
T
@
g
-80 c
s
“.;  Rn o
Fl ™.
. 130
4180
-100°C

New data in sum with data from PSI and GSI
detectors is sufficient to draw a conclusion

20

60%He:40%Ar; Q = 1.5 I/min

15,0
\° -30 4
70,0 3
@ §
§ o0 &
L 7 | | ps
0,0 == -

1 3 5 7 9 11 13 15 17 19 21 23 25 27 297315,
Strip No.

-180

New method for processing one-atom

Fl experiment chromatographic data combining quantum
B F1 MC (AH=35 kJ/Mol) chemistry approach and molecular dynamics has
been developed

Further speciation study
is needed!

No more statistics is needed in this system

17



20 20

60%He:40%Ar; Q =1.5 I/min ""-GQ%He:40%Ar; Q=1.51/min
15,0 15,0
32 -30 ° '."-.__. -30
[9 = —
190 = oo -
e o [ -4
c s ¥ g
g 0 0 2 § 80 &
’ g 0 5
S ) @
11 _:: w e
0,0 0,0
1357 9111315171921 23 25 27 3. 35o|um 13 5 7 9 1113 15 17 19 21 23 25 27 29" 31Co|‘u
-G
Strip No. Strip No. -
60%He:40%Ar; Q = 2.0 I/min 20 . 60%He:40%Ar; Q = 2.0 I/min .
12,0 20,0
8,0 .."-.,__ -30 ."--.... 30
1‘:\%‘0 g 5,0 §
'Eio ....."'.,_ ‘.?; 3 0 ...""-., E
8 3
8,0 B0 $
0,0
1.3 5 7 9 11131517 19 21 23 25 27 29.31 | 0,0 -130
-...Oﬂm 1 3 5 7 9 1113 15 17 19 21 23 25 27 29 31cy), .
Strip No. "L Strip No. '

-180

nikolay.aksenov/ TASCA 26 workshop/ on-line 20.05.2026

B Cn experiment

B Cn MC (AH=50 kJ/Mol)

Fl experiment

® Fl MC (AH=35 kJ/Mol)

18




CoLD COMPACT Cryodetector
o] - Ay, (Fl on Au) = Indication that Flis volatile and the most Fl experiment
25° | < 90° C 3454 ::’*k Jimol (95%c.i.) inert metal, but still chemically reactive
50 T ‘n 7 e e T 1- [ o e e e mw<] Activated chemisorption = | , ™[ ] m==N B FIMC (AH=35 kJ/Mo l)
! g 15 Example: Prymsomption on Au - -34 kimol 1| = i‘ ’ v
< 21° ©) ice g I Jilni e RO o _ . 20
0] 80 Lo ] [ i +60%He:40%Ar; Q = 1.5 I/min
!7 c) Y28 ¢) : . | N NI
b "8 ¥ (39° €) | i LR S I 15,0
2 (4° C) G éc) 4 50 The standard adsorption modol ,f\e g
¥ .. 3001 ©) ' ’ failed to describe experimental 9,0 3
- (124" ) { rosults for o single Fl spocios=> ‘E e
AHads (Cn on Au) = ‘(_gaoc) ’ 7] 199 nd » 0:““"’ L % formation of a Fl compound? g 0 -80 %
18 -5_52044 kJ/mol (68%c.i,) ’ In either scenario vhmniﬁm:ptinn‘nn an iuhnmngvnonu's Au |_u, I A _3
10 i : £50 surface or compound formation - Fl atoms form a chemical bond .. (2]
-0 0,0 = O -130
._.‘ From A. Yakushev 13 5 7 9 11 13 15 17 19 21 23 25 27 29."3‘100“_‘_
C B S T 200

8 10 12 14 16 18 20 22 24 26 28 30 32

Eichler, R. et al. Angew. Chem. Intl. Ed, 2008, 47, 3262-.
Eichler, R. et al. Radiochim. Acta 2010, 98, 133-139

Under discussion and calculation

1. Formation of two chemical forms Fl and FIO
- FIO formation and stability theoretically confirmed, FIH - not
- possible reaction in the gas with Os traces - can be studied
- possible reaction on the gold surface - can be studied
2. Adsorption on inhomogeneous gold surface + activation barrier
- Mechanism not clear but two different bound states
3. Cn adsorption on polycrystalline gold 111 + 200, Fl - not
4. Low statistics: surface contamination and decay in flight

nikolay.aksenov/ TASCA 26 workshop/ on-line 20.05.2026

Strip No.

-180

v Rebuild FLNR setup for Fl chemistry
v" Reproduce PSI and/or GSI experiments
O Speciation study

O +H,

O + high temp. getter

a+0,

19



E, eV

Theory

homologues at SR level
homologues at SO level

SHESs at SR level
SHEs at SO level

>l

Hg/Cn TI/Nh Pb/FI Bi/Mc Po/Lv At/Ts Rn/Og

nr

7s

rel

112

6d5/2

712

25 6da

6d

Pb: -1.88 eV

Fl: -5.12eV
3 7Pas
. 1 SO
7Py
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Experiment

Hg " Rn
+21 +21°C ......... -160°C d I
£ Aulayer

A. Ryzhkov et al. Phys. Chem. Chem. Phys. 2023, 25, 15362

E,qs(FI) = 0.40 — 0.90 eV
E.4(Cn) = 0.35 — 0.80 eV

20



Old detection module New detection module

21
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XRD

(022) nv

new

—

00%) LgM-0D

(00t) 2PM/LPM-ND

077~
(00%) LOT-M (0ov)ze1-m

(00%) L91-M\

(00%) 291-M
(002) nv

(00t) LAT-Mm

(LLL) ny

‘n'e ‘Ajisuayu|

old

(0z2) ny
(e€€) L9T-M

(egg) 2d1-Mm

(€€€) LAT-M

(002) nv

‘n'e ‘Ajisuaju|

80

75

70

65

|
60

T
55

50

45

80

75

70

65

60

55

50

45

20, deg

20, deg

New detection module

Old detection module

22
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Surfaces (111) and (200)
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First step of the GASSOL radiochemistry research program

6
C How strong was the observed influence of relativistic effects?
i Why do we observe two adsorption temperatures and how can this be studied?

Speciation study is needed, a chemical sensitive and selective approach in 3 experiments:
QO stabilization of elemental Fl in a reductive gas

O thermal decomposition of Fl oxide

O Fl oxide formation in surface reactions with oxygen

7Dsi Experimentally observed influence of
U relativistic effects:
e 1 SO Spin-Orbit stabilization of Fl atom
makes it much less reactive than Pb

P12
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Summary

 New data on Fl chemical properties in gas phase were obtained

* Next Fl chemistry are planned at the new dedicated for SHE chemistry
separator GASSOL in 2028

 New setup but more theory first...
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