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Îáëó÷àòåëüíûé êîìïëåêñ «Àëüôà»
äëÿ ïðîèçâîäñòâà òðåêîâûõ ìåìáðàí

Â Îáúåäèíåííîì èíñòèòóòå ÿäåðíûõ èññëåäîâàíèé
äëÿ ÇÀÎ «Òðåêïîð òåõíîëîäæè» ðàçðàáîòàí è èçãîòî-
âëåí îáëó÷àòåëüíûé êîìïëåêñ «Àëüôà», ïðåäíàçíà÷åí-
íûé äëÿ îáëó÷åíèÿ ïîëèìåðíûõ ïëåíîê, èñïîëüçóåìûõ
â ïðîèçâîäñòâå òðåêîâûõ ìåìáðàí, íåîáõîäèìûõ äëÿ èç-
ãîòîâëåíèÿ ðàçäåëÿþùèõ è ôèëüòðóþùèõ ýëåìåíòîâ
ìåäèöèíñêîãî, ïðîìûøëåííîãî è áûòîâîãî íàçíà÷å-
íèÿ [1].

Êîìïëåêñ «Àëüôà» âêëþ÷àåò:
• èñòî÷íèê òÿæåëûõ èîíîâ íà îñíîâå ýëåêòðîííî-öè-

êëîòðîííîãî ðåçîíàíñà (ÝÖÐ-òèïà), ðàçðàáîòàííûé è

èçãîòîâëåííûé â ÍÈÈÝÔÀ èì. Ä. Â. Åôðåìîâà
(Ñ.-Ïåòåðáóðã);

• èçîõðîííûé öèêëîòðîí ñ ýëåêòðîñòàòè÷åñêîé ñèñòå-
ìîé âûâîäà óñêîðåííûõ èîíîâ;

• ñèñòåìó òðàíñïîðòèðîâêè âûâåäåííîãî ïó÷êà óñêî-
ðåííûõ èîíîâ;

• îáëó÷àòåëüíóþ óñòàíîâêó.

Óñêîðèòåëü ÖÈÒÐÅÊ ïðåäñòàâëÿåò ñîáîé èçîõðîí-
íûé öèêëîòðîí ñ àçèìóòàëüíîé âàðèàöèåé ìàãíèòíîãî
ïîëÿ (÷åòûðåõñåêòîðíàÿ ñòðóêòóðà), àêñèàëüíîé èíæåê-
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Irradiation Complex ALFA

for Track Membrane Production

The film irradiation complex ALFA, intended to ex-
pose the polymer films used for the industry of membrane
products to be consumed in medicine, microelectronics and
technology applications, was designed and manufactured
by the Joint Institute for Nuclear Research for TRACK-
PORE TECHNOLOGY holding company [1].

The complex consists of external ECR ion source,
which was designed and manufactured by the Efremov

NIIEFA (St. Petersburg), isochronous cyclotron with elec-
trostatic extraction system, beam transport of the accelerat-
ed ions and film irradiation chamber.

CYTRACK is an isochronous cyclotron with az-
imuthally varying field (four pairs of sector shims), axial in-
jection, radiofrequency accelerating system and electrostat-
ic deflectors for extracting ions from the accelerator.
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öèåé èîíîâ, âûñîêî÷àñòîòíîé óñêîðÿþùåé ñèñòåìîé è
ýëåêòðîñòàòè÷åñêîé ñèñòåìîé âûâîäà. Îñíîâíûå òåõíè-
÷åñêèå õàðàêòåðèñòèêè öèêëîòðîíà ÖÈÒÐÅÊ ïðèâåäå-
íû â òàáëèöå.

Õàðàêòåðèñòèêè öèêëîòðîíà

Óñêîðÿåìûå èîíû 40Ar8�

Òèï èîííîãî èñòî÷íèêà ÝÖÐ

Òèï èíæåêöèè Àêñèàëüíàÿ

Ðàáî÷èé âàêóóì, òîðð 3 10 7� �

Íà÷àëüíàÿ ýíåðãèÿ, ÌýÂ/íóêëîí 0,003

Êîíå÷íàÿ ýíåðãèÿ, ÌýÂ/íóêëîí 2,4

Íà÷àëüíûé ðàäèóñ óñêîðåíèÿ, ìì 53

Êîíå÷íûé ðàäèóñ óñêîðåíèÿ, ìì 730

Èíòåíñèâíîñòü âûâåäåííîãî ïó÷êà, íÀ 200

Ýôôåêòèâíîñòü âûâîäà 50 %

Ïàðàìåòðû ýëåêòðîìàãíèòà öèêëîòðîíà

Ãàáàðèòíûå ðàçìåðû ìàãíèòà, ì 3,7#2#1,65

Âåñ ìàãíèòà, ò 83

Äèàìåòð ïîëþñà, ì 1,6

Óðîâåíü ñðåäíåãî ìàãíèòíîãî ïîëÿ, Òë 1,48

Ðàáî÷èé òîê, àìïåð-âèòêè 92750

Ïîòðåáëÿåìàÿ ìîùíîñòü, êÂò 25

Çàçîð ìåæäó ïîëþñàìè:

