KoMNTOHOBCKME UCTOYHUKU ONA
9KCMepMMEHTOB MO HENMUHENHOW
KBAHTOBOW 3NEKTpoOAMHaMUKE

Cepren PbikoBaHoB (CkonTex)
AnekcaHap Pepotos (MUDU)
Nropb Koctiokos (UIMP PAH)



OcHoBHas npges

Pa3smelleHne MoLWHoro (MynbTu-TepaBaTTHOro / netaBaTTHOrO)
nasepa psgom ¢ yckoputernem ans KOMNTOHOBCKOro MCTOYHMKA:

= 3Ha4YNTENBbHOE YBENMNYEHME BbIXO4a KOMNTOHOBCKUX
d>OTOHOB 3a CYET HENTMHEWUHOCTM

= QyHOaMeHTarnbHbIe SKCNEePUMEHTbI Mo HennHenHon KO/
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Typical schematics of the ICS source
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Nonlinear Compton Scattering can increase
photon yield by several orders of magnitude

= All contemporary sources are based on linear Compton Scattering (1
electron scattered on 1 photon)

- “Weak” laser pulses are used a,<=0.01

= Nonlinear Compton Scattering (a, ~ 1) (theoretically) allows to increase
photon yield by several orders of magnitude

- Next we will discuss Nonlinear Compton Scattering and methods
to significantly increase the photon yield independent of
accelerator system

Skoltech
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Nonlinear ICS

no restriction on a,

g>> 1 L electron is ,,dressed” by the laser pulse
— AR
) q

| Wy

: / B ) t
Linear: hw [ T Ec = th —+ Ee nergy-momentum

conservation

Energy-momentum
: = =/ .
Non-Linear: nhw L + Ce — FM.AJX “l’ Ce conservation + angular

momentum conservation

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

no restriction on a,

W,
g>> 1 L electron is ,,dressed” by the laser pulse
— AR
e 4y’ hw,
q howy = 2,2 . 2
1+y°0° +a
w Wy
%
Total photon yield in natural bandwidth: N, = Ne,Oal_I_ ag
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Nonlinear ICS

no restriction on a,

g>> 1 electron is ,,dressed” by the laser pulse
- AR 2
4y“how
q howy = 2)/ 2 Lz
1+y°0" +a (1)
w Wy
%
Total photon yield in natural bandwidth: N, = Ne,Oal_I_ ag

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

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

* Generated frequency: W4 (t) =49’ (t)w,

Skoltech
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Ponderomotive broadening

( () = 1o
w(n) WnN) =
......... : 1+ a(n)2/2
z(n)
$ ) Ponderomotive broadening destroys the monochromaticity of
. . " Compton photon source and severely limits its applicability
immmm™ - ~1 :’: 900
Time
S.G. Rykovanov, et al, PRAB 19 (2016): 030701
1.0
ap=0.1

£ 0.8 ap =1
=
2
£.0.6
=
S
= 0.4
g
= 0.2 \AA\

0.0

00 02 04 06 08 10 12

Normalized frequency d?I/dwdQ



Proper nonlinear chirping

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

o 4?"2@'1,
1 +a%(n)

Why don‘t we chirp the pulse to exactly
compensate the ponderomotive broadening:

-0 v g, =0 | w(?}l} — 472&;1}(?}.} — 472&;[‘ (1 T az(n))
— 4, =0.1 14+ a-i(??) 1+ ﬂ'z(n)
o o
Xao =10 |

«<— backscattered spectrum

Normalized intensity
(@)
S"

