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YTo Takoe BaKyyMHbl€ 3/IeKTPOHHbIe NPUOOopPbLI

Limiting Stable Current in Electron Beams in the Presence of Ions*

J. K. Pierce . .
Bell Telephone Laboratories, Inc., New Vork, New York *Journal of Applied Physics 15, 721 (1944)

(Received July 11, 1944)

In electron Aow, the net electronic charge thay be neutralized by positive fons. In this case,
for a given geometry there is a limiting current bevond which homogeneous flow is unstable,
‘This limiting current is evalueated for ow normal to parallel plane equipotentials and for flow
flling a conducting tube and constrained to motion parallel to the axis. For parallel planes at a
potential ¥y volts and spaced a distance L cm apart, the limiting current density in
amperes/em? is d=104> 1071 L% For a long conducting tube the limiting current is
Tym 160 5 1072 7). These limiting currents are roughly 6 times as great as in the absence of ions.

HaunHas ¢ copoKOBbIX FO40B ABaaLATOro Beka nccrnenoBaHms B 06rnacTy HeNMHENHbIX NPOLIECCOB U3MyYeHus
3apsKeHHbIX YacTuL, NPU NX NPOXOXOEHUN NPOCTPAHCTBEHHO-MEPUOLNYECKUX CTPYKTYP (pe3oHaTopoB) 1
B3aUMOOENCTBUM TaM C NEKTPOMArHUTHbLIM NOfieM BEAYTCS B PasfnUYHbIX TUNAaX 3NeKTPOHHbIX BaKyyMHbIX
npudopos (ycunuteneun n reHepatopos). Takme npnudopbl PYHKLUNOHMPYIOT B LUMPOKOM [uanas3oHe cnekTpa oT
MMKPOBOJSTHOBOIO 10 PEHTIEHOBCKOrO. X Npon3BoanTenbHOCTb U HaOEXHOCTb B HACTOsILLIEE BpeMS
obecrneynBaeTcs NCMONb30BaHNEM CIOXHbIX 9NIEKTPOMArHUTHbLIX CTPYKTYP Ha OCHOBE HOBLIX Matepuarnos n
nepenoBbIx TexHonornn. LLinpokoe npumeHeHne Taknx npnbopoB B BOEHHLIX N KOMMEPYECKUX NMPUNOXKEHNAX
TpebyeT nx HagexHom paboTbl MPU BLICOKOW MOLLHOCTU, BbICOKOW 3(PEKTUBHOCTUN N HU3KON CTOMMOCTM.



IlTamnbl Gerywen BonNHbI U Namnbl 00OpPaTHOU BOJSIHbI
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R. Kompfner. The traveling wave tube. Wireless Patent FR1035379 (A) : B. Epsztein, "Backward flow
World LII. 1946. P. 369=372. travelling wave devices", 1959-03-31

OcHoBa OyHKLMOHNPOBAHNS Taknx NpMOOPOB 3aKITO4aETCs B U3NyYEHUN SNIEKTPOHOB, CrPyNNMPOBaHHbLIX B
CryCTKM U B3aMMOLENCTBYIOLLIMX B pe3oHaTope (3ameansowen cucteMe) ¢ MeanieHHbIMU 311EKTPOMarHUTHbLIMU
BOSTHAMM.

OTtnnume namnbl 6erywen BonHobl (JIBB) ot namnbl o6paTHon BonHb! (JIOB) cocTomnT B TOM, 4YTO B NEPBOM
Crny4ae 3MeKTPOHbI Myyka B3anMOLENCTBYHOT C «MPSAMON» 3NEKTPOMArHUTHOW BOSTHOW, PacnpOCTPaHSOLLENCH B

HanpaelieHnn OBNXXEeHUA SNTEKTPOHOB.




IlTamnbl Gerywen BoNHblI — COBPEMEHHbIe NpuMepbl

A. Aissi, F. André, F. Doveil. New model of a travelling-wave
tube. Proc. 35th EPS Conf. on Plasma Physics, 9-13 June,
2008. P. 5.090.

Electronbeam

Electrongun

KoHuenTyanbHbin YyepTex JIBB - TWTA 220 Ty, Bkntovas
CEKLMIO 3NIEKTPOHHOM MyLIKKW, OTBETBUTENN BBOAA / BbIBOAA,
y3es1 POKYCUPOBKU N KOMSEKTOP

Young-Min, S., et al., Modeling Investigation of an Ultrawideband
Terahertz Sheet Beam Traveling-Wave Tube Amplifier Circuit. Electron
Devices, IEEE Transactions on, 2011. 58(9): p. 3213-3218.




3amegnsaowme cucteMbl — NPOCTPaHCTBEHHO-NMepunoan4deckKue cpe.qbl*
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* P. A. CunuH. MNMepuoaunyeckmne BonHoBoabl. 2002 ol Aot ﬁ »



YepeHKOBCKUE reHepaTopbl

aode SWs1 SWs2  tapered wavesnide

“ 7 output waveguide
annmilan e

!
collimator drifi mbe resonant cavity

FIG. 1. Schematic diagram: 1-coaxial doubt-annular cathode, 2-anode, 3-SWSs,

‘ﬁ‘:d":ﬂm' AL I EP A O MBS AR, R J. Zhang, H.-H. Zhong, L. Luo. A Novel Overmoded
Zhana. P. Ge. X.. Dana. F. H C. Zhao. C Slow-Wave High-Power Microwave (HPM) Generator.
ang, v, o 2, Dang, b Suang, L. 210, . IEEE Transactions on Plasma Science. 2004. Vol. 32.

Cheng, X., ... Ling, J. (2019). Investigation of a
cross-band relativistic Cherenkov oscillator
based on the cathode adjustment. AIP
Advances, 9(3), 035110.
doi:10.1063/1.5086190

P. 2236-2242.

B YKa3aHHbIX BblLLE I'IpVI60an 00ObIYHO NCMNOJ1b3YyKTCA TOHKMUE JTIEHTOYHbIE U pr6anb|e ONEKTPOHHbIE
NYy4YKn, N TONbKO NMNOBEPXHOCTHAA YaCTb TaKOro ny4yka B3aMMOﬂeVICTByeT C pE30HaTOpPOM.
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I
MHoOroBonHoBble YepeHKOBCKUe reHepaTopbI*

e [ 1O0CEOCT PacHeTa MOTOKS IHEPIHRA

(k)
f\\;f\j\)_. k AKTHIENLR CPa m Q

Icwm | 19.5 cm | 25.5cm | 24 cm 05em | 25.5cm

KonbueBon nyyok Bo3byxgaeT NOBEPXHOCTHbIE BOSTHbI B CBEPXPA3MEPHOM LUNUHAPUYECKOM
AanadparMmpoBaHHOM BOSTHOBOAE. B cucteme pacnpocTpaHsaoTcsa npamMasa n obpaTtHasi CBA3aHHbIE
3NEKTPOMarHUTHbIE BOSTHbI BONM3M rpaHuLbl Nonockl npo3paqyHoctn. OHM B pesynbrate B3aMMO4ENCTBUSA C
My4KOM BO30YKOatT HECKOMNBbKO MOA.

