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Electron beam oscillations in ELV-type accelerators,
their diagnostics and suppression method

In the article a method for diagnosing electron beam oscillations in ELV-type accelerators associated with the
penetration of a transverse magnetic field from the primary and secondary windings into the accelerating tube
was described. A method for suppressing these oscillations was developed and tested using the ELV-8 accel-
erator with an extraction device capable of extract a focused electron beam into the atmosphere. After sup-
pressing the oscillations, it was possible to extract a focused electron beam with a power of 100 kW into the
atmosphere and increase the service life of the diaphragms.

Keywords: electron accelerator, ELV, focused electron beam, electron beam oscillations, electron beam oscil-
lation suppression method, electron beam oscillation diagnostics.

Introduction

In ELV-type accelerators, there are electron beam oscillations associated with the penetration of the
transverse magnetic field into the accelerating tube from the primary and secondary windings of the accelera-
tor, since the accelerating tube is located inside these windings and may be non-coaxial or tilted due to the
accelerator design. For accelerators with an extraction device with a foil, these oscillations are not critical.
Since in this case the electron beam passes through a diaphragm with an opening diameter of 50 mm, and
then is extraction into the atmosphere through a titanium foil and unfolds in the length of the foil by
1500 mm and in the width by 70 mm [1]. However, for ELV accelerators that are capable of extracting a fo-
cused electron beam into the atmosphere, beam oscillations lead to the destruction of the diaphragms in the
differential vacuum pumping system. Their destruction leads to a deterioration in the vacuum in the acceler-
ating tube, which is unacceptable [2, 3].

Therefore, we needed to diagnose these oscillations and propose a solution to suppress them in order to
increase the service life of the diaphragms.

Shot description construction of the accelerator capable of extraction a focused electron beam into the at-
mosphere

The general appearance of the ELV accelerator capable of extraction a focused electron beam into the
atmosphere (Fig. 1). The primary winding and rectifier sections, which contain the secondary winding of the
accelerator, are located inside the high-pressure vessel filled with SF¢ gas. The number of sections ranges
from 20 to 68 pieces, depending on the required energy of the accelerator. The operating frequency of the
accelerator can be from 400 Hz to 800 Hz. An alternating voltage with the operating frequency is induced in
the windings of the sections, which is subsequently rectified using a voltage doubling circuit. The total volt-
age of the column of rectifier sections is applied to the accelerating tube.

In this particular case, the ELV-8 accelerator with 68 sections and an operating frequency of 438 Hz
was used, the operating energy range of this accelerator is from 1.4-2.5 MeV, the maximum beam current is
50 mA and the maximum beam power is 100 kW.
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Figure 1. General view of the ELV accelerator capable of extraction a focused electron beam into the atmosphere

The optical diagram of the extraction device (Fig. 2) [2].

The lens L1 is located directly at the lower end of the accelerating tube. After passing the lens L1, the
beam is focused to pass the diaphragm D6 with a diameter of 12 mm, a length of 100 mm, and the diaphragm
D5, which is a tube with a diameter of 10 mm and a length of 200 mm. The diaphragms separate the stages
of the differential pumping system. To guide the beam along the axis of the diaphragms, there are correction
coils C1, C2, C3.

Figure 2. Optical diagram of the output device: DO — Additional stage with a hole diameters of 5 mm;
D1, D2, D3, D4 — diaphragms with holes diameters of 2.5; 3; 4 and 4.5 mm respectively;
D5 — water-cooled diaphragm with hole diameter of 10 mm and a length of 200 mm;
D6 — water-cooled diaphragm with hole diameter of 12 mm and a length of 100 mm;
C1, C2, C3 — correction coils; L1, L2 — focusing electromagnetic lenses
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The size of the holes in the diaphragms is set in accordance with the calculated value of the beam enve-
lope. For these hole diameters, air leakages were calculated and pumps for the differential pumping system
were selected, which provide the ability to obtain a pressure difference from atmospheric outside the extrac-
tion device to 10°° Torr in the accelerating tube. The lens and correction coils are located outside the vacuum
chamber. Diaphragm D5 is cooled with water through a tube sealed into the diaphragm housing and is de-
signed to remove a power of about 1-1.5 kW. Diaphragms D1, D2, D3, D4 are cooled due to direct contact
with the copper water-cooled extraction device. Cooling of the housing allows removing a power of up to 1-

2 kW, provided that each of the four diaphragms accepts a power of up to 0.5 kW. The detailed design of the
exhaust device is described in other papers [2—4].