S.G. Rykovanov, et al, PRAB 19, 030701 (2016)

oD r 1 4 OO
O 0 P et SN B O PO OOy I SIINIIIWITE || l } R R AR OO ORI

Skolkovo Institute of Science and Technology




Two oppositely chirped laser pulses

(a) 0=2B, /Awy, 4 x107
envelope— .-~ / ;s 3 (a) optimized chirp
g -5 = ‘“é" 3 1 matched gauss
e/ g | [ unchirped x5
Wy =W ae o _2/1+B; 5&2_
% 1 x5
é P '.“\ PN NN N e e e -
o O o SN Setlong -
0.0 0.2 0.4 0.6 0.8 1.0
y
1:2
1.4
1.1.4 - 1.3
< S
3 1.0 1.2
3 +
1.1
0.9 1 . .
Seipt, Kharin, Rykovanov,
1.0 Phys. Rev. Lett. 122, 204802 (2019)
0.8 : - - - :
—150 —100 —50 0 o0 100 150
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Theory of singularities of differentiable projection maps
(catastrophe theory)

V. Yu. Kharin, et al. PRL 120.4 (2018): 044802

d?I w*?
= K—
dwdQ 472

00 2
[ dé n x [n x u] @@+

o ©]

Apply catastrophe theory to the stationary phase picture.

Narrow spectral peaks could be found in the vicinity of
spectral caustics.

V. Yu. Kharin, et al. PRL 120.4 (2018): 044802



Optimal linear chirp in the spectral domain

L.5

vector potential
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=
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YBenunyeHume Bbixoaa GOTOHOB

- Becbma HeEXUTPbIMU (MTMHEWHBIMK) MAaHUNYAALNAMMK CO
CNEKTPOM 1a3ePHbIX MMMYNbCOB MY/IbTUTEPABATTHbIX U
NneTaBaTTHbIX CUCTEM MOXHO Ha HECKOJIbKO NOPAAKOB
YBE/IMYUTb BbIXOA KOMNTOHOBCKUX POTOHOB MO CPaBHEHWUIO C

JIMHEUHbIM PEXNMOM
- MWUHyC: Manaa CKBa*KHOCTbL (repetition rate)

- [ntoc: 60nblIas APKOCTb B OA4HOM BbICTPene



HENTMHEMHOE KOMINTOHOBCKOE PACCESAHMUE:
OCHOBHBbIE NMAPAMETPbDI
ek

aO = oC . / IL HOPMUNPOBAHHAA HANPAXKEHHOCTb /1a3€PHOIo NonA
mca,

e +hhiw—e +y y+hho—>e +e’

nsnyyeHne potoHoB (KOMNTOHOBCKOE pacceaHue) doTOopOXKAEHME NAP

a,>1 (n>>1) — HeTMHEWHBII PEKUM KOMIITOHOBCKOTO PACCESTHHUS

1
Xe,ph = @\/(%,phE + Pe,ph X B>2 — (pe,ph : E)2

x>1 — kBaHTOBBIN pexxuM (3PHEKT OTIa4u U 3aBUCUMOCTD OT CITUHA)

Institute of Applied Physics of the Russian Academy of Sciences



HENMMHEWMHOE KOMNTOHOBCKOE PACCESAHMUE:
IKCMNEPUMEHTAJIbHbBIE UCCJIEJOBAHUA

SLAC E144 3KCNEPUMEHT

VOLUME 79, NUMBER 9 PHYSICAL REVIEW LETTERS 1 SEPTEMBER 1997
Gamma photon Lanet
Positron Production in M ultiphoton Light-by-Light Scattering
D. L. Burke, R. C. Field, G. Horton-Smith, J. E. Spencer, and D. Walz N Elecon
. . 7 g ] Electron :
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309 — positron
Nk par

A signal of ~10° positrons above background has been observed in
collisions of a low-emittance 46.6 GeV electron beam with terawatt pulses
from a Nd:glass laser at 527 nm wavelength in an experiment at the Final
Focus Test Beam at SLAC.

Laser A= 0.527um

I~1.3x10%wW/cm? ¢ =29.2GeV

N+ /lasershot ~ 0.2

D.L.Burke, et al., Phys. Rev. Lett. 79, 1626 (1997).