HanpsibkeHune Ha guoge - 1,5-2MB. Tok - 10-20 KA. HanpsikeHHOCTb BeayLero MarHMTHoro nons - 15-30 k3.
BbixogHasa mowHocTb - 15 MBT, AnnHa BOrHbI 3 CM.

OnekTpoHHbIn KIMM - oo 50%.

*C. . byraeB u ap. PenaTuBNCTCKUN MHOrOBOJIHOBOW YepeHKOBCKUM reHepatop. NMucoma B XKT®D. 1983. T.9, 1385-1389.

C. . byraeB u ap. PenatnuBucrckme mHoroBonHoBble CBY-reHepaTopbl. 1991. 296 c.

S. Ting, Y. Liu. Particle simulation of a millimeter wave multiwave Cherenkov generator producing GigaWatt power
levels. Int. J. Infrared and Millimeter Waves. 1998. Vol. 19. P. 385-397.



MpunoxeHnsi BaKyyMHbIX 3NEKTPOHHbIX NPUOOPOB*:

VVYVVYVYY YV V VY

A\

YCKOPUTENM YacTuL, BbICOKUX SHEPTUN,

Harpes niia3mMmbl A4 ynpaBnaemMoro TepMoagepHOro CUHTE3a),  Electronics/Microwaves Photonics/X-
B MEOULIMHCKMX CUCTEMAX B Ka4ecTBe KOMMaKTHbIX YCKOpUTene bavyGanmaians
SAAEPHOro MarHUTHOroO pe3oHaHca

MeaMUMHCKasa Bu3yanuaauma / guarHocTuka paka, l : ; l |
WHAYCTPUanbHbIM KOHTPOMb KayYecTBa, L g " " = oW e W
obHapyxeHune npeamMeToB ¢ KOHTpabaHgon, Frequency (GHz)
BCenorogHble CUCTeMbl BUOAMMOCTU Ana obecnevyeHnsa 6e3onacHOCTU NOeToB.,

COBpPEMEHHbIE TENEKOMMYHUKALNOHHbIE CUCTEMBI, paZiap C BbICOKOM CKOPOCTbIO

BbecnposoaHon nepegayvn gaHHbix ans LPI (HM3kaa BeposaTHOCTL nepexsarta),

KOMMep4YecKoe NpUMeHeHne, BKItovasa pasnuyHble MMKPOBOSTHOBbIE

HarpeBaTerbHble YCTPOUCTBA ANA NPOMBbILLIIEHHONO U ObITOBOIO MCMNONb30BaHUS

J. Benford, J.A.Swegle, E. Schamiloglu. High Power Microwave. CRC Press, 2016.
J1.A. BanHwTenH, B.A. ConHueB Jlekumn no cBepxXBbICOKOYACTOTHOM 3rnekTpoHuke CBY. 1973.
O.U. Tpy6eukoB, A.E. XpamoB. JleKumn no cBepXBbICOKOYACTOTHOM 3NEKTPOHUKe ana dmsmkos: B 2 T. 2003, 2004.

*https://sites.google.com/view/mmwave/research/%C2%B5-wave-vacuum-electronics
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YTo TaKoe nasepbl Ha cBOOOAHLIX 3anekTpoHax (JICI)

OcHoBHOW NpUHUMN paboTbl 3ako4aeTcs
B U3MYYEHNWN 3NIEKTPOHOB, OBUXYLLMXCS,
KONEeBOLWNXCA U N3NyYaroLwmnx nog

" NEencTBMEM BHELLHEro
9NEKTPOMarHMTHOro nonga®.

[MepBble akcnepumMmeHTanbHble uccrnegosanus JICIO** noateepannu adpdHeKTUBHOCTb
NCNOSb30BaHNSA PENSATUBUCTCKOrO SNEKTPOHHOIO NMy4vka B KAQYECTBE aKTUBHOW cpeabl B OTNMYME
OT OBbIYHbLIX 1a3epoB CO CBA3AHHbIMW aTOMHbLIMU UM MOSIEKYISIPHBIMU cOCTOAHUAMK. JICD
MOXET reHepupoBaThb NnepecTpamBaemMoe KOrepeHTHoe n3nyyeHme BbICOKON MOLLHOCTU B
avanasoHax OT PEHTFEHOBCKOro 40 MUMNTIMMETPOBOIO.

* Madey J. M. J. Stimulated Emission of Bremsstrahlung in a Periodic Magnetic Field. J. Appl. Physics. 1971. Vol. 42. P.
1906-1913. Colson W.B. Theory of a Free Electron Laser. Physics Letters. 1976. Vol. 59A. P. 187-190.
** Deacon D. A. et al. First operation of a Free-Electron Laser. Phys. Rev. Let. 1977. Vol. 38. P. 892-894.
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Ilazepbl Ha CBOOOAHLIX 3NIEKTPOHAX

electron beam

undulator

resonator mirror

JOURNAL OF APPLIED PHYSICS VOLUME 42, NUMBER 5 APRIL 1971

Stimulated Emission of Bremsstrahlung in a Periodic Magnetic Field

Jonn M. J. Mapey
Physics Department, Stanford University, Stanford, California 94305
(Received 20 February 1970; in final form 21 August 1970)

The Weizsicker-Williams method is used to calculate the gain due to the induced emission of radiation
into a single electromagnetic mode paralle] to the motion of a relativistic electron through a periodic trans-
verse dc magnetic field. Finite gain is available from the far-infrared through the visible region raising
the possibility of continuously tunable amplifiers and oscillators at these frequencies with the further

possibility of partially coherent radiation sources in the ultraviolet and x-ray regions to beyond 10 keV, Noh voltoge supply
Several numerical examples are considered. electrosiotic \_/
Qenerator p &

*J. Madey, J. Appl. Phys. 42 (1971), 1906
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N
Jlazepbl Ha cBOOOAHbLIX 3NEKTPOHaX

First Operation of a Free-Electron Laser*

D. A. G. Deacon,f L. R. Elias, J. M. J. Madey, G. J. Ramian, H. A, Schwettman, and T. I. Smith
High Energy Physics Labovatory, Stanford University, Stanford, California 94305
(Recelved 17 February 1977)

A free-electron laser oscillator has been operated above threshold at a wavelength of

3.4 pm,

Ever since the first maser experiment in 1954,
physicists have sought to develop a broadly tun-
able source of coherent radiation. Several ingen-
ious techniques have been developed, of which the
best example is the dye laser. Most of these de-
vices have relied upon an atomic or a molecular

electrons.'”® Our research has focused on the in-
teraction between radiation and an electron beam
in a spatially periodic transverse magnetic field.
Of the schemes which have been proposed, this
approach appears the best suited to the generation
of coherent radiation in the infrared, the visible,

active medium, and the wavelength and tuning
range has therefore been limited by the details
of atomic structure.