â õîëìå, ìì 40

â äîëèíå, ìì 100

Ïàðàìåòðû âûñîêî÷àñòîòíîé ñèñòåìû

Êîëè÷åñòâî äóàíòîâ 2

Àçèìóòàëüíàÿ ïðîòÿæåííîñòü äóàíòîâ, ° 45

Àìïëèòóäà íàïðÿæåíèÿ íà äóàíòàõ, êÂ 40 50�

Ðåçîíàíñíàÿ ÷àñòîòà, ÌÃö 18,258

Êðàòíîñòü óñêîðåíèÿ 4

Äîáðîòíîñòü ðåçîíàíñíûõ ñèñòåì 3500

Íà ðèñ. 1 ïðåäñòàâëåíà ñòðóêòóðà öèêëîòðîíà â
ïëàíå, íà êîòîðîì âèäíû ÷åòûðå ñåêòîðà íà ïîëþñå
ýëåêòðîìàãíèòà S, äâà äóàíòà âûñîêî÷àñòîòíîé óñêîðÿ-
þùåé ñèñòåìû D1 è D2, ýëåêòðîñòàòè÷åñêèå äåôëåêòî-
ðû ESD1, ESD2 è ïàññèâíûé ìàãíèòíûé ôîêóñèðóþ-
ùèé êàíàë FD.
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The main characteristics of CYTRACK are given in
table.

Parameters of CYTRACK cyclotron

Accelerated particle 40Ar8�

Ion source type ECR

Type of injection Axial

Pressure, Torr 3 10 7� �

Injection energy, MeV/nucleon 0.003

Final energy, MeV/nucleon 2.4

Injection radius, mm 53

Extraction radius, mm 730

Extracted beam intensity, nA 200

Extraction efficiency 50%

Magnetic system parameters

Overall dimensions of yoke, m 3.7#2#1.65

Weight of iron, t 83

Diameter of poles, m 1.6

Mean magnetic field, T 1.48

Current, ampere-turns 92750

Power consumption, kW 25

Gap between poles:

Hill, mm 40

Valley, mm 100

RF system parameters

Number of dees 2

Azimuthal extension, ° 45

Voltage amplitude, kV 40 50�

Frequency, ÌHz 18.258

Harmonic number 4

Quality factor 3500

A general plan of the cyclotron with four sector shims

S, two dees of RF system D1 and D2, electrostatic deflectors

ESD1 and ESD2 followed by magnetic focusing channel

FD is shown in Fig. 1.
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Âåäóùåå è ôîêóñèðóþùåå ìàãíèòíîå ïîëå ñîçäàåò-
ñÿ ïðè ïîìîùè Ø-îáðàçíîãî ýëåêòðîìàãíèòà ñ ÷åòûðü-
ìÿ ñåêòîðíûìè øèììàìè íà öèëèíäðè÷åñêèõ ïîëþñàõ.
Íåîáõîäèìûé ðîñò ñðåäíåãî ìàãíèòíîãî ïîëÿ âäîëü ðà-
äèóñà îáåñïå÷èâàåòñÿ óâåëè÷åíèåì óãëà ñåêòîðíûõ
øèìì ñ 30 äî 41,8°. Äëÿ îáåñïå÷åíèÿ íåîáõîäèìîé òî÷-
íîñòè ôîðìèðîâàíèÿ èçîõðîííîãî ïîëÿ èñïîëüçîâàëèñü
òàêæå øèììû â äîëèíàõ ìàãíèòà. Áëèçîñòü ÷àñòîòû ðà-
äèàëüíûõ áåòàòðîííûõ êîëåáàíèé ê åäèíèöå ïðèâîäèò ê
æåñòêèì äîïóñêàì íà àìïëèòóäó ïåðâîé ãàðìîíèêè ìàã-
íèòíîãî ïîëÿ. Ïîýòîìó ïîëå ñôîðìèðîâàíî òàê, ÷òî àì-
ïëèòóäà ïåðâîé ãàðìîíèêè íå ïðåâûøàåò 3 Ãñ.

