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Accelleraiiee @@m/ﬂ@x F&NR

Technical parameters 1C-100
magnetic poles diameter [m] 4.0 4.0 4.0 1.05
Magnetic induction [T] 0.6+1.3T 1.95+2.15 1.5+1.95 1.78-1.93
Weight of magnet [1] 1100 2000 2300 50
Injection potential [kV] Up 90 Up 25 Up 25 Up 25
N sectors/ angle 4/ 28 — 42° 4/42° 4/42°; Spiral 43° 4/56°
N dee 2 2 4 2
Dee voltage [kV] Up 110 Up 100 Up 170 Up 55
Frequency [MHZz] 7.3+10.4 5.5+12 11.5+24 19.8 - 20.6
Harmonic 3 - Eh 4
AlZ 4+75 5+12 7-10; 2,5-6 55-5.95
Extraction type Electrostatic Deflector Recharge foil, Recharge foil, Electrostatic Deflector
Two direction Two direction
lon energy MeV/nucleon 4+8 0.5+20 4-11; 15-60 1.05-1.2




Acceleratee complex FLNR

DC-_280 U-400 U-4 00 M IC-100
SHE factory Heavy and superheavy Light exotic Applied research
nuclei nuclei




_— T R I

October 201;

oy

o v : Magnetometer

( 8

3 =

«
AN

P e *
<

(November 2017

==)

mber 2016

"Nov

August 2017 Fi



Configuration of the DC-280

@ @ H @f@ W@ [m @ @D 2 @ aeparaiing Aceolerafing Electrostatic
magnet tube deflector

(Bender)

ECR-source g : Magnet
: Upnax=20 kV ‘ ' (S BV 3 yoke
2018 First Beam S4Kr : B s T MR T /
2019 3377 12C; 40Ar; 48 Ca; 84Kr HV platform 2 = -1 I8 .A g samed Electrostatic
(Umax=70 kV) i = : - il | deflector
2020 3705 40Ar, 48 Ca, 48T ‘ (U,.,=80 KV)
2021 5357 8 Ca, *8Ti , >2Cr
40 48 48T; 52
2022 6037 Ar, *°Ca, *°Ti , >=Cr
Main parameters of the DC-280)
- - lon beam
parameters design realized extraction
Ion source DECRIS-PM - 14 GHz on the HV platform (U,,,,=60kV ) " Working diagram of the DC-280
48 48T 54 84
Injecting beam potential Up to 80 keV/Z 38,04 — 72,89 keV/Z a™Ar o®Ca x*Ti @5Cr o>*Cr op®'Kr
9 T T H T e s s 0 T 1 1
A/Z 4+7.5 4,44 (*°Ar*?) — 6,86 (*8Ca'’) | ! P N | ! :
Energy 48 MeV/n 4,01 -7 MeV/n el IREERE IREERERERRRNRERRERERE
H ] i | | H N | ] I
Ion (for DECRIS-PM) 4-136 12 (12C*2) — 84 (HKr) Al P \\ | i i
Inemsity (A-50) 10 s 1043 pus_(°Ar), 7.7 puA (“Ca N T R U
Magnetic field level 0.6-13T 0.8+1.23 T 2 biode INEEPNEE PN | i
S STt QI g“;—;—ﬂj‘ B T e~ o A
K factor 280 = Al : 5‘% BN b \ : 3
O] SRR ERNERERL ] G:;. L-%_-_i oAl I NG ]
Dee voltage 2x130 kV | 130 kV 2 s ISR RENEL PRI
Power of RF generator 2x30 kW wi i Ao é o P A |
o Bl R 1 A | ";\‘ i | i | | i
Flat-top dee voltage 2x13 kV | 13 kV ; n i E i . | i i i ?
Power of Flat-top generator 2x2 kW s _‘%_— __4:._____7_?__ ; _T"_;"- U T "E"_F __J:'" "__T" T
Emittance less than 30 # mm-mrad 2 ! i i E i. L E i i i
Accelerator effectivity >50% 51,9 % (*8Ca*'® 5 MeV/n 5 pmkA) 3.5 4 45 5 55 6 6.5 7 7.5 8 Az




Cyclotron

DC-280 HV platform:

Work potential up 70 kV
Power of equipment 75 kW

The center of the Buncher drift
smeneman  LUDE 1S lOCated at a distance of
miagparma 387 5 ¢cm from the median

plane of the cyclotron.