Several authors have realized that the constraints
associated with atomic structure would not apply
to a laser based on stimulated radiation by free

and the ultraviolet, and also has the potential for
yielding very high average power. We have pre-
viously described the results of a measurement
of the gain at 10.6 um.® In this Letter we report
the first operation of a free-electron laser oscil-
lator.

HELICAL MAGNET Vouusme 51, Numsex 18 PHYSICAL REVIEW LETTERS 31 OcroBEr 1983
(3.2 em PERIOD)

43 MeV BUNgHED

_____ —eezn--a ELECTRON
== (000N~ e
First Operation of a Storage-Ring Free-Electron Laser
RESONATOR f——52m —‘1 l RESONATOR "
MIRROR || MinROR M. Billardon, ) P, Elleaume, ®’ J. M. Ortega, ' C. Bazin, M. Bergher, M, Velghe, ' and Y. Petroff

g 12.7m 1 Laboratoire pour I'Utilisation du Rayonnement Electromagnétique,

FIG. 1. Schematic diagram of the free-clectron laser oscillator. (For more details see Ref Université de Paris-Sud, F-91405 Orsay, France

and

D. A. G. Deacon, "’ K. E. Robinson, and J, M. J. Madey
High Energy Physics Laboratory, Stanford University, Stanford, California 94305
(Received 1 August 1983)

892

A storage-ring free-electron laser oscillator has been operated above threshold at a
visible wavelength A= 6500 A.

PACS numbers: 42.60.-v
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Ilazepbl Ha cBOOOAHLIX 3neKkTpoHax (J1ICI)

10P Publishing | Royal Swedish Academy of Sciences Physica Scripta
Phys. Scr. 91 (2016) 083003 (10pp) doi:10.1088/0031-8949,91/8/083003

Invited Comment

The free electron laser: conceptual history

John Madey', Marlan O Scully> and Phillip Sprangle*”

! University of Hawai‘i at Manoa, Honolulu, HI 96822, USA
% Texas A&M University, College Station, TX 77843, USA
* Princeton University, Princeton, NJ 08544, USA

* University of Maryland, College Park, MD 20742, USA
®Naval Research Lab, SW Washington, DC 20375, USA

E-mail: madey@hawii.edu, scully@tamu.edu and phillip.sprangle@nrd.navy.mil

Received 20 January 2016, revised 29 April 2016
Accepted for publication 10 May 2016
Published 12 July 2016

CrossMark
Abstract
The free electron laser (FEL) has lived up to its promise as given in (Madey 1971 J. Appl.
Phys. 42 1906) to wit: ‘As shall be seen, finite gain is available ...from the far-infrared through
the visible region ...with the further possibility of partially coherent radiation sources in the
x-ray region’. In the present paper we review the history of the FEL drawing liberally (and where
possible literally) from the original sources. Coauthors, Madey, Scully and Sprangle were
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European XFEL* (DESY) — paboTaeTt c 4 mas 2017 r.

XFEL anuHon 3,4 km ucnonb3yet 768
pe3oHaTopoB Ha AfnHe 1,7 KM 1 B
MOXeT BO30y>KaaTb 3reKTPOHbI C
9Hepruen go 17,5 MaB. AnekTpoHbl
YCKOPSATCA UMMNYNbCaMn CO CKOPOCTbIO
10 umnynbCcoB B cekyHay. Kaxabin
UMNYIbC MOXeT coaepxarb Ao 2700
SMNEKTPOHHbIX CrYyCTKOB, YTO B CyMMe
aaet 0o 27000 peHTreHOBCKMX BCMbILLEK
B CEKyHAy.

€ electron switch

wm HED
=S MID
xsmz i

o i
04.

electron tunnel

photon tunnel ® electron bend
lnnumnmn  undulator i electron dump

Xs2

()
X1TD1 “““““\\\\\\\\\‘
" XTD2 X83 XTD9 o
e T — O ~— = <pp
XTD4 | 'i%e 1
*http://mww.xfel.eu/ | Xspuz = 508
XTD1o
. . L LINAC SASE2 SASE1 SASE3
H. Weise, W. Decking. Commissioning and
First Lasing of the European XFEL Proc. Figure 1: Schematic layout of the European XFEL facility showing the SASE undulators
FEL2017. P. 9-13. and corresponding experimental end stations.
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http://www.xfel.eu/

European XFEL

Booster Linear accelerator+XFEL ontrol room
OnuHa 3,4 KM, reHepupyeT Ype3Bbl4HaWHO MHTEHCUBHbIE PEeHTreHOBCKUE UMMNYIbCbI ANA onpeaeneHnust aToMHOM
CTPYKTYpPbl BUPYCOB, UCCNEeAOBaHUA XMMUYECKMX peaKkuun, N3y4eHUs npoLeccoB BHYTPU MiaHeT.
15



HoBocuobupckum JICO*

*Kulipanov et al.
Novosibirsk Free
Electron Laser
Facility Description
and Recent
Experiments IEEE
Trans. on
Therahertz Sience
and Technology.
2015. Vol. 5, No. 5. P.
798-809.

Haxoautcsa B akcnnyatauuu ¢ 2003 roaa. OH o6ecneunBaeT y3kononocHoe (MeHee 1%) TI'y nanyyeHne B AnanasoHe AnvH
BonH 80 - 240 mkm npu cpegHen mowHoctTn Ao 0,5 kBT u nukoson mowHoctu o 1 MBT. 3a nocnegHue rogbl Ha OObLEKTe
Ob110 BbINONTHEHO okono 30 Nonb3oBaTeNbCKUX UCCIeAOoBaTeNIbCKUX NMPOEKTOB B Pa3fiyHbIX 06MacTsaX HayKu.



HoBocnbupckum JICIO*

The third IR FEL
undulator sections

The second FEL
undulator

]

AN B

S/

]

The first THz FEL
undulator sections

Simplest multi-turn ERL scheme: | — injector, 2 — linac, 3 — bending magnets, 4 — undulator, 5 — dump.

