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Jlyuesan Tepanua - paborbl HUMAD MIY n 1Y MIY

1. UHTpaonepayuMoOHHaA nyyeBana TepanuA
2. TpagnuMoHHanA nyyesan Tepanusa

3. ®naw-tepanua



UHTpaonepaunoHHana nyyesana tepanua (MOJT)

CHNEUVATTIMSNPOBAHHDBIE YCROPUTE/TN OTA NOJTT

4,6,9n12MeV 3.9,4.7,5.71n 6.9 MeV 10 MeV 3-8.5MeV
2.5 0r 10 Gy/min 4-31 Gy/min 20 Gy/min 2 Gy/min

MOBETRON NOVAC7 LIAC MMB-10
CLUA NTANNA POCCUA



UHTpaonepaunoHHasa nyyeBasn Tepanus

Proceedings of RUPAC XIX, Dubna 2004

CONCEPTUAL DESIGN OF THE MINIATURE ELECTRON
ACCELERATOR DEDICATED 1O IORT

B.S. Ishkhanov, N.I. Pakhomov, N.V. Shvedunov,
V.I. Shvedunov, SINP MSU, 119899 Moscow, Russia
V.P. Gorbachev, RIMP SSU, 410026 Saratov, Russia

Table 1: RTM Parameters 1 500 - X

Beam energies 6, 8,10, 12 MeV .
Operating wavelength 5.24 cm B‘\\_
Synchronous energy gain 2 MeV
End magnets field 08T j %mﬂ E '
Injection energy 25 keV T—_;—ﬁ:rﬁ_—;—

/ ™
Pulsed RF power 600 kW S— - 1 =] 2 P e—
RTM dimensions 500x200x110 mm i::—lﬁ i Bal E;Ti_::t
RTM weight <40 kg ' 3 e Ne T

200



UHTpaonepaunoHHasa nyyeBasn Tepanus
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Ob6cyxaeHune npoekTa yckoputens ¢ K0.C. MapablHCKMM B MeANLMHCKOM Paano/iorMyeckom
Hay4yHOM UeHTpe (r. OBHUMHCK) ¢ yyacTmem b.C. UwxaHoBa. 2004 rog,.



UHTpaonepaunoHHasa nyyeBasn Tepanus

B utone 2005 r. 661710 NpeanoxeHo peannsoBaTb NpoeKT yckoputena ana NOJIT coBmecTHO ¢ MNoAUTEXHUYECKUM
YHUBepCcUTeToM KaTasoHuu.
FRAMEWORK BILATERAL AGREEMENT BEETWEEN
TECHNICAL UNIVERSITY OF CATALONIA (Barcelona, Spain)
AND
SKOBELTSYN INSTITUTE OF NUCLEAR PHYSICS

(Moscow State University, Moscow., Russia)

Clause 1.- Objectives of the present agreement

The objective of the present agreement is to establish a framework of collaboration in
the field of accelerator physics and technologies, to carry out the “Microtron” joint
project and to promote the exchange of persons, activities and experiences in the fields
of research and higher education between the two signing Institutions.

The UPC nominates Prof. Iouri Koubychine of the Institute of Energy Technologies as
the coordinating researcher of the present Framework Agreement.

The SINP nominates Dr. Vasiliy Shvedunov of the Department of Electromagnetic
Processes of Interaction in Atomic Nuclei as the coordinating researcher of the activities

within the present Framework Agreement.




12 MeV UPC RTM
General layout

Accelerator hea

IORT complex , —

12 MeV RTM: Main characteriﬁtics

Main characteristics

UHTpaonepaunoHHasa nyyeBasn Tepanus

Beam energies

6, 8,10, 12 MeV

Operating wavelength / frequency

5.25ecm /5712 MHz

Synchronous energy gain

2 MeV

RF and E-gun pulse length* 3 ys
Pulse repetition rate* 1-250 Hz
End magnet field 08T
Kinetic energy at the injection 25 keV
Pulsed beam current at RTM exit SmA
Pulsed RF power <750 kW

