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CopepxaHue

BeeneHue
m HeonTnyeckue paspsiiHbie cxembl
m HekoTopble nprMepbl HeNnHelHOW TpaHchOpMaLM NHTEHCUBHOMO CBETA B

MarHUTHbIE NONS
OnTudeckn nHAYUNpPOBaHHbIE Pa3psiabl v TOKW, napameTp £ B Na3ep-nna3MeHHoOM

B3aWMOAENCTBUN.
m "Mepgnennoe" B3anmogeiictaune, £ > 1.
m "Kopotkune" nmnynbcer, "npotsxénrbie mMuiieHn
MuLueHn co CKoNb3ALWMM NafeHunem
m Muwenu co ckonb3siwmm nageruvem npu & 2> 1.
m MuleHn co CKoMb3ALUMM pacnpoCTpaHEHEM 1a3€pHOrO UMMyabca B dC
pexume, & < 1.
m KanunnspHble CTpyKTypupoBaHHbie mutern, £ < 1.
@ "lMpoTsxénublie" Muwenn 8 dbc pexxnme B3aumogencTeus, & < 1.
m DJ/IEKTPOMAarHUTHbIE NOJS, BO3DY)KAAEMbIE KOJbLEBBIMU MULIEHSIMI
m Kontponupyemoe Tl nsnydenne us oHAynsiTOPHbIX NPOBOIOK
H 3ak/J04UTENbHbIE 3aMeYaHNs 1 BbIBOAb e
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XapaKkTepHble BENNYNHbI MAarHUTHbIX NoJel

Magnetars

Radio pulsars

Strong effect
on atomic structure

Discharge coil
(nondistructively)
Magneto-Resonance
Imaging
Neodymium magnets

Solar magnetic fields

Earth magnetosphere

Interstellar fields

KopHees

‘1014..1015 Gauss

~ 10'2? Gauss

~ 10% Gauss

~ 5 x 10° Gauss

~ 1.5 % 10* Gauss
~ 10* Gauss

0.1...1000 Gauss

~ 0.5 Gauss

l ~ 10—6..10—8 Gauss

B-field generation
.S Fujioka ot af Sci. Rep. 3, 1170 (2013)

without

B-field i
with laser implosion

B-field compression

with a bomb

* M. Honenbarger efal Phys. Plasmas 19,086306 (2012)
H. Yonada of sl Phys. Rev. Let: 109, 125004 (2012).

ot ai, Low Temp. Phys. 159, 328 (2010)
ot s Phys. Plasmas 17, 056318 (2010)

Record values for
laser-plasma magnetic fields
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OnTuyeckn-un,

Mwuw CKOJb!

W1M nageHnem Beisoab!

3a4eM HY>XHbl CUJIbHbIE MarHUTHbBIE MOt B 1a3epHoli nabopatopun

®yHaaMeHTaNbHbIE NCCAEA0BaHS

m AcTtpodusndeckne ssneHuns
m ConHue n 38E3abl
Kocmuyeckne ny4dn
VpapHble BOJIHbI
AcTpocbusnyeckne gxethi

B BewectBo B CAbHBIX MarHUTHbBIX MOJSAX
AtomHas cusnka

Teepaoe Teno

ApepHas dbusmka

KopHees

[Mpunoxerns

u VnpaBneHme N yCKOpe€HNe H4actuy n nnasmsbl

m [lyskn vactuy
m [eHepauuns BTOPUYHOTO M3MydeHNS
m HanpasnieHHble MOTOKW Nia3mbl

m VaepxaHue niasmbl

m /lHepumnanbHbIli TepMOsiAEpPHbIA CUHTE3 C
MarHWTHbBIM MOJIEM

m [lopasnenne

TENJI0NPOBOAHOCTH
m Konnumauyus wactuy gns Fast Ignition
m [NepcnekTunBHbIE CXEMBI

3JIEKTPOHHO
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HeonTundeckne paspsifHble cxembi

o &5 = = 9ae
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MarHuTHble nons B KaTyLLIKaX MHOropa3oBoro Ncnojib30BaHNA.

B~5.40T,
V ~ 1lcm? J

PaspsgHele KaTywku cnocobHb
CO34AaBaTb MarHWTHOE noJe
B Bakyyme B UMMYJbCHOM
pexxume go 7 ~ 1076 sec.

®oTtorpacdusa paspsagHoli KaTyLIKu.