*N.A. Vinokurov et al. Novosibirsk Free Electron Laser: Terahertz and Infrared Coherent Radiation Source. Proc.
RUPAC2016. DOI:10.18429/JACoW-RuPAC2016-TUXMHO02
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Super-ACO FEL

Super-ACO (Orsay, ®paHuus) - 3TO HaKOoNUTesIbHOe
Konbuo Ha 800 MaB, npeaHa3Ha4yeHHOe AnA
NPUNOXEHUN CUHXPOTPOHHOIO U3NY4YeHUs, KOTopoe
akcnnyaTtupoBanocb ¢ mapta 1987 no 2003 roa.

UctouHuk Super-ACO FEL (SRFEL) 6bin nepBbIM
HakonutenbHbIM KonbueBbIM FEL, o6ecneunBarowmm
KOrepeHTHoe usnydyeHuve Ans nonb3oBaTtenen B YOP-
AnanasoHe ¢ 1993 ropa.

| The Super-ACO FEL [ |

Beam energy (MeV) 800
Laser-off bunch length o, (rms, ps) 85
Laser-off beam energy spread g (rms) 5.4-1071
Synchrotron damping time 7, (ms) 8.5
Laser width at perfect tuning (rms, ps) 20
Laser width at the maximum detuning (rms, ps) 40 FEL section
Laser wavelength (nm) 350 M. E. Couprie. Chaos studies on the super-ACO free electron
Pulse period (two bunches operation) AT (ns) 120 laser. NIIM A. 2003. Vol. A507. P. 1-7.
Laser-off peak gain g; (%) ~ 25 C. Bruni et al. Chaotic nature of the super-ACO FEL. NIM. A. 2004.
Cavity losses P (%) ~05 | vol. A528. P. 273-277.

18



HekoTopble
aencrteyowme JICIO*

*http://sbfel3.ucsb.edu/www/fel table.htm

LOCATION NAME WAVELENGTHS TYPE STATUS
RIKEN (Japan) SACLA FEL 0.63-3A Linac Operating, user facility
SLAC-SSRL (USA) LCLS FEL 12-15A Linac Operating, user facility
DESY (Germany) FLASH FEL 4.1-45nm SC Linac Operating, user facility
ELETTRA, Trieste, Italy FERMI 4-100 nm Linac Operating, user facility
SDL(NSLS) HGHG ) . .
Brookhaven (USA) FEL 193 nm Linac Operating, experiment
Duke Univ., NC (USA) OK-4 193-400 nm storage ring Operating, user facility
3 230 nm - 1.2 ym
2 1-6um
iFEL (Japan) 1 5-22 um linac Operating, user facility
4 20-60 pym
5 50 - 100 ym
Univ. of Hawaii, (USA) MK-V 1.7-9.1pum linac Operating, experiment
FELIX1 3.1-35um . . .
FOM (Netherlands) FELIX2 25 - 250 um linac Operating, user facility
LURE - Orsay (France) CLIO 3-150 um linac Operating, user facility
Jefferson Lab, VA (USA) 2623__4438”:::“ SC-linac Operating, user facility
Science Univ. of Tokyo (Japan) FEL-SUT 5-16 ym linac Operating, user facility
FZ Rossendorf, (Germany) FELBE 4-22 m SC-linac Operating, user facilit
) Y. 18-250 um p g, y
FIR-FEL 63 - 340 ym
UCSB CA (USA) MM-FEL 340 ym - 2.5 mm electrostatic Operating, user facility
30 u-FEL 30-63 um
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VOLUME 63, NUMBER 18 PHYSICAL REVIEW LETTERS 30 OCTOBER 1989 oo, Y
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Photonic Band Structure: The Face-Centered-Cubic Case » AR
. . oo e hehe e ke R ke ks ;
E. Yablonovitch and T. J. Gmitter :{:5{ "‘kc ] -F'* Paae
Bell Communications Research, Navesink Research Center, Red Bank, New Jersey 07701 -7040 ."&. L‘:‘ s L't:' S L bR bk
(Received 25 July 1989) .L.s. oY L.,:: ':‘:L':;: sheheheheAede
CRRALE SRRl
¢ W
We employ the concepts of band theory to describe the behavior of electromagnetic waves in three di- -'L: L:‘ :&_t, :U"-
mensionally periodic face-centered-cubic (fec) dielectric structures. This can produce a “photonic band LR
gap” in which optical modes, spontaneous emission, and zero-point fluctuations are all absent. In the 9

course of a broad experimental survey, we have found that most fec dielectrie structures have “semime-
tallic” band structure. Nevertheless, we have identified one particular dielectric *““crystal” which actually
has a *“photonic band gap.” This dielectric structure requires a refractive-index contrast greater than 3
to 1, which happens to be readily obtainable in semiconductor materials.

PACS numbers: 42.50.—p, 41.10.Hv, 71.25.Cx, 84.90.+a

By analogy to electron waves in a crystal, light waves Furthermore, this has enabled us to use sophisticated mi- Defining photonic crystals
in a three dimensionally periodic dielectric structure crowave homodyne detection techniques to measure the

should be described by band theory. Recently, the idea The new requirement for a complex 2D
of photonic band structure'? has been introduced. This C iunctions propagating through the “photonic crystal.” > or 3D crystallographic structure led to
the name “photonic crystal,” but such a
structure also demanded substantial index
contrast. Therefore, the definition of a
“photopi irements:

gh index contrast and a 2D or 3D
iodic structure.

*Prof. Yablonovitch's Light Touch Column
from the March 2007 Issue of Optics & Photonics News.
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Photonic Free-Electron Lasers
P. J. M. van der Siot, T. Denis, J. H. H. Lee, M. W. van Dijk, and K. J. Boller

(Invited Paper) electron

SOUTCes. (a) (b)

photonic
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Laser Physics and Monlinear Oplics, Mesa® Institute for Nanotechnology, Department of Sclence
and Technology, University of Twente, 7500 Enschede, The Netherands

DO: 10 1108UPHOT 2012 2180724
1943-0655/831.00 ©2012 IEEE

Manuscript received February 16, 2012; revised March 7, 2012; aceepted March 7, 2012, Date of
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applied science division of NWO, and the technaology program of the Duteh Minkstry of Economic Affairs.
Comresponding author: P. J. M. van der Slot (e-mall: p.j.mvanderslot@utwente.nl).

