icnonb3oBaHWe HENMMHENHOIO 3P eEKTa
KoMnToOHa B Y3KOMOMOCHbLIX UCTOYHUKAX
raMmMa-KBaHTOB P

Cepren PbikoBaHoB (CkonTex)
AnekcaHap ®epotos (MUDU)
Nropb KocTiokos (MNP PAH)



Typical schematics of the ICS source

HiGS @ Duke uni (ring)

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

Focusing optics
(PMQ)

Optional waveguide X

1. Ckosbko (hOTOHOB?
2. Kakas mipvHa JIMHUM UCTOYHUKA !
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dopmynbl A48 pacyeToB NOMHOro Bbixoga OTOHOB
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Total photon emission for electron bunch

PesynbTtathl. [1onHbIN BbIXO4 POTOHOB ANnd nasepa 3 [

107 A

109

107

[Mpu gookycmupoBke meHee 50 MUKPOH
nony4daem ot 2*1078 oo 10”9 doToHOB
3a BbIcTpen (B 4pi).

AnuTenbHOCTb Nasepa npu 3TOM paBHa:

104

10° 3

102 3

10! 4

100 §

Laser pulse duration, ps

101 102

10~ 14

Laser spot size, um . ”
10 10
Laser spot size, um



Inverse Compton scattering

2
’ > €—i-FA-LA-L). He. = 4)/ hCUL
e X 1 212 2
0 +y°0" +a,
\A CUX
OnuncaHue BennuunHa BKknag B WnpuHy
CNeKTpa UCTOYHUKA
JHepreTMyeckm pasbpoc AE/E OAE/E
3NEeKTPOHHOTO Ny4YKa ! 0
MonepeyHbI SMUTTAHC )
AN1EeKT 671 (en/O-J_,e)
POHHOTO Ny4Ka
LLnpuHa cnekTpa A 2T
N1a3epHOro NyyKa w/wg WITL
be3pasmepHaa amnantyga )
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BKnag HENAMHENHOCTU B LUMPUHY MOJIOChI

JlazepHbIii UMITYJILC C TAyCCOBOM OrMOArOIIEN

le7
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—
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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

Skolkovo Institute of Science and Technology



Nonlinear ICS

no restriction on a,

electron is ,dressed” by the laser pulse
S P A AR
o

1 / E - t
Linear: hwy + e, = hwy + €, nergy-momentum

conservation

Energy-momentum
: P — =/ .
Non-Linear: nhw [ T Ec = h(,d\ -+ £,  conservation + angular

momentum conservation

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

Skoltech
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Nonlinear ICS

. no restriction on a,
y>>1 L electron is , dressed” by the laser pulse
O > €—A-FA-F1-FALA-
e Ay hao
9 ho, = )/2 > L >
1+y°0° +a,
S a)X
a2
Total photon yield in natural bandwidth: N, =N, aa—° 5
+a,
Skoltech
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Nonlinear ICS

no restriction on a,

)]
y>>1 L electron is , dressed” by the laser pulse
O > E—A-fA-FA-Fi-F)-
e Ay hao
0 ho, = 2)/ . L2
1+y°0° +a” (1)
S a)X
a2
Total photon yield in natural bandwidth: Ny = Neiwtl . 5
+a,

e 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
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Ponderomotive broadening

(n) 4y g
wn(n) =
T am)?)2

Ponderomotive broadening destroys the monochromaticity of
Compton photon source and severely limits its applicability

90°

Time
S.G. Rykovanov, et al, PRAB 19 (2016): 030701
1.0/
ap=0.1

208 ap =1
=
Q
(5]
£.0.6
e}
Q
= 0.4
:
Z 02 \AA

0.0

00 02 04 06 08 10 12
Normalized frequency 421/ dwd®)

Analytics:
VY Kharin, D Seipt, SG Rykovanov
Physical Review A 93 (6), 063801



Proper nonlinear chirping

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

Wb,

[ 1
AN 11,
N

N omcmoses N i wp,
- 2(77) W(W) — 1_|_a2(n)