Mpepen npoyHoctu ctanu: ao 1500 Mna, cooTBeTCcTBYeT MarHuTHOMy nosto B ~ 40T.
2
P = ?—W, (1 gun/cm? = 0.1 Ma.)
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/inepumanbHblii (MMNYAbCHBIA) peXkum

3= K ocyurmespagy
Puc. 1. Cxema remeparopa MK-1.

B3pbiBOMarHnTHble renepaTopsi: CkaTue MarHUTHOrO NOTOKA (wnmnuHapnyeckasi UMNAoO3us) :
no 2500 - 3000 T.

TA. D. Sakharov, Magnetoimplosive generators, Soviet Physics Uspekhi 9, 294 (1966);
A. I. Bykov, M. I. Dolotenko, N. P. Kolokolchikov, V. D. Selemir, and O. M. Tatsenko, VNIIEF achievements on ultra-high
magnetic fields generation, Physica B: Condensed Matter 294-295, 574 (2001)
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MIFEDS v nmnynbCHble 0fiHOPa30Bble Pa3psifHble KaTyLIKN

Mulitum
soenoid

MIFEDS (magneto-inertial fusion electrical discharge system)
LLE Rochester

Solenoid
current

Induced
current

High B
fiold-coll

REVIEW OF SCIENTIFIC INSTRUMENTS 89, 084703 (2018)

High-Mach number, laser-driven magnetized collisionless shocks

D. B. Schaeffer,"*® W. Fox,? D. Haberberger G. Fiksel,* A. Bhattacharjee'2
D. H. Barnak,?* . X. Hu,> K. Germaschewski.® and R. K. Follett®

Py

magnetic topology.

Inductively coupled 30 T magnetic field platform for magnetized
high-energy-density plasma studies

G. Fiksel,® R. Backhus,? D. H. Barnak,2# P.-Y. Chang,® J. R. Davies,®® D. Jacobs-Perkins
P. McNally,2 R. B. Spielman,® E. Viges,? and R. Betti®®

PHYSICS OF PLASMAS 24, 122702 (2017)

- , TTERS week ending
PRL 113, 105003 (2014) PHYSICAL REVIEW LETTERS 5 SEPTEMBER 2014

Magnetic Reconnection between Colliding Magnetized Laser-Produced Plasma Plumes

G. Fiksel,"** W. Fox,> A. Bhattacharjee,” D. H. Barnak,"? P--Y. Chang,"? K. Germaschewski,*
S.X. Hu,' and P.M. Nilson'?

field. Pancls (e-(e) have
targets in an ant-parallel

X (mm)

) g g e
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HenunHelinoe npeobpasoBaHune na3epHOro naaydeHnus B MMMNYAbC MarHUTHOMO MOJS

VposeHb 1 kT ¢ nomouwybto "koHeeHUMaNbHBIX"
(HenasepHbIX) CxeM MOXKHO MONYYUTb, MO
BUAVMOMY, NNLLbL NPU B3PbIBE.

l
HennHeliHoe npeobpasosaHune nasepHoOro
N3NYYEHNS B UMMYAbCHbIE (KBA3UCTaLMOHApHbIE)
MarHUTHbLIE MO

Bosblwas naoTHOCTL sHeprum, bobLIas MOLHOCTb
J1Ta3epHOro BO34ENCTBUSA
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HekoTopble npumepsl HenuHeliHoro npeobpasosaHxus
(onTuyeckasi reHepaumMsi MarHUTHbLIX NONEN )

B nasepHom nznyderun, Hanpumep, npu [ ~ 10188T/CM2, A ~ lum, ocuunnupytoliee MarHuTHOE none
nopsgka 10 kT. 3agaya B ero acbdekTnBHOM Npeobpa3oBaHMn BO BPEMEHU U NPOCTPaHCTBE.

KonnekTuneHble HeunnTerpupyemocts,

KMHETMYEeCKNe 3PeKThI CTOXaCTUYECKMiA Harpes,

(bbicTpbIE 21€KTPOHBI) Mi1a3MeHHbIE BOJIHbI
['mopoanHamunka

npn pasnére nasepHoii

MNepenaya MOMEHTa
nnasmbi
UMnynbCa nnasme,
nasepHoe yCKOpEHne obpaTHbIii acpbekT
3J1EKTPOHOB ®Dapages ...

