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Kak yBennunTb Yncio (oTOHOB?
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La, Ho: mexHu4yeckue rpobrieMbl ¢ CUHXPOHU3auueu
+ ygesiudeHuUe amummaHca —> yMeHbWeHUe sipKocmu.

2
aONe

> CUHXpOHM3MpOBaTb PPOHTELI Nasepa n e-cryctka - tak
4YTOObLI BpEMSA B3aUMOAENCTBUA BO3POCHO. - 00 3TOM Mo3xe

A. Debus et al., Appl. Phys. B (2010).

K. Steiniger, A. Debus et al., Building an Optical Free-Electron Laser in A ”
the Traveling-Wave Thomson-Scattering Geometry, eLje
Front. Phys. 6, 155 (2019) 2
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ObLme cBOUCTBaA U3Iy4YEHUS
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Knroyeesoe ons JICO

Hy>xHbI
O4YeHb Kopomkue rny4ku
Usiu O4YeHb

AVAVAVAVAVAVER Marsibil rnepuod Mooynsayuu

Incoherent emission: Coherent emission:
electrons randomly phased electrons bunched at
radiation wavelength

McNeil & Thompson, Nature Photonics 4, 814 (2010). 5
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INasepbl Ha cBODOOHBLIX ANEKTPOHAX

eHTreH
=e)—O—>p—>
NUHENHbIV yCKopUTEnb OHOYNSTOP

sHewHss sonva [ [ [ B

80 OHAOYNATOP, Heobs3aTENbHO ANMHHbIN

Y. Hwua, G. Margaritondo,
J. Synchrotron Rad. (2021).

0 A Kak paccuyuTaTtb
MOAYIIUPOBaAHHbLIN CFYCTOK? 6
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D.Yu. Sergeeva, A.P. Potylitsyn, A.A. Tishchenko, Optics Express (2017). 7
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KOMNTOHOBCKMU UCTOYHUK Ha MoAYyJINPOBAHHOM Ny4kKe
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KOMNTOHOBCKMU UCTOYHUK Ha MoAYyJINPOBAHHOM Ny4kKe

1.5 m
107 dNincoh 1014 choh
do do Yernoeoe
1 pacripeoerieHue
u oueHka N
hotons 14
0_5-" Nipeon =310 7= ] |l o photons
pulse N_ =810 ——
05 « pulse
\ /‘\ 0, rad 0, rad
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napamMmeTpbl
Nanni, Graves,
et al.. PRAB - EI:cz:t;on beam Laser -
2018 nergy .
MeV Length l / 5 Wavelength um
Tishchenko, Sergeeva, 0 Transverse
Proc. of High- size 30 pm
brightness Sources and I'y qrantz factor| 45 10 Strength a,=<0,2
Light-driven Transverse t 0.03
Interacti;(;wzs,OCongress size Hm parame eglo JUHEUHbIU
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N
h
NCO ~ lMpekpacHO — HO HaM HYXXHbI

ammoceKyHOHble dsiumesibHocmu!
a Jiyqwe Mooynsayus

dTTO CEKyHAbl - HAHO METpPHLI

dTTO CIryCTKM - aTToO AJINTESNIbHOCTb J1a3€epHOIro nMnyribCca

OnTUKa Ha MmaclwTabax “atTo” ceroaHs TONMbKO BO3HUKaAET
(xotsa, Hobenesckue npemunn 2018, 2024)

dunaunka 6nmskoro Gyayulero - a HacKosnbKoO BIIN3KOro?
11
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OueBnAHbIM cNOcob NONYYNTb HAHO-MOAY/IMPOBAHHbIE MYYKU
— 370 XFEL, oTpaboTaHHbIN Ny4oK.
Ho B Poccum HeT peHTreHosckoro J1CD.
bonee Ttoro, ctaHAapTHbIN XFEL — 3Heprnm snekTpoHoB B AecAaTku 3B, n
HaHOMOAYNAUMA He NOMOXKeT B ycnoBuax Koraa OKP ynetut 8 MaB.
(ecnn Tonbko bpaTtb masep? Ho n, ecam ectb peHTreHoBcKum J1C3, 3ayem OKP
B peHTreHe?) A ewe?