Cetka 2-i1

TapMOHHMKH
Work frequencies of harmonics:
1-st: 7.32 + 10.38 MHz
Tpybxa npeiida
R 2-nd: 14.64 + 20.76 MHz
BA/2=78.5Mm
3-td: 21.96 + 31.14 MHz
i Typical work amplitude of
FapMom voltage for harmonics:
3azemnerman 1-st: 850V
muadparma
2-nd: 600V
3-rd: 380V
Design and general view of lecr Capture to acceleration
: lon
The calculated efficiency of polyharmonic buncher (ppa))  Off & URIGEIE || & WEieme
bunching the beam into the phase a0pr 5.6 15% 40% 66%
region of the accelerating field +
20° was 80%, the losses on the *Ca 2.5 15% 67%
grids were 8 + 10%, they reduce 84y 364 12% 43% 579%
the overall efficiency to ~ 70%
Max design value of capture 70%




Cyclotron . . . 48
DC-280 High intensive “°Ca beam

Efficiency of acceleration “8Ca'%*

100%

90% 1=0,5 pmKA ==@== |=7,7 pmkA

80%
70%

60% O o=
50%
40%

30%

20%
10%

0%
e v % > O O N O O O N O O N Q O N N O Q v
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Comparison of “Ca'%* acceleration efficiency for different intensity

Efficiency 48Cal®* beam acceleration in different phase

Axial injection system Cyclotron Transport
After separation |Before injection channel

(IFCZ)F? A (IFC3),quA R=400 mm, ppAl  R=1770 mm, ppA | (ToFC2), puA

19,3 17,6 12,4 11,0 7,7
91,5%
70,5%
88,4%
B 70,3%
40,1%

PRV A VR R R TR RO B DR R A
i

48Cald* 7.73 puA

8309 11 107 152 T3 A 115 136 112 1A 18

1101122 23 1A 15 126 1 8 18

Spectrum from DECRIS-PM in regime
optimized to “Cal%* production

DC280 Cyclotron

IR T TS 14.01-2028 21.52.12




Cyclotron

DC-280 Efficiency
Spending efficiency of Ca material
e =Ca’/Cal”
4 4.0
pacxon Ca
A 35
%3 - 7 3.0 . i
= , s Efficiency of acceleration of 48Ca beam
- AN .
2, 20 X Intensity | Axial
g s o (puA) [injection| Capture |Acceleration|Extraction| Total
) o system
s 2.1 85% | 78% 97% 86% 55%
. 00 3.3 91% | 68% 94% 79% 46%
0 50 100 150 200 0 o o o o
48Ca*10 intensity after separation (puA) 3.3 1% 3% 88% 5% 44%
0, ) o) o) 0,
§t0t: 18Ca accelerated beam 4.7 90% 69% 91% 91% 50%
c 1= 7 A 0.4% 4.8 93% 73% 92% 77% 48%
Etot (1= Op pA) - = ) '32; 5.3 97% | 74% 93% 71% | 47%
tot (1= 0.5 puA) =1.32% 6 89% | 72% 91% 73% 42%
. —_ —_— (o)
U-400: &, (1= 0.5 ppA ) = 0.17% 7.7 91% | 71% 88% 70% 40%
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Progress at SHE-Factory

Luminosity
(target 30 mg)

Luminosity (1031/cm?-s)

4.0

3.5

3.0

2.5

2.0

1.5

1.0

world record

Yuri Oganessian. International Conference “Heaviest Nuclei and Atoms” Apr.25-30, 2023, Yerevan
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Progress at SHE-Factory
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Acr+ 2480m = 3n+299120——

20Ti + 2998k — 3n + 26119 ——

Alpha decay of new nuclei leads
to the known decay chains.

Synthesis of new elements at SHE Factory

[+]
+]

4

known nuclei

Yuri Oganessian. International Conference “Heaviest Nuclei and Atoms” Apr.25-30, 2023, Yerevan

298

Test reactions:

238|) 4 40 — 292 %

242p; + 30T — 292|*
245Cm + 48(:3—) 293LV*

03n= 4pb



Cyclotron . - —_
Production of ions Ca, Tiand C
D C-Z 80 [ Microoven temy
Reduction of calctum from Oven 2 1000 e —
calcium oxide 500 °C 1 — —_
Crucible — é: . ~T
= = N ol »
A CaO + Al == wu-—/% - :
Vapor of metals S 7 . fgf P vipor presne™2- 3107 Tor
(oven method) 390420 ———> 3"G+AL0, | yapor pressurew 10 mbar ¢