RTM dimensions

670x250x210 mm

RTM head weight

<100 kg

Harmonic number:

v=1



UHTpaonepaunoHHasa nyyeBasn Tepanus

< Agilent Technologies MON DEC 13 13:45:49 2010

| Measure Current Mean Min Max  / Std Dev Count
| Ampl( | 207.8nV  210.08aV 193.8mV 214 .2mV .. 1.0668mV._29.16k
AN ——
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TpaauUMOHHAA NyyeBana Tepanus

NepBoe coBellaHue no npoekty K/T6 oT 10 oKtabps 2017 r.
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TpaAUUMOHHAA Ny4yeBana Tepanus

YcKoputenb ana komnnekca nyyeson tepanum KNT6 («OHMKCY)

Mapamerp  |Benwuvwa |
Paboyas YacToTa ycKopAlLei CTPYKTypbl 5712 My
| Boicokaoweps) 00 00000 [6MsB |

nybuHa makcMmanbHOW NOMMOLWEHHOW A03bl HA OCcK NyyKa [ 1,5+ 0,2 cm
M3ny4yeHua B BOAHOM ¢paHToMme, d 6e3 BbipaBHMBAIOLLETO
dunbTpa

¢aHTome, PDD10, 6e3 BbipaBHUBaKOLWEro puabTpa
dunbTpa

Huskan sneprun?, ne Gonee [25MB 00000

[Onana3oH perynMpoBaHMA MOLWHOCTU f[03bl B pexkume (1 - 10 Mp/muH Ha 1 M Ha
BbICOKOW 3HEprum rmy6uHe MaKCMMaibHOMU
NorNoLWEHHON A03bl

[Onana3oH perynMpoBaHMA MOLWLHOCTU [03bl B pexkume | 0,01 - 0,5 lp/MuH Ha 1 m
HU3KOMW IHEeprumn

max’

YcTaHOBKa B [aHTpu



TpaaguUuMOHHAA NyyeBan TepanuAa

[MpoeKT ycKopuTensa ansa ny4eBomn Tepanuu Ha sHeprmio 6 — 20 MaB

[Submitted on 12 Jul 2020 (v1), last revised 2 Aug 2020 (this version, va)J

Electron Accelerator for Radiation Therapy with Beam Energy 6-20 MeV

L. Yu. Ovchinnikova (1 and 2), V. |. Shvedunov (1 and 2) ((1) Skobeltsyn Institute of Nuclear Physics, Lomonosov
Moscow State University, Moscow, Russia, (2) Laboratory of Electron Accelerators M5SU Ltd, Moscow, Russia)

Purpose: To describe a concept of a compact electron accelerator for external radiation therapy with variable energy
in the range of 6 - 20 MeV, based on linotron principle. Methods: Beam dynamics simulation using the C3T and
MAD-X code. Various optimization methods of multi-parameter problem. Results: Our accelerator differs from the
Reflexotron in a number of essential details: a much more compact and more efiicient C-band accelerating structure,
optimized for the high capture efficiency, narrow energy and phase spectra, and low transverse emittance; magnetic
mirror with fixed field based on rare-earth permanent magnets; three-electrode electron gun with off-axis placement
of the cathode with a current regulated in the range of two orders of magnitude. These improvements allow the
possibility to: adjust the accelerated beam current in a wide range in accordance with the required energy; reduce
parasitic losses of the beam current and the associated parasitic radiation; eliminate the risk of setting an erroneous
energy value; significantly reduce the dimensions of the accelerator and simplify its operation. Conclusions: We
presented the results of calculation of the electron accelerator for external radiation therapy in the energy range of 6
- 20 MeV. The accelerator is based on the principle of double beam acceleration in the same accelerating structure,
which allows to control the beam energy in a wide range, reduce RF power consumption and the dimensions of the
accelerator, and, therefore, reduce its cost. The results can be used to develop the design of the accelerator on the
platform of the KLT-6 complex created by ROSATOM.

