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UYTto Takoe ApnepHaa PoToHUKA?

ApepHas doToHuKa (AP) — HoBas, mexxgucumninHapHas
obnacTtb n3nkn, onnucbiBaroLLaa METOAbI MONYYEHUA SPKNX
Ny4YKOB raMMa-KkBaHTOB U UX B3aUMOLENCTBME C BELLECTBOM

AD cBaA3aHa ¢ OypHbIM pa3BUTUEM Na3epHOU TEXHONOrnmn
(Hob6eneBckasa npemusn 2018)

B 3HaunTenbHOM cTeneHn, obCcyXaatoTca NyyYkn ramma
KBAHTOB Mony4eHHble Npn oopatHoMm KOMNTOHOBCKOM

paccesHUU MOLLHbIX NTA3ePHbIX MMMYIIbCOB Ha ANEKTPOHHbIX
MnyyKax

AD obbeanHaEeT crneunannucToB U3 NasepHoOn PU3nKu,
A0epHON PU3NKN, PU3NKK YCKOpUTENEN, (PUUKU
PENATUBUCTCKOU Nnasmbl, NpuknagHou dounsnkm n ap.

- )

fToq mh
Skoltec
Skolkovo Institute of Science and Technology



TeHaeHUMA 1: co3gaHue KOMMAKTHbIX
MCTOYHMKOB raMmma-usny4vyeHusa v yactuu

—» HoBbI MeTO YCKOpEeHUS B nasepHOo-nfiasMmeHHbIX KUibBaTEePHbIX
BOJSIHAX NO3BOSIAET nosiydatb Nyyku anektpoHos 8o 10 'sB npu gnvHe
yckopeHuda 10 cMm (nepBble 3KCrnepuMeHTbl — Havarso 21 Beka)

= DKCMepuMeHTaribHO NPOAEMOHCTPMPOBaHa NpUHUUNuarbHas
BO3MOXXHOCTb 3aMeHbl OCHOBHbIX 311EMEHTOB YCKOPUTENBHOW TEXHUKU
(bokycupyome anemMeHTbl, beam dump) Ha caHTUMETPOBbIE
Na3MeHHbIE 3JIEMEHTHI

- B3aumogencTeme MOLLHbIX NeTaBaTTHLIX Na3epHbIX UMMYIbCOB C
nriasmon camo no cebe aBnaeTcss NICTOYHUKOM (LLIMPOKOMOJSIOCHOrO)
raMmma nsny4vyeHus, 3apsikKeHHbIX YacTuL U HEUTPOHOB

—> Bce 3TO no3Bonser roBOpUTb 0 BOSMOXHOCTUN CO3AaHUA OHYEeHb
KOMMNAKTHbIX (KOMHaTHbIX) n geweBbiX ICTOYHUKOB Y3KO- U
LUNPOKOMNOJIOCHOIo peHTreHOBCKOro n ramma ni3ny4veHus

Skoltech



Artificial pre pulse

e Controlled energy deposition — plasma plume velocity control

e Controlled timing — plasma plume extent control

» Different wavelengths - feasibility of optical diagnostics

Laser pulse parameters (Ti:Sapphire, 40TW):
1,=45 25 f5; A=800 nm;

10 Hz; up to 50 mJ; M?=1.4

L™ S*10'8 W/em? ; contrast 105,

Laser pulse parameters (Nd: YAG):
1,=6 ns; A=532 (1064) nm,

(locked with Ti:Sa, accuracy ~ Ins),
E,=70(230) mJ; I~ 10> W/cm?.
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Beam of electrons
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Plasma Physics & Controlled Fusion, 61 (2019) 075016




Photonuclear neutrons

Optimized
ns+fs pulse

Led aperture
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TeHpoeHUUA 2: pa3mMmelleHne MOLHbIX
na3epHbIX CUCTEM B YCKOPUTENbHbIX LleHTpaXx

- Befgylwine yckopuTternbHble LLEHTPLI pa3MeLLatoT netaBaTTHbIE fla3epsbl
pagom ¢ yckoputenamm (DESY, SLAC, SIOM, FAIR v gp)

= YHuKanbHble akcnepumeHTbl: XFEL (>0.1 nm) + e beam (17.5 GeV) +
laser (1 PW) + strong magnetic field (60 T)

—> DESY: HennHenHbIn ramMmMa-ramma konnangep (noarotoBka)

- DESY: gBynyyenperioMmsieHMe Bakyyma B CUITbHOM fnla3epHOoM rorse
(mnogrotoBka)

- CTaHOBATCSH BO3MOXHbIMU APKMEe UCTOYHUKN FraMMa-KBaHTOB Ha
obpaTtHoMm KomntoHOoBCKOM paccessHuu (Mega-ray LLNL n gp.)

