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Compton back scattering history

1963 — F.Arutunyan, V.Tumanyan. JETF 44 (1963) 6, 2100.
R.H.Milburn, Phys.Rev.Lett. 10 (1963) 3, 75

1964 — Moscow (Lebedev FIAN) — first experimental evidence

1976 - Frascati (LADONE - ADONE) — photonuclear physics

1984 - Novosibirsk Budker INP (ROKK — 1,2 — VEPP 3,4) meson photoproduction
1988 — Brookhaven BNL (LEGS - NSLS)

1995 — Grenoble (GRAAL — ESRF)

1998 — Osaka (LEPS - Spring-8)

2000 — Duke (HIgS -)

New history: FEMTOSECIND LASER DRIVEN GAMMA SOURCES
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Relativistic electromagnetic fields produced by femtosecond laser

Mourou G., Tajima T., Bulanov S.V. // Review of Modern Physics. 2006. V.78. P.309-371

Time duration — to 10® s (femtosecond)

Wave packet length — to 10 um (10 wave lengths)
Pulse energy - to 100 J, power - to 10%° Wt (petawatt).
Focus on radius of 10 um provides W = 10%° Wt/cm?

Electric field strength E = 10'? V/cm

(For comparison: in the hidrogen field E = 10°V/cm., at mica breakdown - 10° \//cm
Uranium field E = 101! V/cm, with relativistic compression — up to 102 v/cm ).

At E ~10' V/cm, respectively W ~108Bt/cmM?> (L =1 um) electron is
accelerated to relativistic velosity being closed to the light one. Therefore
such field is defined as the relativistic one .

Nevertheless, direct photonuclear reactions (nuclear excitations) are
forbidden.



Quasi-monoenergetic and tunable X-rays from a laser-driven Compton light source N. D. Powers, I.
Ghebregziabher, G. Golovin, C. Liu, S. Chen, S. Banerjee, J. Zhang and D. P. Umstadter* Nature
photonics letters ( Nov. 2013 ) p.1-4.
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Photon density (photons MeV ™1 x 107)

3 x 108 photons st mm-2 mrad-2 (per 0.1% bandwidth), 5-15 mrad.
Quasi-monoenergetic and tunable X-rays from a laser-driven Compton light source N. D. Powers, I.
Ghebregziabher, G. Golovin, C. Liu, S. Chen, S. Banerjee, J. Zhang and D. P. Umstadter* Nature
photonics letters ( Nov. 2013 ) p.1-4.
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X-ray phase contrast imaging of biological specimens with femtosecond pulses of
betatron radiation from a compact laser plasma wakefield (kmnbBaTep) accelerator
S. Kneip, C. McGuffey, F. Dollar, M. S. Bloom, V. Chvykov et al.

Appl. Phys. Lett. 99, 093701 (2011)
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power laser
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X-ray
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Hercules laser at the Center for Ultrafast Optical Science at the Uni.of Michigan, Ann Arbor.

W = 2*1019 W/ecm? ( Limit of 1020 ; MSU - 1019)

fully ionized plasma densities of 3*1018 cm3.

Electron beams of 100 pC charge and peak energy of 120 MeV (AE/E = 3%) - 10?2 e/umn

X-ray beam divergence is measured to be 5-15 mrad,

The x-rays intensity source size as determined with a penumbral imaging technique is found to be 1_3 Im,
= 10° photons/mrad? from x-ray calorimetry measurements with a ccd camera

The x-rays spectrum is consistent with a broad synchrotron like spectrum with average photon energy
(critical energy) of E.;; = 10 keV.

Crtpys He ¢ amamerpom 3 MM H 1aBJieHHeM , OJIM3KMM K aTMOChepHOMY 3*10"19 / cm”r3 ?
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Yckopsiromast cuja co31aeTcsl BO3SMYLICHHBIM paclpeesIeHUEM 3aps10B, KOTOPOE Ha3bIBAIOT KMIIbBATEPHBIM IIOJIEM.
Benymuit na3epHblit MM 3JIEKTPOHHBIA UMITYJIC BBITAIKMBAET 3JIEKTPOHBI MJ1a3Mbl (Oeible) Ha epudeputo, OCTaBIsAs 3a
€000 00JIaCTh MOJIOKUTENIBHOTO 3apsiza (3eneHas). OHa BTATUBAET OTPULIATEIBHO 3apsKEHHbIE AIEKTPOHBI Ha3ad, U 0331
BEAYILETO UMITyJIbca (POPMHUPYETCS SJIEKTPOHHBIN My3bIpb. B0 ocH pacripocTpaHeHHs MydKa 3JIEKTPUIECKOe 1oJIe
(1300paxkeHO BHU3Y) HAIIOMUHAET OYEHb KPYTYIO, TOTOBYIO OOPYIIMTHCS OKEaHCKYIO BOJHY. KuiibBaTrepHoe mojie npuaaet
MOIIIHOE YCKOPEHUE BEAOMOMY JIEKTPOHHOMY MMITYJIbCY, 3aXBaUEHHOMY 33JIHEN YacCThIO ITy3bIpSl.
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Hanps»KeHHOCTb YCKOPSAILWEro KUNbBaTEPHOIO Noss
Wake accelerating field strength