Electron beam oscillation diagnostic method

To analyze the oscillations of the electron beam and suppress these oscillations, as well as the correct
passage of the electron beam along the axis of the output device, the circuit shown in Figure 3 was used.

Eleciron beam
—
fra ectﬂr_“ \

winding of the accelerator

tub a1

™ 1 Frequency
converter

—

Beam oscillation
Section Suppression uni
: g — N1
¢l ' Beam Oscilation Suppression Signal

=
= Qm

[

D Measuwurement of

beam current an
disphragms D8,

C

total beam
current an
disphragms D4,
D3, D2 D1. D0

DS, and
E} r'neai.:ra'nenlof
—

1

Target M easuring the
D4 R4 beam cument on
the tamget

Figure 3. Oscillation suppression circuit: TA1 — current transformer; TV1 — voltage transformer;
C — anti-oscillation coils; R1, R2, R3, R4 — measuring resistances;
ID1 — total signal of current of diaphragms DO, D1, D2, D3, D4, caused by electrons deflecting from the axis;
ID5 — signal of current of diaphragm D5, caused by electrons deflecting from the axis;
ID6 — signal of current of diaphragm D6, caused by electrons deflecting from the axis; ID4 — target current.
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Diaphragms D6, D5 and the box body are isolated from the ground by means of caprolon flanges. The
signals of the electron beam current deposition on the diaphragms and the box are measured from resistors
R3, R2 and R1 (Fig. 3) (ID6 — electron beam current deposition on diaphragm D6, ID5 — electron beam
current deposition on diaphragm D5, ID1 — total electron beam current deposition on diaphragms DO, D1,
D2, D3, D4). It is not possible to separately monitor the current of each of the diaphragms DO, D1, D2, D3
and D4, since they have electrical contact with the body of the extraction device.

Before starting the work on the accelerator to develop the technologies using the beam, it was necessary
to receive the beam extract into the atmosphere onto the target. This target is a four-angel pyramid. The bot-
tom of the pyramid is cooled with water, and the sidewalls protect the surrounding objects from scattered
electrons and ozone. Ozone is evacuating through an opening in the pyramid into the ventilation. The entire
pyramid and water-cooled targets are isolated from the ground via a resistor R4 = 86 Ohm (Fig. 3). Thus,
using an oscilloscope in real time, we can diagnose the electron beam received by the target.

During the accelerator operation, electron beam oscillations were detected due to the penetration of the
transverse magnetic field from the primary and secondary windings of the accelerator, since the accelerator
tube is located inside these windings and may be misaligned or tilted due to the accelerator design. The beam
current signal from the target is shown in Figure 4
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Figure. 4. Oscillogram of the target current signal, with a beam current of I, = 15 mA and a beam energy of E=2.5
MeV. The green beam is the total target current. The zero for the green signal on the oscillogram is located at the top;
Al = 2.3 mA is the value of the target current decrease. Peak 1 and 2 are the decrease in the total target current associat-
ed with the electron beam touching the opposite sides of the diaphragm holes.