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

S
-
i\-----

=
o

bwr(m) _ dywo (1+a*(n)
L+a?(m)  1+4a*(n)

w(n) =

«——— backscattered spectrum

Normalized intensity
o
ul

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

{
e e R R SR AN s A St e A e S e s = e
()- S)S) ]..() ]. :!Ei; I| |I I I
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Two oppositely chirped laser pulses

(a) 0=2B, [Aw; Ny x107
envelope — .- / .. 3 (a) optimized chirp
e - L E 3 matched gauss
- - o | |eeeceecces unchirped x5
Wy =Wz . g2
/ Q‘ %
% 17 x5
é ,'.'.\\ TN 0NN N S, e, e
OO P WP ) ‘I\‘\'.\:‘
0.0 0.2 0.4 0.6 0.8 1.0
Y
1.2
1.4
1.1 - 1.3
- s
310 1.2
3 +
- 1.1
0.9 1 . .
Seipt, Kharin, Rykovanoy,
1.0 Phys. Rev. Lett. 122, 204802 (2019)
0.8

—-150 —-100  —30 0 90 100 150
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YBennyeHume Bbixoaa GOTOHOB

- Becbma HEXUTPbIMU (NMMHENHBIMK) MAHUMYAALUAMMK CO

CNEKTPOM J1a3ePHbIX MMMNY/IbCOB MY/1IbTUTEPABATTHbLIX U
neTaBaTTHbIX CUCTEM MOXHO Ha HECKOJ/IbKO NOPAAKOB

YBEJINYNTb BbIXO4 KOMNTOHOBCKMX POTOHOB MO CPAaBHEHUIO C
JIMHENHbIM PEXUMOM
- MuHyC: manaA cKBaXKHOCTL (repetition rate)

- NMntoc: 6onbllas APKOCTb B 04HOM BbICTpese

* MbI pa3paboTanu elle HECKOJIBKO METO/IOB OOPbObI C MOHAEPOMOTOPHBIM YIIIMPEHUEM , KOTOPbIE
3a HEMMEHHMEM BPEMEHM HE YAAIOCh PACCKA3aTh B 9TOM JJOKJIAJIE



HENMWHENHOE KOMIMTOHOBCKOE PACCEAHMUE:
OCHOBHbIE NMAPAMETPbDI

el
a, = oC /]L HOPMWPOBAHHAA HaNPAKEHHOCTb 1a3epPHOro Nosn
mc @,
- e
— — — -
e +nhw—>e +y y+nhw—>e +e
nsnyyeHue ¢poToHoB (KOMNTOHOBCKOE paccesHue) doTopoXKaeHMe nap

ap>1 (n>>1) — HeIMHEHWHBIN PEKUM KOMIITOHOBCKOTO PACCEIHUS

1
Xe,ph = g\/(ge,phE T Pe,ph X B>2 — (Pe,ph - E)2

x> 1 — XxBaHTOBBIN pexuM (3(PPEKT OTIaYM U 3aBUCUMOCTD OT CITMHA)

@@ Institute of Applied Physics of the Russian Academy of Sciences



BbiBoabl 1 NpeanoXeHus

Omnn u3 npoekrtoB KM npemycmarpuBaer 3 maszepHbie craHuuu. OnHy U3
CTaHIIMH MOKHO OCHACTUTh MOIIIHOM Ja3epHoi cuctemoit (MyabTu-TBT unm cyo-
[IBT) 15 ucciaeaoBaHus HEJTMHEHHOTO peKrMa KOMIITOHOBCKOTO pacCEsiHUS.

1-if 3TaN: KCCae0BaHNE METOIOB 3HAUUTEIBHOTO YBEIMYEHHUS BbIXoaa ()OTOHOB
2-i 3Tan: uccieaoBanue 3QPEKTOB peaKuu U3IyYEHHUS, UCCIEI0BAaHUE I'PAHUIL
NPUMEHUMOCTH HPUOIMKEHUM IIJIOCKON BOJHBI M MOCTOSHHOTO CKPEIICHHOTO
oJIst

3-# 3Tan: cunbHOo-nosneBas KI/1, reHepanus 3J1eKTpOH-TTIO3UTPOHHBIX T1ap,

(200 TBT cucrema)