Ey = cmuw,/e

Where ¢ — light velocity, e and m- electron charge and mass, w, — plasma frequency
Using w, = (4trne?/m)¥2 , roe where n is a plasma density,

E,[B/M] =96 n12[cmI

Atn=108cm3, E,=100 GeV/m



Synchrotron radiation at storage rings
Brightness and total intensity
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X-Ray imaging: Three color optics

Medical Applications of Synchrotron Radiation / Eds M. Ando, C. Uyama. Tokyo, 1998

Simultaneously measured:

Absorption (Ab)
Refraction (An - “Dark field”)
Phase contrast (P1,P2),

S — splitter
MI, MIl — mirrors




Refraction contrast X-Ray diagnostics

WunbwmedH C. LL., Modypey K. M., ComeHkoe B. A., MaHywkuH A. A. // [loeepxHOCMb: peHmaeHoeckKue,
CUHXPOMPOHHbIe U HelIMPOHHbIe uccrnedosaHusi, 1996, Ne3, 231-241.

Hoeocubupck, B3Il-3,4 , Kypyamoeckuli ucmo4yHuk CH

Experimental scheme:

1- synchrotron radiation beam,
2- crystal monochromator,
3- crystal analyzer,

4- object,
5- detector.



K.M.Podurets, D.K.Pogorelyi, A.A.Manushkin, V.G.Nedorezov, V.A.Somenkov,
S.A.Shchetinkin, N.K.Kononov and A.P.Kuvardina, Experiments on Refraction Imaging
of Biological Objects at the Kurchatov Synchrotron Radiation Source, Crystallography

Reports Vol. 49, Suppl. 1, 2004 p.50-54 ) .
YIrnoBoe OTKITOHEHUME My4dKa Ha
rpaHuue Bo3ayxX—OoObeKT B
NPUBNMXKEHUN TEOMETPUYECKON
ONTUKN :

oa. = (1 — n)-ctga

N3meHeHne koadbdpumumneHTa
NPENoOMNEHUA Ha rpaHunLe
OpraHM4Yeckown TKaHM C BO34YXOM:

(1-n)=1.5-10-6)2




M.Ando e.a. Crystal analyser-based X-ray phase contrast imaging in the dark field:
implementation and evaluation using excised tissue specimens
European Radiology (2013) ISSN 0938-7994

A

Synchrotron
Radiation

source cco
camera

Objectives: the soft tissue discrimination capability of X-ray
dark-field imaging (XDFI) using a variety of human tissue
specimens.

Methods: The experimental setup for XDFI comprises an X- B
ray source, an asymmetrically cut Bragg-type 19 ] c—
monochromator-collimator (MC), a Laue-case angle analyser os \ /" Forward

08 / Diffraction

(LAA) and a CCD camera. The specimen is placed between )
the MC and the LAA. For the light source, we used the b
beamline BL14C on a 2.5-GeV storage ring in the KEK

Photon Factory, Tsukuba,Japan.
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Results: In thgleye Zpecimen, phas]tg_t contrast images fromh o RO A / \ ;
XDFI were able to discriminate soft-tissue structures, such as o1 Diffraction |
the iris, separated by aqueous humour on both sides, which 00 ——-—/ ‘ ; j!
have nearly equal absorption. Superiority of XDFI in imaging e b e i B BB B
soft tissue was further demonstrated with a diseased iliac 0 — 6 (arcsec)
artery containing atherosclerotic plaque and breast samples
with benign and malignant tumours. XDFI on breast tumours
discriminated between the normal and diseased terminal
dictlobular unit and between invasive and in-situ cancer.
Conclusions: X-ray phase, as detected by XDFI, has superior
contrast over absorption for soft tissue processes such as
atherosclerotic plaque and breast cance

.