= MpoekT ELI-NP B PymMmbiHuK: 2x10 neTtaBaTTHbIX Nnasepa, JIMHENHbIN
ycKopuTerb 3nekTpoHoB (720 MaB), ramma-ny4ku (<19.2 MaB)

- ROKK-1M (UAP), nHTepecHble pedynbTaTbl N0 HAGNIOAEHNIO

MHTepdepeHUun B KOMNTOHOBCKOM criekTpe Skoltech



Discussion of all aspects of
photon-based. nuclear sclence,

applications & related technologies,

Le. Nucioar Photonics

Important Dates

On-line Registration Opens
May 2. 2016

Deadline for Abstract Submission

August 12, 2016

Deadline for Early Registration

August 26, 2016

Deadline for Hotal Reservations

September 21, 2016

Venue
Monterey Plaza Hotel & Spa
www.montereyplazashotelcom

« .
PO =

Nuclear

P LT

16-21,2016

-

+  Compton gamnma-ray sources and related accelerator technologies
= Ultrahigh intensity lasers and telated optical technologies

«  Precision photo-nudiear spectroscopy

»  NRF-based, sotope-specic matenals detection, assay and imaging
«  Production and photo-exctation of lsomen

+  Photo-fission and nuckesr transmutation

«  Ultracelativistic laser-matter interactions and QFED effects

+  Production and characterization of rare isotopes

«  Photon-enabled nuckear cosmology

= Advances in gamima ray monochromatons, optics and detectors

»  Photon-based beams of postrons, neutrons, ekectrons, protons ete.
«  Potential industrial, security, energy and medical applications

Conference Chairs

Dr. Christopher Barty, Lawwnce Lveenore Nationsdl Libocatary, USA

Dy, Ryoichi Hajima, National insiitutes for Quantum and Radiological Sceace and Techaclogy. lipas
Prof. Norbert Phetralla, Techanche Usiveritht Dasmitadt, Germany

Program Chairs
Prof. Calvin Howell, Inangle Unsveruties Madiear Laboratory. USA
Prof. Markus Roth, Techenche Universtit Darmatadt, Germany

Skoltech

Skolkovo Institute of Science and Technalogy




Inverse Compton Scattering is a source of X- and gamma-rays

Collision of an intense laser pulse with an ultra-relativistic (y>>1) electron beam

_—
S
PN M * Doppler upshift of laser frequency w, = 4y2a)L
& — e Tunable source
_@—
o—— - e Extremely short bursts of hard radiation
o - e 2l . Quasi-monochromatic
G » Applications: medicine, nuclear physics, materials
* Nuclear Resonant Fluorescence : nuclear
spectroscopy

S.G. Rykovanov, et al, JPHYSB 47, 234013 (2014)

Main quality: Spectral brightness = y-ray yield per bandwidth
ﬁHELMHOLTZ

’ GEMEINSCHAFT

) Helmholtz-nstitt Jens



Inverse Compton Scattering (ICS, linear case)

A a)X max ’}/
electron recoil X = 2thL
2
mc
Example:
Max. photon energy:
y=1000  (*0.5GeVe) 4 MeV
hiw, =1.55eV (~1um laser) x =0.5%
Max. photon energy:
y = 40 (~20 MeV e7) 10 keV
hw, =1.55¢V (~1 um laser) x =0.02% Skoltech



MupoBble yctaHoBKM ObpaTHOro
KomntoHOBcKoro PaccessHus

= 1964 — Moscow (Lebedev FIAN) — first experimental evidence

= 1976 - Frascati (LADONE - ADONE) — photonuclear physics

= 1984 - Novosibirsk Budker INP (ROKK - 1,2 — VEPP 3,4) nuclear
fission

= 1988 — Brookhaven BNL (LEGS - NSLS) - meson photoproduction

= 1995 — Grenoble (GRAAL — ESRF) - meson photoproduction

= 1998 — Osaka (LEPS - Spring-8) - meson photoproduction

= 2000 — Duke (HIgS - ) low energy nuclear excitations

=  New developments: FEMTOSECOND LASER-DRIVEN GAMMA

SOURCES and nonlinear Compton scattering

Skoltech

Skolkovo Institute of Science and Technology



Hosocnbupck. B3AMM-3,4 + Ar nasep

BroxHoBuUTENN - OpraHu3aTopsbl:
A.M. banaun (akajgeMuk, peacenaareib

Hay4Horo coBera PAH no amekTpoMarHuTHbIM

B3aMMOJICHCTBUSIM).
M.A. MapkoB (akanemuk-cexkperaps PAH),
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Duke University (HIgS facility)

YHMKanbHaA yCTaHOBKA OCHOBaHHaA Ha obpaTHom apPpekTe KomnToHa,

paboTaeT Kak LleHTp KonnektnsHoro Nonb3osanHuma ¢ ~2000 ropa

0.18-1.2GeV e-

RF Cavity
Booster
RF Cavity BTR _ R" [t Linac Electron Gun
Storage Ring Attenuators
o 2aas . Collimator Target Room
Collision Point Buncher Hut
’ -~

..... \ Wy S

( T N e W s — )
A J A J v v
Mirror OK-4 Mirror
OK-5

HIGS flux performance table for high-flux, quasi-CW operation, DFELL/TUNL, November, 2017 (Version 2.4).
HIGS Flux Performance Projection

No-loss Mode: Ey<~16 MeV

E,=1-2MeV
E,=2-29MeV
Ey=2-3 MeV
Ey=3 -5.4 MeV
Ey=3 -6.3 MeV

(Ee= 237 — 336 MeV)

(Ee= 336 — 405 MeV)
(Ee= 288 — 353 MeV)

(Ee= 353 — 474 MeV)

(Ee= 353 — 512 MeV)

