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Abstract

The DC280 is the high current cyclotron with design
beam intensities up to 10 ppA for ions with energy from 4
to 8 MeV/nucleon. It was developed and created at the
FLNR JINR. The accelerator has worked 9350 hours.
Experiments on acceleration of '2C, *°Ar, “8Ca, *8Ti, 2Cr
and ¥Kr beams production were carried out. The follow-
ing intensities of accelerated beam have been achieved:
10 ppA for 2C*% 10.4 ppA for “Ar'7; 7.1 puA for
BCa™0, 1 puA for ®Ti*'% 2.4 puA for 2Cr''% 1.43 puA
for #¥Kr*'%, The total acceleration efficiency from ion
source to transport channel was about 50%.

DC-280 DESCRIPTION

DC-280 is the accelerated ions source for experiments
on synthesis of super heavy elements [1]. It is part of
Super Heavy Element (SHE) Factory which was created
in FLNR in JINR. It is isochronous cyclotron designed for
acceleration of ion with mass to charge ratio from 4.5 to 8
to energy from 4 to 8 MeV/n. Main parameters design and
achieved present in Table 1.

Table 1: Main Parameters of DC-280 Cyclotron

Parameters Design Achieved
Injecting beam energy Upto 80keV/Z 38,04 —72,89 keV/Z
A/Z 4+7.5 4,4(*Ar"7) +6,9(**Ca'")
Energy 4+8 MeV/n 4,01 -7 MeV/n
Ton (for DECRIS-PM)  4-136 12 (2C*2) — 84 (MKr'14)
Intensity (A~50) >10 puA 10,4 ppA (“Ar*);
Magnetic field level 0.6+1.3T 0.8+1.23 T
K factor 280
Dee voltage 2x130 kV 130 kV
Power of RF generator 2x30 kW
Accelerator efficiency >50% 51,9 % (*8Ca™® 5 puA)

Electron Cyclotron Resonance (ECR) source

DECRIS-PM is used for production of ions [2, 3]. It has
magnetic structure from permanent magnets. It placed on
high voltage platform with work voltage up 70 kV for
increasing efficiency of initial beam transport and capture
to acceleration [4].

For injection to cyclotron, one of two spiral inflectors
with magnetic radius Rn= 7.5 (type A) or 9.2 (type B) is
used. During experiments both of them were successful
tested. There is electrostatic quadrupole lens in central
part of cyclotron. Polyharmonic buncher is used for in-
creasing of ions capture to acceleration [4].

Accelerated beam is extracted from cyclotron by elec-
trostatic deflector. It works in conjunction with magnetic
channel. Deflector length is 1.3 m. The work electric field
strength in gap between electrodes is up 90 kV/cm [1].
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Extracted beam is delivered by transport to experi-
mental setups [5]. There are 5 channels connected with 3
isolated halls.

On 26 December 2018, the first accelerated beam was
got inside of DC-280 cyclotron [1, 6]. On January 2019,
accelerated beam was extracted from cyclotron to
transport channel. On September, the new experimental
facility Dubna Gas Filled Separator 2 was mounted, and
test with accelerator beam was started [7]. On December
of 2019, work with beam of “8Ca was initiated. On No-
vember 2020, the first experiment on production of !'*Mc¢
was started.

The cyclotron has worked 9350 hours during three
years. Different mode of work with different ions and
energy were explored. The work diagram of DC-280
cyclotron with marks of tested regimes is presented on
Fig. 1. The cyclotron has shown reliable and highly effec-
tive work. The control and extraction systems were opti-
mized for improving of efficiency and reliable of acceler-
ator.

Work diagram of the DC-280
A%Ar O%Kr O%Ca %*Ti @52Cr

’ T T : T ] DC-280
. 11 il L i | |
L i i \ i | |
7 - 4‘.: JI-A—Z—ZL\\ it " "
: RS
° HH i IRRRRE N | |
T DT
3 MR THI L
2 ATERTTTIAO i
= LS T
i . . ‘ ‘ .
‘Tmmmm T
R R
Pl ! : ! ! 1
2 H | " " 4 i 4 "
3.5 4 45 5 55 6 65 7 75 8 Az
Figure 1: DC-280 work diagram with mark of test modes.

Polyharmonic Buncher Contribution

Polyharmonic buncher is used for increasing of capture
to acceleration [1, 4]. It is in vertical part of axial injec-
tion system on the distance 3.875 m from median plane of
cyclotron. This device converses the continuous beam
from ion source to sequence of bunch arrived in cyclotron
in phase of capture to acceleration. It consists from one
drift tube and two grids Fx2 and Fx3. Their potential
varies with frequency by one, two and three times of
acceleration frequency, respectively. It allows capture to
acceleration 70 % of ions generated in Ion source.

Capture efficiency of ion from axial injection system to
acceleration in cyclotron with different buncher mode:
buncher Off; work only drift tube (1-st harmonic); work
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drift tube and two grids (3 harmonic) is presented in
Table 2. Capture efficiency increasing is 3.3 times then
only drift tube (1-st harmonic) works and 4.5 times then
drift tube, both grids work.

Table 2: Efficiency of Capture to Acceleration for
Different Mode of Buncher

Iecr Capture
Ion
(PrA)  Off  1-t Harmonic 3 Harmonic
OAr 5.6 15% 40% 66%
“Ca 2.5 15% 67%
84Kr 3.64  12% 43% 57%
Max Design Value of Capture 70%

Electrostatic Quadrupole Lens Contribution

The electrostatic quadrupole lens is placed after inflec-
tor in central region of cyclotron. It reduces loss during
initial turns in cyclotron and decreases beam divergence,
which has positive effect on passage inside cyclotron and
escape of accelerated ion beam. Every lens electrode has
own power supply that allows make additional fine tuning
beam direction after inflector.