B B C.Bamber, et al., Phys. Rev. D 60, 092004(1999).
a,~<1, cn1aboHeNuHet bl

pexcum

Institute of Applied Physics of the Russian Academy of Sciences
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NNA3EPHO-IJIASMEHHAA CXEMA

PHYSICAL REVIEW X 8, 031004 (2018)

Experimental Signatures of the Quantum Nature of Radiation Reaction in the
Field of an Ultraintense Laser

K. Poder,l’Jr M. Tamburini,2 G. Sarri,3’* A. Di Piazza,2 S. Kusche1,4’5 C.D. Bajrd,6 K. Behm,7 S. Bohlen,8 J. M. Cole,’
D.J. Corvan,3 M. Duff,9 E. Gerstmayr,1 C. H. Keitel,2 K. Krushelnick,7 S. P. D. Man les,1 P. McKenna,9 C.D. Murphy,6

(a) Z. Najmudin,' C. P. Ridgers,® G. M. Samarin,® D. R. Symes,'® A. G. R. Thomas,”'' J. Warwick,®> and M. Zepf® >
Csl Lanex

Arra electron beam frz f/40

y ~ focussing Gas focussing
Magnet 1 Cell N

Y-ray beam
Scattering laser Driver laser
200cm 120 cm 15 cm 30 cm 30 cm 1cm

1.2

1.2

Scatt. laser ON
Scatt. laser OFF
Perturbative

Scatt. laser ON
Scatt. laser OFF
LL

0.8 0.8

a, ~ 7, HeJIUHEelUHbIU pexcum,
HU3Kasa mo4YHOCMb udmepeHul

0.6 0.6

0.4 0.4

Electrons per MeV

per % energy spread (norm.)
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per % energy spread (norm.)
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QED

PIC

Scatt. laser ON
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Semiclassical

0.8 0.8

0.6 0.6

0.4 0.4

Electrons per MeV
per % energy spread (norm.)
Electrons per MeV
per % energy spread (norm.)

0.2 0.2

1000 1500 2000 500 1000 1500
Electron energy (MeV) Electron energy (MeV)

2000
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SLAC E320 MPOEKT

E-320: Probing Strong-field QED at FACET-II

- 13 I'aB +17 TBT

ET-ll PAC Meeting

Qctober28,,2020 Current simulations: Nielsen
Sebastian Meuren o Initial simulations: Tamburini & Vranic
D —— Stanford. Perturbative (E-144 code): Holtzapple
PU LSE Institute
ENERGY 1 A N tRator ~1 A~
m @ B W LABORATORY JLH\;

© 2021 (spring): calibrate detectors, measure backgrounds, access perturbative regime: a,01 (~10'* W/cm?)

= 2021 (summer): observe the transition to nonperturbative laser-electron interactions: a,005 (010 W/cm?)

‘s s = 7 102 a0 = 0.6 102 a0 = 2 102 a0 =6
— | Individual harmonics —— Perturbative non-perturbative
= (red shifted edges) ——LCFA
13 imh | 10| 104
5.2 .—g 107 | 1076}
& 10°° Breakdown of the
g . Synchrotron spectrum local constant field
2 1078} ) 1075 imati
KR é perturbative ‘ with quantum corrections 10-8 approximation (LCFA)
3 = 0 2 4 6 8 0 2 4 6 8 10 0 2 4 6 8 10 12
= hw' [GeV] hw' [GeV] ho' [GeV]
21 2
@
=
[im]
2 © 2021 (winter): quantum radiation reaction (electrons emitting n(J5 photons)
0a = 2021 (winter): QED vacuum breakdown: a,[110 (02x10%° W/cm?)
—10
Xw. T S—— prererrerrr 1035 T T T T T
0 N T H n FTunneling electron/positron pair
[ a F .
3 -2 1.0 1 2 3 e3> 1.2 ) o 102k production
X position [mm] ?:,; 1.0 - : % : -
Detector response: 5508 w10t
Mir-Ali Hessami & Storey TT06 g
_ S50 R ~ X expl~16/(3x)]
© 2022 (spring): LCFA breakdown € 02— QD — LCFA] ‘
0.0 :

requires Compton / pair spectrometer 101 102 T 107! s
(Naranjo & Rosenzweig) photon energy [MeV] ao
Sebastian Meuren (for the E-320 collaboration)
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LUXE MPOEKT