Total Flux [g/s]
CW Operation
Two-Bunch

1x108-4x108
4x10% —-1x10°

2x10% —6x 108
6x10%8 -2x10°
6x10%8 —-3x10°

Collimated Flux
(AE‘Y /Ey =5%
FWHM) ®. (@)

6x 106 —2.4x107
24x107- 6x 107 |
12x107 =3.6x 107
36x107-12x 108
36x107—1.8x 108

FEL
A [nm]

1064
1064

780
780
780

Comment
Linear Pol. with OK-4
Circular Pol with OK-5

Linear and Circular @ ®)

Linear and Circular @- ®

Linear and Circular @ ®
Linear @: ®)

Circular @ ®)



A PKOCTb KOMNTOHOBCKUX TAaMMJA-UCTOYHHUKOB

5 1o
HlgS (1-85 M»B): ELI-NP & Mega-ray (1-25 M»3B):
10°-108 ph/s @ 5% BW 106-108 ph/s @ 0.5% BW
10*-10° ph/s @ <1% BW rep-rate 100 I'ry

rep-rate 5 MI'i



Typical schematics of the ICS source

HiGS @ Duke uni (ring)

LynceanTech (ring) I
MEGa-ray (linac
y ( ) Scattering
Gradient ~50 Mev/m laser
Tens of meters several meters ~1cm several tons
< > < > » of high Z material

I Scattering region IV

Focusing optics

(PMQ)

Optional waveguide 0

Skoltech

Skolkovo Institute of Science and Technology



Novel laser-plasma technology allows to decrease the size

HiGS @ Duke uni (ring)
LynceanTech (ring)
MEGa-ray (linac)

Gradient ~50 Mev/m
Tens of meters

w

several meters

N

Focusing optics

(PMQ)

H, Gas jet

\ Electron

bunch

~1cm

Scattering region

Optional waveguide

Scattering
laser

several tons
of high Z material




Example of the source design for 23°U NRF studies

-
Requirements for the source relevant for NRF*:

 bandwidth~ 2% (K=0.02)

e 10’ photons/shot

1.7 MeV (for ?3°U) ( E~270 MeV)

 we know what are the limitations for the electron beam
* we know that approximately 2% of all photons lie in the 2% bandwidth

Assuming 1 um Optimum:
e-beam spot size, Energy: 40)
16 pC (108 electrons) Intensity: 5x10% W/cm?

Spotsize (FWHM): ~40 um
Duration (FWHM): ~50 ps

We need to generate a total of at least

5 108 photons so that 2% of that is on the a0=0.1

0.5% FWHM energy spread

order 10’
0.24 FWHM mrad divergence
ﬁHELMHOLTZ
’ GEMEINSCHAFT
1. B. Quiter, et al, NIM B, 269, 1130 (2011) s Helmholtz-Institut Jena



Waveguide interaction can decrease the scattering laser size

Typical ICS photon energy-angular spectrum

0.15

1.6-105 | | — 4OJ vacuum

- 5] waveguide
>
0.10 X
S c
Q
o O 0.8-10° |
-
0.05 o
-
o
0.00 00 O (b) 1 I
1620 1660 1700 1740 1620 1660 1700 1740
hw, keV Photon energy, keV
ﬁHELMHOLTZ

| GEMEINSCHAFT
S.G. Rykovanov, et al, JPHYSB 47, 234013 (2014)

EESSSSSSS—————————— Helmholtz-nstitt Jens
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A PKOCTb KOMNTOHOBCKUX TAaMMJA-UCTOYHHUKOB

1025 » “atomic” “nuclear”

8

E

€ Synchrotron Light
; 108 1
£ APS g
-

1010 -

> 15 Orders of Magnitude

10 keV 100 keV 1 MeV 10 MeV
Photon Energy

HlgS (1-85 M»B): ELI-NP & Mega-ray (1-25 M»3B):
10°-108 ph/s @ 5% BW 10°-108 ph/s @ 0.5% BW

104-10° ph/s @ <1% BW rep-rate 100 I'g

rep-rate S MI'i

asma Accelerator:
103-10° ph/s @ 2-5% BW LBNL, 3kcriepuMeHThI B
-rate 10-100 I'y AKTUBHOU CTaJ NN




HennHenHbin KoMmnToH-3ahdekT yBennyumBaeTt
BbIXo4 (POTOHOB Ha HECKONbKO NOPSAAKOB

- Bce paboTarouwme MOHOXpOMaTUYECKNE NCTOYHUKN KOMMNTOHOBCKUX
raMma-KBaHTOB paboTaloT B pexume nnmHenHoro KomntoHa (oguH
doTOH paccenBaeTca Ha OQHOM 3JIEKTPOHE)

= Wcnonbaytotca «cnabble» nasepHble MMNynbebl ¢ a,<=0.01

= HennHenHbin adppekt KomntoHa (a, ~ 1) (TeopeTnyeckn) Nno3BonseT Ha
HECKOJIbKO NMOPAAKOB YBENNYNTL BbIXOd OOTOHOB

- [Nanee paccmoTpum HennHeuHbIn adhdekT KomntoHa n cnocoobl
yBenun4yeHusa Bbixoaa pOTOHOB HE3aBMCUMO OT YCKOPUTENTIbHOMU
CUCTEMbI