Ýíåðãèÿ èîíîâ, èçâëåêàåìûõ èç âíåøíåãî ÝÖÐ-èñ-
òî÷íèêà, ñîñòàâëÿåò 3 êýÂ/íóêëîí, èíòåíñèâíîñòü ïó÷êà
40Ar 8� íà öèëèíäðå Ôàðàäåÿ, ðàñïîëîæåííîì â áëîêå
äèàãíîñòèêè â íà÷àëå ëèíèè èíæåêöèè, ñîñòàâëÿåò ïî-
ðÿäêà 3�5 ìêÀ. Ñèñòåìà èíæåêöèè âêëþ÷àåò â ñåáÿ èî-
íîïðîâîä, àíàëèçèðóþùèé è ïîâîðîòíûé äâóõñåêöèîí-
íûé ìàãíèò, ýëåìåíòû ôîêóñèðîâêè è þñòèðîâêè ïó÷êà,
ñèíóñîèäàëüíûé áàí÷åð è áëîê äèàãíîñòèêè.

Äëÿ ïîâîðîòà ïó÷êà èîíîâ èç âåðòèêàëüíîé â ãîðè-
çîíòàëüíóþ ïëîñêîñòü öèêëîòðîíà ÖÈÒÐÅÊ ïðèìåíÿ-
åòñÿ ñïèðàëüíûé ýëåêòðîñòàòè÷åñêèé èíôëåêòîð. Ïðå-
äóñìîòðåí ìåõàíèçì, îáåñïå÷èâàþùèé ïîâîðîò èí-

ôëåêòîðà âîêðóã îñè (± 8°), äëÿ ïîäñòðîéêè òðàåêòîðèè
èîíîâ ïîä ñòàðòîâûé ðàäèóñ è ñòàðòîâûé óãîë äëÿ îïòè-
ìèçàöèè íà÷àëüíûõ óñëîâèé óñêîðåíèÿ èîíîâ â öèêëî-
òðîíå.

Äëÿ óñêîðåíèÿ èîíîâ â ìàãíèòíîì ïîëå öèêëîòðîíà
ÖÈÒÐÅÊ èñïîëüçóåòñÿ âûñîêî÷àñòîòíàÿ óñêîðÿþùàÿ
ñèñòåìà, íàñòðàèâàåìàÿ íà ôèêñèðîâàííóþ ÷àñòîòó.
Â×-ñèñòåìà ñîñòîèò èç äâóõ ÷åòâåðòüâîëíîâûõ ðåçîíà-
òîðîâ ñ óñêîðÿþùèìè ýëåêòðîäàìè â âèäå äóàíòîâ.
Â×-ðåçîíàòîðû îáåñïå÷èâàþò ïîëó÷åíèå ÷àñòîòíîãî
äèàïàçîíà 18,25�18,60 ÌÃö. Äâà äóàíòà óñêîðÿþùåé
ñèñòåìû èìåþò àçèìóòàëüíóþ ïðîòÿæåííîñòü 45° êà-
æäûé è ðàçìåùåíû â ïðîòèâîïîëîæíûõ äîëèíàõ ìàã-
íèòíîé ñèñòåìû. Àïåðòóðà äóàíòîâ ðàâíà 24 ìì. C îáå-
èõ ñòîðîí äóàíòîâ ðàñïîëàãàþòñÿ ïðîòèâîäóàíòíûå
ðàìêè. Íà ðèñ. 2 ïîêàçàíî äâèæåíèå èîíîâ àðãîíà â öåí-
òðå óñêîðèòåëÿ (êîìïüþòåðíîå ìîäåëèðîâàíèå), ïðåä-

25

The leading and focusing magnetic field is created by
E-shaped electromagnet with four pairs of sector shims lo-
cated on cylindrical poles. The appropriate average magnet-
ic field increase along radius is provided by rising of the an-
gular extension of the sector shims from 30 to 41.8°. To
guarantee high accuracy of isochronous field shaping, the
valley shims were also used. The radial betatron oscillation
frequency is close to unity. That is why the strict tolerance to
the first harmonic field is required. The first harmonic am-
plitude of the magnetic field was found to be less than 3 Gs
in the accelerating area.

The energy of ions from the external ECR ion source is
equal to 3 keV/nucleon, the current of the proton beam mea-
sured by a Faraday cup placed at the beginning of the injec-
tion line is about 3�5 �A. The axial injection line contains
ion guide, bending and analyzing magnet, focusing and ad-
justment elements, diagnostic devices and a sinusoidal
buncher.

The spiral inflector for ion bending from axial to medi-
an plane is used. There is a possibility of inflector rotation
by� �8 to assure the fitting of ion trajectories from the in-
flector to the central region trajectories in radius and
azimuth.

