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from the ECR source to a physical target

Cyclotron U400
Efficiency of transporting a 48Ca’* beam

Measuring point Beam intensity Ton Transmission factor
ECR source, 1-10 pps | 84 pAe | ¥Ca’
after separation 32%
Cyclotron center | 3.5-103 pps | 27 pAe | ¥Ca>
81%
Extraction 2.8-103 pps | 22 pAe | BCa®
radius 40%
Extracted beam | 9.7-102pps | 28 pAe | “8Cal®*
(by charge exchange) 82%
Target 8-102pps | 23 pAe | BCald* 8.5%




DUBNA Gas Filled Recoil Separator

Target Beam Isotopes
238, 242:244pyy, 243, 2462483Cm, 29Cf + 48Ca — 112118

U-400 cyclotron, 48Ca beams:

lon beam energy: 5.00 — 5.75 MeV/A

Beam intensity: 6 - 8-10'2 pps (up to 1.2 ppA)
Consumption of 48 Ca = 0.5-0.8 mg/h

Beam time: 2000 — 4000 hours per year
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DUBNA Gas Filled Recoil Separator

Target Beam Isotopes
238, 242:244pyy, 243, 2462483Cm, 29Cf + 48Ca — 112118

U-400 cyclotron, 48Ca beams:
lon beam energy: 5.00 — 5.75 MeV/A
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Region of superheavy nuclei

Chart of nuclides
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114, 116 and 118 elements
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115 and 117 elements
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Production cross-sections of heavy and super-heavy
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What is beyond 118 element?

Heaviest target: >!Cf+7Z_. =118...

l
> Heavier projectiles (°°Ti, °*Cr, °8Fe, %4Ni)

Sufficient increasing of overall
experiment efficiency is needed!

11



Superheavy Elements (SHE) Factory

SHE Factory Building

High-current cyclotron DC-280

New facilities:

New gas-filled separator
Preseparator

SHELS

Etc.



SHE Factory — the Goals

» Experiments at the extremely low (6<100 fb) cross sections:
 Synthesis of new SHE in reactions with 3°Ti, 3*Cr ...;
* Synthesis of new isotopes of SHE;
* Study of decay properties of SHE;

»> Experiments requiring high statistics:
* Nuclear spectroscopy of SHE;
* Study of chemical properties of SHE.



DC-280 CYCLOTRON- THE NEW FLNR
ACCELERATOR

To satisty the Goals, the DC-280 has to provide the following

parameters of ion beams:

Ion energy 48 MeV/n

Ion masses 10+238

Intensities (A~50) >10 puA

Beam emittance less than 30 7 mm mrad
Efficiency of beam transfer >50%

Allows to carry out experiments with expensive rare
isotopes such as *8Ca at low material consumption



Stand-alone SHE factory with DC-280 cyclotron

DC280
E=4+-8 MeV/A

Ton Ion energy  Expected
[MeV/A] output

intensity
TLi 4 1x1014
130 8 1x1014
OAr 5 6x1013

48Ca 5 6,2x1013

MCr 5 2x1013
BFe 5 1x1013
....... 124G 5 2x1012
AL~ P 136X e 5 1x1014

wi™ [/, 1

DC280 cyclotron 2019



Plan of the 1-st floor of the SHE Factory
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Experimental area ~1000 m? (3 halls)




DC-280

Main Parameters

Ion sources

DECRIS-PM - 14 GHz

Superconducting ECR
(developing stage)
Injection energy Up to 80 keV/Z
A/Z range 4-7.5
Ion energy 4-8 MeV/n
Magnetic field level 0.6-1.3T
K factor 280
Dee voltage 2x130 kV
RF power consumption 2x30 kW
Flat-top dee voltage 2x14 kV
Deflector voltage Up to 90 kV




Configuration of the DC-280
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DECRIS-PM ion source

Ca’ =210 pA OTiO =72 nA

(CH),C,"Ti (CH,),

T n
Ca tHe Ca+He 1004

9 60 4

g
'
1
A y f\h ped L.-Jlﬂm—vJ\in 0 T M T T T T T
600 200 1000 1200 1400 800 900 1000 1100 1200 1300 1400 1500
B, a.u. B, a.u.

Results of bench test of DECRIS-PM

Frequency Power lon currents, puA
consumption Q+ | 5+ | 7+ | 8+ | 9+ |10+ [ 11+ | 12+ | 15+ [ 17+ | 19+ | 20+ | 23+ | 26+
14 GHz 5 kW Ar 116 | 56 19 | 13
Kr 13 [ 12 | 7,3 | 2,6

Binj 213T 24Mg | 90 | 20 | 5 | 1,7
Bmin 04T 40Ca 16 | 22 | 24 14 | 4,8
Bextr 1.0+11T S0Ti 10 (7,2 |55 (19
Br 1.05+1.15T *Fe 94| 8 | 5




Beam injection system
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Magnetic system of J{I[-280
8.76x4.08x4.84 m?