Abstract: A photonic free-electron laser (pFEL) produces coherent Cerenkov radiation from
a set of parallel electron beams streaming through a photonic crystal. The function of the
crystal is to slow down the phase velocity of a copropagating electromagnetic wave, such
that also mildly relativistic electrons (of about 10-keV energy) can emit coherent Cerenkov
radiation. Starting from spontanecus emission, the feedback of the radiation on the
electrons results in bunching of the electrons on the scale of the radiation wavelength, and
consequently, coherent radiation can build up. The frequency of the coherent mode is set by
the electron velocity and wave dispersion of the photonic crystal and can, a priori, be
continuously varied by varying the electron energy. The scale invariance of Maxwell's
equation allows operation from Gigahertz to Terahertz and possible infrared (IR) frequencies
without the need to increase the electron beam energy. Therefore, the pFEL is a very
attractive, compact, and coherent radiation source that has the potential to significantly
enhance the power available in the THz domain.
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Multiple beam free-electron lasers and optical klystrons Appl. Phys. Let., 39 (1981), 696-698
M. A. Piestr
Deparlmams oquplectrical Engineering, Stanford University, Stanford, California 94305

(Received 11 May 1981; accepted for publication 19 August 1981)

A method for the generation and amplification of infrared and optical radiation is presented based
on space-charge interaction of electron streams of different momentum. The use of relativistic

electrons with low-energy dispersion is found to allow gain to occur at infrared and optical
wavelengths.

Two-stream, free-electron lasers J. Appl. Phys., 3 (1982), 4113
G. Bekefi and K. D. Jacobs
Department of Physics and Research Laboratory of Electronics, M. h Institute of Technology.

Cumbelion Momaciunsrr 110 INT. 1. ELECTRONICS, 1984, vOL. 57, NO. 6, 1191-1204
(Received 2 October 1981; accepted for publication 9 March 1982)

Two parallel, relativistic electron streams with different velocities support unstable,
exponentially growing space-charge waves, and efficient electron bunching may be achieved in

the submillimeter wavelength range. Injection of the prebunched streams into a static, periodic
wiggler’ ic field enh thei ity of the parametrically excited, backscattered
lelecgtsroniagn:lic wave. Calculations are presc:ted of llre‘amplitude cihanccmem and of the linear Double-stream electron cycloh'on maser
growth rate of the wave in the Raman regime, for the case of two cold, perfectly intermingled
electron streams.
WANG CHUNYTt and LTU SHENGGANG?
ERRENCH MAGNETIC WIGGLER REGION ; 3 sz A . -
A new mechanism for stimulated radiation combining the cyclotron instability
B with the plasma double-stream instability is presented. It can be regarded as a new
i ol G ol g type of electron cyclotron resonance maser (ECRM) (Hirshfield 1979, Liu 1979) as
+ R S ooty Soprmrmsag i e well as a two-stream frec-clectron laser (FEL) (Picstrup 1981, Bekefi and Jacobs
P [ 1982) in a broader sense. One can say that this device combines ECRM and the
ELECTRON two-stream FEL into one. The linear theory of the double-streum ECRM is given.
‘i Numerical calculations show that it offers the attractive advantages of high gain
ELECTRON and brondband as compared with the conventional ECRM.
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Multiple-beam free-electron lasers
H.P. Freund™*, D. Douglas”, P.G. O’Shea®

* Science Applications International Corporation, 1710 Goodridge Drive. McLean, VA
* Thomas Jefferson National Accelerator Facility, Newport News,
CInstitute for Research in Electronics and Applied Physics, Unicersity of Maryland, College Park, MD 20742, USA

2102, USA

Abstract

Free-electron Lasers (FELs) have operated over virtually the entire electromagnetic spectrum from microwaves
through the ultraviolet and up to average power levels of 2 kW. Advances in injector technology are needed to operate
at shorter wavelengths. such as X-rays, or higher average powers. This can be achieved using multiple injectors and
combining the beams. Initial simulations of this concept have been applied to the proposed design of the 1.5A Linac
Coherent Light Source. Further studies will be conducted on the limitations of the effects of space-charge and coherent

PACS: 41.60.Cr; 52.75.Ms

Keywords: Free-clectron Laser: Multiple-beams

synchrotron radiation on the physics of combining beams.
lsem
60cm
.

) 2003 Elsevier Science B.V. All rights reserved.
M 305 by 95 MY 85 W

I. Concept for energy stack at low energy—/following
combination, beams overlap in transverse phase space, but are
separated by ~10% in energy. This example shows order
I MeV spreads at 10 MeV, with a ~ 500 G field bending through
a nominal radius of 60cm.

THPDS4 Proceedings of FEL2012, Nara, Japan

DYNAMICS OF A MULTI-BEAM PHOTONIC FREE ELECTRON LASER’

JHH. Lee”, M. W. van Dijk, T. Denis, P.J.M. van der Slot, K.-J. Boller,
Laser Physics and Nonlinear Optics, Mesa™ Institute for Nanotechnology,
University of Twente, Enschede, The Netherlands

Abstract

A photonic free-electron laser (pFEL) uses free
electrons streaming through a photonic crystal (PhC) to
generate tunable coherent radiation. Here, we consider a
PFEL driven by a set of three low energy (~ 10 keV), low
perveance (< 0.1 pP) electron beams. Using a particle-in-
cell code, we numerically study the dynamics and
calculate the small-signal growth rate and output power of
the various modes. We show that for an appropriate
design of the PhC and selective placement of the electron
beams, single mode operation is possible. We will also
present results on the scaling with the number of electron
beams.

INTRODUCTION

In a photonic free-electron laser (pFEL) electrons can
stream through the many channels that are available in a
photonic tal (PhC) and produce Cerenkov radiation
[1]. The ion of the PhC is to slow down the phase
velocity of the electromagnetic wave o match the
velocity of the co-propagating electrons. More precisely,
one of the spatial harmonics that is part of a Bloch mode
of the PhC will be phase matched with the co-propagating
electrons. For a strong interaction, the field amplitude of
the phase-matched spatial harmonic should be as high as
possible, and therefore interaction with a low spatial
harmonic is desirable [2]. If the Bloch mode pos: an
electric field component in the propagation direction of
the electrons, then the phase-matched spatial harmonic
will bunch the electrons and coherent Cerenkov radiation
will he emitted The manv channels that are naturalhe
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the starting current and investigate whether mode
competition is present or mot and how the mode
competition is affected by the design of the PhC or
placement of the electron beams.

a

Figure 1: Schematic view of the unit cell of the photonic
crystal used for the 3-beam pFEL. See Table 1 for
dimensions. The location of the three electron beams used
in the PIC simulations are shown as blue cylinders.