Skolkovo Institute of Science and Technology



Nonlinear ICS

no restriction on a,

electron is ,dressed” by the laser pulse
— A
o

. / Energy-momentum
Linear: hwr; + e, = hwy + ¢ . =)

conservation

Energy-momentum
. g — =/ .
Non-Linear: 1w [ T Ee = hw‘\' T £,  conservation + angular

momentum conservation

* Generation of harmonics (same as in magnetic undulator)

Skoltec

Skolkovo Institute of Science and Technology




Nonlinear ICS

no restriction on a,

electron is ,dressed” by the laser pulse

. / Energy-momentum
Linear: hwr; + e, = hwy + ¢ . =)

conservation

Energy-momentum
. g — =/ .
Non-Linear: 1w [ T Ee = hw‘\' T £,  conservation + angular

momentum conservation

* Generation of harmonics (same as in magnetic undulator)
* Harmonics can carry well-defined Orbital Angular Momentum (OAM)

Skoltech

Skolkovo Institute of Science and T




Nonlinear ICS

. no restriction on a,
y>>1 L electron is ,dressed” by the laser pulse
O > $—A-FA-F1-FALA-
& 4y’ hw,
6 hw, = ———
1+y°0° +a,
S a)X
a2
Total photon yield in natural bandwidth: N, =N, aa—° 5
+a,
Skoltech



Nonlinear ICS

no restriction on a,

)]
y>>1 L electron is ,dressed” by the laser pulse
O > €—A-FA-F1-FA-LA-
€ 4y o
W, ho, = 2)/ —=
1+y°0° +a” (1)
S a)X
a2
Total photon yield in natural bandwidth: Ny = Neﬂal . 5
+a,

* Laser pulses ramp on and off smoothly -->
time-dependent laser pressure

* Lorentz gamma factor becomes a function
of time y(t)

« Generated frequency: @, (1) =4y’ ("o,

Skoltech

Skolkovo Institute of Science and Techno




Nonlinear CS: pulse shape leads to broadening

2 a
oo, =— 110 Ny =Nga—2_
1+y%60° +a; l+a

=
o

o
ot

e
o

|
Normalized electric field

Normalized electric field

|
=
o

0 20 40 —40  -20 0 20 40
t/TL t/TL
On-axis photon spectrum

—40 =20

On-axis photon spectrum

z 2
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YnpnupoBaHme nasepHbIX UMMNYAbCOB A1 KOMMEHCALUK

YWMPEHUA N yBenmyeHusa sbixoga ¢oToHOB Ha 3-4 nopsaaka

1. HenmmueinHoe ynpnupoBaHue

J1azepHbin umnynbc 6e3 ynpna, HennHenHbI ynpn, sHeprua ¢oTOHA paBHa
sHeprma ¢GOTOHa paBHa
4y wp I wrp(n)  Ay%w (1 +a*(n))

w(n) = — =

w(n) = 1 + a?(n) 1 + a?(n)

1 + a?(n)
S.G. Rykovanov, et al, PRAB 19, 030701 (2016)

2. KomOuHaus By X JTMHENHO-YUPIUPOBAHHBIX UMITYJIbCOB

CneKkTp PpOTOHOB:
x 107

(a)

(a) LE 21}1 /A“"I,

L

optimized chirp
matched gauss
---------- unchirped x5

w

—

on-axis spectrum (a.u.
[SV]

x5
0 . . .
0.0 0.2 0.4 0.6 0.8 1.0
Y
Seipt, Kharin, Rykovanov, Phys. Rev. Lett. 122, 204802 (2019) % weLMnoLTz

| GEMEINSCHAFT
Kharin, Seipt, Rykovanov, Phys. Rev. Lett., 120, 044802 (2018)

Helmholtz-Institut Jena




[amma-rpebeHKa ¢ K3MeHAEMOW SHepPrmemn
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[amma-rpebeHKa ¢ K3MeHAEMOW SHepPrmemn
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A PKOCTb KOMMNTOHOBCKUX TMAMMJA-UCTOYHHUKOB

HlIgS (1-85 M»B):
10°-108 ph/s @ 5% BW
10%-10° ph/s @ <1% BW
rep-rate 5 MI'ng

ELI-NP & Mega-ray (1-25 M»3B):
106-108 ph/s @ 0.5% BW (linear Compton)

1019-1012 ph/s @ 0.5-2% BW (theory and sims, nonlinear Compton)
rep-rate 100 I'y

Plasma Accelerator:
108-10° ph/s @ 2-5% BW (linear Compton)

1012-1013 ph/s @ 2-5% BW (theory and sims, nonlinear Compton)
rep-rate 10-100 I'g



3aKknryeHue

 fApepHaa POTOHUKA NepCneKkTUBHAA HOBAA MeXXAUCUMNINHapHaa 0biacTb
dU3nKM

* fApepHana POTOHMKA ONUCLIBAET METOAbl NOAYYEHUA APKUX
MOHOXPOMATUYECKNX FAMMaA-UCTOYHMKOB N UX B3aMMOAENCTBME C BELLECTBOM

* B mupe NOCTPOEHO U CTPOMUTCA HECKO/IbKO APKMX UCTOYHMKOB Ha 06paTHOM
KomnToHe (CLLUA, EBpona, Kutan, AnoHus, Kopea u ap). Munavapabi
A0NNAPOB MHBECTULUMN.