05

Intensity

04

B e e

Al

., T PO
-




Photon density (photons MeV ™1 x 107)

3 x 108 photons st mm-2 mrad-2 (per 0.1% bandwidth), 5-15 mrad.
Quasi-monoenergetic and tunable X-rays from a laser-driven Compton light source N. D. Powers, I.
Ghebregziabher, G. Golovin, C. Liu, S. Chen, S. Banerjee, J. Zhang and D. P. Umstadter* Nature
photonics letters ( Nov. 2013 ) p.1-4.
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X-ray phase contrast imaging of biological specimens with femtosecond pulses of
betatron radiation from a compact laser plasma wakefield (kmnbBatep) accelerator
S. Kneip, C. McGuffey, F. Dollar, M. S. Bloom, V. Chvykov et al.

Appl. Phys. Lett. 99, 093701 (2011)

X-ray absorption contrast image

of

a - an orange tetra fish

b- a damselfly —
[U:2,79 m] trans — 27fo,y 3

X-ray phase ontrast image of
c- a damselfly

d - ayellow jacket.

[u=0,44 m] Ly, - 10 pm

Images are taken with betatron radiation

from a laser wakefield accelerator. The

ﬁp\e/ctrum is synchrotron like with E_;; " 10
ev.

The phase contrast images are taken in a |
single shot 30 fs exposdure.



Single shot 30 fs exposure x-ray phase contrast image of the head of a damselfly.
Notice details of the compound eye (1), exoskeleton (2), and leg with hairs (3).

*Each laser pulse delivers
30 fs burst of x-rays 10 keV,

with a peak brightness of 10%?
ph/s/mm?/mrad? /0.1% bandwidth,

scomparable to conventional

3rd generation synchrotrons, making
possible high contrast imaging in a
single shot.




intensity [a.u.]

contrast

lineout position [um]

-400 -200 0 200 400
1¥ v =~ ‘ iy
Wy ~
0.8 10.8
fin a.c /
06 — — — lega.c. 10.6
leg p.c.
0.4r Q 10.4
0.2 10.2
0 ' . ' : : 0

-2000 -1000 0 1000
lineout position [um]

2000

intensity [a.u.]
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Experimental setup at ILC MSU :
Lomonosov MSU? | INR RAS?, Lebedev FIAN 3

Ivanov K.A., Shulyapov S.A., Turinge A.A., Brantov A.V., Uryupina D.S., Volkov R.V., Rusakov
A.V., Djilkibaev R.M., Nedorezov V.G.,Bychenkov V.Yu, Savel'ev A.B.
Contributions to Plasma Physics, 53, 2 (2013) 116-12

1 — laser radiation, 2 — vacuum chamber, 3 — off-axis parabola, 4 —target on a _
motorized 3D translation stage, 5 — lead blocks and collimator, 6 — X-ray detector in
single quantum regime, 7 — X-ray yield monitor

Laser parameters: 50 fs, 10mJ, 800 nm, 10Hz, peak intensity 2:10% W/cm?
contrast on the nanosecond time scale -2.106



Laser facility at ILC MSU

Reaction chamber

Wave length 800 nm,
Impulse length 50 fc,
Frequency 10 Hz,

Pulse energy 50 mJ,
Focusing diameter 4 um.

Beam intensity on the target 10*° W/cm?,
being equivalent to the electron

guasi-temperature of ~1 MaB.




3apgaya nmeet MeXxaMcUnnNIMHapPHbIN XapakTep:

1) ®n3nka nnasmbl . MEXAHU3Mbl YCKOPEHNS 3NEKTPOHOB
OKCNepUMEHT N MoaenmpoBaHue

A.V.Andreev, V.M.Gordienko, A.B.Savel’ev. “Nuclear processes in the high temperature plasma
induced by the super short laser pulse” Quantum electronics 31,11 (2001) 941-956.

“At energy concentration of 101! J/cm?® the energy transfer to separated
atom can exceed 10 MeV while the binding energy for nucleon is
near 8 MeV”.

High temperature electron production mechanisms (atomic processes)
at relatively low intensity |, < 101" W/cm? :

- Resonance absorption, A/L > 1 e
- Vacuum heat, AL <1 e
- Anomalous skin-effect AL << 1

NOHbI
SNEeKTPOHbI

L = (dInN,/dz)



Runs /03/2013

*FIXED parameters
Laser Ti-Saphire 805 um , 10 Hz

Target Fe

Contrast - 108 * . ‘

Polarization 01 Crpst ﬁ

Pre-pulse 12.5 ps, 12,5 ns (cm.figure) 0014 Pre';"se I\ ﬁ'ﬁ?‘w
IS B RPN (N IR

“VARIABLE parameters R ww %’*‘

Energy 5%1017 - 2%1018 S iRy

Duration 45 — 170 fs B e Ao I

Filters Cu 0.5 — 3.6 mm Cu2 MM , Pb 6

mm, 1E-9;O s e

Shield Pb 50 mm » Delay (ps)

Correlation function
(2012 — black, 2013 — red).