THE EUROPEAN

Eur. Phys. J. Spec. Top. (2021) 230:2445-2560 '
https://doi.org/10.1140/epjs/s11734-021-00249-z PHYSICAL JOURNAL chr
SPecCIAL ToPICS updates

Conceptual design report tor the LUXE experiment

H. Abramowicz', U. Acosta®?, M. Altarelli*, R. Afmann®, Z. Bai®7, T. Behnke®, Y. Benhammou',
T. Blackburn®, S. Boogert”, O. Borysov®, M. Borysova®1?, R. Brinkmann®, M. Bruschi'!, F. Burkart®,

Tm Do 5 AT /o 112 o o1 T T 1r . 8 TT T 11R oar ot 3 a4 o s 14 ar T t15

Abstract This Conceptual Design Report describes LUXE (Laser Und XFEL Experiment), an experimental campaign that
aims to combine the high-quality and high-energy electron beam of the European XFEL with a powerful laser to explore
the uncharted terrain of quantum electrodynamics characterised by both high energy and high intensity. We will reach this
hitherto inaccessible regime of quantum physics by analysing high-energy electron-photon and photon-photon interactions
in the extreme environment provided by an intense laser focus. The physics background and its relevance are presented

X=Y &/ €

; .10
laser intensity parameter &

Institute of Applied Physics of the Russian Academy of Sciences www.iapras.ru



SHINE NMPOEKT (KUTAWN)

g

» Diameter 8 m
» Height 6m
» 360° Rotational

i ings, 5 statioaeel. © 7 8 GeV linac, 0.4-25keV
R 0 L=/ 3.1km, 3 FELs, 10 stations

"

D

o
. . "

XFEL + 100 NBT nasep (SEL — Station of Extreme Light)

Institute of Applied Physics of the Russian Academy of Sciences

www.iapras.ru




BbiBOoAb! U npeanoXxeHus

Onun u3 mnpoektoB KU mnpeaycmarpuBaer 3 nazepHble cTaHiuu. OjHy H3
CTaHIIMI MOKHO OCHACTUTh MOIIIHOM Ja3epHoi cuctemoi (MyabTu-TBT nnm cyo-
[1BT) nns vccmemoBaHus HETMHEHHOTO PeKUMa KOMITTOHOBCKOTO PacCesHUS.

1-# 3TaN: KCCIE0BaHNE METOA0B 3HAYMTEIBLHOTO YBEJIMYEHHUS BbIXoAa ()OTOHOB
2-# dTan: ucciegoBanue 3pPEeKToB PEaAKIMU U3ITYUYCHUS, UCCICAOBAHNE TPAHHUI
IPUMEHUMOCTH OPUOIMKEHUM IIOCKOM BOJHBI M MOCTOSHHOIO CKPEIICHHOIO
oJIs

3-i 3Tan: cunbHo-noeBas KJJI, renepalius 31eKTpOH-MO3UTPOHHBIX T1ap,

(200 TBT cucrema)

[TpuaokeHHs CUILHO-HEINHEHHOIO pEeKMMa KOMITOHOBCKOTO HCTOYHHUKA!
reHepaius KOPOTKOIO0 HMIIYJIbCa I'aMMa-KBAaHTOB C BBICOKOH SIPKOCTBIO M
IIMPOKUM CIIEKTPOM JIJIsSI MCCJIEIOBAHHUS OBICTPONPOTEKAIOIINX MIPOICCCOB B ONe-
shot pexxume.