The impact of quadrupole lens on efficiency of capture
to acceleration and efficiency of passing inside cyclotron
efficiency is presented in Table 3. Lens's contribution is
more relevant with high intensity beams. It gives addi-
tional rise of efficiency of capture and acceleration inside
cyclotron up to 9%.

Table 3: Contribution of Electrostac Quadrupole Lens to
Efficiency of Capture and Acceleration Inside Cyclotron

Quadrupole  Jon Text Effectivity
IJIJ(G;EZ (prA) Capture Inside Difference
Cyclotron
Off "N ; 65% 86% 9%
r
On 74%  88% ’
Off 8o s 73% 86% 50,
a
On 78%  87% ’
Off 78% 95%
2Cr 0,5 3%
On 81% 95%
Achieved Beam Intensity

On the first stage of work, the ions of “°Ar and 3 Kr
were accelerated. We tested various charges and got dif-
ferent energies. First results were presented earlier [1, 5].
The next step was to obtain of “*Ca beams, which are used
for experiments on synthesis of super heavy elements.
Moreover, the experiments to study of high intensity
beam production and acceleration was carried out.
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For further experiments for super heavy elements will
be needed beams of accelerated ions of *°Ti and 3*Cr. For
development of technology, we have accelerated their
naturally occurring isotopes **Ti and *?Cr. We have got
intensity 1 puA for **Ti and 2.4 ppA for Cr. The intensi-
ty is limited by ion current from ECR source. The com-
parison of normalized intensity distribution for 32Cr ion
beam in acceleration process is presented on Fig. 2. There
are data for different intensities of beam and different
ECR source regimes.
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Figure 2: Comparison of normalized **Cr beam intensity
in different points of cyclotron for different beam intensi-
ties.

We can see, that efficiency of acceleration worsen then
we increase power input to ECR source. We work to
improve of the method of ion production and optimize the
ECR source work mode.

Table 4: Efficiency in Different Points of Accelerator on
Different Stage of Acceleration

Intensity (ppA)
Ion g\l;[e:\gg Axial Injection Cyclotron Té::;l::,e,l.t
After Vertical R= R=
Separation part 400 1770
WA 195 28,7 24,7 17,1 142 104
8Ca*™7 240 10,9 9,8 6,9 6,1 52
48Catl0 240 9 8,1 558 5,1 4,7
48Catl0 240 23 19 12,8 10,6 7,1
BTi0 244 2,0 1,9 1,4 1,25 1,0
S2Crt10 320 5.8 5,1 3,3 3,1 2,4
84Kr*14 496 3,1 2,8 1,7 1,6 1,4

We have measured beam current in different places of
cyclotron on different stage of acceleration for definition
of efficiency and analysis of loss. In axial injection and
transport channels we use Faraday's cups. Inside the cy-
clotron we use inner moving probe.
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For analysis of phase moving and fine-tuning of the ac-
celerated beam inside cyclotron, the system consisted of
10 coup of Pick-Up electrodes is used. For tuning of beam
passing through transport channels and beam space distri-
bution scanning two-dimensional ionization profile moni-
tor were used [8].

The design intensity 10 ppA in transport channel was
successfully obtained for '2C and “°Ar ions beam, as well
as for “Ca ions beam inside the cyclotron on extraction
radius. Maximum intensity of “®Ca ion beam extracted
after acceleration is 7.1 puA. The full list of obtained
results present in Table 4.

Efficiency Analysis

We have analysed the efficiency of work and ions loss
on different stage of acceleration. The results is presented
in Table 5. Main loss of ions is in axial injection and ex-
traction systems. Capture to acceleration efficiency is
about 70%, it is close to possible maximum. Transport
efficiency of extracted beam from cyclotron to experi-
mental target is more than 90%. The efficiency is about
50% with beam intensity up to 5 ppA and about 40%, for
intensity about 10 ppA.

Table 5: Efficiency of Different Stage of Acceleration

Efficiency
Ton E(;lairv%y Axial

Injection Capture Cyclotron Extraction Total
AT 195 86% 69% 83% 73% 36%
BCa’ 240 90% 71% 88% 85% 48%
BCa? 240 90% 69% 91% 91% 51%
BCa't 240 82% 67% 83% 67% 31%
Vi 244 92% 72% 92% 83% 50%
2Cpt10 320 89% 64% 93% 78% 41%
MKt 496 91% 60% 93% 92% 47%

Efficiency of **Ca Production

For *8Ca we use method production the working sub-
stance by evaporation of compound in crucible [9]. Dur-
ing the work, DECRIS-PM ECR source had high effi-
ciency and small consumption of the material, that very
important for experiment with rare isotopes. The con-
sumption of **Ca compound during the work for different
production ion beam present on Fig. 3.

We can see that the ¥Ca consumption depends on beam
current. But its level is low. For example, during long
experiments with intensity about 4 ppA (2 puA accelerat-
ed beam) the consumption was up 0.3 mg/hour.
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Figure 3: Consumption of 48Ca compound.

CONCLUSION

The cyclotron DC-280 has worked 9350 hour including
1700 hour for experiments. The work and beam current
on experimental target was stable during long time exper-
iments. The cyclotron has shown itself like reliable and
highly effective machine in terms of energy consumption,
as well as in terms of ion beam acceleration and transport.
The main part of design parameters has carried out yet.
The design intensity 10 ppA in transport channel was
successfully obtained for “°Ar ions beam, as well as for
“8Ca ions beam inside the cyclotron on extraction radius.
Maximum intensity of “Ca ion beam extracted after ac-
celeration is 7.1 ppA. The efficiency of acceleration is
about 50%.
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