L1, Mg, Ca....Pb, Bi

Sputtered atoms

Ta, W....
Plasma
-1kV
— Substance
., Substance
: supply
container
regulator
Volatile compounds : o x A ,
1 \ i\ [\ /
(MIVOC method) o] R \ // ]
g Calculated g f‘ \ | \ /
MIVOC - Metal lons from VOlatile Compounds . \\\ / \ / \ //
Measured \ / \\ ‘/‘ \\‘
CZBIOH12_ carboran N ——————— B Vlzao P ;;o/ =
(CsHs),Me — metallocene molecule (Fe, Ni,Cr..) o _ o
Axial magnetic field Radial magnetic field
(CH;),Me — tetramethyl molecule (Sn, Ge)
Cr(CSHS)Z 12

(CH3)sCsTI(CHy)s



Cyclotron

DC-280

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Production of Cr beams

Efficiency of acceleration >2Cr10*

lecr=2.5pmkA; P=130W; |=0.9pmkA
—e—lecr=5.3pmkA; P=280W; 1=2.09pmkA

lecr=6.3pmkA; P=172W; |1=2.6pmkA

lecr=7pmkA; P=235W; |1=2.33pkmA
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Comparison of >2Cri%* acceleration efficiency in different mode of ECR source work

Efficiency >*Cri% beam acceleration in different phase

Axial injection system Cyclotron Transport
After ration i R=400 mm channel

er separatio injection - ’ | R=1770 mm, ppA | (TOFC2),

(IFC2), puA A

9.5 8.2 5.8 5.4 4.3
86.3%
70.7%
93.1%
79.6%
45.3%

250

m1202+
200 —
<< 150 A N
£ (
=2 540 B+
100 Sa 7
5411+ Cr
50
0 T T T T T T T T T
8 9 10 11 12 13
lam, A
Spectrum from DECRIS-PM in regime
optimized to >2Cr%* production Cr(C;H;),
50 T T T T T T T T T 8
45 - -7
40 i
] -6
35
] -5
30
E z
8 257 | -4 g
W ] Dle] | B
[ = —
15 I
i -2
10 L
] 21.5 hours > |
O _ T T T T O
00:00 04:48 09:36 1424 19:12
Time

Accelerated beam stability >*Cr0*

13



Cyclotron Production of #Ti°* beams

DC-280
P H 19+ 100 -
. Efficiency of acceleration **Ti° .
90; 2 —e—lecr=5.07pmkA; P=300W; 1=1.66pmkA goj
uo \ lecr=4.83pmkA; P=242W; |=2.13pmkA 80 -
80% ’ lecr=4.74pmkA; P=198W; I=2.12pmkA - =
70% 70 Ti TiT*
60% < 604 A—— 1 A ,
50% = ] =
40% g 50 1 10+ i
30% 40 -
20% 30_‘ T
10% 1 I \ f
0% 20 :
N 2 5 %) \} ) \) Q Q \} \} \) \) Q Q \} \} \) Q Q Vv In \ I |
RS S G SR S S U SR SR S LR I T M S IS 10 ' N : - - e
Qg’\z Qg’\/ Qg’\« Qgﬁ,/ Qg’b Qg’\z Qg’\z Qg'\' Qg’b/ Q’»/ Q’\,/ Q’L/ Q’b/ Q’L/ Qg’\,/ Q’»/ Q’\,/ " mw, ‘ {1' i {ﬂ .‘\m‘}‘.r[A] L ' 1
Comparison of “8Ti®* acceleration efficiency in different mode of ECR source work 9 10 1 12 13 14 15
lam, A
| ‘ Spectrum from DECRIS-PM in regime
: optimized to 48Ti®* production (CH,).C.Ti(CH,),
lon source Axial injection Transport channel | T — E‘
SySte m B Beam Profilometer ]
Axial injection system Cyclotron Tr:nspo:t Profile of %8Ti% beam | -
After separation |Before injection channeé : !
R=400 mm, puA| R=1770 mm, puA in transport channel | ¢
(IFC2), puA (IFC3), ppA PH PHA | (TOFC2), ppA :
4,4 4,1 3,0 2,7 2,1
92,5%
73,0%
: 88,9%
79,2%
47 5% >
14