E.A. Nanni, W.S. Graves, D.E. Moncton, Nanomodulated electron beams via electron diffraction
and emittance exchange for coherent x-ray generation, Phys. Rev. AB (2018)

0t Order 2 ASU (MIT)
1.24 nm

15t Order o

1
I
|
]
]
—
150 nm 20N .
50 nm Si

Incident
Beam

12
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focynapcTBeHHbIA YHUBEpPCUTET APU3OHDI

CXLS CXFEL
Compact X-Ray Light Source Compact X-Ray Free Electron Laser

- BBOAUTCA B aKcnnyaTtauuro (Ha 2025 r.) - ctpouTtca (koHel 2026)

- 6—20 k3B - 0,25-1 k3B

- anekTpoHbl 30 MaB, 500 doc, 200 nKn - anekTpoHbl 14—-30 MaB, 300 dc, 1 nKn

- nasep 1030 Hm, 200 mIx, 1 nc, 1 kl'y, - nasep 1030 Hm, 500 mx, 800 nc, 1 klMy,
(PHAROS) (moryT goctuyb 40 doc, 20 dc)
- 10° dlc - 10" dplc

- 18 M, XOTAT YMEHbLUUTb -10-20 m

- HaHO-0aH4YupoBaHuMe 3a c4yeT
AandpakumMm Ha KpeMHUEeBOWU HAHO-

_ _ peweTke (250 3B - 2,5 k3aB) < 1 HM!
https://biodesign.asu.edu/cxfel/about/

T. Brown, et al., Upgrades to the photoinjector and ICS interaction point chamber of
the CXLSNST Open Research (2025)

S. Tilton, Laser systems and diagnostics for the ASU compact X-ray source, Proc. of
High-brightness Sources and Light-driven Interactions Congress, Austria (2024) 13
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In laboratory: a soft X-ray source

NTtak, nony4ntb ycuneHune nHteHcmsHocTu OKP Ha HECKOMbKO

NOpPAAKOB C MOMOLLBLIO aTTO/HAHO MOAYNMPOBAHHbLIX e-My4YKoB —
peannucTtnyHo. Ho 3To B peHTreHe.

A 4TO B ramma-guanasoHe?
Hy>XHbl 3enTo-moaynupoBaHHble ny4vkn (1 3ento = 107-3 aTtT0)

v’ Teopus: Heynpyroe paccesiHue anekTpoHoB B A. E. Kaplan, A. L. Pokrovsky, Laser gate:

nasepHoOM fy4de ¢ BoMbLUMM rpagueEHTOM multi-MeV electron acceleration and
nons nofigApmM3oBaHHOIO BAOSIb CKOPOCTU zeptosecond e-bunching, Optics Express
(2009).
v' Teopwusi: Heynpyroe paccesiHne anektpoHoB B H.K. Avetissian, G.F. Mkrtchian, Zeptosecond
nasepHoOM Jyde B ra3oBoW cpeae Electron Pulse Train and Ultrafast Coherent

Control of Quantum States via Multiphoton
v TeOpWsi: CKATUE e-CryCTKOB [0 3eNTOCEKYH Inelastic Cherenkov Diffraction, arXiv (2025)
nyTeM U3MeHeHNd X BOSNTHOBbLIX oyHKumn ¢ X. Jin, C.I. Velasko, F.J. Garcia de Abajo,
NOMOLLIbIO crieumanbHO NogobpaHHbIX Zeptosecond free-electron compression
LLIMPOKOMOSOCHbLIX BOSTHOBLIX MOMeu through temporal lensing, arXiv (2025).
UTaK, 3enTo NOKa HeT, Aa)Xe B ONTUKe.
A Torpga Kak ycunutb OKP B ramma-guanasoHe? 14
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Kpab-cxema

- ] ~

JlnHenHbIn € — p Konnangep:

Bunches Aligned
at Intersection

R.B. Palmer, Energy
Scaling, Crab Crossing
and the Pair Problem,
Invited talk at the DPF
Summer Study
Snowmass 88, SLAC-
PUB-4, 1988.