Comments: 12 pages, 21 figures, LaTeX; typos corrected

Subjects: Accelerator Physics (physics.acc-ph)

Cite as: arkiv2007 05987 [physics.acc-ph]
(or arkiv2007.05987v2 [physics.acc-ph] for this version)
https./doi.org/M10.48550/arKiv2007.05987 0



TpaauUMOHHAA NyyeBan Tepanus
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TpaagUUMUOHHAA 1Iy4yeBan Tepanua

[MPOEKT K/1aCCMYECKOro BapnaHTa VCKOPUTENA ANA 1y4eBOM Tepanun Ha sHepruto 6 — 20 MaB
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dnsw-repanma

Mpun Knaccmyeckom ANCTaHLUMOHHOM NIy4eBOMN Tepanmm MOLLLHOCTb 103bl TOPMO3HOIO U3/ly4YeHUA He NpeBbillaeT
10 Mp/munH = 0.2 Mp/c. Pnaw-tepanma: mowHocTb A03bl 40 — 100 p/c, T.e. B 200 — 500 pas 6onblue. Jo3a

coobulaeTca B TeYeHue A0/1er CEKYHAbI.

Topmo3HOe usnyyeHue

MOLWHOCTb A03bl TOPMO3HOTO U31YyYeHUs
nog yrnom 0° Ha pacctoaHun 1 m

D ~ 5.5E31 T'p/c
roe E (MaB) sHeprua aneKTpoHHOro ny4ka
Ha muwenn, I (A) - cpefHMI TOK NyYKa.

Mpwn sHeprun 6 M3B cpegHUN TOK A40NXKEH ObITb
34 — 84 mA (cpeaHAA MoWHOCTb Ny4yka 200 — 500 KBT)

Mpwn sHeprumn 20 M3B cpeaHnit TOK AonKeH bbiTb 0.9 —
2.2 MA (cpeaHAA MOWHOCTb NyyKa 18-44 KBT)

MaKcuManbHbIN CpeaHUN TOK MeANLIUHCKNX
yckoputenein okono 100 mkA (cpeaHAA MOLLHOCTb Ny4Ka
~1 KBT)

ONEeKTPOHHbIN NYYOK

MoOLWHOCTb A03bl 9N1EKTPOHHOIO Ny4YKa C SHEpPrmen
6onee 2 MaB MOXXHO NPUBAUIKEHHO OLEHUTL MO
dbopmyne:

D ~2.1x10°1/S (I'p/c)
roe I (A) - cpeaHuii TOK nyyka, (cm2) — obnyyaemasn
niowaap. Ana S = 10 X 10 = 100 cMm?,
D ~2.1x107I (p/c)

CpeaHWI TOK 3/IEKTPOHHOTO My4YKa A0MXKEH ObITb
20 - 50 mKA

[Nns AOCTUXKEHMA BbICOKOW NMPOHUKatoWeEN cnocobHoCTH
3HEeprua 3/IeKTPOHHOTO Ny4yKa A0NXHa b6biTb 60n1ee 100
M3B (cpeaHAaa moLHOCTb Ny4Yka 6bonee 2 — 5 KBT)



dnsw-repanma

YcKoputenb gna SKCNepumeHToB no ¢asw-tepanum TOPpMO3HbIM U3lyYeHuem, coopyKaembin gna OUBT PAH

Tabmuma 1 — Pexxumel padothl yckopurens OIBT PAH

BpICOKas SHEprusl yCKOPEHHOI'0 IMy4YKa 6 M»B
Huskas sHEeprus yCKOpeHHOTO IMy4YKa 3 M»B
DHepreTHYeCKHil pa30poc Ha MOJIIOBHUHE MaKCHMyMa CIIeKTpa, He Oolee, 10%
NMITyIbCHBIN TOK YCKOPEHHOTO ITy4YKa 3JIEKTPOHOB IIPH BBICOKON YHEPIUH 700 MA
NMITynbCHBIN TOK YCKOPEHHOTO ITy4YKa 3JIEKTPOHOB IIPH HU3KOH YHEPTHH 700 MA
JlnmnrensHOCTh CBY HMITyJIbCa Ha BXOJI€ B YCKOPSIOIIYIO CTPYKTYPY 7 MKC
MakcumaipHas 4acToTa CJIe/I0BaH!s UMITYJIbCOB 400 I'rg
MakcumainpHasi CpeHss MOIMHOCTH ITy4YKa Ha MHUIIICHU 4 kBt
Bpems HenpepbIBHOM pabOTHI ¢ H3TydYeHHEM 1...10c
IIepepbiB MeX 1y BKIIOUSHUSIMH U3TyYCHUS 15 MuH