From the oscillogram (Fig. 4) it is evident that the maximum ratio Al/I, = 2.3 mA/15 mA = 0.15, and
the period between peaks 1 and 2 is 1.14 ms or 876 Hz — this corresponds to the double frequency of the
supply voltage to the primary winding. With this frequency, the electron beam touches the diaphragms and
the target current decreases by the value of the diaphragm touch current. The double frequency is obtained
due to the electron beam touching two sides of the diaphragms. In this case, the integral beam current touch
the diaphragms are ID6 = 0 pA, ID5 =20 pA, ID1 = 600 pA. The total power of the beam deposited on the
diaphragms DO, D1, D2, D3, D4 is 1.5 kW, further increase in the beam current will lead to the destruction
of these diaphragms, it is necessary to release an electron beam into the atmosphere with a value of 40 mA.
Therefore, it is necessary to reduce beam oscillations.
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Method of suppressing electron beam oscillations

To suppress electron beam oscillations, standard correction coils used in serial ELV accelerators were
used. These coils “C” (Fig. 3) will be referred to as anti-oscillation coils in the future. They are located be-
low the focusing lens L1. Anti-oscillation coils are capable of moving the electron beam in two coordinates
“X” and “Y”, which are located at 90° relatives to each other. Voltage signals supplied to the coils “Ux” and
“Uy” were measured using an oscilloscope directly on the coils themselves. The total resistance of the coils
at a frequency of 438 Hz was 73 Ohm along the coordinates “X” and “Y™.

The coils were pre-calibrated using the D6 diaphragm by touching the electron beam at a level of
100 pA [2]. The calibration of this coil was 123 mA/mm, for beam energy of 2.5 MeV.

For complete compensation of electron beam oscillations, it is necessary to suppress the resulting com-
ponent of the transverse magnetic field. The phase of this transverse magnetic field is determined by the
phases of the primary and secondary windings, and the phases of these windings are shifted between each
other. As a feedback, a total correcting signal is fed to the anti-oscillation coils: the current of the primary
winding from the current transformer TAL and the voltage of the primary winding from the step-down volt-
age transformer TV1. Summation and adjustment of these signals is carried out using laboratory autotrans-
formers. This made it possible not only to change the amplitude of the current of the anti-oscillation coils,
but also to change their phase along the coordinates “X” and “Y”.
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Figure 5. Oscillogram of beam oscillation suppression using current and voltage signals of the primary winding
of the accelerator at beam energy of 2.5 MeV and beam current of 15 mA. The green beam is the total targetcurrent,
which corresponds to 15 mA. The yellow beam is the current in the anti-oscillation coil along the “X” coordinate,
the amplitude is 60 mA. The blue beam is the current in the anti-oscillation coil along the “Y”coordinate,
the amplitude is 55 mA.

The oscillogram of electron beam oscillation suppression using primary winding current and primary
winding voltage signals is shown in Figure 5. It is evident from the oscillogram that we managed to suppress
oscillations to the noise level. In this case, the amplitudes of the currents in the anti-oscillation coils along
the “X” and “Y” coordinates are approximately the same and are 60 mA and 55 mA, respectively, and the
phases are shifted between themselves by 120°. Taking into account the calibration of the anti-oscillation
coils, the electron beam has oscillations in the D6 diaphragm along the “X” coordinate of Ax = £0.48 mm,
and along the “Y” coordinate of Ay = £0.44 mm. The beam current deposition on the diaphragms has de-
creased dramatically and is ID6 = 0 pA, ID5 =0 pA, ID1 =20 pA

Conclusions

By means of beam oscillation suppression, it was possible to extract an electron beam with a power of
100 kW with minimal touch of beam current the diaphragms. At an energy of 2.5 MeV and a beam current of
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40 mA, the current touch the diaphragms was ID6 = 0 pA, ID5 = 30 pA, ID1 = 50 pA. Due to this, the ser-
vice life of the diaphragms increased.
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JJIB TuNTI yAeTKIIITEpAeri 3JIeKTPOHAbI CIYyJIeHiH Tepoeici,
0JIApPAbIH THATHOCTHKACHI 5KdHE Oacy daici

Makanana KeJIeHEeH MarHuT ©piCiHiH OacTallKpl jKoHE KaliTalama opaMalaplaH YAETKIIl TYTiKKe eHyiHe
GaiinmanpicTel DJIB THNTI yAeTKimITepAeri 3JeKTPOHIBI COYJICHIH TepOemicTepiH AMarHOCTHKaIay ofici
cunattairad. byn TepOemictepai Oacy omici atMochepara (oOKycTalFaH 3JIEKTPOHIBI COYJCHI JKETKIi3yre
KaOUIeTTi copy KyphUIFBICH Oap DJIB-8 ymeTkimriHiH MbICanbHIa 93ipJICH I )KoHE ChIHANIBL. TepOemicTep/i
OackaHHaH keliH atmocdepara Kyatsl 100 kBT (okycTanmFraH >IEKTPOHABI COYJIEHI IIbIFapyra >KoHE
nmuadparmMaaapablH KbI3BMET €Ty Mep3iMiH y3apTyFa MYMKIHIIIK TYIBI.