Cyclotron

I 48T 19+
DC.280 Production of 4°T1°* beams

100
90—.
| | 1 80—:
L OTTFITIr [k 70 Tie* Ti"*
:(é 60—. R R 111111 e ) ---- S -
g g %7 Ti'o* | o=
25- T 404
N 5 hours > = | Titt*
15 1 | \
12?13'80'14 20'3’0‘00 21'0‘0'00 21'3;3'00 220‘000 223b00 23'0‘0‘00 23'3b'00 ODOIOOO 003b00 01'0‘0'00 01'3b‘00 02‘0‘0'00 02'31|0'00 Oi'Ob'OO 03'3;3'00 040‘000 043’000 OS'OIO'OO 05'3;3'00 OE'OIO'OO 06'3;3'00 OT'OIO'OD |07'4|2'43 204 \ | ’
— — === T 0 .
Stability of *8Ti°* beam with intensity 4.4 puA from DECRIS-PM g H L d Ll
9 10 11 12 13 14 15
- ' lam, A
| , Spectrum from DECRIS-PM in regime
‘ imi 48Ti9+ ; .
optimized to **Ti** production (CH;);C;Ti(CH,),
lon source Axial injection Transport channel | ‘;“ﬁ,‘ E‘
System B 4 Beam Profilometer i |
Axial injection system Cyclotron Tr:nspo:t Profile of %8Ti% beam | -
After separation [Before injection channe ; ]
R=4 Al R=177 A in transport channel | =
(IFC2), puA (IFC3), ppA 0 i (21 Omm, puA | (TOFC2), puA "
4,4 4,1 3,0 2,7 2,1
92,5%
73,0%
: 88,9%
79,2%
47 5% :
15



Cyclotron

DC-280

I, epA

lon DECRIS-PM spectrum produced from (CH,):C.Ti(CH,),

400
350;
300;
250;
200;
150;
100;

50 4

0

A

-13'I'ig—

A

A L v -

3 4

5

6 7 8
I

9 10 1
A

magn®

1 12 13 14 15 16 17

48']"'

48 Til 0+
48Ti9+

/-

48—['1'.-‘—

P=300 W

IEC—

8

I

magn?

Hydrogen ions flow ~ 6x10%° pps; Carbon ions flow ~ 1.5x10%° pps
Helium ions flow (work with Ca) ~ 1.5 + 3x10% pps
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Development of

jon production T1 1on production using SI?O% plasma F
methods ' /5

280 d e e ' /
ECR ion source plasma R | S ———— ﬁf_ ______

Chamber 220 o e e e s e s

2004 -
= 1804 ... .

<C 3
............. e U H F ‘E 1804 ... .
T _ e « E 1 .

o —

8 9 10 11 12 13 14
lam (A)

The 8Ti ion spectrum, optimized for 48Til0+

Ti+F — TiF,
Ti foil \Volatile compounds

“Production of multiply charged metallic ions by compact electron cyclotron
resonance ion source with SF; plasma Y. Saitoh et al.

REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 69, NUMBER 2 FEBRUARY 1998

“Recycling effect of germanium on ECR ion source P. Leherissier et al.
Nuclear Instruments and Methods in Physics Research B 211 (2003) 274-280

Screen with Ti foil after operation with SF; plasma
17



Development of Production of high-intensity ion beams “6Ti*1° at the DC-280 cyclotron INR
ion production o0 F
methods 280 |
240 -
Axial injection system Cyclotron Transport 209
After separation [Before injection channel T 180
(FC2),puA | (IFc3) pua |R-700 MM, PUA] R=1770mm, PUA | (ToFc2), pua | E 1207
13,2 10,6 4,6 4,1 3,26 -
80,0% 80
43,5% ol
88,4% 20
79,7% 8
24,5% p— am @) srii0n
p— The 8Ti ion spectrum, optimized for 48Ti
65 - Beam of the *°Ti""*
60, 8 T T T T T T T T T T T T
55 7_" — i B -—35
50 48710+ — Rgp2=300 mm ] WW‘WT X T - 30
451 —— Rgpp=600 mm 6 - I
~ 407 fﬁ ——— Rgpp=1000 mm : F25
< 35 —— Reeo=1770mm = 5] L0 3
\g 30 - ' £ = :\Bender
T 254 §4_ - e e | w—wsg / s
207 T3 L0 P :_EER \j;}) aoky =+ Buncher
15 A | - - '
10 2 -5
5 - I
14 ~ Lo gl _______.“"h
e |«=—— 1lhours |— ,///’ \\
. Imag feia(A) ) ° 0 100 200 300 400 500 600 700_5 Ak g I'I e ( ) ) \ \
Separation of 1°F4* and 48Til0* Time (min) \\ tnﬁacfy )
Ions inside the DC-280 cyclotron /

Accelerated beam stability 48Ti*10

TOFCZ\ 32,704 mkA -



Development of

JINR
ion production - 114 Feroviun
P High temperature evaporator F
methods
202H 7‘Ge 53"‘ %
- P,  18gg Mge Szn Mg Li ¥ca 2%Pp ®Mn 120gp S2¢r S n
1 5 3 3 %
01 STD Ovens ] =
"113fc $c
— 0,01 “j‘ng
= ‘ o~
£ 0,001 ' P
§ ks LiF
;9_ 0,0001 " 184y
= O HT Oyps _—
= 1E5 O S =
a S 8 )
o ™
>  1E6 - = g
i o g
1E-7 b %’3 5 & fallic beaydthreshold
: |
1E-8 ) ! v
1E-9 /v v
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