CpeaHun TOK OKoNo 2 mA

MoOLWHOCTb A403bl HA PACCTOAHUU 10 cM ot muwenn 80 Mp/c




MEAUMUUNHCKUE U3OTOIbI

Bo3MOXHOCTb HAPabOTKM MeANLMHCKUX M30TOMOB Ha 3NEKTPOHHbIX YCKOPUTENSAX 0OCYXKAaeTC MHOIFO AeCATUNETUN.
Manble ce4eHuns peakuumn KomneHcupytoTcs 6onblMm o6 beMom mueHU. MnaBHaa npobiema — AOCTUKEHUNE
BbICOKOW YyAeN1bHOM aKTUBHOCTU — TEXHO/IOTMSA BblaeneHna HapaboTaHHOro nsotona, ocobeHHo, ecnm AnA NoNyYeHun

n3oTtona ucnonbdyetca (¥, n) peakums.

1. Pa3pe3Hble MUKPOTPOHDI

2. JINHEWHbIN yCKopUTENb



Pa3pe3Hble MUKpPOTPOHDbI. U3oTOonbl ana MNIT.

CoBmecTtHOo ¢ World Physics Technologies (USA)
Lawrence Berkeley National Lab (USA)

Table I. (y,n) physiological PET radioisotope production by our 70 MeV electron beam.

Isotope e BN 150 BF
(Half-life) (20.4 min) (10.0 min) (2.0 min) (109.8 min)
Target Graphite C3NsHs LN> H-0O CF» LF>
Sheets Grains 77K 300K Sheets 85K
Density (g/cm?) 2.27 1.57/1.05 0.81 1.00/0.9 1.03/0.78 1.11
Length (cm) 20 20 20 20 20 20
RTM (GBqg)) 1,000 160 200 430 810 1,150
Activity
Cyclotron  (GBq) ~110 ~4 -- ~28 -- ~18
Activity
Table IV. Principal RTM parameters.
Output Energy 10 - 70 MeV
Energy Gain/Orbit 5 MeV
Orbits 14
Avg. BeamCurrent — Magnetron 10 pA
MMNyNbCHbIN pa3pe3Hoi at 70 MeV —Klystron 50 uA
Operating Frequency 2,856 MHz
MWUKPOTPOH Ha aHepruto 70 MaB Ha Wave length 1 10.5 cm
PEAKO3EME/IbHDBIX NOCTOAHHDIX Orbit Circumference Increase/Orbit 1 A
MarHuTax c KBagpynosabHon BY Magnetic Field 1T
CI)OKyCMpOBKOVI RF Power —Magnetron 2.5 MW
' —Klystron ~ 4-6 MW

Dimensions (only the part seen in Fig. 1)

06x05x13m?




Pa3pe3Hble MUKpOTpOHbLI. HapaboTKa nsotronos.

AnBapb 2020 — BM3uUT Fujiwara Mamoru — Heobxoaum

MMnynbCHbIN pa3pe3HOM MUKPOTPOH HA SHEPTUIO pa3pe3Hon MUKPOTPOH 35 M3B, 100 mKA ans
55 M3B, npoBogAaTca nccnenoBaHuMAa No Npon3BOACTBA N30TOMOB
MEeANLMHCKMM M30TONaM PasANYHbIMMU HAYYHbIMM Pl T L
rpynnamu -}

Medical °0 production via the 16O(y,n]|150 reaction for blood flow
examination

M. Fujiwara'(® - M. Kurosawa' - M. Tamura' - N. Kudomi? - M. Nishimura®



Pa3spe3HoOu MUKPOTPOH KaK UCTOYHUK BbICOKOIHEPTUYHOTO
3/1IEKTPOHHOTO Ny4Ka ¢ 6onbLUON cpeaHen MOLLHOCTbLIO

OAWNH N3 OCHOBHbIX HEAOCTAaTKOB MMIMY/IbCHOTO PA3PE3HOr0 MUKPOTPOHA C UHMKEKLMEN NMYyYKa OT 3/IeKTPOHHOM
NywKM 6onbliMe noTepm ToKa No opbutam