Kinm ce30ep: snexktponael yaertkim, OJIB, QokycTanraH 3IEKTpOHIBI COyie, OSJIEKTPOHIBI COYJICHIH
TepOeITici, HEKTPOH/BI COYIEHIH TepOericiH 6acy 9/ici, SIEKTPOHABI COYIIEHIH TepOeiciH THarHOCTHKAaNAy.

E.B. lomapos, 1.C. Bopo6ses, FO.U. I'onybenko, A.W. Kopuarun, H.K. Kykcanos,
P.A. Camumos, C.H. ®anees, B.I'. Uepenkos, U.K. Uakun

KoJsie0anus 371eKTPOHHOI0 My4ka B yckopureasx tuna JJIB,
UX IMAarHOCTUKA M MeTO/ NMOJABJIeHUSs

B crarbe ommcan MeTon AMarHOCTHKH KOJTEOAHHH SJIEKTPOHHOTO ITydKa B ycKopHTelsix Tma JJIB, cBsa3an-
HBIA C IPOHUKHOBEHHEM B YCKOPHTEIBHYIO TPYOKY HOIEPEYHOr0 MAarHHTHOTO IO OT MEPBHYHON M BTO-
pu4HOI 00MOTOK. BBUT pazpaboTaH U UCHIBITAaH METOJ MOJIABJICHHS ATUX KOIeOaHUil Ha IpUMepe yCKOPHUTEIs
DJIB-8 ¢ BBIMYCKHBIM YCTPOWCTBOM, CIIOCOOHBIM BBIBOJIHTH C(HOKYCHPOBAHHBIN JJIEKTPOHHBINH Iy4OK B aT-
moctepy. Ilocne monmaBneHus KoieGaHHH yIanoch BBITYCTHTh C(OKYCHPOBAHHBIN SIEKTPOHHBIA ITy4OK
morHocthio 100 kBT B aTMochepy u yBeIn4uTh pecypc anadparm.

Kntouegvie cnoea: yckoputenb 371eKTpoHOB, DJIB, choKycHpOBaHHBIM AJIEKTPOHHBIA IMy4OK, KOJeOaHHs
3NIEKTPOHHOTO ITy4Ka, METO]| ITOJaBICHHs KOJIeOaHHi 3IeKTPOHHOTO IMydKa, AUarHOCTHKA KOJTEeOaHMH JJIeK-
TPOHHOTO ITy4Ka.

References

1 Salimov, R.A. (2000). Moshchnye uskoriteli elektronov dlia promyshlennogo primeneniia. UFN.170 [Powerful electron ac-
celerators for industrial applications. UFN.170]. doi: 10.3367/UFNr.0170.200002h.0197 [in Russian].

Cepusa «dusmka». 2024, 29, 4(116) 25



E.V. Domarov, D.S. Vorobev et al.

2 Domarov, E.V., Vorobyov, D.S., Golkovsky, M.G., Golubenko, Yu. I., Korchagin, A.l., Kuksanov, N.K., Lavrukhin, A.V.,
Nemytov, P.l., Salimov, R.A., Semenov, A.V., Sorokin, A.V., Fadeev, S.N., Chakin, I.K., & Cherepkov, V.G. (2019). Research of
Parameters of the Powerful Electron Beam of Industrial Accelerator ELV. Sib. Fiz. Zh., 14(2), 5-20. doi: 10.25205/2541-9447-2019-
14-2-5-20.

