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The complex based on the cyclotron IC100 of the Laboratory of Nuclear Reactions (JINR, Dubna, Russia) pro-
vides industrial fabrication of nuclear filters. During modernization the cyclotron was equipped with superconduct-
ing ECR-ion source and axial injection system. The specialized beam channel with two coordinates scanning system
and equipment for irradiation of polymer films has been installed in the implantation part of the complex. High in-
tensity heavy ion beams of Ne, Ar, Fe, Kr, Xe, I, W have been accelerated to 1 MeV/nucleon energy. The investiga-
tion of irradiated crystals features, irradiation of different polymer films have been provided. Also few thousands
square meters of track films with holes in the wide range of densities have been produced. The cyclotron based
complex is capable to solve different kinds of scientific and applied problems as well.

PACS: 29.20.Hm

INTRODUCTION

The Facility for nuclear filters production has been
developed by Laboratory for Nuclear Reactions of JINR
in 1985 [1]. Complex is based on the cyclotron IC100
[2]. The cyclotron has been designed to accelerate
multi-charged ions from Carbon (“0**) to Argon
(“*Ar’). Beam energy is fixed to 1.2 MeV/A at 4™ ac-
celeration harmonic and to 0.6 MeV/A at 6™ harmonic
of RF. The internal PIG ion source was installed at
IC100 which defines possible range of ions [3].
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Fig.1. IC100 cyclotron. Shown are the SC ECR source,
injection line, magnet and resonance cavity

To improve performance and to realize industrial pro-
duction of nuclear filters it was proposed to produce nu-
clear filters using film irradiation by more heavy ions [4].

CYCLOTRON UPGRADE

In 2003-2006 the applied research facility has been
equipped with Superconducting ECR Ion Source and
axial injection system (Fig.1). High intensity beams of
high-charge state ions of heavy element are supplied
from Ion Source [5]. Cyclotron commissioning and first

beam tests have been done using **Kr'>* and "*?Xe***
ions. The extracted beam current has exceeds 2 pA. Ions
of Ar, Fe, I, W and other elements were accelerated and
extracted from the cyclotron (Tabl.1).

Table 1. Ions accelerated at IC100

Element Ton AlZ Current
LA
Neon ZNet 5,5 0,7
Argon PAr* 5,714 2,5
Iron Spe!0 5,6 0,5
Krypton PRt 5,733 2
Iodine 12722+ 5,773 0,25
Xenon 132 23+ 5,739 1,2
Xenon B2y e 5,5 0,6
Tungsten B2y 5,6875 0,015
Tungsten A 5,9355 0,035
Tungsten 18dgy 32+ 5,75 0,017

During commission period original design has been
tailored to improve cyclotron performance. In addition
to focusing elements in the injection line third solenoid
was installed at distance of ~600 mm from cyclotron
median plane and acceptance of vertical part of injection
line was increased.

The position and the shape of central region elec-
trodes was rearranged and optimized in order to im-
prove efficiency of ion acceleration at first turns. The
electrostatic deflector and two magnetic channels were
installed in the IC100 in order to extract beam. Distor-
tions of magnetic field caused by passive iron channels
have been compensated by shimming plates of special
shape. The field deviation from isochronous profile was
reduced to an acceptable level and imperfection first
harmonic was suppressed to few Gauss. The beam cen-
tering was improved. Independent RF power supply of
each resonator from two RF generators essentially im-
proves cyclotron tuning and provides guarantee of long
term beam stability on target. With new 3/2BA drift
buncher beam current was increased in three times. The
specialized beam channel and equipment for film irra-
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diation as well as box for applied research were de-
signed and assembled at IC100. Two coordinates beam
scanning system provides homogenous ion implantation
into large surface polymer films [6]. Comprehensive
measurements of beam parameters were performed and
influence of different factors on beam quality has been
investigated. IC100 operating parameters are close to

designed values (Table 2).