Racetrack Microtron—Pushing the Limits

Maxim Borisov **, Andrey Ermakov 23, Vadim Khankin 23, Yuri Kubyshin 4(* and Vasiliy Shvedunov 3>

Symmetry 2021, 13, 2244. https://doi.org/10.3390/sym13122244

YBennyeHune ob6nactm yctonumsbix $pa3oBbiX KoNnebaHui 3a cyeT gobaBaeHnAa BTOPON rapMOHMNKU YCKOPAOLWETO NMoaA U
yBennyeHmne KoadpuumeHTa 3axaata 3a CY4ET ONTUMMU3ALUM HAYaIbHOM YaCTM YCKOPAIOLWEN CTPYKTYPbI.

0.06 0.06

w2 harmonic | @ 2harmonic
w1 harmonic @ 1 harmonic

0.02 1

o

0.00 4

Voltage, MV
+
Energy ratio
Energy ratio
Energy ratio

—-0.02 1 —0.02 1

1
'S

-0.04 4 -0.04

|
o

8 -0.06 1

-0.06 -

2 .
-10 . : + + : : ; -30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20
-200 -150 -100 =50 0 50 100 150 200 -80 —-60 —-40 -20 0 20 40 60 80 Phase, deg. Phase, deg.
Phase, deg Phase, deg.

3aBMCUMOCTb YCKOPSAIOLLLEro NOJIA OT BPEMEHWU W NPOAO/bHbIN aKcenTaHC. b dEKT ONTUMU3ALNM HAYA/IbHOM YaCTU YCKOPSAIOLWLEN CTPYKTYpbI.
YBennyeHune akcenTtaHca B 20 pas. YBenuyeHue KoadpdpuumeHTa 3axsaTta B TpM pasa.



JInHeUHbIU YCKopUTenb Ha sHepruto 35 MaB, cpegHnin Tok 100 mKA

HUNAD MIY — skcnepumeHTbl No aaepHou dusnKe, NpuUKIaaHbIE NCCNeA0BaAHMUA
®3MU (r. O6HUHCK) — NPOEKT « AHemoHa» — HapaboTKa 225Ac ¢poToaaepHbIM METOAO0M
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Ctepunusauma meanLMHCKUX nsaenmm

LleHTp aHTUMNKPOOHOU OOpPabOTKM
npoaykumn Tekneop

[1Ba BEPTUKANbHO PaACMOJIOKEHHbIX
YCKOpUTENa ¢ napameTpamu:

OHeprusa ny4ka 5-10 MaB
MnynbCHBIN TOK 430 mA
AnnTenbHOCTbL uMnynbeca 4 — 12 MKC
YacToTa cnegoBaHuUst Mn. 50-400Twu
CpeaHsas MOLWHOCTb nyyka 1-15kBT
2 Pabouasa yactoTta 2856 My
., [nnHa CTpyKTypbl 1.24 m
MnynbcHaa MOLHOCTb KIMCTPOHA 6 MBT
CpenHsst MOLHOCTb KITMCTPOHAa 25 kBT
KM oT po3eTku 20%
LLinpnHa ckaHnpoBaHus 40 - 80 cm

YacToTa ckaHMpoBaHuA 1-30Twu




KoMnTOHOBCKME UCTOYHUKMHU PEHTIeHOBCKOINro hu ramma-m3siyyeHuma

DNEeKTPOHDbI Cset PeHTreHOBCKOEe n3nyyeHue

\ \

A S
K\@@
E=4y’E,, y=E_ /mc’

He3asucumo npepgnoxxeHo B 1963 r. B paborax:

1. The Compton effect on relativistic electrons and the possibility of obtaining high energy beams
F.R. Arutyunian, V.A. Tumanian
Physics Letters Volume 4, Issue 3, 1 April 1963, Pages 176-178

2. Electron Scattering by an Intense Polarized Photon Field
Richard H. Milburn
Phys. Rev. Lett. 10, 75 — Published 1 February 1963