*  WCTOYHMKM Ha InHeMHOM KomnTOHe No3BOo/IAOT NosyyaTb nopaaka 108
doTOHOB B cekKyHAy npu 1-5% wmnpuHe c sHeprnamm ot 1 go ~100 M3B

*  WCTOYHMKM HA N1a3MEHHOM YCKOPUTENIe KOMMAKTHbI M CPaBHMUBAOTCA NO
apKkocTu ¢ HigS facility + obnagatoT pemtocekyHaHOM anntenbHocTblo (10 ¢c)

*  HenuHenHbin adpPekT KomnToHa NO3BONAET YBENNUYUTL BbiXod POTOHOB A0
~10%? poTOHOB B CEKYHAY NPU TeX XKe napameTpax GOTOHHOro NyyKa

*  MOXHO nony4yaTb NonsApuU3oBaHHble N/NNK 3aKPYYEHHbIE GOTOHHbIE MYYKM

[luckyccus: Kakue Hosble npumeHeHUA? HyxcHbl iU maKue UCMOYHUKU 8

Poccuu?
Skoltech

Skolkovo Institute of Science and Technology



Brief recap on electron motion in a plane EM wave

Case 4. Strong electromagnetic wave + QED effects

Based on the Volkov solutions of the Dirac equation ao>>1
ch 29Er o |
X = \/ F' u/p’ ~ : ‘ I ' —~ 1029\\' [ v 2
/ . Schwinger =~ / CIIl
m3ct ESchwinger -

Emission rates depend are local (correlation between emissions is lost)
Electron can emit gamma-photons

Gamma-photons can generate electron-positron pairs

4 HELMHOLTZ
‘ GEMEINSCHAFT

\/\/\/\/\/ >>
Helmholtz-Institut Jena



Brief recap on electron motion in a plane EM wave

Case 4. Strong electromagnetic wave + QED effects

Particle trajectory

ag>>1

~ 297 . 2
ISchwinger ~ 107W /Clll

ﬁ HELMHOLTZ

‘ GEMEINSCHAFT

Helmholtz-Institut Jena




Brief recap on electron motion in a plane EM wave

Case 4. Strong electromagnetic wave + QED effects

* hard to solve analytically (not a single particle anymore)

* numerical simulations possible (Monte-Carlo approach)

* back to plasma (e- e+ plasma)

* How can one take into account loss of photons from the
laser pulse (depletion)???

* Lost correlation between events (for example, no
Compton (wiggler) harmonics, no interference effects in
the spectrum)



Bottom line:

we don‘t know how to solve the simplest scenario:
1 electron in the plane wave
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Bottom line 2:

we don‘t know how to solve even simpler scenario:
plane wave in vacuum
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Brief recap on electron motion in a plane EM wave

Case 1. Weak electromagnetic wave ap=0.1
dp T

g —el —e—xDB

dt NG

E_,. = EU COS (,'W'Lt — I{TL 3) ﬂ ”

sin (_th — k‘L Z)

x and Ey, arb. units
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Brief recap on electron motion in a plane EM wave

Case 1. Weak electromagnetic wave a,=0.1

dp N T . A
i —EE — £ — X\\B 08

dt C M.
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Backreflected photon spectrum
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Brief recap on electron motion in a plane EM wave

Case 1. Weak electromagnetic wave a,=0.1

analytically solvable in Classical Electrodynamics
* analytically solvable in Quantum Electrodynamics
 numerically solvable for focused laser pulses in both cases
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Brief recap on electron motion in a plane EM wave

Case 2. Strong electromagnetic wave ap=1
dp al

L — _¢E—e-xB

dt &

E, = EO COS (bu’Lt — kL 3)

u, = —agsin(wpt — kpz)
| a?
U, = 511.3, = —)O sin(wpt — kiz)

\/\/\/\/\/ 5
c HELMHOLTZ

‘ GEMEINSCHAFT

Helmholtz-Institut Jena




Brief recap on electron motion in a plane EM wave

Case 2. Strong electromagnetic wave ao=1
g — —¢F — (i—' % B
E, = Eycos (wit — kpz) m n n i
U, = —agsin(wpt — kpz) 5 J\/‘ ‘
> s
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Brief recap on electron motion in a plane EM wave

Case 2. Strong electromagnetic wave ap=1

dp - U = 1wy Axloo
_:—EE—E—XB 08“"_1_{_“2/2

dt & 0
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Backreflected photon spectrum
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Brief recap on electron motion in a plane EM wave

Case 2. Strong electromagnetic wave ap=1

* analytically solvable in Classical Electrodynamics

 analytically solvable in Quantum Electrodynamics (single
photon emission only)

* numerically solvable for focused laser pulses in Classical
Electrodynamics

e ??? numerical solution for focused laser pulses in QED ???

e ??? multi-photon emission in QED ???