A

Bunch

Advancing
Crab-wise

tf Deflector

Undeflected
Bunch from
Accelerator

11111111111

Pekopn cBeTMMOCTHU
B pu3uke konnangepos!

N,=N,NoL,

L= c(1+,8c0sq))jd4xFL (x)F,(x)

o O
- TN
sy | 00
o Ty
AU 4 o O
N, o O

Ilpeoenvnuie cnyuau:
KaXXJasl ¢ KaKJIou Ka)kJasl ¢ OJJHOU

BbirogHo, 4TOOBbI
MMMNYNbCbl NPOXOANN APYr Yepes apyra
BAOMb HanpaBreHNa UX “BbITAHYTOCTU!

Kpab-cxema B OKP gact Bbiurpbiw B

CBETUMOCTU: MHOIO pa3 unu nopsakos!
B 3aBMCUMOCTM OT DOPMbI UMMYNbCOB

A.P. Potylitsyn, D.V. Gavrilenko, M.N. Strikhanov, A.A.
Tishchenko, Crab crossing in inverse Compton scattering,
Phys. Rev. AB (2023). 15
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MpenmyLiecTBO Kpab-cxembl: “MArkas’” Touyka BCTpeuu

PEELYE ENCINEIERTe [FFTE 39120

OnNnTenbHOCTb 3NEeKTPOHHOro 10 nc = 3mm MaB
e [aHHble
OnuTenbHOCTbL NasepHoOro 8 HC = 2.4Mm, 8nc = 2.4MMm ":’Hi;';’;-
IVALE!

LlemyxuHa

~ 25 Crab Crossing
. 25 o]
E o Crab Crossing
£
l.?; 20 L ui 20
= 215
2 15| 810
7 £
O 3 5
= Simple Collision
€ 10} or, ‘ ‘ ‘ ‘
3 0 20 40 60 80
S|mp|e Collision Collision angle, Degree
S 0
. . . . . Mpeumywiectso npu yrne 7
0 2 4 6 8

10 nc nasep — 5 pas;
Hc nasep — 5000 pa3

Collision angle, Degree

Yem AnNMHHee nasepHbIU UMNYIbC, TeM Oonblue LeHa npomaxal 16
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NMpenmyLecTBO Kpab-cxembl: “xecTKas” ToOYKa BCTpeUu

e eI e I

AnNuTenbHOCTb 3NEKTPOHHOro 1 MM

[laHHbIE
ny4ka N3 OOKN.
Apocnasa
AnutenbHOCTb NasepHoro nyyka [ION TN Y FeTMaHOBa
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Cnacmnbo 3a BHUMaHue!
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Laser Beam Angle = -3.5Degree
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Kpab-cxema — achheKkT KOHEeYHOCTU PIrieeBCKON ASIUHbI

MHmeHcusHoCMb J1a3epPHOecOo uMriyribca MeH4emcs 800/1b mpaeKmopuu!

N, =N,N,[d*, @FL (x,)F(x,)

1.00

D. Gavrilenko,
~ A. Potylitsyn,
: ; A. Tishchenko,
ool 5=10 7 | ~_____—— Finite Rayleigh
= length in
Compton
backscattering
24 26 28 30 432 34 36 :NUCI.InStr.and

O, =Wy, 0L =Wy, 0, =1.125w,; LUXE
0.75} 9L 0> O 0> 9 g Meth.A (2025)
o, =0.625w,; o, =0.625w,; 0, =3w,;

Interaction area

N\

E-ceycmok (cuHuM) u nasepHbil UMIYIbE (OpaHXeabiM). o s 10 15 Vs Wy
[nsa laycc-JlareppoBbix ny4koB BCreactene agodpekrta cynep-ocunnnaumm  G. Toraldo di
PaneeBckas ANMHa MOXeT ObITb O4eHb Mana, v Mbl NpeackasbiBaeM, Yyto ee | rancia.