PHOTONIC CRYSTAL

The unit cell of the PhC used in this study is
schematically shown in Fig. 1, and its dimensions are
summarized in Table 1. It consists of a metal waveguide
containing a periodic array of metal posts. The PhC is
designed to produce microwave radiation arour
when low energy (~ 10 keV) electrons are
metal waveguide 1s required to guide/co
microwave radiation.

.
Figure 3: PIC model of the 3-beam pFEL. The active

region of the laser consists of 20 PhC unit cells. Also
shown are the three electron beams. The colour represents
the electron energy, for the case shown at a time when the
laser is in near saturation.




Masepbl Ha cBOOOAHbIX 3nekTpoHax (MCJI)*

Maser is a microvxgave amplification by stimulated emission of radiation.
d 1

Fig. 1. Schematic diagram of a FEM with a combined double-mirror resonator: (/) modified Bragg reflector (2) traditional 1D
Bragg reflector; (3) electron beam. Wavy lines show the directions of propagation of the electromagnetic flows A, and B. The cor-
rugation period of the modified Bragg structure ( /) is about twice that of the traditional structure (2).

*W. E. BorBMHUK u ap. Masep Ha cBO6OAHLIX helical wiggler
anektpoHax. NMucbma XKITD. 35, 418 (1982) —rannnnnl AN
N. S. Ginzburg et al. Free Electron Maser with High
Selectivity Bragg Resonator Using Coupled
Propagating and Trapped Modes. Technical Physics = PO
Letters, 2010, Vol. 36. P. 952-956 pesnie e eflacto
N. Yu. Peskov et al. High-power free-electron maser
operated in a two-mode frequency-multiplying regime.
Phys. Rev. Accel. Beams. 19, 060704 (2016)

NANMNNANA

LF radiation
electron beam

HF radiation

VV\IVVUmemm«m

Scheme of the FEM multiplier with a helical wiggler and a two-mirror Bragg resonator.
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'vH3oypr H.C. u ap. Ma3ep Ha cBOGOAHBLIX 3fIEKTPOHAX C BbICOKOCENEeKTUBHbLIM OP3rroBCKUM pe3oHaTOpPOM, OCHOBaHHbIM
Ha cBs3MU Oerywmx u KBasmkpuTmyeckux BosiH. NMucbma XT®D. 2010. T. 36. C. 952-956
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The physics of x-ray free-electron lasers

C. Pellegrini

Department of Physics and Astronomy, University of California at Los Angeles,
Los Angeles, California 90095, USA

and SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

A. Marinelli
SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

S. Reiche
Paul Scherrer Institute, 5232 Villigen PSI, Switzerland

(published 9 March 2016)

X-ray free-electron lasers (x-ray FELs) give us for the first time the possibility to explore
structures and dynamical processes of atomic and molecular systems at the angstrom-femtosecond
space and time scales. They generate coherent photon pulses with time duration of a few to
100 fs, peak power of 10 to 100 GW, over a wavelength range extending from about 100 nm to
less than | A. Using these novel and unique capabilities new scientific results are being
obtained in atomic and molecular sciences, in areas of physics, chemistry, and biology. This paper
reviews the physical principles, the theoretical models, and the numerical codes on which x-ray
FELs are based, starting from a single electron spontaneous undulator radiation to the FEL
collective instability of a high density electron beam, strongly enhancing the electromagnetic
radiation field intensity and its coherence properties. A short review is presented of the main
experimental properties of x-ray FELs, and the results are discussed of the most recent research to
improve their longitudinal coherence properties, increase the peak power. and generate multicolor
spectra.

DOI: 10.1103/RevModPhys.88.015006
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We now use the vectors Xg and pg with components (£, ¢)
and (fgdéfcdt, fydg/edr) and Eqgs. (2.33) and (2.34) to write
the betatron oscillation equations. Using also Egs. (3.11),
(3.18), and (3.34) we have the complete set of FEL equations

d. 2
Ly mBBn (3.36)
cdt ™7 Ppr

d —_XBn (337)

cdt Pin = —/jb‘.f s

b, _, o [\ Tk (The poses
i = kb |1 = a5 G ParPha ) |- (338)

dy, eK T
= —(ae'™ + c.c.). (3.39)
cdt  2mcy,

Jd 1a v ia - L ;
5% T oar |0 Vg =2xen.(x.y.2—fct)

dJz 2k,
<(""l‘ > iea /1 >
x |K —— =¥y
7 me=k, \7

(340)

fora=l, .., N

This is a system of 6N, + 1 nonlinear equations with no
simple analytical solution. It includes radiation diffraction,
longitudinal and transverse electron dynamics, betatron oscil-
lations for equal and constant focusing in the horizontal and
vertical planes, and electron beam distnbution in its six-
dimensional phase space. It does not include quantum effects
nor the effect of the radiation field on the electron velocities. In

M e lcfac Al n hncns wova Bl adbra thana an amata



OunHammnyeckme cuctemMbl U xaoc*

XaoTuyeckass AMHaAMUKa O3HaYaeT TeHAEHLMIO LUMPOKOro Kpyra cCMcTemM nepexoavuThb B
COCTOSIHMA C AeTepPMMHUPOBaAHHLIM NOoBeAeHUEM U HenpeacKkasyeMbiM NoBegeHUeM.
HennHenHoOCTL - HeOGXOAMMOE, HO HeoCTaTO4YHOe ycrioBue xaoca B cucteme. OCHOBHas
npuYnHa xaoca - 3KCNoHeHUManbHoe pacxoXxaeHue u3HavyanbHO GNIM3KUX TPaeKTopun B
HeNIMHEeMHbIX CUCTeMaX. ATO TaK Ha3biBaeMbIn «3pdeKT 6ab60YkmM» ** (4yBCTBUTENBbHOCTb K
Ha4vanbHbIM YCIIOBUAM).