Brief recap on electron motion in a plane EM wave

Case 3. Strong electromagnetic wave + radiation reaction

dp T A
— = —¢E — e~ x B+ Fgp 2>>1
dt C

drr,,
67'(7({ — ‘-‘A.

t%AL
r. & V8. 1()_1:3(71-11 Classical electron radius
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Brief recap on electron motion in a plane EM wave

Case 3. Strong electromagnetic wave + radiation reaction

* analytically solvable in Classical Electrodynamics

* what is radiation reaction in QED?

* numerically solvable for focused laser pulses in Classical
Electrodynamics

limited to classical electrodynamics




Brief recap on electron motion in a plane EM wave

Case 4. Strong electromagnetic wave + QED effects

Based on the Volkov solutions of the Dirac equation ao>>1
ch 29Er o |
X = \/ F' u/p’ ~ : ‘ I ' —~ 1029\\' [ v 2
/ . Schwinger =~ / CIIl
m3ct ESchwinger -

Emission rates depend are local (correlation between emissions is lost)
Electron can emit gamma-photons

Gamma-photons can generate electron-positron pairs
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Brief recap on electron motion in a plane EM wave

Case 4. Strong electromagnetic wave + QED effects

Particle trajectory

ag>>1

~ 297 . 2
ISchwinger ~ 107W /Clll
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Brief recap on electron motion in a plane EM wave

Case 4. Strong electromagnetic wave + QED effects

* hard to solve analytically (not a single particle anymore)

* numerical simulations possible (Monte-Carlo approach)

* back to plasma (e- e+ plasma)

* How can one take into account loss of photons from the
laser pulse (depletion)???

* Lost correlation between events (for example, no
Compton (wiggler) harmonics, no interference effects in
the spectrum)



Bottom line:

we don‘t know how to solve the simplest scenario:
1 electron in the plane wave
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Bottom line 2:

we don‘t know how to solve even simpler scenario:
plane wave in vacuum
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Quest for more intense laser pulses

Intensity = Energy / Unit Surface / Unit time

Sun Intensity on Earth surface ~ 0.1 W cm™

N e 1985 CPA (Chirped Pulse Amplification)
Non-linear QED  a22a L} e Petawatt laser systems (101> Watt)
1PeV ° World power production ~103 Watt
e Ultrashort pulses (femtosecond)
e 1 femtosecond = 1013 seconds

HERCULES
H @ - 1 TeV E

2

Relativistic lons

3

=
Relativistic Electrons ot 2
B 1 MeV l
asma 3 < S
1015 «— CPA " NIO um

Focused Intensity / Wem
3

«— Mode-locking ’ l 1eV

Wl / «<— Q-switching

¢ 10 times smaller than human hair

b

1960 1970 1980 1990 2000 2010
NextGen2018, Skoltech, Oct. 2018 Picture credit: CUOS, University of Michigan Skoltech
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Chirped Pulse Amplification (Nobel Prize 2018)

Donna Strickland and Gerard Mourou, 1985

Grating pair:
Pulse stretcher

-
Short pulse
' A
| Amplifier Y
Amplified Stretched pulse .
stretched pulse
# >
Amplified
_ short pulse
Grating pair:
> Pulse compressor
N
NextGen2018, Skoltech, Oct. 2018 Picture credit: CUOS, University of Michigan Smkoltech



What can one do with powerful lasers?

e Extremely intense small light bullets
e So intense, they can ionize materials and
create plasma

~10 um

~10 um

Skoltech
NextGen2018, Skoltech, Oct. 2018 erm— pr—— =



What can one do with powerful lasers?

e Extremely intense small light bullets
e So intense, they can ionize materials and
create plasma

~10 um

<~10 um

Powerful shor

Relativistic charged particles
(electrons, positrons, ions)

Skoltech
NextGen2018, Skoltech, Oct. 2018 0% KR S S W



Relativistic Laser Plasma — new and
extremely promising area of physics

NextGen2018, Skoltech, Oct. 2018 e et Seence and Technolny



Laser plasma leads to revolution in particle
accelerators

/ e * Conventional technology:

\\‘y\ smaller details = bigger machines
y * Large Hadron Collider: 27 km, candidate for
- / + Higgs boson. Limit of accelerating gradients.

More energy = increase in size. Cost? Size?

DA
‘ A,

\

‘P Tron Colllder,

BESSY, Berlin, . &=
100m, ~1.5 GeV ¢ =%

Skoltech

Skolkovo Institute of Science and Technology

NextGen2018, Skoltech, Oct. 2018



Laser plasma leads to revolution in particle

accelerators
/ { * Conventional technology:

\# smaller details = bigger machines
,;..‘  Large Hadron Collider: 27 km, candidate for
7% Higgs boson. Limit of accelerating gradients.