M. Berry,
BnusiHne Ha OKP 6yaet nopsiaka 20% n bonee. N. Zhemgev
LUXE 0,0005 . 7y =150pum,c=75um 7, =200 um, o =20 pm nonble
W 200 1
- MYyMK Bergeeva,
= ; V. Karlovets, A.A.
— e X 0 15 Tishchenko Optics
* Letters (2025);

-200 05 CepreeBa, TueHko
Mucbma B XKOTO

(2025). 6
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OOLwee 0 nyykax 3apsKeHHbIX YacTul
TOK, pasmep

TOK
10°+10*4 // mxA—rxA

uccneo. yckopumeib — mMuiiu A
LHC — 0,584 (m0K6p03emKe 16A)

pa3smep

lnc <> 30cm
lnc < 0,3 mm (Tfu)

Lhe <> 0,3 micm (6uoumbLil )
2808 ceycmros <> 10" npOMOHOE

1l ac < 0,3nm 6 ceycmie

e

3apAA pa3mep
1,6x10"K 06biuno panHa nyukos 10nc +100¢hc;
€=1 Jl
N =10 =10"": (ammo / HaHo — OumenbHoOCmu

—nepeoHull Kpau ucciedo8aHuil);
Qbunch = 10 }’ZKJZ - HK]Z i
MonepevYHbIA pasMep

. ) 1M =100 Mrm — cnabomounwsie yekopumeiu
nano — 107, nuxo — 107" yeKop

denmo— 107", ammo—107"% ~ (1 +10)MM — CUILHOMOYHbIE ycxopumeﬂuzs



Cekuyus «5s10epHasi pomoHuka», KU HL{®M, N5id CO PAH, 10.03.2026

In laboratory: a soft X-ray source

Thomson/Compton backscattering

e laser
E=4/E,, y=EM

¢ /Nays

Compton
source!

26
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In laboratory: a soft X-ray source

X-ray tube Synchrotron
Average spectral brightness
sTmmmrad-20,1% <108 1016_102!
Divergence, mrad 4 <(.1
Size, m 0,1-1 20-1000
Price, 10°8 10410 1001000

G+ ) S

—

27
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In laboratory: a soft X-ray source

e R
Status Type E, (keV) | Ph/s | mm2mrad -2 (u "{1 y
0,17% BW
MuCLS e 15-35 107 10° 42
Lyncean e SR 10-20 10" 10" 45
TTX e SR 20-80 1072 1070 50
BriXS f Linac (SC) 83-88 1073 1073 14
ThomX e SR 20-90 1073 107 70
KEK e Linac (SC) 35 1073 10" 10
ASU (MIT) f Linac 12 1073 1072 2
ODU CLS f Linac (SC) 1.2-12 1073 1074 3

Lumitron Technologies; LEXG

e - existing design K. Deitrick et al., PR AB (2018)
f - funded design

Theoretically predicted average flux ~ph/S

W.S. Graves et al., Nucl. Instr. And Meth. A (2009)

angiography) - 1012 ph/ms >‘ ph/s — more 10 needed! 28
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In laboratory: a soft X-ray source

Are atto-second/nanomodulated
bunches feasible?

29
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Atto-second/nanomodulated e-bunches

European XFEL - 17.5 GeV, 0.1 nm NLCTA (SLAC) - 120 MeV, ...

2 30

2-4nm ;i |

00 02 04 06 08 10
2/A,

00 02 04 06 08 10 -10 5
2/A,

00 02 04 06 08 10 o

/A T T T T
00 02 04 06 08 10 -10

Experiment + simulation - n

00 02 04 06 08 10

E. Hemsing, et al., Echo-enabled harmonics up to the 75th

@) =10T
e order from precisely tailored electron beams, Nature
. Photonics 10, 512 (2016).
China, UK
470 MeV ASU (|V||T) 0% Order ©.
200 nm (up to 60 nm) 29 5 MeV !