T (°C)

For refractory metals, the typical temperature to produce enough
vapor (0.001-0.1 torr) in ECR ions source is 1600~2000° C.
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Development of INDUCTIVE OVEN mn

ion production Fm.emium
methods

Collaboration FLNR — IPHC (Strasburg) Adaptation to DECRIS-PM

UHF injection

<
B MAGNETIC FIELD

Induction Heating

600 800 1000 1200 1400
P,W
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Development of

ion production “FOIL” OVEN (GANIL type)

methods

Current return (Ta)
Resistorin Re

Stainless steel rod

f Copper
Ta screens Current supply (Ta) /

®20

Crucible
support (Ta
Guide (Ta) PeartiTal

A

v

Sleeve in Ta
(screwed in the Copper)

Technical drawings are developed in collaboration with VINCA (Belgrade)

SECTION A-A - ® %) @ @ @

B P PR R o G g A i LN R AT e e e PR 5 2 N ey
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Development of

fon procuction Beam intensities of 14 GHz, 28 GHz and 45 GHz
ECR ion sources

45GHz - (expected)

100 >
C 11+*\\\ Xt — U35+ ///
o, Xe20+ \
10 4 Ca'" 28 GHZ 32+_; \
AN U HU
< X 20+_‘k\ N\,
= - \ | \\ 92+
= 14 GHz \ * U
o X
%
X
N\
%
0.1 \\
U32+l*
N B B L R B L B L B
10 20 30 40 50
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Development of

ion production Development of heavy ion injector with 28 GHz ECR ion source

methods
NIIEFA

&

ROSATOM

Injector characteristics:
*Injection energy — up to 100 xV x charge
*Beam intensity of 90Art2* - 1.2.10'4 pps
*Beam intensity of 132Xe30+ - 1.2.1013 pps
*Beam intensity of 48Call* - 8-10%3 pps

UHF system:
UHF system type — gyrotron
UHF frequency — 28 GHz
IAP RAS e UHF power —up to 10 kW

Superconducting magnet system:
*“Warm” bore diameter = @ 142 mm.
*Plasma chamber internal diameter = @ 124 mm.
*Field peak-to-peak axial distance (B;; and By,,) L =420 mm,
*Birjon axis B;,; = 4 Tu,
*BexrON axis By, = 2 + 2,5 T,
*Minimal axial field B;, = 0,5 + 0,8 Ta,
Field module |B| at diameter = @ 124 mm 2,02 Tu,

JINR (—_ f)l’/
Fﬂl Flaravium

| NHEFA:
ROSATOM

23
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Development of JINR

fon production New superconductor ECR source SC-ECRIS (28 GHz) F
~Structure

Solenoids

O =

ROSATOM

Cryostat common view




Development of JINR

ion production New superconductor ECR source SC-ECRIS (28 GHz) F

methods

114 Flerovium

ROSATOM

New ECR source - | Superconductor -
| | 3 3 - |28 GHz SC-ECRIS

...........

: : : 0.5 puA :
T EERRRRE AN EEE EERERERRRRRRREE (C] R
11 iRRRSNTRRTEL] |

Pel'manent ma gnef
| 14 GHz DECRIS-PM -

E, :MeV I nucleon
(4]
4
-l
.
A
1
- -
: W4 1 I I
Y 4 I
V4
I -

] 1 . I 1 I H I 1 .

1 [ | ] ] | | I :

| ] . | P ] | i | I .

N | L . 1 HEY 1 Il L i | 1 .
..B5.... 4. .45 5 . . .55 . 6. .85 7 . 15 . 8 }\25



ccelerated *¥Ca beam

-

intensity

iy BT SRS K o _ o
wrencelab ¥ S wonadsdd PUA
erkley f.‘M’S . _ IMP

DC- ty and efftcie acceleratiomn-
Intensity (puA)

Efficiency (%)

Axial injection Cyclotron

after
separation

before
injection

R=400
mm

R=1770
mm

Transport

Axial
injection

Capture

Cyclotron

Extraction

1,2

1,15

0,86

0,80

o
U1

96%

75%

93%

67%

9

8,1

5,6

5,1

>
N

90%

69%

91%

91%

20

17,6

12,4

11

N
~

87%

70%

88%

71%

4,8

3,9

2,8

N
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81%

71%

88%

86%

10,6

4,6

w
N

80%

43%

88%
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6,3
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o
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91%
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