Skolkowo Institute of Science and Technology
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KOMNTOHOBCKUN NCTOYHUK B HLIOM

Onmun u3 npoektoB KW mpegycmarpuBaeTr 3 jazepHble cTaHmuu. OHy M3 CTaHIUN
MOYKHO OCHACTHTh MOIIHON ma3epHou cucremor (MynsTH-TBT mmm cyO-1IBT s
UCCIIEAOBAHUS HETMHENHOTO PEKUMA KOMIITOHOBCKOTO PACCESTHHUSL.

1-it oatam: wucciaenoBanre S(PGEKTOB peaklMu MU3MYy4YEHUs, HCCICIOBAHUE T'paHUII
MPUMEHUMOCTHU MPUOTMKEHUMN MJIOCKOM BOJIHBI M TOCTOSTHHOTO CKPEIIEHHOTO OIS

2-1i oTan. cuiabHo-nojaeBas KOJI, reHepalus 3JIeKTPOH-TIO3UTPOHHEIX I1ap,
(200 TBT cuctema)

[TpusiokeHus! CUIIbHO-HEJIMHEWMHOTO PEXUMa KOMITOHOBCKOTO MCTOYHUKA!
reHepanusi KOPOTKOTO HMITYJIbCa TaMMa-KBAaHTOB C BBICOKOW SIPKOCTBIO W IIMUPOKUM
CTICKTPOM JJISI KCCIIEA0OBaHMSI OBICTPOIPOTEKAOIIMX IIPOIIECCOB B ONe-Shot pexxume.

Wcnonb3oBanne TexHonorun CafCA  mo3Boiser reHEepUpoBaTh  CBEPXKOPOTKHE
ONTUYECKUE HMIYJIbChl. IJTO MOXET OBbITh HMHTEPECHO JUIsi  HCCIICIOBAHUS
«HEU3TYYaIolNX» PEKUMOB B3aUMOJICUCTBHE IEKTPOHOB C JIA3€PHBIM IOJEM, a TaKKe
PEKUMOB, /i€ HE paboTaeT MPUOIMKEHUE MIIOCKON BOJIHBI.

Institute of Applied Physics of the Russian Academy of Sciences www.iapras.ru



CyolBT JIASEPHAA CUCTEMA PEARL

BN T A : t d A
:\\.; \‘ 4| £ "\ \ ~ S
- \ Is

LY
—\l

W = 24 JIx,
T =143 dc,
P~ 0.56 IIBT,

A =0.911 mxm
Laser Phys. Lett. 4, 421
(2007).

CafCA meron;
T =11 dc,
P~ 1.5 TIBT,

Opt. Express 29, 28297
(2021).




Caustics and catastrophes
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Caustics and catastrophes
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Caustics and catastrophes
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Caustics and catastrophes

fola

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




Caustics and catastrophes

V.Yu. Kharin, D. Seipt, S.G. Rykovanov, Phys. Rev. Lett., 120, 044802 (2018) - e - -t g i
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Caustics and catastrophes

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

1000 1000
— Numerical solution — Numerical solution
800 -- Analytic solution 800 H == Analytic solution
: Circular, a0=1 Circular, a0=5
= 600 H =
=5 400
200 } Ml
8‘[} G:S 1.0 1.5 2.0 2.5 3.0 1.5 2.0 2.5 3.0
15 ¥
1000 T 1000
i — Numerical solution — Numerical solution
i ---- Analytic solution == Analytic solution
800 i 800
- Linear, a0=1 — Linear, a0=1
k) =
=2 400 37 400
200 200
ﬁHELMHOLTZ
I . I\, Mirsand \NAA oA 8
8.0 0.5 1.0 1.5 2.0 2.5 3.0 .