[IpunoxeHus CUIbHO-HEITMHEHHOTO PeKrMa KOMIITOHOBCKOTO HCTOYHHUKA!
reHepalnus KOPOTKOTO HMITyJibCa TaMMa-KBaHTOB C BBICOKOW SPKOCTBIO H
IITUPOKUM CIIEKTPOM JJIsI UCCIIEIOBaHMS OBICTPOIIPOTEKAIOIINX MPOIIECCOB B ONe-
shot pexume.
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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 ——
dwd 2 472

00 2
/ dé n x [n x u] @@+

o0

Apply catastrophe theory to the stationary phase picture.

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

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



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

Skoltech

Skolkovo Institute of Science and Technology




Caustics and catastrophes

e

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




Caustics and catastrophes
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Caustics and catastrophes
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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 i ---- Analytic solution
: Circular, a0=1 Circular, a0=5
S 600 : s 600
S ] £
g ~g
=2 400 =2 400
200 200
8o 05 1.0 5 2.0 25 3.0 8. 5 2.0 25 3.0
v v
1000 = 1000 ;
i — Numerical solution i — Numerical solution
800 E -+ Analytic solution : ! ---- Analytic solution
i 800 i i
— 00 i Linear, a0=1 S T Linear, a0=1
Bl H i Bl n H
‘ i i 5 i
N‘g
32 400
200 ‘ L /
A - THE A b  neLmnotz
53 30 0 0.5 1.0 15 2.0 2.5 3.0 ’ GEMEINSCHAFT
v
S ] Helmholtz nstiut en:




Polarization gating technique

U + |l

controllable delay

Optical axis [, At=L(1/v—1/y) Optical axis

Quartz plate A4 plate
S.G. Rykovanov, et al, New Journal of Physics 10, 025025 (2008)

ﬁ HELMHOLTZ

l GEMEINSCHAFT
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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

A/S & ﬁ HELMHOLTZ
B | GEMEINSCHAFT
2 Normal space coordinate Helmholtz-Institut Jena




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 th larization is linear . : :
ere the polarization is linea instantaneous intensity

N

L
i

much flatter

i
o
i

cycle
average
gamma

i ™
(=] Ln
\ 1

Ex (blue) and Ey (red)

=
L=}

—40 20 0 20 40
Time, cycles

Instantaneous intensity and gamma

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

Linear polarization area
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Polarization gating technique

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

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

| —— PGP, ay = 0.96
Quartz plate M4 plate linear, ag = 1.5

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

p=t—z 0 =1mn

ap . 10) )
A, =7el¢ (g(¢—5>e++g<¢+§)£_)+c.c.

Spectrum

0.0 05 1.0 15 20 25 30

® For high intensities harmonics start to overlap
into complete disarray

Normalized vector potential
=4
=1

051 — A,

o il | ¢ On-axis harmonics are not emitted for circular
— ellipticity ' | . .
~10 envzlope ! a pOlarlzatlon
—100 —50 0 50 100 30
¢
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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.
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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 =
81m),

* one electron y = 529,
:lo"ecol = 02/]/

n=23:Ny ~19- 10-°

/ i

n=24

/

H s
1.8 1.9 2.0 2.1 22 23 24

w/4y?

Due to collimation angle even harmonics are
also present

https://arxiv.org/abs/2011.12931

AN /dw

0.6

0.4

0.2

0.0

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

realistic electron beam (108 electrons, y =
529, €, = 0.15 mm mrad, g, = 1.4 um, oy =
0.19 mrad, 6E =~ 1%),

Ocor = O-Z/V

5

%10

n=11: Ny, ~9.4-10°

1.4 1.6 1.8 2.0 22 24 26 2.8 3.0
w/4y?

