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Field strength in
non-linear optics

+

Coulomb field strength in Hydrogen atom (atomic field):

E, ~-—~5.10°V/em =2x10" SGSE

a
Non-linear optical suspectibility:

k=01 = »¥=5x10" SGSE

= y% =25x10"° SGSE




Ultraintense laser fields

+

Field ionization (mutliphoton, tunnel, etc.):

2 2 ) /> 10° W/ecm?

T &

it

osc

y >>1 multiphoton
y<<1 tunnel, ATI, BSI

Field strength comparable
to atomic field:

E~E, ~—~510°V/em
A

cE °
Ultraintense laser field: I = 87; ~3.4-10"° W/cm”®




Relativistic optical field

Quiver electron velocity (classical):
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Electron motion




Electron motion




Ultrarelativistic optical
field

Relativistic ions:

eE , A >2mc’,

schw’ *c

I . =10 W/cm?

schw




CPA concept

« CamoBozgencTtaue (hasoBast MOAyNALMS UMNYIbCa, CAaMOOKYCMPOBKA ):

+ B = Zn/k Lanl(z)dz

« [1pobor NoBEPXHOCTU

! mplnu d pulse

Strelched pulse
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Short pulse
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1 Ampli fed short
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Stretcher Compressor |

Strikland D., Mourou G. Optics Comm., 56, 219, (1985).




Petawatt Ti:Sapphire Laser System (JAERI-APRC)
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200 PW OPCPA laser

_ 2x 10 PW XCELS
Start of PEARL PEARL bhase- ooy
OPCPA 0.56 10
activi ' 10 PW locked 12x16PW
= i XCELS B

prototype locked

2013+... 2015+...




DKCTpeMaJibHble 3JIeKTPOMarHMTHbIe Nons

Eosc = mc2 @[y = 0.18- 10718 [W/ 122 [um] MeV

QCD~= 10**W/cm?
Nonlinear QED: Eee®A_=2m,c’

Ultra-Relativistic Optics

. 2
Eq m

Unruh/Hawking radiation _L —

Pair production from vacuum JI"

. -
Relativistic pl'c-t-:-nr:i
Fion produc tioni .

Photonuclear and T
ion-induced reactions
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Feasible channels for nuclear reactions

+

y Fission

Direct nucleon impact > positrons (Y, e")
/ /J’hotonuclear reactions (y,n)
- Scattering at coulomb ion Gamma- generation .
C field ( Fission (v, f)
> >
Photoexcitation
\ Transmutation and
(d, n) Isotope production
Lightion Tremonuclear reactions = (d, o)
. =) . . ———— 2
acceleration and isotope production ~
\ (p, n)
(p; )
Heavy ion Electromagnetic =—————> [Excitation of rotation nuclear
acceleration > interaction transitions
\ Nuclear =————— Quasiatoms production
int ti .
interaction —> Fusion

/

Nucleon exchange




Photoinduced nuclear reactions:

‘ I~5x101°WTt/cm?, 1~1 ps

1341 (884keV)

Mﬂﬂm

Energy keV
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1383C5 (1436 keV)
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100 120 140
Fragment Mass Number

Rutherford: K.W. D. Ledingham, I. Spencer, T. McCanny, et al PRI 84 899 (2000)
LLLNL: T. E. Cowan, A.W. Hunt, T.W. Phillips, et al PRI 84 903 (2000)




Photoinduced reactions (y, n) :

isotope production

- » ¥KCl
— } : ; 7.4+ 0.9m
1000 =— ?i”'li_i* : | i -
- S 20.4+ 2.3 m
. il L | £ , 106
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Isotope transmutation

1291(Y ,n)1281

Spontaneous decay 10° years 25 min

I~1020 W/cm?, t~70 fs 100 fs 25 min

| F l © :
| {J’-.MII. ‘|I,h|'|l”n|4 WMIW;‘J‘ %ﬂm‘l’ﬂw ‘M'*"'ﬂl"wr measured half-life: 28 min

410 420 430 440 450 460 470 480 0 10 20 30 40 50 60 70 B0 90 100
Energy/keV Time/min

F Ewald, H Schwoerer, S D.Usterer, et al, Plasma Phys. Control. Fusion 45 A83-A91 (2003)