I GEMEINSCHAFT
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Polarization gating technique

U + |l

controllable delay

Optical axis [ At=L(1/v—1/)  Optical axis
45°

Quartz plate A4 plate

ﬁ HELMHOLTZ

S.G. Rykovanov, et al, New Journal of Physics 10, 025025 (2008) | GEMEINSCHAFT

Helmholtz-Institut Jena




Polarization gating technique in surface harmonics

S.G. Rykovanov, et al, New Journal of Physics 10, 025025 (2008)

Mark Yeung, J Bierbach, E Eckner, S Rykovanov, S Kuschel, A
Savert, M Forster, C Rodel, GG Paulus, S Cousens, M Coughlan, B
Dromey, M Zepf, Phys. Rev. Lett. 115, 193903 (2015)

Time

ﬁ HELMHOLTZ
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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)
* Polarization gating — harmonics are only generated near the middle of two pulses

where the polarization is linear : . .
instantaneous intensity

N\

L
LA

much flatter

L
=
i

cycle
average
gamma

P =
=] L
i i

Ex (blue) and Ey (red)
n

=
=

Instantaneous intensity and gamma

40 20 0 20 40
Time, cycles

Two beneficial effects:
1. Flatter electron gamma factor at peak intensity
2. Linear polarization only near the peak intensity

Linear polarization area

ﬁ HELMHOLTZ

I GEMEINSCHAFT
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Polarization gating technique

Optical axis [, At=L(1/v—1/y)

45°

W

Quartz plate

S.G. Rykovanov, et al, New Journal of Physics 10, 025025 (2008)

p=t-z

ag . o) o)
A, =?e‘¢ (g(¢)—§)£++g(q’) +§)£_)+c.c.

Optical axis

Spectrum

Normalized vector potential
=4
=]

Laser pulse with time-varying ellipticity —
a simple method to avoid ponderomotive
broadening in harmonics spectrum

| —— PGP, ay = 0.96

linear, ag = 1.5

0.0 0.5 10 15 20 25 3.0

For high intensities harmonics start to overlap
into complete disarray

0.5 A,
4” __| *} il | On-axis harmonics are not emitted for circular
— elliptici | ! | . .
i | polarization
—-100 50 0 35
¢
ﬁ HELMHOLTZ
| GEMEINSCHAFT
e HelmholtzInstitut Jena



Gamma comb

Choosing optimal delay between the circular pulses leads

to a nice comb in gamma region (observed in angular

distribution as well). Properties of this comb are governed

by strength and length of the incident pulse.

Normalized vector potential

-100 50 0

00 05 10

L5 20 25 30 35 40
w

00 05 1.0 L5 20 25 30 35 40
w

00 05 10 L5 20
w

25 30 35 40

0.15

£
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0.00

Spectrum (arb. units)
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=
=
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Photon yield

M. Valialshchikov, V. Yu. Kharin, S.G. Rykovanov, accepted to Phys. Rev. Lett.

* Plane wave with gaussian

temporal envelope (a, = 3,7 =

n=23:N,~19-107°

n=24

/

21 22 23 24

w/dy?

Due to collimation angle even harmonics are
also present

https://arxiv.org/abs/2011.12931

d;\‘;,/, / dw

0.6

0.4

0.2

0.0

Laser pulse (ay = 2,7 = 30m),

realistic electron beam (102 electrons, y =
529,¢, = 0.15 mm mrad, 0, ® 1.4 um, gy =
0.19 mrad, 6E =~ 1%),

Ocor = 0.2/y

x10°

n=11: Ny, ~9.4-10*

] / n=12
N/

14 1.6 1.8 2.0 22 24 2.6 2.8 3.0
w/dy?

The effect could be observed experimentally

37
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Notable Compton gamma-ray sources

Facility

HIGS
(Duke university, in
operation)

HIGS-2
(planned?)

newSubaru
(Hyogo University,
Japan, in operation)

ELI-NP
(under construction)

Project in LBNL
(conceptual design?)