Table 2. IC100 parameters

Parameter Designed Realized
Accelerated ions Ar, Kr, Xe | Ne, Ar, Fe,
Kr, [LXe,W
A/Z range 53...6,0 5,545,95
RF harmonic 4 4
Ion energy, MeV 1...1,25 0,9...1,1
Field, kGs 18,8...20,1 | 17,8419,3
RF frequency, MHz 20,4...20,9 | 19,8...20,6
Injection voltage, kV 12,5 4...15
Injection vacuum, Torr 5-107 1,5-10”
Cyclotron vacuum, Torr 510" 510"
RF Dee voltage, kV 50 45455
Beam emittance (4RMS) 250 ~2507
AM separation, 7 mm-mr
Inj.line Accept, 7 mm-mr 2257 ~2207
%K r">* beam intensity ~10"g! 8-10' 0"
(2.5 pA) (2 pA)
132X e™* beam intensity 2.6:10"0" 3.10' 0!
(1 pA) (1.2 pA)
holes density uniformity +10% +10%
multiple irradiation +3%
Long term beam stability +10% +4...10%
Total beam transmission 8% 7%

Superconducting ECR Ion Source was designed for
SRF frequency range up to 24 GHz and axial magnetic

field up to 30kGs [4,5]. 18 GHz SRF Generator of

1 kW power is employed at IC100 DECRIS-SC.
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Fig.2. Kr spectrum from DECRIS-SC. Extraction
voltage 12.5 kV. SRF power is 380 W

Beam current of injected ions exceeds 60 puA for *Kr'>*
and 30 pA for *?Xe*™ (Fig.2). Source produces high
charge states of very heavy ions. Wide range variation
of beam current is routine procedure for DECRIS-SC.

The axial injection line is accomplished with three
focusing solenoids S1-S2-S3, single quad lens Q, ana-
lyzing magnet AM and correction magnets (Fig.3) [7].
With S3 solenoid Acceptance of injection channel was
upgraded to 2507 mm-mr and beam is focused at the
inflector entrance to 8 mm spot.

The gap between sectors in the cyclotron was re-
duced to 20 mm in order to provide high level magnetic

field (19 kGs). Isochronous field profile has been
formed by shaping of sectors and by using of plate
shims. There are no trim coils in IC100. Central region
was modified and Dee-ground gaps were reduced to
7 mm in order to improve beam focusing in axial direc-
tion and to increase RF acceptance.
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Fig.3. Axial injection channel (length =5 m)
DECRIS — superconducting ECR Ion source;
00 — analyzing magnet; S1,52, S3 — focusing solenoids;
Q — correction quads; FC2 — Faraday cup

Drift 3/2BA grid buncher has been tested at IC100.
To minimize transit time effects the gap between grid
electrodes has been reduced to 3 mm. Distance between
wires was decreased from 8 to 4 mm in order to provide
homogenous electric field distribution. With Buncher on
ion current is increased in three times which is close to
designed values.

Beam measurements. IC100 accelerated beam en-
ergy is fixed at ~1 MeV/A [8]. A/Z range of ions and
RF frequency might be slightly varied (Tabl.2). Beam
current distribution of Ar’*, Kr'>* and Xe*** ions during
acceleration in the IC100 is presented in Fig.4. The RF
phase selection of ions takes place up to ~150 mm. RF
capture efficiency of DC beam (Buncher is off) is close
to 10% of injected current which is close to 40° RF
phase band. With Buncher on RF acceptance of IC100
cyclotron is increased in three times up to 30% [9].
Resonance (Garren-Smith) curves were measured to
control beam phase motion inside cyclotron (Fig.5).
Symmetry position of resonance curves at all radii as
well as for extracted beam provides experimental evi-
dence of good quality field profile.