Plasma waves

(K~ k2 —k2e)E, ~k k E,~kk E. =0
\—k kE +(k*—k>—kje)E, —kk.E. =0
—kkE —kkE +(k -kl -ke)E =0

e(m)[ﬂ —k; f(m)]—() — -1

Electromagnetic wave

Electrostatic wave




Plasma waves

Electromagnetic wave

Electrostatic wave LR
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Wake field generation
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Wavebreaking

Wwr, B l)
Wp

n. = 1.75-10% ecm > =0.01n,.,
Ar, = 800 nm

wr, L

~ =10

W p

TV
E-'u_.!b = 1.7—

111
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Plasma waves from SRS-TPD instability

3.0
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Hybrid SRS-TPD instability

E2= E(w,) E;(wy/2) + E(w,) E,(wy/2) + E(w,) E((wy/2) + HEpe30OHaHCHbIE YNeHb

H?= H(w,) Hy(wy/2) + Hepe3oHaHcHbie uneHbl K+ k,, = kg,

El'Z(wO/F) — NOAA NJAA3MEHHbIX ki =1.1w,/c

BOJIH

,,=-0.23w,/c  k,®0.87wy/c

3.0 1.0
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3/2w angular spectrum

experimental
——numerical

amplitude, r.u.

-20 30 40 50 60 70 80 90 100 110 120 130 140 150

emission angle’




JlazepHo-nna3mMeHHbIN YCKOPUTENDb
B nyiasame noakpuTn4eckomn nNIoTHOCTU

v Controlled energy deposition — plasma plume velocity control
v Controlled timing — plasma plume extent control
v Different wavelengths - feasibility of optical diagnostics

plateau

Laser pulse parameters (Ti:Sapphire): f preplasing

Tp=45i5fs; A=800 nm;,

10 Hz; up to 50 mJ: M?=1.4 Laser pulse parameters n.
(Nd:YAG): ci

L.~ S*108 W/em? ; contrast 108,

Tp=6 ns, A=532 (1064) nm;

(locked with Ti:Sa, accuracy ~

Ins);

E,=70 (230) mJ; I~ 10"

W/em?.

Lead time

mE
=
£
g
2
=

N

detector | A\
R

e-

) tape target
L (16 pm thick)




dopMupoBaHMe KOIJTMUMUPOBAHHDbIX 3J/IEKTPOHHbIX NMYYKOB C 601bLUMM
3apsaoM B pexxuMme DLA

0.05 n.ogHopoaHasa nna3sma

ap,=2

CxeMa C UHXEKLMEN B NNa3MeHHbIN
31\'30(3[1\-[\*[\:1[]()['(]]=]1H(][‘ Iﬁ:i/"'}.‘UI.IU.’H.:J\'QP:[][H:J[\']T=[] ; _‘ - . . KaHaﬂ 3a quT pacnaﬂa BO”H
BenbiM NokasaHa 31eKTPOHHAs KOHLEHTPaLMS; HET 3MEKTPOHOB C SHEPrusMu NnapaMmeTpNHECKMX HEYCTOMHMBOCTEN B

>4mc2 TOHKOM cfioe 6osiee nNI0THOM nia3mbl
x/Ag

0.05 n.oaHopoaHasa nnasMma

<0).25 n. nnasMeHHbIV Cnow

05090050 E0=12000 E1=13000 im=327.680000 charge=0.000000 t=7
2 30

(1] 10 20 40

X/A\g
BenbiM nokasaHa 31eKTPOHHAsA KOHLIEHTPaLMS, KPACHbIM — 3NTIEKTPOHbI C
E>20mc2