Simulation of bremsstrahlung from interaction of a femtosecond terawatt laser
pulses with matter . A.Turinge , A. Rusakov, A. Savel'ev, A. Brantov,
V. Bychenkov. Proc.EMIN-2012,167- 171

MANDOR + GEANT

10 electrons in 47 angle

red - electrons, blue -y-quanta, black - both
x 104 AE(MeV)
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Experiment and simulations
Single photon regime

Squares — photon energy spectrum
(experimental results) ; 10
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doTosAaepHble MeTOAbl + YCKOPUTENN .
N3mepeHne NoTOKOB 1 CMEKTPOB 3NEKTPOHOB U POTOHOB ¢ aHeprmen o 100 MaB.
MoHuTOpUpOBaHMe napameTpoB nasepa B OTAESIbHbIX UMMYSIbCax U3Ny4yeHus,

CI'IeKprI CbOTOHOB N3 MeTanIM4eckon MMLLEHU — NocNneaHne OaHHbIE .

dNME, au.

w* (b) . type 1 contrast lead . ... ... .5,
— =10x10" Wiem® 1245 &5
—— I=1.2x10" Wiem® 12350 fs
T = 530258 keV
|t LR -
T, = 3702120 keV
10— ey *

Ev. keV

dN/ME, au

1w™* ('.’.).......jtwe 1Tcontrast, lead . ... ... L.
— 1210107 Wiem® 1245 §5
— 121 2107 Wicen®. 12250 &5
: LT 3 230858 kaV :
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Photon spectra at different conditions
21.03.2013
run3: Target—Fe, E=19.5mJ, t=45"fs.
run 4 : Target — Cu
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Dependence of photon spectrum on the laser pulse length

filter Cu 3.6 mm

Single photon regime

A.V.Rusakov

Study of electromagnetic radiation from the iron target, irradiated by
femtosecond laser pulses , NUCLEUS -2013, Friday, Section V, Mephi, Moscow

1000 4 I I [
5 = 50 dc
\ = 170 ¢bc
l | |
100 1
= ]
o ] h_
o 1 &
| m n
@) g #'
-, Uy,
. = - .
10 ] . 'i-f . i
[E] IHEE Bu
m EEEEE B
H HE H EEmE B
H EEl EE EEEER
1 || H FEEEEEE .S B E B |
1 ' .. '-__ - —- - _-l_ -_I ' -|_ I -l-
0 200 400 600 800 1000 1200 1400

OHeprus, kaB



Dependence of photon spectrum on pulse energy , filter Cu 3.6 mm
A.V.Rusakov
Study of electromagnetic radiation from the iron target, irradiated by
femtosecond laser pulses , Friday, Section V
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Electron magnetic spectrometer

Magnet

Radiation point 10 x 10 pc diameter
Electron energy of 10 keV till 50 MeV.

Electron pulse flux to 10°./s , frequency 10 Hz

Coordinate detector in the focal plane
1 mm resolution

Electron emission angle fixed
Vacuum chamber diameter 40 cm

Energy ranges for 1% resolution : 100 — 1000 keV, 1 — 10 MeV, 10 — 50 MeV.



Other gamma ray sources :
Ground-based observations of thunderstorm-correlated fluxes
of high-energy electrons, gamma rays, and neutrons
A. Chilingarian e.a. PHYSICAL REVIEW D 82, 043009 (2010)

| 22:47 UT September 19, 2009 Event:Integral spectra
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FIG. 7. Unfolded electron and gamma ray spectra fitted by
exponential and power functions.



3akoyeHue

MimeloLmeca Ha cerogHa pesynbTaTbhl N0 da3oBoOMY

KOHTpacTy Ha (DEMTOCEKYHOHbIX fla3epax HOCAT
OEMOHCTPALMOHHbIN, HE CUCTEMATUYECKUIN XapaKTep.

Hy>xHbl cuctemaTnyeckmne nccnegoBaHns 1 Bblbop
ONTMManbHbIX NApaMeTPOB Na3epHO — NNa3MeHHOMN
YCTaHOBKWN — MOLLIHOCTb , BPEMEHHAas CTPYKTypa (npea-
MMMynbCc), Nnonapu3auuns, PoKycMpoBka, KOHTPACT,
MULLEHb, W Op.

OKcnepuMeHT + MoaenMpoBaHue
Nasep — nna3ma — yckoputenb - doTosaepHble MEeTOAb!