4 m
400 mm
500/208 mm/mm
1000 t
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1000 A
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F.=7.32+10.38 MHz RF system

F,=21.96+31.14 MHz

F6

PT2

. . - e

RF generators ) | '
Flat-top resonator



Extraction radius of

Beam extraction system

Assembling of the defle
L=1.3m, E_._=90 kB/cm, gap D=1cm

max

Focusing / ? ‘O‘\‘/
magnetic / /~

channel

Electrostatic
deflector

Magnetic channel
L=0.9 m, G=4.6-8.4 T/m Electrostatic deflector in vacuum chamber



Beam transport channels

Bending
magnet
+50°

Steering
magnet

Quadrupole
doublet



Working diagram of the DC-280
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Comparative capture efficiencies of U400, DC110 and DC280
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Experimental results

with polyharmonic buncher
without flat-top resonators

DC280 Cyclotron

84Kr+14
5.9 MeV/u

[rp22

NNDcﬂcctor

12C+2
5.9 MeV/u

Im'G)

Infleetor

Irct

Atl

40 AI‘+7

5.9 MeV/u
Vacuum:

Injection: 5+7-108 Torr
Cyclotron: 8+9-10-% Torr
Beam line N3: 2+3-107 Torr

Injection Acceleration Beam transport
Ton Ion current | Ion current | Ion current | Ion current | Ion current of
current after HV in vertical | at R=40 cm | at R=175 c¢m | extracted beam
from platform channel (I gpooy) (I gp22) in transport
ECR (T i) (T inj3) euA epA channel
I inj]) eUA eHA (Lpcy)
eUA euA
~56
(spectru 45,6 40,5 25 21,3 19 (1,36 puA)
m)
88,8%
61,7%
85.2%
89.2%
41,7%
69,7 | 697 59,5 37,8 31,3 20 (10 ppA)
100%
85,4%
63,5%
82,8%
63.9%

28,7% (extraction was not optimised)

inj3=150 epA (21.4 ppA) with 25% chopper the equivalent current of Ar*7 ions was about I ;¢; =63 epA (9 puA)

101

100,3

91

63

53

42 (6 puA)

99,3%

90,7%

69,2%

84,1%

79.2%

41,6%




First beams of DC-280
. s

The first extracted beam of 34Kr™14
17.01.2019

“Art7beam profiles in N3 channel

June 2019

The first accelerated beam of 34Kr*14

26.12.2018
Upkcrispm=15 KV
Unv platform=47-5 kV :1._
F.~9 MHz E
[,=853 A e
Uger=-75 kV 7
The first beam of 3Kr*'4 in injection ZS?HA f

Cycotron center



Experimental setups
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First-day experiments at SHE Factory

Aims of the experiments:

1. Test of functionalities of all the systems of new accelerator and new gas-filled recoll
separator. Test reactions are: 4%Ar + "@yb_5Ra, 48Ca + "yb—Th and 48ca + 206:208pp,_,No
2. Accumulate additional statistics for the chosen reactions

Chosen reactions:
48Ca+243Am —Mc (50 days experiment)
and
48Ca+242Pu —FI (50 days experiment)
Beam intensity at first up to 5 ppA then more

1. Enough material to prepare “big” targets (60 mg)

2. Relatively large cross sections (~ 8 pb)

3. Well-studied in previous experiments. Good for testing of the accelerator complex

F1 48C a+242Py Existing experimental data 48Ca+243Am Mc
3105""""'I""l""I""I""E 3 L||6|||
a2 | 51 5] . 242py, a 10 _+_7 ] 243Am3
c | 4=+" 2 ] c ka4~ ]
5 4 A% —y—"! g ) B = _‘3”?{:“!“%’:’“* '

- m 3n|, |79 v E -® 3n ), ; . _

8 _. 4”;‘#_.—"‘-,“ \1 f\\ E 3 1_.4n il ¢ 2‘\ ~\ E
0 -V 5n|, ,”: o N @ -V 5n~ =TT RV
g | ’.r! ; v ‘ B RREY o *!f 'J K N . *
00.1....|"'....-|....|...\.-|' ...... b 00.1....1.‘. T I T T

25 30 35 40 45 50 55 25 30 35 40 45 50 55

Excitation energy (MeV) Excitation energy (MeV)
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Proton number