SMILEY modeling

a,=1.5, 1=50fs, D;=4\A

E2\20 05 22 ni 11 a0 1 5 tracks 14 MeV Ne=0.000

0.200

Y/

—— gamma
W

— Wy

— Wx+Wy




Electron beam data

E:/09 05 22 ni 11 a0 1 5 currents/ time=21

‘ 1 TBT (50 M, 50 ¢bc) 100 nKn (E>2M3B)
>

Q~50-100 pC for E>1.7
MeV

Q~1-2 nC/J for E>1.7 MeV

Electron energy, Me




NCTOYHUKKN raMMa N3J1y4EHHUSA

- KOMINTOHOBCKOE paccessHue

- TOPMO3HOE U3JIyuYeHune

na3ep ‘ IY !
G

Muwens 1 KOHBEPTEp MULIEHb 3

+ y3kuit cnekTp

+ nepectpoiika no aHeprum KBaHTOB (O-1)
Manasl pacxoauMocCTb

+ yrnoBol MOMeHT hoToHOB

ManbI 3apag

Aans nepexoga B o6nactb 10 MaB 1 BbllLE HY>XXHbI 3/1IEKTPOHbI C

sHepruen 0.5 B n 6onee

=~ MMLLEHb BAANN OT UCTOYHMKA

+ GonbLuoii 3apsA4 ny4yka 3/1eKTPOHOB

+ LLUIMPOKMIA CMEKTP BMIOTb A0 AecAaTkoB MaB

+ npocroTa peanusaumm _
MULLIEHb PSIAOM C FAMMaA-UCTOYHMKOM

= C/IOXKHO BbIAENUTbL Y3KYHO NOsocy

= 60nblUas pacxoamMMoCTb

" CYWIeCTBEHHbIN PAAMALIORHbIN (hOH [10BbllIEHNE NHTEHCUBHOCTU U (UIN) SHEPTN
N1a3€PHOr0 MMMNyJbCa — HEJIMHENHOE PacceaHre uan
[oBbILEHNE UHTEHCUBHOCTU N ypenyyenme ceueHms Myyka — yXY/lIeHMe

(unu) sHEprmn NasepHoro MOHOXDOMATUYHOCTU M ADVIME NPOB6AEMbI
UMNOYAbCa — YBeAUYeHWe noToka

rAMMa-KBaHTOB 1N NX 3HEPI1H




iccnepoBaHue ceyeHnn poTomnoroWweHNs

Pygmy

KoJ11eKTUBHBIE BO30YK/ICHHUS SIIEP Two- Dipole Giant Dipole Resonance

lurantckue pe3oHaHchl. [Turmu-pe3oHaHch phonon Resanancn

state
30-150 Knacrepubie coctosiHus. KBazuaeuTpoHbl

150—-2000 | Hyknouuble pe3oHaHchl. DOoTOpOXIeHNEe ME3OHOB.
CraTtuueckasi, JUHaAMMYecKas, CIIMHOBAsli CTPYKTypa
HYKJIOHOB

BeKTOpH'&ﬂ JOMHUHAHTHOCTDb, aApOHU3alUs (l)OTOHOB

ZOSPb(Y’Y.) + 207Pb(n,y)
O MoLHbIN KOPOTKUIA UMMYNBC BO3BYXXAAOLWMX YacTull ( ramma,

3M1EKTPOHbI, NPOTOHBI, ....) E
Q WccneposaHue MNAP noa aencTBMEM pa3HbiX YacTul B €ANHOM <

3KCI'IepVIMeHTe % GRAND RAIDEN @ RCNP
O Wcnonb3oBaHWe MeToAa COBMaAeHUN ans 6bICTPbIX MPOAYKTOB

peakumn

O KoppensiuMoHHble U3MEpPEHS 3aiEPX>XaHHOro raMMa-pacnajia
O WccnenoBaHne HeCTabunbHbIX M30TOMOB U M30MEPOB — HapaboTka

Excitation Energy (MeV)
Na3epom

O WccnepoBaHue nepexoaos C BbICOKOW MyNbTUMOSIbHOCTBIO —
3aKpy4YeHHbIEe (POTOHbI
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Neutron generation through photodisintegration

Be(y,n) cross section**

Neutron flux

~105-108 s1J-1

Up tlo 15 registered
neutrons per pulse

Neutron flux
~1 05 s-1J-1

238U+ Y — N+ 237U

Up to 4 registered
neutrons per pulse

208PpH+ Yy — n+ 207Pp

Neutron flux 2
~ 105-106 s-1J-1

Up to 12 detected
neutrons per pulse

a
S
c
2
k]
@
a
@
2
<4
(&

10 12 14
Energy. MeV

*Ishkhanov, B. S., et al. "Photonuclear reactions and astrophysics." The Universe Evolution: Astrophysical
and Nuclear Aspects” (Nova Science Publishers, New York, 2013)

**Arnold C. W. et al. Cross-section measurement of 9 Be (y, n) 8 Be and implications for a+ a+ n=> 9 Be in
the r process //Physical Review C. —2012. — T. 85. — Ne. 4. — C. 044605. Physics of Atomic Nuclei, 2017 80 397




Photonuclear reactions for e-beam charge
measurement

GEANT4 simulation geometry

point source =
with exponential ideal T~2 '2 . 5 M eV

spectrum spherical

\ I
Y s 8 cm

- 2.2 MeV-D
-

0.1rad

5.5MeV-U
8 MeV - Pb

dN/dE, a.u.