Gamma-ray
photon energy
[MeV]

1-100

2-12

1.7-76

0.2-19.5

~1-10

Intensity (ph/s)

Full intensity:
108 — 4*10°

Collimated intensity:

~6*10°—2.5*108

Full intensity:
1011__1012
Collimated intensity
estimate:

5*108 — 5*10°

Full intensity:
...4*107

Collimated intensity:

~105

Collimated intensity:

8*108

Full intensity (10 Hz):

~109-1010
Collimated:
~108-10°

Collimated
spectrum width
[%6]

<0.5

1-2

<0.5

2-10

Repetition rate
[MHZz]

5.6

5.6

500
198 bunches, each
with rep.rate 2.53

104

105 (current tech.)
>10-3 (tech. in
development)

Technology

Storage ring: 0.24-
1.2 GeV

FEL: 1060-190 um
(1.17-6.53 eV)

Same as above + IR
Laser with Fabri-
Perrot cavity

Storage ring: 0.974-
1.5 GeV

Laser: Nd:YVO,
(1064 nm + 532 nm)
CO, (10.59 nm)

Linear accelerator
180-750 MeV
Laser: Yb:Yag 515
HM, 2.3 eV

Laser wakefield
acceleration



Notable Compton gamma-ray sources:

possible extreme push in intensity?

Facility

HIGS
(Duke university, in
operation)

HIGS-2
(planned?)

newSubaru
(Hyogo University,
Japan, in operation)

ELI-NP
(under construction)

Project in LBNL
(conceptual design?)

Gamma-ray
photon energy
[MeV]

1-100

2-12

1.7-76

0.2-19.5

~1-10

Intensity (ph/s)

Full intensity:
108 — 4*10°

Collimated intensity:

~6*10°—2.5*108

Full intensity:
1011__1012
Collimated intensity
estimate:

5*108 — 5*10°

Full intensity:
...4*107

Collimated intensity:

~105

Collimated
intensity:
1011 -- 1012

Collimated
intensity:
10%0 -- 101

Collimated
spectrum width
[%6]

<0.5

1-2

<0.5

2-10

Repetition rate
[MHZz]

5.6

5.6

500
198 bunches, each
with rep.rate 2.53

104

105 (current tech.)
>10-3 (tech. in
development)

Technology

Storage ring: 0.24-
1.2 GeV

FEL: 1060-190 um
(1.17-6.53 eV)

Same as above + IR
Laser with Fabri-
Perrot cavity

Storage ring: 0.974-
1.5 GeV

Laser: Nd:YVO,
(1064 nm + 532 nm)
CO, (10.59 nm)

Linear accelerator
180-750 MeV
Laser: Yb:Yag 515
HM, 2.3 eV

Laser wakefield
acceleration



Conclusion

* Nuclear Photonics is new and perspective multi-disciplinary science area

* Nuclear Photonics describes methods of generation of intense
monochromatic gamma-ray sources and their interaction with matter

e Billions of dollars invested world-wide in Nuclear Photonics (US, EU, China,
Japan and others), several new facilities under construction

 Plasma based gamma-ray sources are very compact and can potentially
compete with HIgS facility + they have intrinsic short duration (~10 fs)

* Sources based on Linear Compton Scattering can offer ~102 photons/sec
having 1-5% bandwidth and 1-100 MeV photon energies

* Nonlinear Compton Scattering can potentially increase the photon yield up to
~1012 photons/sec for the same photon beam parameters

 One can generate gamma beams carrying spin and orbital angular momentum

«  What are the applications of the gamma comb?

 On-going discussion: What are new applications?

Review article in press: DOI: 10.3367/UFNe.2021.03.038960 Skoltech

Skolkovo Ins and Technology


https://doi.org/10.3367/UFNe.2021.03.038960

Duke University (HIgS facility)

YHMKanbHaA yCTaHOBKA OCHOBaHHaA Ha obpaTHoOM adpPekTe KomnTOHa,

paboTaeT Kak LleHTp KonnektuHoro MNMonb3oBaHma ¢ ~2000 roaa

0.18-1.2 GeV e-

Mirror

RF Cavity BTR
=

Storage

Collision Point

\

RF Cavity
Booster
Ring LTB Linac Electron Gn
Ring Attenuators
Collimator Target Room
Buncher Hut ~