The fixed frequency RF accelerating system is used for
ion acceleration in the CYTRACK cyclotron. The RF sys-
tem consists of two quarter-wave cavities with dee elec-
trodes. The available frequency can be varied from 18.25 to
18.6 MHz. The two 45� dees of the accelerating system are
located in the opposite valleys of the magnetic system. The
dee aperture is equal to 24 mm. Antidees are placed on each
side of the dees. Figure 2 shows the ion motion at the centre
of the cyclotron (computer modelling). Location and struc-
ture of the dees (D1, D2) and antidees (F) are presented.
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Fig. 1. Median plan view of the CYTRACK cyclotron

Ðèñ. 1. Âèä öèêëîòðîíà ÖÈÒÐÅÊ â ïëàíå



ñòàâëåíî ðàñïîëîæåíèå è ñòðóêòóðà äóàíòîâ (D1, D2) è
ïðîòèâîäóàíòíûõ ðàìîê (F), ñõåìàòè÷åñêè èçîáðàæåíû:
êîðïóñ èíôëåêòîðà (I), ñåêòîðà ìàãíèòà (S). Âîçáóæäå-
íèå Â×-ðåçîíàòîðîâ îñóùåñòâëÿåòñÿ îò äâóõ Â×-ãåíåðà-
òîðîâ ìîùíîñòüþ 15 êÂò êàæäûé.

Ñèñòåìà âûâîäà âêëþ÷àåò â ñåáÿ äâå ñåêöèè ýëåê-
òðîñòàòè÷åñêîãî äåôëåêòîðà (ñì. ðèñ. 1) ñ óãëîâîé ïðî-
òÿæåííîñòüþ 21° (ESD1) è 28° (ESD2), òðè èçìåðèòåëü-
íûõ ïðîáíèêà òîêà ïó÷êà (âõîäíîé, ïðîìåæóòî÷íûé,
âûõîäíîé) è ïàññèâíûé ìàãíèòíûé êàíàë FD ñ óãëîâîé
ïðîòÿæåííîñòüþ 17°, ïðåäíàçíà÷åííûé äëÿ ðàäèàëüíîé
ôîêóñèðîâêè ïó÷êà â çîíå âûâîäà. Ðàäèàëüíàÿ àïåðòóðà
äåôëåêòîðîâ 7,5 ìì. Íàïðÿæåíèå íà äåôëåêòîðàõ ìîæåò
ðåãóëèðîâàòüñÿ îò 0 äî 53 êÂ.

Àâòîìàòèçàöèÿ óïðàâëåíèÿ ïàðàìåòðàìè îñíîâíûõ
ñèñòåì öèêëîòðîíà îðãàíèçîâàíà íà áàçå ïåðñîíàëüíîãî
êîìïüþòåðà ñ îïåðàöèîííîé ñèñòåìîé WINDOWS
2000, óïðàâëÿþùåé íàáîðîì áëîêîâ â ñòàíäàðòå
ÊÀÌÀÊ. Âñå êîíòðîëèðóåìûå ïàðàìåòðû òåõíîëîãè÷å-
ñêèõ ñèñòåì îáëó÷àòåëüíîãî êîìïëåêñà «Àëüôà» âûâî-
äÿòñÿ íà ýêðàíû äâóõ ìîíèòîðîâ ñî ñìåííûìè «ïàíåëÿ-
ìè». Íà ðèñ. 3 ïîêàçàí ïîðòðåò ïó÷êà íà ìîíèòîðå óïðà-
âëÿþùåãî êîìïüþòåðà ñ ïðîôèëîìåòðà,
ðàñïîëîæåííîãî â ëèíèè èíæåêöèè, ðàññòîÿíèå ìåæäó
ïðîâîëîêàìè 5 ìì.

Ïîñëå âûâîäà èç êàìåðû öèêëîòðîíà ïó÷îê òðàíñ-
ïîðòèðóåòñÿ ïî âàêóóìíîìó òðàêòó, â êîòîðîì ïðåäó-
ñìîòðåíû: ïîâîðîòíûé ìàãíèò, äâå êâàäðóïîëüíûå ëèí-
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Also inflector (I) and magnet sectors (S) are pointed. Two
RF generators can deliver 15 kW each.

The extraction system consists of an electrostatic de-
flector with two sections ESD1 and ESD2 (angular length
21 and 28° correspondingly), three probes (at the entrance,
in the middle and at the exit of the deflector) and passive
magnetic channel FD with azimuth extension 17° for beam
radial focusing in the extraction region. The radial deflector
aperture is equal to 7.5 mm. The deflector voltage can be
varied from 0 to 53 kV.