Xaoc B aneKTpPOHHbIX YCTpOMUCTBaXxX, Takux Kak J1IOB, JIBB, JIC3 u 1. 4. nponcxoauT us-3a
3anasabiBaloLlero xapakrepa pacnpenerneHHom obpaTtHom CBA3MN.

ik

*H.-G. Schuster, "Deterministic Chaos" An Introduction, Physik Verlag, (1984)
** E.N. Lorenz, J. Atmos. Sci. 20 (1963), 130

Hur M. S. et al. Phys. Rev. E58 (1998), 936-941

Ninno G., Fanelli. D. Phys. Rev. Let. 92 (2004), 094801

Bruni C. et al. Nucl. Instr. Meth. A528 (2004), 273-277

Thomas C.A. et al. Eur. Phys. J. D32 (2005), 83-93

Marchewka C. et al. Phys. Plasma (2006),13, 013104

Kuznetsov S.P. Izvestija VUZov - Applied Nonlinear Dynamics, 14 (2006), 3-35
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Xaoc B JIC3 (Super-ACO FEL)
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B cootBeTcTBUM C JlaHgay (Tom VIII) BblpaxeHue ansa uanekTpuyeckomn
Th Raleckion o Xcioije by Orgle NPOHULAEMOCTU KpUcTanna MoxeT BbITb MCNOSb30BAHO AS1S1 ONUCaHUSA
By W. H. Braca, M.A,, F.RS, Cavendish Professor of Physics in the 'D'M(‘bpaKU'MM PEHTIEHOBCKMX KBaHTOB B KpUCTarsne, Kotopasd Hé 3aBuUCuT ot
University of Leeds; and W. L. Bracs, B.A.,, Trinity College, nondapum3auunnm CbOTOHa:

Cambridge. N
' (Received April 7,—Read April 17, 1913.) g( r, a)) = ZE(T’ a)) exp(—l‘tr) \\\ \\ ’/ ;’J

In a discussion of the Laue photographs it has been ghown* that they 7
' . . Ay /
may conveniently be interpreted as due to the reflection of X-rays in such 8(0,60)—1"'){0 , NS

planes within the crystal as are rich in atoms, This leads at once to the _ NN S
attempt to use cleavage planes as mirrors, and it has been found that mica 8(+T w):X d \\ y;

3 . o . —_— e .
gives a reflected pencil from its cleavage plane strong enough to make a tr s8N/ /dsing

visible impression on a photographic plate in a few minutes’ exposure. 1t . N 4
has also been observed that the reflected pencil can be detected by the SﬂeKTqueCKaﬂ WHAYKUMA UMEET BUL! 21 21 27

ionisation method.t =

For the purpose of examining more clogely the reflection of Xerays in D(r,l-) zg(r’a))E(r’t) dl ’ d2 ' d3

this manner we have used an apparatus resembling a spectrometer in form,

an ionisation chamber taking the place of the telescope, The collimator is T - BEKTOp O6paTHOI/I peLweTKn.
replaced by a lead block pierced by a hole which can be stopped down to

glite of varions widths, The revolving table in the centre carries the N3BecTHOe ypaBHeHVle Byﬂbq33-5p3l'l'a Oﬂpe.ﬂ.el'lﬂeT yFOJ'I

crystal.  The ionisation chamber is tubular, 15 em. long and 5 cm, in LI,VIdeaKLI,VIVI Eparra:

diagmeter, Tt can be rotated about the axis of the instrument, to which its 2k Sln @ —r

own axis is perpendicular. It is filled with sulphur dioxide in order to
increase the ionisation current: both air and methyl jodide have algo been

used occasionally to make sure that no special characteristics of the gas in AMI‘IJ‘IVITy,CI,bI paccedaHnda pe3ko Bo3pacTaloT npu k‘r =K+ T

* W. L. Bragg, ‘ Proc, Camb, Phil, Soc.,’ vol. 17, Part 1, p, 43,
+ W, H, Bragg, ‘ Nature," Jun, 23, 1013,

*Bragg, W.H.; Bragg, W.L. (1913). Proc R. Soc. Lond. A. 88 (605): 428-38.
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[eomeTpusa bparra [eomeTpua Jlaya

-.: ; , :;"’ "' \/\/\ T NG T L
T — BEKTOP 0OpaTHOM peLUeTKM.
MpuHUMNbI AMHaMM4Yeckon andpakLmm cnpaBeannBbl B AnanasoHax OT PEHTreHOBCKOro A0

TeparepLoBoro.

*Bragg, W.H.; Bragg, W.L. (1913). Proc R. Soc. Lond. A. 88 (605): 428-38.
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*B. AcphaHaceHko, B.l.BapbiweBcknin n ap. Nucbma XTP 15 (1989) 33
V.Afanasenko, V.Baryshevsky et al. Phys. Lett. A141 (1989) 311
B. AdaHaceHko, B.lBapbiweBckun n ap. NMucbma XKITP 51 (1990) 213
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HoBbI 3aKOH HEYCTOMYUBOCTU* INIEKTPOHHOIO NyyYKa, ABUXYLUErocs B
NPOCTPaAHCTBEHHO-NepMoan4YecKon cpeae

MHKpeMeHT HeyCTOMYUBOCTU B TOUKAX BbIPOXAEHUSA KOPHEN AUCNEePCUOHHOro

ypaBHEHuUA: G —~ 3+s/p

eMecmo — ?{/p ana apyrux cuctem (JIOB, J1B6B, JIC3 v ap.)

MoporoBbIn TOK B TOYKaX BbIPOXAEHUS KOPHEW ANCNEPCUOHHOIO YPaBHEHUS:

jstart — /(k L)3+23

eMecmo __ (kL)—3.qn;| APYrmx cCucTtem.

S — Y4Yucno AonoJiHnTesNibHbIX BOJIH, BOSHUKaWOLWKMUX B CUCTemMe Bcrneancrtsue

andppakuum.

*V.G.Baryshevsky, I.D.Feranchuk, Phys.Let. 102A (1984) 141,
B.lbapbiweBckun, JAH CCCP, 299(1988), 1363
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HoBbI 3aKOH HGYCTOVI‘-IVIBOCTM IANNEeKTPOHHOIO ny4yka, ABNXyulerocs B
I1pOCTpaHCTBeHHO-I'IepVIOAM‘-IECKOﬁ cpepe

B ogHOMepHOM criydae 13 HeSBHbLIX BblpaXkeHnn™ anga npoueccos reHepaunm B JICO ¢

pacnpegeneHHon obpaTHON CBA3bO N roOPUPOBaAHHBIM BONTHOBOAOM, MOXHO MOMNyYnTb

cnegyoulee BblpaXeHne** ons noporoBOro Toka, KOTOpOe coBMNagaeT C NOPOroBbIM TOKOM
ons cnyydaa OJ1CO:

2.2 2.2
zn , 27N
A (R R () B
4 (oL')
me L'=2L ,C~1"3 - 0606LeHHbIi napametp lNupca.

C

*B.J1.BpatmaHn, H.C.I'mH30ypr, I AeHucos, NMucbma XTP 7, Bbin. 21 (1981), 1320-1324.