L More energy = increase in size. Cost? Size?
RN el
()\ « Relativistic Laser Plasma: 1 GeV in just 10

~f -

:F: ‘s ron Colhdér, cm using powerful lasers interacting with
' plasma
BESSY, Berlin, 1 188 ‘Wim Leemans, LB
100m, ~1.5 Ge{; o B 1GeV in 10 cm (200

Skoltech
NextGen2018, Skoltech, Oct. 2018 0% KR S S W



Electrons surfing on a plasma wave

Laser Plasma Acceleration = Surfing on a plasma wave

laser pulse

Wakefield »

Skoltech
NextGen2018, Skoltech, Oct. 2018 0% KR S S W



Simulations by S. Kuschel

Skoltech
NextGen2018, Skoltech, Oct. 2018 e —————"



Laser Plasma Accelerators are the
next accelerator technology

= Almost all large accelerator labs invest into plasma
accelerators as the technology of the future (DESY, LBNL,
SLAC, CERN, etc)

= Monoenergetic electron beams with good beam quality
(transverse emittance)

—» Usage as synchrotron and radiation sources for materials,
nuclear physics, medicine

Skoltech
NextGen2018, Skoltech, Oct. 2018 0% KR S S W



PHLU KW. «Cnbupb-2»+ Ar nasep 1991 roa ctaHuma «TAMMA»

Ot PHII KU: C.T.bensies, JI.®.3apeuxnii, H.C./lynuna, A.A.Cmaxos, /.1 .®upcos.
Ot USU PAH: B.I'Henopesos, I'M.I'ypeBuu, A.C.Cynos, JI..NBanos, A.A.Typunre, /{.A.KapanerbsHil.

-
. ;E'
.
-z

OcHOBHBbIE Pe3yJibTAThI:

«DoTozenenne saep-akKTHHUIOB B 0071aCTH HYKJIOHHBIX PE30HAHCOB MEPBBIA (POTOSIIEPHBIN SKCTICPUMEHT Ha
Hakomnuresne MEeKTpoHoB «Cudbupp-2» - AD 5(2004) 3

B 1992 roxy pa6otsl B PHII KW Obtn ocTanoBneHs! u iepeHecensl B [ peHo6as Ha ESRF .



I'penoOns «kESRF»+ Ar nazep 1991 - ycranoBka GRAAL
A.Ajaka, A. Angelo, V.Bellini, C.Schaerf, e.a. , 24 coaBTopa
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OcHoBHBIE pe3yJbTaThl.
CIIMHOBAsA CTPYKTYPA M ONITHYECKASA AHMU30TPONUS HYKJIOHA,

acCUMMeTPUs cedeHUI (POTOPOXKICHUA ME30HOB HA HYKJIOHAX.

Mouorpadus: B.I.Henopesos. ®oTosaepHbie peakiyu B 00IaCTH HYKIIOHHBIX pe3oHaHCOB. M.,Hayka
obOpazoBanus, 2014.

O630p: B.I'Henopesos, A.A.Typunre, FO.M.IllatynoB, ®orosiaepHbie SKCIEPUMEHTHI Ha MTyYKax raMmma-
KBAHTOB, MOJIy4a€MbIX METOJJOM 0OpaTHOTO KOMITOHOBCKOro paccesinus, YOH 174, 4 (2004) 353 18/10



Nuclear Photonics 2018:

* “This exciting field of study is being enabled by the development of ultra-
bright, tunable gamma-ray sources based on laser-Compton scattering and
by the establishment of international, laser user facilities with systems
capable of reaching highly-relativistic intensities and of enabling photo-
nuclear interactions”.

 “The investment worldwide in technology and facilities of relevance to
nuclear photonics now exceeds several billion US dollars.”

Dr. Chris Barty, Lawrence Livermore National Laboratory, USA

Dr. Ryoichi Hajima, National Institutes for Quantum and Radiological Science and
Technology, Japan

Prof. Norbert Pietralla, Technische Universitiat Darmstadt



Source design consists of two main parts

Main quality: Spectral brightness = y-ray yield per bandwidth

Bandwidth must be small As many photons as possible
B/w depends on: Total yield depends:
* Electron beam emittance * Geometry
* Electron beam energy spread e Total number of e and
e Laser pulse bandwidth laser photons
* Laser pulse shape and intensity * Density of the bunches (a,
(a, dependence) for laser pulse)
Awy viod do? 1 a?
‘\z /_ .ﬁ+ 1y — 4 0 _
Wy 16 v N 2 1+aj ﬁ HELMHOLTZ
’GEMEINSCHAFT
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Total generated photon yield is limited by diffraction

277

Scattering

laser
~1cm

~1cm

Scattering region

. ! Electron beam with:
discussed N )
2 um transverse size
y0g~0.05
Total yield:
Ny = OTNeNph ) geometry | GEMEINSCHAFT
] HalfiolizAnctilElons



Proper nonlinear chirping
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Proper nonlinear chirping

=
o
—

o o o
N [e)) (00]
T T T
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N

Normalized intensity

o
o
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085 090 095  1.00
W /4 gamma2

If laser frequency is constant,
the generated frequency is given by:

1.05
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Proper nonlinear chirping

> 1.0 . . . ”
9 ol
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N 04}
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W /4 gamma2
If laser frequency is constant, Why don‘t we chirp the pulse to exactly
the generated frequency is given by: compensate the ponderomotive broadening:
¥ ‘ n) \ ¥ ¥ N
oy = e oy = D) % (L+a(m)
w(n) = — win) = — = —
| 1 + a2(n) 1 + a?(n) 1 + a?(n)
Skoltec
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Proper nonlinear chirping totally compensates broadening

1 x
— no chirp ”

— q, =0.5, chirp ﬂ ﬂ

Laser pulse \

Normalized vector potential
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Backscattered spectrum
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Proper nonlinear chirping totally compensates broadening

wr(n)  4Ay*wo (1 +a*(n))
L+a’(n)  1+4a%(n)

w(n) =

But how do we generate such a pulse with nonlinear chirping:
Frequency has to change nonlinearly on the femtosecond scale
Currently not feasible.

frequency 4 This is the frequency profile (chirp)

/ that we need

time Skoltech

ooooooooooooooooooooooooooooooooo




Proper nonlinear chirping totally compensates broadening

frequency 4 This is the frequency profile (chirp)

/ that we need

time

* Why don‘t we try to use common technology -, linear” chirp?