Q~100 pC
for E>1.7 MeV

We obtained a conversion coefficient
~neutrons/pC

I. Tsymbalov, D. Gorlova et. al., Plasma Phys. Control. Fusion 61 075016 (2019)
D. Gorlova et al 2019 Proc. SPIE 11037, 110370H




Photonuclear reactions for e-beam charge
measurement

GEANT4 S|mU|at|0n geometry | CeueHun peakumii (y,n) gna:
Be (x100)

1.5 MaB - Be | —=&
—FPb
—W

22M3B-D

73 M3B - Pb

point source
with exponential |deal/
spectrum spherical

: 8 detector
\ cm g

W

dN/dE, oTtH. eg.

Charge Q for electrons with E>1 MeV, pC

270+7 - - -

0

109+2 (7£6)*10 80+27 10520 85+24

6 3

60+14 (0,6+0,3) 11,8419 18,2+1,2 16,0+1
g 7

33+8 190+90 3,0+0,4 4,8+0,3 4,8+0,

3

We obtained a conversion coefficient
~neutrons/pC




SpepHas pe3oHaHcHasa hnopecLeHums

dHeobxoanMble 3Heprnn ramma-keaHTos 0-15 MaB

L no3BonseT nonyyaTb TOYHYO MHPOPMALIMIO O
BO36Y>XIEHHOM COCTOSIHUM

L nepecTpanBaeMOCTb KOMATOHOBCKOIrO UCTOYHUKA
MO3BOINT CUJTbHO YBENYNTb TOYHOCTb N3MEPEHUN

draMMa-KBaHTbl NONSAPU30BaHbl — rNpasuia otbopa

Hanunyme HecKonbKux ny4ykoB
OTKpbIBaeT BO3MOXXHOCTb NpoBeaeHus
6osiee CNoXHbIX 3KCNepUMEHTOB

MULL

L nposeaeHne AP0

HapaboTka
N30TOMNOB




icchenoBaHMsa a40epHbIX N30MeEpPOB

MeTacTabusbHble COCTOSAHUSA AAPa
C 601bLUINM BPEMEHEM XXU3HU

(HaHPCeKyHAb! U Bbile)
JHEpIriMs cocTosiHMM — oT 8 3B Ao

eanHuy M>B

KaHanbl BO36y)XxaeHun:

QOaHoMOoTOHHOE BO36YyXXaeHne (peHTreH,
ramma)

U Heynpyroe paccegHue 351eKTPOHOB

dBo36y)xaeHmne anekTpoHaMn yepes
aTOMHY0 060104Ky (0bpaTHas
BHYTPEHHSASA 3/IEKTPOHHAsA KOHBEPCUA U
ap.)

L Bo36y>xaeHne nasepHbiM U3/Ty4eHneM

1IAPNAT M T/AAAALIVILIA r\‘r\ e VaNW VAV
HCPCO dluMiny v UUUJIVHRNY ;g

AlMpsimoe (MHOrooTOHHOE??)
BO36Yy>kaAeHne aapa Na3epHbIM
n3nydyeHmem?

pa3psazKa N30MepoB

HapaboTka BO30OYy>aeHne n3oMepoB

n30TOnNoB




Kr-83

Excitation by electron capture

Photoexcitation
‘ 83Kr:
* |Stable

¢ Fraction in natural Kr — 11.5%
* Two isomeric levels:
- 9.4 keV with Ty = 156.8 ns

- 41.6keVwith T,/; =1.83h

Inelastic electron
scattering (ES)

Nuclear Reaction Experimental Data, http://www.nndc.bnl.gov/




Kr-83

E, keV Jn 12
1738.2 11/2+0.35 ps
1721.4 13/2+ 0.49 ps

1642.5 7 021ps I====H..— :g %Ezg 4911461( f(\c/V
1529.1 9/2- 0.9 ps _ to both levels
1517.1 7/2+ 0.31 ps 'II.I.I.I...