6

51 +15

I ———————
ey

Tox nyuka, MKA

Xe+23

0 100 200 300 400 500
paguyc, MM

Fig.4.Beam current distribution during acceleration of
Ar, Kr, and Xe ions

Cyclotron Vacuum system consists of two sets of
Cryo- and turbo-pumps. Cyclotron operates at vacuum
level of 10 Torr. Acceleration efficiency due to vac-
uum losses inside the cyclotron (from ~150 to 400 mm
radii) is in complete agreement with preliminary com-
puter simulations and it is about 60...70% for all ions
[10]. The slope of beam current distribution curves is
similar for all ions and does not depend on ion charge
(Fig.4). There are no significant vacuum losses in the



IC100 cyclotron due to gas stripping of heavy ions.
Slight decline of ion current is caused by aperture losses
of beam on small vertical gaps (20 mm).
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Fig.5. Resonance curves of “Kr">*. Plato is symmetrical

at all radii

Tons of W3 have been accelerated and delivered to

the target. Beam current of W ions on the target exceeds
17 nA (3:10° pps). Technology of composite hexa-
carbonyl tungsten powder W(CO); sublimation has been
used for ion production in ECR source [11]. For produc-
tion of Fe ions vapors of metallotzen Fe(CsHs), compos-
ite unit have been injected into the discharge chamber of
ECR source. Injected current of Fe ions of +9, +10,+11
charge states is equal to 3...5 pA. Extracted beam of
36Fe!'™ jons is almost 0.5 pA (3-10" pps).

Extraction system of IC100 consists from an Elec-
trostatic Deflector and two magnetic channels. Deflector
is located at free valley. The first channel is installed in
the free space between sectors. Second channel MC2 of
20x10 mm aperture is located in the field region with
high azimuth gradient. To provide smooth compensa-
tion of gradient fields along the beam trajectory the
MC?2 was divided in 5 sections with different local gra-
dients. Drop of average field in the acceleration region
caused by iron channels has been reduced to an accept-
able level by special shim plates installed in the valley
between channels. 70% of beam passes Deflector. Total
extraction efficiency of beam is almost 50%. Extracted
beam shape after second channel is 5x4 mm (Fig.6).
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Fig.6. Foto of extracted beam of after magnetic
channel. Distance between wires is 5 mm

Beam diagnostics and current stability. Special
measures have been made to improve long term stability
of beam and to provide uniform distribution of beam
current on 300x200 mm? target area. Two RF generators
are used for independent feed of two RF resonators.
Back loop phase stability system ensures precise tuning
of RF phase and amplitude on both Dees independently.
Beam line multi-wire probe with 90% transparency,
Faraday Cups located on both sides of radiation area,
the central collector intercepting part of beam were em-
ployed for on-line beam diagnostics during films irra-
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diation. Faraday Cup in the beam line and other ele-
ments are used for current calibration.

For production of nuclear Tracking Membrans (TM)
the film is moving in the vertical direction. Beam is
focused in elongated ellipse in vertical direction and
spread out in horizontal direction by scanning magnets
with repetition rate of 100 Hz. Special attention was
paid to symmetry of beam current on both sides of film.
Production cycle usually takes about 2-4 hours because
of the film rotation speed is 5 to 10 cm-c”. Beam current
is stabilized by tuning of injection line solenoid S1 as
well as by changing of buncher voltage and power of
ECR source. Long term stability of beam current is bet-
ter than £5% providing the automatic tuning system is
on (Fig.7). To guarantee high uniform hole density dis-
tribution as well as to reduce influence of sparks in the
cyclotron the film is irradiated two times.
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Fig.7. Long term stability of "*Xe*** beam. Current was
measured on target. Irradiation period one hour
TM channel. Differential pumping system along beam
channel of 10 m length separates cyclotron volume from
irradiation chamber and consists of 4 turbo-pumps and

two for-vacuum lines (Fig.8).

Fig.8. Beam delivery line to device for polymer films
production

Fig.9. Chamber for TM production



Film rewinding chamber and three high speed turbo-
pumps are shown in Fig.9. Cryogenic panel system of
50,000 I/s pumping speed for water vapors will provide
high vacuum even with heavy gas load during fast film
rotation.