The effect could be observed experimentally
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https://arxiv.org/abs/2011.12931

Optimal linear chirp in the spectral domain
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YBennyeHume Bbixoaa GOTOHOB

- Becbma HeEXUTPbIMU (MMHENHBIMK) MAaHUNYAALNAMMK CO

CNEKTPOM J1a3ePHbIX MMMNY/IbCOB MY/1IbTUTEPABATTHbLIX U
neTaBaTTHbIX CUCTEM MOXHO Ha HECKOJ/IbKO NOPAAKOB

YBEJINYNTb BbIXO4 KOMNTOHOBCKMX POTOHOB MO CPAaBHEHUIO C
JIMHENHbIM PEXUMOM
- MuHyC: manaA cKBaXKHOCTL (repetition rate)

- NMntoc: 6onbllas APKOCTb B 04HOM BbICTpese



HENMMWHENHOE KOMIMTOHOBCKOE PACCEAHUE:
OCHOBHbIE NMAPAMETPbDI

el
a, = oC /]L HOPMWPOBAHHAA HaNPAKEHHOCTb 1a3epPHOro Nosan
mc @,
- e
— — — -
e +nhw—>e +y y+nhw —>e +e
nsnyyeHue ¢poToHoB (KOMNTOHOBCKOE paccesHue) doTopoXKaeHMe nap

ap>1 (n>>1) — HeIMHEWHBIN PEKUM KOMIITOHOBCKOTO PACCEIHUs

1
Xe,ph = g\/(ge,phE T Pe,ph X B>2 — (Pe,ph - E)2

x> 1 — XxBaHTOBBIN pexuM (3(PPEKT 0TIaYM U 3aBUCUMOCTD OT CITMHA)

% Institute of Applied Physics of the Russian Academy of Sciences



HENTMHEMHOE KOMNTOHOBCKOE PACCEAHMUE:
3KCMNEPUMEHTAJIbHbIE UCCNEOOBAHUA

SLAC E144 3KCIMNEPUMEHT

VOLUME 79, NUMBER 9 PHYSICAL REVIEW LETTERS 1 SEPTEMBER 1997
Gamma photon —
Positron Production in Multiphoton Light-by-Light Scattering
D.L. Burke, R.C. Field, G. Horton-Smith, J. E. Spencer, and D. Walz ’
S ] - o Electron Electron-
tanford Linear Accelerator Center, Stanford University, Stanford, California 94309 — positron
A 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.

.- A= 0.527um

I~1.3x10%W/cm? ¢, = 29.2GeV

N,+ /lasershot = 0.2

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

= = C.Bamber, et al., Phys. Rev. D 60, 092004(1999).
a, ~<1, c1aboHeuHeltHbLU

pexcum

% Institute of Applied Physics of the Russian Academy of Sciences
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NASEPHO-MNTASMEHHAA 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’T M. T:gunburini,2 G. Sarri,3’* A. Di Piazza,2 SH Kuschel,4’5 C.D. Baird,6 K& Behm,7 SH Bohlen,8 J. M. Cole,l
D.J. Corvan,3 M. Duff,9 E. Gerstmayr,1 C. H. Keitel,2 K. Krushelnick,7 S. P. D. Man leS,l 2 McKenna,9 C.D. Murphy,6

(a) 7Z. Najmudin,1 C.P Ridgers,6 G. M. Samarin,3 D. R. Symes,10 A.G.R. Thomas, S Warwick,3 and M. Zepf3’5
Csl Lanex
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Y v focussing Gas focussing
Magnet Cell
Y-ray beam
Scattering laser Driver laser
200cm 120 cm 15 cm 30 cm 30 cm 1 cm
1.2 1.2

Scatt. laser ON
— Scatt. laser OFF
Perturbative

Scatt. laser ON
— Scatt. laser OFF
LL

0.8 0.8

a, ~ 7, HeJIUHeUHbIU pexcum,
HU3Kas Mo4YHOCMb UdmepeHul

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

500 1000 1500 2000 500 1000 1500 2000
Electron energy (MeV) Electron energy (MeV)
1.2 1.2
Scatt. laser ON
1 Scatt. laser ON 1 — Scatt. laser OFF
— Scatt. laser OFF QED
Semiclassical

0.8 0.8 PIC

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

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

2000

% Institute of Applied Physics of the Russian Academy of Sciences WWW.iapras.u



SLAC E320 NMPOEKT

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

’ 13 I'sB +17 TB1

ACET-Il PAC Meeting

October 28, 2020 Current simulations: Nielsen
Sebastian Meuren N Initial simulations: Tamburini & Vranic
(for the E-320 collaboration) Stanford. Perturbative (E-144 code): Holtzapple
PU LSE Institute
ENERGY 1 A IS [ traror 1l A
P B W # L ABORATORY q-hﬁ-°

* 2021 (spring): calibrate detectors, measure backgrounds, access perturbative regime: a ;<1 (~10'"®W/cm?)