* We approximately add linearly chirped laser pulse to mimic the
nonlinear profile

* But the profile should also have a ,, downslope” part - frequency
has to go back down

Skolkovo Institute of Science and Technology



Proper nonlinear chirping totally compensates broadening

frequency 4 This is the frequency profile (chirp)

/ that we need

time

* Why don‘t we try to use common technology -, linear” chirp?

* We approximately add linearly chirped laser pulse to mimic the
nonlinear profile

* But the profile should also have a ,, downslope” part - frequency
has to go back down

 We just add a second laser pulse oppositely chirped

Skolkovo Institute of Science and Technology



Two oppositely chirped laser pulses

(a) 6:2Bl /Aw,_ ,-\4 X107
envelope— .. --'" / . 2 (a) optimized chirp
A . ‘é’ 31 matched gauss
. 8 | | eeeecccce. unchirped x5
Wy =W haz g 2
&
;‘é 1 x5
é ,"'.\\ N 0 N aS es e
00 2l WP AN SV A S |
0.0 0.2 0.4 0.6 0.8 1.0
Y
5 &
=~ S
3 Y
Seipt, Kharin, Rykovanov,
Phys. Rev. Lett. 122, 204802 (2019)
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Two oppositely chirped laser pulses

@ PUA Hosoctu 13 mions 8 12:30
Poccuinckume ou3snkum BbISCHUIK, KakK CO3aaTb
MOLLHEeNLLUnE PeHTreHOBCKue na3epbl crares

NEW Newlinform 13 vions e 19:46
e B Poccuu paspabortanu HOBYIO METOAUKY

CO3aHunA PEHTIreHOBCKOrIro na3sepa

BeuepHas MockBa 13 mions & 23:55
Pun3nkum Hawnm cnocob co34aTb MOULHGIZLLIME

PEHTreHOBCKUE NNa3epbl

Hayuynasa Poccua 10 vions s 09:00
®u3unku n3 Ckontexa un nx 3apybexxHble konneru

BbIACHWUTIN, KaK NOBbLICUTb MOLWWHOCTb
DEHTNreHOBCKUX Na3epoB crarus

Seipt, Kharin, Rykovanoy,
Phys. Rev. Lett. 122, 204802 (2019)
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Caustics and catastrophes

Skolkovo Institute of Science and Technology




Caustics and catastrophes
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Caustics and catastrophes
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Lienard-Wiechert potentials for spectrum calculations

Radiation formula from Jackson: velocity retarded time
) .
- x 2
X n x (n x(3.)e"" dt
dwd() J |

B.(t) = Bog(t)e Lt

Integrals of the following type:

(12] 00 ol o 9
X x')’ f -7““;-t_’“‘f(f}_,)—z‘w[‘tdt
dwds) /_ _ Pog(t)
Or:
+00 |
/ f(t)ﬁi(b(t) at » (I),(ts) =0 » stationary phases
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Caustics and catastrophes
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Caustics and catastrophes

e

V.Yu. Kharin, D. Seipt, S.G. Rykovanov, Phys. Rev. Lett., 120, 044802 (2018)




Caustics and catastrophes

10-¢ 10-°
Helmholtz-Institut Jena




Caustics and catastrophes
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Generation of harmonics

* Linear (a0<<1) Compton scattering is a source of narrow bandwidth gamma-rays

* One can significantly increase photon yield by increasing ag for rectangular pulses

* Temporally shaped laser pulses lead to ponderomotive broadening in the spectrum

* Linear polarization leads to harmonics on axis, circular — no harmonics on axis (backscatter)
* Nonlinear chirping can compensate broadening, but hard to do experimentally

* Linear chirping is easy to do, but the referee wanted more
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Polarization gating technique

+

controllable delay
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Polarization gating technique in surface harmonics

Time

/5

ﬁ HELMHOLTZ

l GEMEINSCHAFT

Normal sEace coordinate .
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PG technique in Compton Scattering

e Circular — no harmonics (at beginning and the end of the pulse)
* Linear — harmonics (near the middle of the pulse depending on the delay)
e Polarization gating — harmonics are only generated near the middle of two pulses

where the polarization is linear ) . )
P instantaneous intensity

.

w
w
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w
o
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Two beneficial effects: _ _ Linear polarization area

1. Flatter electron gamma factor at peak intensity f

2. Linear polarization only near the peak intensity % “‘gg::gggngFT
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PG technique in Compton Scattering generates nice comb
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PG technique in Compton Scattering generates nice comb

013 4 o | We start seeing harmonics
o due to pulses overlap, but not
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Angular distribution: Hairy Pacmac in e-frame
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Angular distribution: comb also seen in boosted frame
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Acceleration in the plasma channel at 5x10*° W/cm?
40 TW, 50 fs, 8 um focal spot
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