CONCLUSIONS

Intense beams of 1 MeV/A heavy ions of Ne, Ar,
Fe Kr, Xe, I., W elements have been successfully accel-
erated at IC100 cyclotron. Parameters of irradiated crys-
tals have been studied. Industrial production of different
kinds of polymer films was performed and few tens of
thousands of square meter of TM was produced in the
wide range of hole densities — from 5-10° to 3-10° cm™.
IC100 cyclotron based facility is well fitted to solve
other scientific and applied research programs including
nanotechnologies. Modification and improvement of
different subsystems is under way. Special attention is
paid to expand range of accelerated ions, to increase
beam intensity, to upgrade beam diagnostics, automatic
control system, to improve beam stability, to modify
vacuum system of radiation channel etc. Authors are
greatly appreciate to LNR staff and all people who helps
to upgrade facility performance.

REFERENCES

1. B. Gikal, et al. JINR publication P9-86-305. Dubna.
1986, p.7.

2. G. Gulbekian, et al. JINR publication 09-86-785,
Dubna. 1986, p.12.

3. A. Andrijanov, et al. JINR preprint 09-85-598,
Dubna, 1985, p.11.

4. B. Gikal, et al. Modernization of cyclotron implant
facility IC100: JINR preprint 09-2003-121, Dubna.
2003, p.18.

5. A. Efremov, et al. Status of the ion source DECRIS-
SC /I Rev. of Scient. Instr. 2006, v.77, 03A320,
p.235-239.

6. G. Gulbekian, et al. JINR preprint 09-87-495,
Dubna, 1987, p.10.

7. A. Alexandrov, et al. Space Charge Dominated
Beam // Proc. of the Workshop on Physics for Heavy
Ion Fusion ECR-Sources. Riken, Japan, 1998, p.49.

8. B. Gikal, et al. JINR preprint 09-02-240, Dubna,
2002, p.14.

9. B. Gikal, G. Gulbekian, et al. // Proc. EPAC9S,
Sweeden, 1998, p.2199-2201.

10. A. Tikhomirov, P. Journ. Kova¢ // Vacuum Technol-
ogy. 1999, v.52, p.401.

11.T. Nakagava. Production of highly charged metal
ion beams from organic metal compounds at RIKEN
18 GHz ECRIS // Nucl. Instr. and Meth. 1997,
v.A396, p.9-12.

Cmamowsa nocmynuna 8 peoaxyuio 30.07.2007 2.

YCKOPUTEJIbHBI KOMILJIEKC JIJIS NPOU3BOACTBA SAJEPHBIX ®UJILTPOB
N MPOBEJEHUSA HAYYHO-ITPUKJIAJJTHBIX HCCIIEJOBAHUU HA BA3E HUKJIOTPOHA HUI1100

b.H. I'uxan, C.H. /Imumpues, I.I'. I'ynvoexan, I1.FO. Anens, B.B. bawesoii, C.JI. bozomonos, O.H. bopucoas,
B.A. By3maxoe, A.Il. Yepesamenko, A.A. E¢ppemos, H.A. Heanenxo, O.M. Heanos,
H.IO. Kazapunos, M.B. Xaéapoe, H.B. Konecos, B.H. Muponos, A.U. Ilanaw, C.B. Ilawenxo,
B.A. Ckypamos, A.B. Tuxomupos, H.FO. A3euykuii