**\/.G.Baryshevsky "High Power Microwave and Optical Volume Free Electron Lasers (VFELs)", 2012,
arxiv:1211.4769
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OGBbeMHbIN nasep Ha cBOOOAHbLIX 3anekTpoHax (OJICJ3)*

AMNEKTPOHHbIN Npubop, paboTatowmin Ha N3ny4eHnn
PENATUBUCTCKUX SMNEKTPOHOB, ABMXYLLIMXCS B ABYMEPHbIX
(TPEXMEPHbIX) MPOCTPAHCTBEHHO-NEPMOAMNYECKUX cpeaax
(pe3oHaTopax, ecTeCTBEHHbIX UM UCKYCCTBEHHbIX
ANEeKTPOMarHUTHbIX (POTOHHBLIX) KpUcTannax) B CUHXPOHU3ME
C OQHOW NN HECKOINMbKUMWN 3NEKTPOMAarHUTHbIMU BONTHaMW,
AN KOTOPbIX BbINOMHATCS ycroBus andpakumn bparra B
pe3oHaTope BONM3n obnacTun BblpOXAEeHUS KOPHEW
ANCNEPCUOHHOIO YpaBHEHUS.

*V.G.Baryshevsky, I.D.Feranchuk, Phys.Lett. 102A (1984) 141,
B.l bapbiweBckun, JAH CCCP, 299(1988), 1363

V.G.Baryshevsky et al., NIM 483 A (2002) 21
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I
OcHoBHasa ocobeHHocTb OJICI -

o6bemMHas (HeogHOMepHasa) MHOroBOJTHOBas pacnpeaeneHHaa obpartHas
cBa3sb (OPOC) B ycnoBusax auHamuyeckon andpakumm

transmitted
-- wave

backward wave

OpHomepHasa POC K diffracted wave HeogHomepHas POC

OcHoBHble npuHUuunbl OJICI, cnpaBeanuBbie ANA BCeX YaCTOTHbIX AMana3oHOB:
Yenosus cunxponusma  Yenosus ougppakyuu

| —ku| = 6w 2kt +1° ~0
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Uctopusa akcnepumentoB OJICI

1996 SkcnepuMeHTarnbHOe MOAEeNMPoOBaHUE 3NEKTPOANHAMMNYECKMX MPOLIECCOB
B 00bEMHON ANPAKLUNOHHOW PEeLLETKE U3 OUINEKTPUYECKUX HUTEN

jV.G.Baryshevsky et al., NIM 393A (1997) 71

2001 lNMepBaga reHepauusa OJICI B

MUITTTIMMETPOBOM AONANA30HE. | g
2004 OJIC3 ¢ NPSIMOYTONbHLIMY SKcnepmmeHTaanaﬂ npoBepKa npnHUnnoB ' ;

CETOYHBIMM pe3oHaTopamMu OJ1C3. [leMmoHCcTpauus nepecTponkm
) 4aCTOTbl NP UKCUPOBAHHOW SHEPrnK
SNEKTPOHOB.

2
£
=
I
§ 3
E
&

V.G. Baﬁy@h‘evsk et al., NIM 483 A (2002) 21
V.G, Baryshevsky et al., NIM. B 252 (2006) 86
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N
Uctopusa akcnepumentoB OJICI

YctaHoBka OJIC3-10

Pe3oHaTop ycTaHOBKM CHOPMUPOBAH ABYMSI ANDPaKLMOHHLIMUN peLleTkamm C
pasnuUyHbIMM NepuogamMmm 1 AByMs rnagkumMm 60KOBbIMU CTEHKaAMN.
Baanmoaencteune nepson andpakuMoHHON peLleTkn (Bo3byxaatowen) ¢
SNEKTPOHHLIM MYy4YKOM reHepupyeT nanydeHne Cmuta—Ilapcena.

BTopas (pe3oHaHcHas) pelueTka obecnevmBaeT pacnpeneneHHyo obpaTHyro
CBSA3b MeXAy Mofem 1 3NeKTPOHHbIM My4YKOM NOCpeacTBOM ANHAMNYECKON
Andpakunm bparra. KOHCTpyKUnsa pe3oHaTopa No3BondeT U3BMEHATL ero
napamMeTpbl B TE4EHME IKCMNEPUMEHTA (BpaLLaTb U UBMEHSATb PACCTOAHNE MEX
ANpakuMOHHBIMU peLleTKaMu U 3NIEKTPOHHBIM NMy4YKoM). OTO obecneynBaeT
BO3MOXXHOCTb HAaCTPOWKWN YCITOBUN ABYXBOSTHOBOW ANIpaKLn.

OcHoBHble napameTpbl ycTaHoBKM OJ1IC3-10: NEHTOYHLIN MYYOK CeYeHnEM
1 x 10 cM? ¢ aHepruen anekTpoHoB 110 k3B, anvHa BoOmnHbI — 4 + 8 MM.

V.G.Baryshevsky et al., NIM 483 A (2002) 21
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Uctopua akcnepumeHToB OJICI-250 — ceToUYHbIe pe3oHaTopbI®

constant period

u/m

1.9%e8

1.37e8 A

8.6%7

3.73e7 1

=6.21e7 i

-1.12e8 -

-1.61e8
-1.99e8

35 mm

35 mm
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*VV.G.Baryshevsky et al. Proc.
IRMMW-THz 2010; Proc FEL2010.




Uctopusa akcnepumeHToB OJIC3I-250 — chonbroBblie pe3oHaTopbI®

*\V.G.Baryshevsky et al. Proc.
IRMMW-THz 2010; Proc FEL2010.

OcHoOBHble NapameTpbl YCTaHOBKM
OJ1C3-250: ny4oK ¢ aHeprnen
anekTtpoHoB 250 kaB, aonnHa
BOSMHbI — 3 CM.

4 e T e

90 mm
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I
MHoronyukoBblie OJICO

MoryT ObITb pacCMOTpPEHbI KaK Nna3epHble cuctemMbl ¢ ha3oBom

CUHXpOHM3aumen - laser-self-phase-locking system®*.
*Baryshevsky V.G. NIM B355 (2015), 17; V.G. Baryshevsky, A.A.Gurinovich, arXiv:1301.4330.

Nuclear Instruments and Methods in Physics Research B 3
Contents lists available at ScienceDirect = st
e
Nuclear Instruments and Methods in Physics Research B~ %%
journal homepage: www.elsevier.com/locate/nimhb ! _. phictonic cryatal
A modulatedelectron ™ @=0 e e e e e e
hean T g
o RS e
Spontaneous and induced radiation by electrons/positrons in natural and @ o | | [ (1Ll T R
photonic crystals. Volume free electron lasers (VFELs): From microwave — | | [=««-«] S oo 22
and optical to X-ray range ~— ]
drift space
V.G. Baryshevsky
Fig. 4. Hybrid klystron-type VFEL (VFEM).

Research Institute far Nuclear Problems Babruiskaya str., 11, 220030 Minsk Belarus

Fig. 3. VFEL (VFEM) with several beams.
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