Bnepsble npoBepeHo aKkcnepumeHTanbHo B 1964 r. 8 PUAH Ha 600 MaBHOM CUHXpPOTpPOHeE:

Kulikov OF, Telnov YY, Filippov El and Yakimenko MN, Compton effect
on moving electrons, Physics Letters, 13, 1964, p.344-346.


https://inspirehep.net/authors/2439184
https://inspirehep.net/authors/2428077
https://www.sciencedirect.com/journal/physics-letters
https://www.sciencedirect.com/journal/physics-letters/vol/4/issue/3

MpoeKT nasepHO-3/1eKTPOHHOro reHepaTopa UHTEHCUBHOIO

MOHOXPOMAaTUUYECKOro peHTreHa ¢ nepecrpansaemou sHeprne HUMAD MIy
[NapameTpbl PEeHTreHOBCKOro U3sy4yeHus

Mapamerp 3nauenve ana 50 MaB MapameTpbl YCKOPEHHOrO NyYKa

Yuncno peHTreHoBCKMX POTOHOB B MMMY/bCE 1,64-107

T ey pe—— 1 64-1010 50 + 2 MaB
MuKoBan cneKkTpanbHasA APKOCTb, C MM 2mpan20,1% 3,8-1018 AlnanasoH perynposaHna sHeprum 35-50 MaB
CpegHan cnekTpanbHaa APKocTb, c*Mm2mpas20,1% 3,8-10%0 Pa3bpoc no sHeprum 0,25+0,1%
MuHUMaNbHaa cnekTpanbHasa WnpuHa 6es 350 3B HopmanusosaHHbI SMUTTaHC 1+0,5mm mpag,
MOHOXpOMaTM3aLMKn CpeaHeKkBagpaTUYHbIN paguyc NyYyKka B TOYKE B3aMMoAEeNCTBUA 30 £ 10 mKm
MuHMMaNbHaA yrnosasa WupuHa 6e3 KonaMmaumm 1,8 mpag, 3apAapg, cryctka 1001399 nKn

ANAMTenbHOCTb CrycTka 10+4 nc
MaKcumanbHas 4acToTa cneaoBaHMUA CryCcTKOB 1000 Iy,

17
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LU PR

1 — CBY nywka ¢ ¢oToKaToaom, 2 — coneHon, 3 — OKHO BBOAA /1a3epHOro n3nyyeHus, 4 — nasep $otokatoaa, 5 — ctaHumA
ANATHOCTUKM NYyYKa, 6 — BaKYYMHbIX 3aTBOP, 7 — YCKOpAKOWAA CTPYKTYpPa, 8 — TpuNaeT KBagpyno/ibHbIX JIMH3, 9 — Kamepa
B3aumopgenctema, 10 — Touka B3anmopgenctesus, 11 — ocHoBHouM nasep, 12, 13 —peHTreHOBCKOe u3nyvyeHue, 14 — noBOPOTHbIN
MarHuT, 15 — nornoTtutenb nNyyka, 16 — KBaapynoabHaa nnH3a, 17 — paboyasa ctaHuum, 30 - UMNYAbCHBIA KAUCTPOH, 31 —

MOAYNATOP



HoBble megULMHCKNE METOAUKN, pa3pa60Ta|-|Hb|e Ha UCTOYHUKaAX CUHXPOTPOHHOrIO
n3nyvyeHuma, ana WNMpPoKoro sHeapeHunnA B NPaKTUKyY TpEGYI-OT CO34dHUA HOBbIX
UCTOYHUKOB PEHTreHOBCKOIro n3s1iy4yeHuA

Medical Research Opportunities
R —

COMPUTED RADIATION
TOMOGRAPHY THERAPY
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PapguaunoHHasa Tepanua c UCNOJIb30BaHNEM
MOHOXPOMAaTUYECKOro PEHTreHOBCKOro U3ny4yeHma —
HaKon/JieHMe NornoLaloLLLero BeLecrTsa, Hanpumep noaa, B
onyxonu n obayyeHme MOHOXpPOMaTUUECKMM U3ly4eHUeM Ha
Kpalo IMHUU NOTrNOLEHUSA
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RELATIVE DOSE
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F1G. 2. Depth dose distribution (calculated).
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