Ha mwmknorponrom xkomrurekce WMI[100 JlaGopartopuu simepubix peakumit OWSAN (r. dy6ma, Poccus)
pPEATN30BaHO INPOMBILIIEHHOE M3TOTOBJIEHHE SIEpPHBIX (QUIBTPOB. B  pesynbrare IpOBeASHUS MOJHOM
MO/JICpPHU3AINH IHUKIOTPOH ObUT OCHAIIEH CBEPXIPOBOAIIINM DI [P-HCTOYHNKOM M CHCTEMOI BHEITHEH aKCHAIBHOM
MHKCKIMK  Iy4yka. VIMIUIAaHTAIMOHHBIH KOMIIEKC Obl1  00OpYyAOBaH  CIEIMAIN3UPOBAHHBIM  KaHAJIOM
TPAHCHOPTUPOBKH C CHCTEMOW CKAaHMPOBAHMA IydKa M YCTAHOBKOHM Ui OOJMy4YeHMs MOJMMEPHBIX IUIEHOK. Bpln
MOJIYYCHBI MHTCHCHBHBIC MYYKH TsDKEIbIXx HOHOB Ne, Ar, Fe,Kr, Xe, I, W ¢ sueprueii okomo 1 MsB/nykin. beur
NPOBEICH PsIJl HAYYHBIX MCCIEAOBAHUI 10 W3YyYCHUIO CBOWCTB OOJYYEHHBIX KPHCTAJUIOB, NMPOBEIEHO OOJIyYeHUE
Pa3JIMYHBIX TOJMMEPHBIX IUIEHOK, M3TOTOBJIEHO HECKOJIBKO THICSY KBaJPAaTHBIX METPOB TPEKOBBIX MeMOpaH B
LIMPOKOM JIMara3oHe M3MEHEHHUs IIOTHOCTH OTBEPCTHH. LIMKIOTPOHHBIM KOMIUIEKC CIIOCOOEH TakKe pemarb U
JpyTUe HayYHO-TIPUKIIaIHbIE 3aJauH.

MPUCKOPIOBAJIbHUI KOMILJIEKC JIJIsI BAPOGHUIITBA SIIEPHUX ®LJILTPIB I TIPOBEIEHHSI
HAYKOBO-ITPUKJIAJJTHUX JOCJIIKEHb HA BA3I HUKJIOTPOHY 111100

b.H. I'ikan, C.H. /[mumpucs, I'.I'. I'ynvoexan, ILFO. Anens, B.B. bawesoii, C.JI. bozomonos, O.H. Bopucos,
B.A. By3maxkos, A.Il. Yepeeamenko, A.A. Egppemos, 1.A. leanenxo, O.M. Iéanos,
H.IO. Ka3apinos, M.B. Xabapos, 1.B. Konecos, B.I. Muponoes, A.l. Ilanaw, C.B. Ilawenxo,
B.A. Cxypamos, A.B. Tuxomupos, H.FO. A3éuybkuii

Ha mwmknorponnomy komruiekci 11100 Jlaboparopii simepuux peakmin OISAJ] (M. Jly6na, Pocis) peanizoBaHO
MPOMUCIIOBE BHI'OTOBJICHHS SA€PHUX (GUIBTPIB. Y pe3ynbTari NpOBEACHHS MOBHOI MOJAEpHi3alii HUKIOTPOH OYB
ocHameHuil HaxnpoBigHuM ELIP-mpkepesioM 1 cucTeMOIo 30BHIIIHBOT akcialbHOT 1HXKeKIil myuka. [HruranTamiitnnit
KOMILIeKC OyB OOJNaaHaHM{ cleniani3oBaHUM KaHaJIOM TPAHCIIOPTYBaHHS 3 CHUCTEMOIO CKaHYBaHHS ITydka i
YCTaHOBKOIO JJIsl ONIPOMIHEHHS NOJIMEPHUX IITIBOK. Bysin oTprMaHi iHTeHCHBHI MydKH BaKKuX ioHIB Ne, Ar, Fe,Kr,
Xe, I, W 3 enepriero 6inst 1 MeB/nykn. by npoBenenuii psa HayKOBHX AOCTIUKEHb 10 BUBUCHHIO BIACTUBOCTEH
OTIPOMIHCHHUX KPHUCTATIB, IPOBEJICHE OMPOMIHEHHS PI3HUX IMOJIMEPHUX IUIIBOK, BHTOTOBIICHO KUTbKAa THCSY
KBaJIpaTHUX METPIB TPEKOBUX MeMOpaH y MIMPOKOMY Miala30Hi 3MiH MITHFHOCTI OTBOPIB. L{IUKIOTpOHHMI KOMILIEKC
3IaTHUHA TaKOXX BUPINIYBATH 1 HIII HAYKOBO-TIPUKIAIHI 3aBIaHHS.
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