3 Domarov, E.V., Chakin, I., Cherepkov, V.G., Fadeev, S., Golkovsky, M., Golubenko, Yu.l., Korchagin, A.l,
Kuksanov, N.K., Lavrukhin, A., Nemytov, P.l., Salimov, R.A., & Semenov, A.V. (2021). Upgrated the extraction device of focused
electron beam into the atmosphere. 27th Russian Particle Acc. Conf. RuPAC2021, 114-116. JACoW Publishing.
doi:10.18429/JACoW-RuPAC2021-FRB03.

4 Domarov, E.V., Golubenko, Yu.l., Kuksanov N.K., Salimov R.A., Fadeev S.N., & Chakin I.K. (2022). Device for creating a
pressure differential using differential pumping. Journal of Applied Mechanics and Technical Physics, 63(1), 41-46, doi:
10.1134/S0021894422010072

Information about the authors

Domarov Evgeny Vadimovich (corresponding author) — Researcher, Budker Institute of Nuclear
Physics, Novosibirsk, Academician Lavrentiev Avenue, 11, 630090, Novosibirsk, Russian;
e-mail: domarov88@mail.ru; https://orcid.org/0000-0003-2422-1513;

Vorobev Denis Sergeevich — Engineer, Budker Institute of Nuclear Physics, Novosibirsk, Academi-
cian Lavrentiev Avenue, 11, 630090, Novosibirsk, Russian; e-mail: D.S. Vorobev@inp.nsk.su;

Golubenko Yurii Ivanovich — Senior researcher, Budker Institute of Nuclear Physics, Novosibirsk,
Academician Lavrentiev Avenue, 11, 630090, Novosibirsk, Russian; e-mail: Yu.l.Golubenko@inp.nsk.su,

Korchagin Alexey Ivanovich — Candidate of technical sciences, Senior researcher, Budker Institute
of Nuclear Physics, Novosibirsk, Academician Lavrentiev Avenue, 11, 630090, Novosibirsk, Russian;
e-mail: A.l. Korchagin@inp.nsk.su;

Kuksanov Nikolai Konstantinovich — Doctor of technical sciences, Chief researcher, Budker Insti-
tute of Nuclear Physics, Novosibirsk, Academician Lavrentiev Avenue, 11, 630090, Novosibirsk, Russian;
e-mail: kuksanov47@mail.ru;

Salimov Rustam Abelevich — Doctor of technical sciences, Chief researcher, Budker Institute of Nu-
clear Physics, Novosibirsk, Academician Lavrentiev Avenue, 11, 630090, Novosibirsk, Russian;
e-mail: salimov4l@mail.ru;

Fadeev Sergey Nikolaevich — Candidate of technical sciences, Head of Research Laboratory No. 12,
Budker Institute of Nuclear Physics, Novosibirsk, Academician Lavrentiev Avenue, 11, 630090, Novosi-
birsk, Russian; e-mail: faddeev1960@mail.ru;

Cherepkov Viktor Grigorievich — Candidate of technical sciences, Senior researcher, Budker Insti-
tute of Nuclear Physics, Novosibirsk, Academician Lavrentiev Avenue, 11, 630090, Novosibirsk, Russian;
e-mail: V.G. Cherepkov@inp.nsk.su;

Chakin Ivan Konstantinovich — Research engineer, Budker Institute of Nuclear Physics, Novosi-
birsk, Academician Lavrentiev Avenue, 11, 630090, Novosibirsk, Russian; e-mail: chak_in2003@bk.ru;
https://orcid.org/0000-0003-0529-2017

26 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa


mailto:domarov88@mail.ru
https://orcid.org/0000-0003-2422-1513
mailto:D.S.Vorobev@inp.nsk.su
mailto:Yu.I.Golubenko@inp.nsk.su
mailto:A.I.Korchagin@inp.nsk.su
mailto:kuksanov47@mail.ru
mailto:salimov41@mail.ru
mailto:faddeev1960@mail.ru
mailto:V.G.Cherepkov@inp.nsk.su
mailto:chak_in2003@bk.ru
https://orcid.org/0000-0003-0529-2017