1170.4 7/2- 2.1 ps

1102.7 9/2+ 0.24 ps

1011.8 11/2+ 0.76 ps

799.5 52+ 1.7ps
690.2 5/2- 10.4 ps

571.2 3/2- 1.04 ps
5620 52 62ps IIIIII- -I
| 41.6 1/2- 1.83h |

0=2035

r =105y
Ey=32. 2 ke

94 7/2+ 156.8 ns o= 1701%
["'=10""cy
’ Ey=9.4 keV

Through short-lived levels with energies of 0.5-1.7MeV
photoexcitation crossection for 9.4 keV state increased more than 100 times!!!

Nuclear Reaction Experimental Data, http://www.nndc.bnl.gov/
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YECckoro Nona E ¢ noTeHUMansHoR aHepriel eEx npo-
MCKOANT B PEIYNETATE TYMHENHPOBAMWA INEKTPOHA KA
COCTOAMKMA C OTRUUATENLHON SHapraer g
LU H I CTh. IHEPMA POANBLIMECH HYACTHLL W aH-
TWHACTHL OKA3 OAMHAKOROH. DODMA NOTEH-
UMANLHOM DAPLARA WI0ODAKEHA HKUPHON NAHKEN




Laser assisted e* production

m Relativistic intensities (1018 — 1021 W/cm?)
— Electron acceleration at interaction with solid or gaseous targets
— Trident or Bethe-Heitler process

About 0.03% of laser energy converted to positrons
mostly through the Bethe-Heitler process

Positrons Bethe-Heitler

_ Trident
Process~Z

Process~Z

Electron
Blow-ofT cloud
plasma

Energy Flow
Laser -
photob. Electrons » Photons >  Pairs

100 ~30 ~0.3 ~0.03

The positron yield is comparable to that of characteristic x-rays (10-4), indicating
an efficient energy transfer from laser to positrons.




Feasible channels for nuclear reactions

y Fission

Direct nucleon impact positrons (y, ")

/ %hotonuclear reactions (y, n)
- Scattering at coulomb ion Gamma- generation

Fission (Y, )
| field . {’

Photoexcitation
\ Transmutation and
(d, n) Isotope production
— @0
acceleration and isotope production
— o
(p, @)
Heavy ion Electromagnetic ———— [Excitation of rotation nuclear
acceleration > interaction transitions

Light ion Tremonuclear reactions
E——

\ Nuclear =3 Quasiatoms production
interaction —_— .
Fusion

Nucleon exchange




“"Low"” Intensities

Mora P 2003 Plasma expansion into a vacuum Phys. Rev. Lett.
90 185002




Titanium foil with
protorrich dot

Laser incidence ®
@

Accelerated @
= = 132
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®
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Radiation pressure acceleration
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JlazepHoO-ns1a3MeHHOe YCKOpeHUe MOHOB U BTOPUYHbIE NMYYKHU
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Thermonuclear neutrons from cluster jet
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Hadron therapy
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SlnepHas POTOHUKA

fAlnepHas CIJOTOHVIKa — YHUKaAJIbHbIE€ NepCcneKkTuBbl U HOBbl€ MEeTOoAbI ANnA ﬂnepHOﬁ
hbnsnkmn n bmamkmn yacTmu € UCNOJib30BaHNEM IKCTPpEMaJ/ibHbIX CBETOBbIX nonemu

B.Hepnope3os, |C.PuikoBaHoOB, A.CaBenbes YOH 191(12) 1281-1306 (2021)
‘ YTO HOBOIro MOryT laTb CBEPXMOLLHbIE N1a3epbl?

B paMKax TpaAULIMOHHbIX MOAXOAO0B:

J1a3epHoe yckopeHue 3/1eKTPOHOB, MO3UTPOHOB, MPOTOHOB U aAPOHOB

dleHepaumsa TOPpMO3HONo raMMa MU3nyyeHus B MMLLEHU KOHBEpPTOpe

L KoOMNTOHOBCKOE paccesHme Na3epHOro U3nyyeHns Ha ny4dke 3/1eKTpPoOHOB U3
NIMHENHOIO NN NA3EPHOro YCKOpUTENS

QdopMmnpoBaHmMe HEUTPOHHbIX MMMYbCOB

HoBble noaxoabl U MEeTOAbI:

L dopMrpoBaHMe CBEPXMHTEHCUBHbBIX MOTOKOB FraMMa-U3nyyeHuns npu
«npoboe BaKyyma»
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