R
\OK—{ Mirror
OK-5

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

HIGS Flux Performance Projection | Total Flux [g/s] | Collimated Flux | FEL Comment
CW Operation (AEy /Ey = 5% A [nm] Linear Pol. with OK-4
Two-Bunch ™ FWHM) & @ Circular Pol with OK-5
No-loss Mode: E;<~16 MeV
E,=1-2MeV (Ee=237-336 MeV) | 1x108-4x10®  6x10° —2.4x 107 | 1064 | Linear and Circular @ ®)
E,=2-29MeV  (Ee=336-405MeV) 4x10® -1x109 24x10’- 6x107 | 1064  Linear and Circular @:®
Ey=2-3 MeV (Ee=288-353MeV) 2x108 -6x10%|1.2x107 —3.6x107| 780 | Linear and Circular @ ®)
Ey=3 —54MeV (Ee=353-474MeV) 6x10%-2x10° 3.6x107-1.2x10%| 780 Linear @ ®
E,=3 —-63MeV (Ee=353-512MeV) 6x10%-3x10° 3.6x107-1.8x10%| 780 Circular @ ®
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Collision of an intense laser pulse with an ultra-relativistic (y>>1) electron beam

* Doppler upshift of laser frequency W, = 492WL

e Tunable source

* Extremely short bursts of hard radiation

* Quasi-monochromatic

e Applications: medicine, nuclear physics, materials

* Nuclear Resonant Fluorescence : nuclear
spectroscopy

S.G. Rykovanov, et al, JPHYSB 47, 234013 (2014)
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2vhw,

2
mc

electron recoil X =

Example:

g=1000  (~0.5GeVe]
fiw, =1.55eV (~1 um laser)

g= 40 (~20 MeV e’)
hiw, =1.55€V (~1 um laser)

aO:mc2
2
W, » 4{’2’4
1+g°g"+cC

Max. photon energy:

4 MeV
c » 0.5%

Max. photon energy:

10 keV
c » 0.02%

|<<1 18W
0 Amz
Emax = 4y2ha)L
1
qmax T
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Notable Compton gamma-ray sources

Facility

HIGS
(Duke university, in
operation)

HIGS-2
(planned?)

newSubaru
(Hyogo University,
Japan, in operation)

ELI-NP
(under construction)

Project in LBNL
(conceptual design?)

Gamma-ray
photon energy
[MeV]

1-100

2-12

1.7-76

0.2-19.5

~1-10

Intensity (ph/s)

Full intensity:
108 — 4*10°

Collimated intensity:

~6*106—2.5*108

Full intensity:

1011 — 1012
Collimated intensity
estimate:

5*108 — 5*10°

Full intensity:
~4*107

Collimated intensity:

~105

Collimated intensity:

8*108

Full intensity (10 Hz):

~109-10%0
Collimated:
~108-10°

Collimated Repetition rate
spectrum width  [MHz]
[%6]
5 5.6
<0.5 5.6
1-2 500
198 bunches, each
with rep.rate 2.53
<0.5 104
2-10 10-° (current

tech.)
>10-3 (tech. in
development)

Technology

Storage ring: 0.24-
1.2 GeV

FEL: 1060-190 um
(1.17-6.53 eV)

Same as above + IR
Laser with Fabri-
Perrot cavity

Storage ring: 0.974-
1.5 GeV

Laser: Nd:YVO,
(1064 nm + 532 nm)
CO, (10.59 nm)

Linear accelerator
180-750 MeV
Laser: Yb:Yag 515
HM, 2.3 eV

Laser wakefield
acceleration



Brief recap on electron motion in a plane EM wave

Case 2. Strong electromagnetic wave a =1
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Brief recap on electron motion in a plane EM wave

Case 2. Strong electromagnetic wave 3=1
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Laser pulse longitudinal shape leads to spectrum broadening

x and E,, arb. units
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