* 2021 (summer): observe the transition to nonperturbative laser-electron interactions: a ;=5 (=109 W/cm?)

= k= © T 10-2 a0 = 0.6 102 a0 =2 102 a0 = 6
E Individual harmonics — Perturbative| - non-perturbative
|43 = (red shifted edges) ——LCFA
< | e
5.2 % 10
. ) —6
£ 10 Breakdown of the
5 g 105 Synchrotron spectrum local constant field
133 g perturbative with quantum corrections 108 approximation (LCFA)
8 = 0 2 4 6 8 0 2 4 6 8 10 0 2 4 6 8§ 10 12
.y h' [GeV) h' [GeV) h' [GeV)
1212
@
C
L
+2 * 2021 (winter): quantum radiation reaction (electrons emitting n=5 photons)
0a * 2021 (winter): QED vacuum breakdown: a,210 (=2x10%° W/cm?)
—10
10 T T 10? 3 T ] T T T
0 5 LAr . FTunneling electron/positron pair
3 -2 10 1 2 3 a>'1.2 - 102L production
x position [mm] 8> 1.0 ° ; -
—_— wn
Detector response: % < 0.8 & 10!
Mir-Ali Hessami & Storey ° 'g 0.6 5 3
2204 E * 1000 9 163
- 3 E ~ exp|—
* 2022 (spring): LCFA breakdown &% 02/ [— G — rcra] | : X" exp[~16/(3x)]
0.0 : I I I 1

requires Compton / pair spectrometer 101 102 107 3 6 7 8 9
(Naranjo & Rosenzweig) photon energy [MeV] ao

Sebastian Meuren (for the E-320 collaboration)

% Institute of Applied Physics of the Russian Academy of Sciences WWW.iapras.iu



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 CQ‘”
SPeciAL Torics updates

Conceptual design report for the LUXE experiment
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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
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» Diameter 8 m
» Height 6m
> 360° Rotational

/8 GeV linac, 0.4-25keV
3.1km, 3 FELs, 10 stations

XFEL + 100 MNBT nasep (SEL — Station of Extreme Light)
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BbiBoabl 1 NpeanoXeHus

Omnn u3 npoekrtoB KM npemycmarpuBaer 3 maszepHbie craHuuu. OnHy U3
CTaHIIMH MOKHO OCHACTUTh MOIIIHOM Ja3epHoi cuctemoit (MyabTu-TBT unm cyo-
[IBT) 15 ucciaeaoBaHus HEJTMHEHHOTO peKrMa KOMIITOHOBCKOTO pacCEsiHUS.

1-if 3TaN: KCCae0BaHNE METOIOB 3HAUUTEIBHOTO YBEIMYEHHUS BbIXoaa ()OTOHOB
2-i 3Tan: uccieaoBanue 3QPEKTOB peaKuu U3IyYEHHUS, UCCIEI0BAaHUE I'PAHUIL
NPUMEHUMOCTH HPUOIMKEHUM IIJIOCKON BOJHBI M MOCTOSHHOTO CKPEIICHHOTO
oJIst

3-# 3Tan: cunbHOo-nosneBas KI/1, reHepanus 3J1eKTpOH-TTIO3UTPOHHBIX T1ap,

(200 TBT cucrema)

[IpunoxeHus CUIbHO-HEITMHEHHOTO PeKrMa KOMIITOHOBCKOTO HCTOYHHUKA!
reHepalnus KOPOTKOTO HMITyJibCa TaMMa-KBaHTOB C BBICOKOW SPKOCTBIO H
IITUPOKUM CIIEKTPOM JJIsI UCCIIEIOBaHMS OBICTPOIIPOTEKAIOIINX MPOIIECCOB B ONe-
shot pexume.
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