(1 um spacing) ' ev, 1%t Order 6, :

I
simulation 1.24 nm X
L.-X. Hu, et al., Attosecond () ,. , _ i
electron bunches from a o8ty direcgiy, El.v/?érl:lciz:l'm'iéirssi;tzj ' 5c':

. . ’ 1 nm )
nanofiber drlveh by ~~:‘ i electron beams via electron . |50 nm50 nm Si
Laguerre-Gaussian laser e j . diffraction and emittance 2
pulses, Scientific Reports 8, T exchange for coherent x-ray !

7282, (2018) ec wH TEET generation, Phys. Rev. AB 21, ! Incident
7 014401 (2018) o Beam
B X’ 30

OAM = twisted light
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Atto-second/nanomodulated e-bunches

§ Delay

Germany Y. Morimoto, P. Baum, Femto(; =5 \
Diffraction and microscopy | 52" y :
70 keV . laser Modulation o
with attosecond electron " ‘ Excitation
y - MU

Bragg diffraction/
electron microscopy

250 nm pulse trains, Nature Phys

Experiment+ 14,252 (2018). Picosecond Attosecond
simulation 70-keVv electron pulse electron pulses
Phase shift of the drive field because of electron gun FO”\ sample  Mag. lens
dielectric membrane 50-nm silicon nitride membrane
USA thinner than the skin layer Single-cycle sine wave
35 MeV 7 * lonization
e r;;:;‘ion rz'lzt;\t/izﬁc ‘HOOf;m Quazi-monochromatic electron
rnon rerieclior
Electron sheet 0,5 nm P oll | sheet (RES)  foil energy spectrum (gamma= 70).
: = Electron sheet after the reflector
H.-C. Wu, et al., Nonlinear (a) v/\/\wa has expanded from
coherent Thomson scattering 0.5 nmto a FWHM f)f 0.565 nm
[¢——<S5um —> Electrons interact with both the

from relativistic electron
sheets as a means to produce
isolated ultrabright  (b)
attosecond x-ray pulses, Phys.
Rev. ST-AB 14, 070702 (2011)

drive and the reflected drive pulse
and their transverse momentum is
completely canceled, while their
longitudinal momentum is almost
unchanged.

The cancellation of transverse
momentum occurs when

passing the reflector. 31

(C) < N ’0'

Theory+ simulation
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Atto-second/nanomodulated e-bunches

Coherent Thomson EUV by relativistic electron mirrors from nanoscale foils

c : 5{1f-nm proi:)e
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Probe pulse
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Probe pulse

10-nm probe

Drive pulse
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fm = oo D. Kiefer et al., Relativistic electron mirrors from nanoscale foils

Bandwidth =20% for coherent frequency upshift to the extreme ultraviolet,

N, ~8-10" photons per shot Nature Communications 4, 1763 (2013) 32
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Crab-scheme // crab crossing, crab waist scheme

: : Bunches Aligned
Linear e — p colliders: at Intersection

/V

R. B. Palmer, Energy Scaling, %Eﬁﬂang

Crab Crossing and the Pair . Crab-wise
Problem, Invited talk at the DPF f Deflector
Summer Study Snowmass 88, X\

SLAC-PUB-4, 1988. >

Undeflected
Bunch from
Accelerator

Circular storage rings:

K. Oide, K. Yokoya, Beam-beam
collision scheme for storage-ring
colliders, PRA (1989).

10-88 B131A2

Then KEK and Cornell staff developed designs,
orototypes, and in 2007 installed the device on KEKB; 1 he world
now it is on SuperKEKB. Also, designs have been record of
developed for LHC, ILC, CLIC, eRHIC. luminocity!

Q. Wu, Crab cavities: Past, present, and future of a challenging
device, USA, IPAC 2015. 33
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Crab-scheme - but what about Making the
the physics of electromagnetic radiation?  story short ...

L £?£>§ Lmax
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X" gp( ~_ : :
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Crab-scheme in Compton/Thomson backscattering may give
a gain of several orders of magnitude in luminosity!

depending on the pulses form

A.P. Potylitsyn, D.V. Gavrilenko, M.N. Strikhanov, A.A. Tishchenko,
Crab crossing in inverse Compton scattering, Phys. Rev. AB (2023). 34
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