J1azepHo-MHAYLMPOBaHHbIE pa3psAabl

KopHees 07.11.2024, HenuHeilinbie BoaHbl - 2024

y




O@00000000

"3arpaBoyroe" marHuTHoe none Bo BcenenHoli n B nasepHo-nnasMeHHOM
B3aMMOLENCTBUN.

200 dB/dt
100 [MGs/ns]

— - 7.38
E i . 6.15
= 0.0 P 492
el i 3.69
=_100 L 2.46
1.23

-200 0.00

0 200 400

Mpobnema BO3HMKHOBEHMS MAarHUTHBIX noneii npu ssostouun Beenennoit ¥ — otkyga Bo BeenenHoii marnnTHble
nonsa?

Biermann, L. and Schliiter, A. (1950) ‘Uber den Ursprung der Magnetfelder auf Sternen und im interstellaren Raum’,
Zeitschrift fur Naturforschung - Section A Journal of Physical Sciences, 5(2), pp. 65-71

o &5 = = = ©HaQ
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CkpelerHbie rpaavneHTsl uan "dbatapes bupmana

[ [ dBidt
[MGs/ns]
. 7.38

> 6.15
= 0.0 i

492

369
=_100% I 246
123

-200 B L

0.00
400

Bcrnomuum YpaBHEHNE MarHUTHOW rmapognHaMmunkKm C be3amaccoBbiMU SNIEKTPOHAMN 1 be3 BFI3KOCTVI§,

-

0B L = J - c c R Ji T
— =rot[¥ x B] —rot x B ——[anVT]——rot—T—crot Ay 2L ,
ot ene en e MNe o) oL
rae Ry - TepMoCuia, 0 — NPOBOAUMOCTb.
$Braginskii, S. 1. (1965) ‘Transport processes in a plasma’
KopHees
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"Kunetnyeckass martetnsauusi' — Toku N1a3epHO-YCKOPEHHbIX 3JIEKTPOHOB

7 i 1 i 1 i
a) 750 t=-85ps ol )
| B, direction ‘
500 ¢ .4.58
2501 1.91
Laser| 0.0
— ‘ '
£ i
R . 033
250 0.14
0.06
-5001
0.02
- E=251J wrsoffly

Tokun BO3HUMKAKOT NPy CTONKHOBUTENLHOM UM BECCTONIKHOBNTENILHOM MOMIOLWEHU JIa3E€PHOR SHepruu B
nnasmMe, obbIYHO Npu Hanuuuu Npoduist NIOTHOCTN.
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[MAapoANHAMUNYECKNA AN KNHETUYECKUA MEXaHN3M?

VckopeHtble "Hapyy" 2/€KTpPOHBI M CKpeLLeHHbIe
rpagueHTbl Bo3DyXX4atoT nose 0aMHaKoBOI Tonosorum
W HanpaBNeHUs, 3TN MEXaHU3Mbl CNIOXKHO Pa3NYnTh.
JkcnepumenT Ha ycTanoske PALS (Yexus) I
lMnockas maccMBHast MULLEHD,

MapameTpsl B3anmogeiicTeus:

I ~1..5x 10'%W/cm? natho dokycuposkn ~ 50 um
A1 pm

anntensHocTs & 250nc (HWFM)

OCHOBHasl  AMarHoOCTMKa: MHTEPPEPOMETPUS 1
nossAPOMETPUS

L 05 |“|
go.o [ ?])
0.5 | | : - -0.5 lﬂ""l
{1;;1 J-47820/0 : 1259 J-47819

0 05 0 0.5

“l"\um‘
( Jn
dlll

195 J-47817

A 0.5
z[mm] z[mm]

Tpisarczyk, T. et al. Kinetic magnetization by fast electrons in laser-produced plasmas at sub-relativistic intensities.

Physics of Plasmas 24, 102711 (2017)

KopHees
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[lepepaya yrnoeoro opbuTasbHOr0O MOMEHTA J1IA3EPHOMO UMMYJ/bCA nnasmel

“Pagnanshas’ nonspusaums:  E(r,0,t,2) = Eg x g(t) x f(r) x cos(10 — wot)é,

lMpumep  umnyabca C  yrioBbIM
opbuTanbHbIM MOMEHTOM.