First experiments at SHE Factory
Synthesis of new elements 119 and 120

160

162

164

166

— 249-251 50 1201295 | 1201296 | 1201297 [ 120/298 [ 120/299 248 54
120 [ - = J ~5us ~8us f ~10us | ~20ps | ~40us ‘
Cf+ Tl 12.8 12.7 12.6 12.5 12.4 Cm+ C r
—) 249 50 119/294 | 1197295 | 119/296
119 [ = J ~30us | ~50pus | ~0.1ms
Bk+ Tl 12.3 12.1
) 0g291 | 0g292 [ 0g293 | 0g294 | 0g295 | 0g296
Og 118 [249-251Cf+48CaJ ~0.3ms J0.69ms | ~0.8ms | ~1.3ms
___J 11.57| §11.66 11.55 11.45
T ) Ts290 | Ts291 | Ts292 | Ts293 | Ts294
1 1 7 22ms | 51 ms
s os (o 179
) Lv2s7 | Lv28s | Lv289 | Lv290 | Lv291 | Lv292 | Lv293
LV 116 ~3ms |83ms|19ms | 13ms| 57 ms
1095 fo0.85] [10.74] [1063] [10.56]
SEEER Mc286 | Mc287 | Mc288 | Mc289 | Mc290 1 78 COLLABORATION
M 115 37 ms | 164 ms|330 ms|650 ms
¢ oet [ [ (e
S F1283 FI 285 F1287 | FI288 | Fi289 1 77 FLNR, JINR (DUanl)
Fl 1 14 05O 048s | 066s| 19s
- 10.41 10.21 10.03 9.93 9.84 .
113/278 Nh282 | Nh283 | Nh28a | Nh285 | Nh286 1 76 ORNL (Oak—Rldge, USA)
@ Lidme 73ms | 75 ms Mf 42s | 95s
e 1063] |023] [ion | ok | 8% .
120277 cn279 [ cn280 | cn2s1 Cn28 Cn 285 1 75 LLNL (leer'mor'e, USA)
@] Sooms 0.13s 42s 28s
ik 10.30 9.53 9.19
Rg272 Rg274 Rg278 | Rg279 [ Rg280 Rg 282 1 74 ANL (Argonne: USA)
28ms e 4ms | 0.09s| 465 100 s
o s 1069] Jro3s] [8% | [928 Ilo%
Ds269 | Ds270 | Ds271 Ds273 Ds275 | Ds276 §| Ds277 1 73 GSI (Dar'msTadT, Germany)
0.18ms | 6ms [0.1ms|6oms]i.6ms| 0.17ms 4.1 ms
PR o P Al iR 1055 971 873 172 TAMU Cyclotron Institute (Texas, USA)
Mt268 Mt270 mt274 | mt275 | mt27e Mt278
2ims) 025s 04s |20ms | 0.45s 45s
9.17-
i) I 101 lr0ss] oy o GANIL (Caen, France)
Hs 267 Hs269 | Hs270 | Hs271 | Hs272 | Hs273 Hs 275 1 71
0.8s |52ms, 97s 7.6s 4s 076 s 020 S
o5 [ 8B 2% 88 953 9.31 RIAR (Dimifrovgrad, Russia)
Bh266 | Bh267 Bh270 | Bh271 | Bh272 Bh274 1 70
e T 1m 15s ] 11s 44s
R [ 893] [928] [53¢ Box Vanderbilt University (Nashville, USA)
59265 | Sg266 | sg2674) sg268 | Sg269 1 69
17s 0.3s 80s; 3’] m 1
w 8.50 854 168 Knoxville University (Knoxville, USA)
h h h
167 Neutron number



Target Producer Isotope

materials enrichment (%)
Z37Np TIAR 99.3
239Pu RFNC —
240py TAR/ORNL 99.98
24Py RFNC/ORNL 99.98
244Pu ORNL 98.6
243Am TIAR / ORNL 99.9
245Cm TAR 98.7
248Cm TAR /ORNL 97.4
29Bk ORNL > 95
Ct TAR/ORNL 97.3
249.250.251Cf ORNL (50+14+36)%

0,35-0,40 mg /cm2 - =12 mg



Isotope reactors irradiation of targets at HFIR

HFIR, ORNL, Oak Ridge, USA CM-3, IAR, Dimitrovgrad, RF

22 mg of 24°Bk
have been produced in 250 days
irradiation
at HFIR (ORNL)



Target block design

New target

Target . 310 pg/cm? BKO, 249Cf @ DGFRS

on 1.5 pm-Ti foil

radiation safety

> O =120 mm, 1500 r.p.m. synchronous » At first, @ = 150mm, 1500 r.p.m.
» Beam wobbler » Then O = 240mm, 1500 r.p.m.
> Segmented beam diafragm » water cooling

> Is in use at DGFRS, SHELS, MASHA 35



New FLNR gas-filled separator (contracted)
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GFS-II at the beam line No3

. Installation of magnets: 2018
William Beeckman: MOBO03

First 40Ar*6 beam on the GFS-II beam stopper:
09.09.2019

Preparatlon 0 first experiments Sep. 2019



Conclusion

The SHE Factory was commissioned in 2019.

The beam parameters of the DC280 cyclotron are
close to required ones for testing of the first
experimental setup - GFS-II separator in 2019.

The GFS-Il was assembled and ready for the first
experiments on the synthesis and study of SHE.

First experiments on the SHE Factory: 2019 - 2020
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