The cyclotron and related equipment are controlled by
a personal computer with the operating system Windows
2000. The electronics of data acquisition is based on the
CAMAC standard. All the irradiation complex parameters
under control can be seen on the monitors with alternative
interfaces. Figure 3 shows the beam portrait on the monitor
from the injection line profilometer (distances between
wires are equal to 5 mm).

Being extracted from the cyclotron, the beam is trans-
ported along the vacuum tract with bending magnets, two
quadrupole lenses focusing the beam in horizontal and verti-
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Ðèñ. 2. Òðàåêòîðèè èîíîâ àðãîíà â öåíòðå öèêëîòðîíà

Fig. 2. The paths of argon ions at the centre of the
cyclotron

Ðèñ. 3. Ïðîôèëü ïó÷êà íà ïðîôèëîìåòðå â ëèíèè èíæåêöèè

Fig. 3. The beam portrait on the monitor from the injection line
profilometer



çû, ôîêóñèðóþùèå ïó÷îê èîíîâ â ãîðèçîíòàëüíîì è
âåðòèêàëüíîì íàïðàâëåíèÿõ, êîððåêòèðóþùèé â âåðòè-
êàëüíîì íàïðàâëåíèè ìàãíèò è ñêàíèðóþùåå óñòðîé-
ñòâî, ðàñïðåäåëÿþùåå óñêîðåííûå èîíû ïî øèðèíå îá-
ëó÷àåìîé ïëåíêè.

Îáëó÷àòåëüíîå óñòðîéñòâî ñîñòîèò èç âàêóóìíîé
êàìåðû ñî ñïåöèàëüíûì ëåíòîïðîòÿæíûì ìåõàíèçìîì,
îáåñïå÷èâàþùèì ïîñòîÿííóþ ñêîðîñòü ïðîòÿæêè ïëåí-

êè â âåðòèêàëüíîì íàïðàâëåíèè â èíòåðâàëå ñêîðîñòåé
2�80 ñì/ñ.

Ïóñê îáëó÷àòåëüíîãî êîìïëåêñà «Àëüôà» ñîñòîÿë-
ñÿ â àâãóñòå 2002 ã. Áûëè óñêîðåíû âîñüìèçàðÿäíûå
èîíû àðãîíà äî ýíåðãèè 2,4 ÌýÂ/íóêëîí ñ èíòåíñèâíî-
ñòüþ âûâåäåííîãî ïó÷êà 200 íÀ. Âåëè÷èíà êîýôôèöè-
åíòà âûâîäà ñîñòàâëÿåò ~ 50 %. Â êà÷åñòâå ïðîâåðêè
ñîîòâåòñòâèÿ îáëó÷àòåëüíîãî êîìïëåêñà ïîñòàâëåí-
íûì çàäà÷àì áûëî îáëó÷åíî îêîëî 5000 ì ïîëèìåðíîé
ïëåíêè øèðèíîé 32 ñì è òîëùèíîé 12 ìêì. Ôèðìîé
«Òðåêïîð òåõíîëîäæè» óæå ïðîèçâîäÿòñÿ óñòàíîâêè
äëÿ ìåìáðàííîãî ïëàçìîôåðåçà, îáåñïå÷èâàþùèå ëå÷å-
íèå ðàçëè÷íûõ çàáîëåâàíèé è ïîëó÷åíèå äîíîðñêîé
ïëàçìû.
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cal directions, a vertical correcting magnet, and a scanning
magnet that distributes the accelerated ions with the width
of the film under irradiation.

The irradiation device consists of a vacuum chamber
with a tape drive ensuring constant velocity of the film verti-
cal motion (in the range from 2 to 80 cm/s).

The film irradiation complex ALFA started working in
August 2002. Argon ions were accelerated to the project en-
ergy of 2.4 ÌeV/nucleon, the extracted beam intensity was
about 200 nA, the extraction efficiency totalled ~ 50%. As a
test, the ALFA complex has produced 5000 m polyethylene
terephthalate track membranes 12 �m in thickness and
32 cm in width. TRACKPORE TECHNOLOGY company
now produces plasmapheresis apparatus for medical treat-
ment and donor plasma separation.
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Â ËÀÁÎÐÀÒÎÐÈßÕ ÈÍÑÒÈÒÓÒÀ
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Ðèñ. 4. Îáùèé âèä óñêîðèòåëÿ è êàíàëà òðàíñïîðòèðîâêè âû-
âåäåííîãî ïó÷êà óñêîðåííûõ èîíîâ

Fig. 4. A general view of the cyclotron and extracted beam trans-
port
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