Ex @x=30.05 B Erad @x=30.05 i Eazi @x=30.05 s
0 04 Ly 0.8 19 0.4
50 03 P, 06 . 03

02 0.4 02
50 50 50
. 01 02 0.1

g g g

£ 00 Y 0.0 9 00

~ ~ ®
30 -~ -01 30 -02 30 -01

-02 04 -02
20 20 20
03 0.6 -03
10 10) 10
04 08 04
0 20 30 40 50 60 70 02 0 20 30 40 5 60 70 Lo 0 20 30 4 50 60 70 03
¥ lemo) yle/wo) ¥ [c/wo)

INuter, R. et.al., Plasma solenoid driven by a laser beam carrying an orbital angular momentum. Phys. Rev. E 98,
033211 (2018)
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[lepepaya yrnoeoro opbuTasbHOr0O MOMEHTA J1IA3EPHOMO UMMYJ/bCA nnasmelt

YucneHHoe mogenmpoBaHme nokasbiBaet 3hEKTUBHYO r€HepPaL o MarHUTHOMO MOJsi, HO €CTb BOMPOCHI... ™

Bx @2=38.55 BX @2=38.55
(a) AL (b)

55, 55| A 0.006

0.008

50, ) _ 50 ; 0.004
0.002
0.000

—-0.002

—0.004

25| 25 -0.006

a0 45 s 5 20 s -0.008

5 30 35 25 - 30 35
X [c/wo] x[c/wo]

UenTpanbHoe cedenne B|| nocne B3aMMOAeliCTBMS C N1a3epHbIM UMAYILCOM C "paamnanbHoii nonspusaumeii”, cnesa
l=-1,7=6T, cnpaBal =1, 7 = 12T.

x=30.30 050
70 5

0.45
60!

030 Pacnpegenenne momeHnta wumnynbca
50, -

. 9N1EeKTPOHOB MOC/Ne B3aUMOAECTBUS.
40
N . NynkTnp - MaKCUMasbHas
307 % s aMnanTygpa.
20 -0.30
10 -0.45

10 20 30 40 50 60 .56

v
¥

**cMm. cemmHapbl 6A.
fNuter, R., et.al., Plasma solenoid driven by a laser beam carrying an orbital angular momentum. Phys. Rev. E 98,

N
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[1nasmeHHble BOJIHBI C YIrJ10BbIM Op6VITaJ'IbeII\/I MOMQHTOMH

CywecTeytoT "3akpydeHHble" nnasmennbie BonHbl (B basuce Jlarepp-laycosbix dyHkuuii),

D(z,7,0,t) = Z Op1Fp1(X) exp (—iwt + ikz 4 il0 + i@, +igX)
Ofe(z,7m,0,v,t) an X) exp (—iwt 4 ikz +il0 +ipp; + g X) .

ABNSAIOLMECS PELUEHUSIMU YPABHEHUA ﬂyacc0Ha

e

AD = —n,

€0

n Bnacosa
—i(w—kv,)0fe +vy -V 0fe = —iekv,®0:feo — evy - V1 PO- feo.
C ANCNEPCUOHHBIM ypaBHEHNEM U 3aTyxaHueMm JlaHaay, COOTBETCTBEHHO
L+
k2w? ’

Imw m 1 w? p+ (| +1)/2
S e — — R|2 .
w \/gk?’)\?be P ( 2kzvt2h) < k2 X pewp

¥Blackman et.al.,(2019), PRE, 100(1), p. 013204; Blackman et.al., (2019) Journal of Russian Laser Research, 40(5), p.
419

w2 = w (1 +3k2)\
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OnTuyecku-nHAYLUMPO HblE bl Muwenn KOb3SALUM NageHnem IposonOKL

000000000

[1nasmeHHble BOJIHBI C YIrJ10BbIM Op6VITaJ'IbeIM MOMeHTOM™

0
Xl(c/we) X
(c/wp)

Mpoduns nnotHoctu ana p =0, [ = 2.

2
120
‘N
0 HOo 2
= CneBa BBEpPXY: a31MMyTaJibHOe MarHUTHoe none By; cnesa
120 : S,
£ -2 Zpeypyd BHM3Y: aKCMasbHOe MarHUTHoe none B,.
312{! 1 CnpaBa: nonepe4YyHble UEHTPAJIbHble CE€YEHUA MArHUTHbIX
B & nosnei.
of - dHo =
—120} 4
1 1 1 -1
—-120 0 1320 -1200 120
x (efwp) d (e/wp)

R /

a0 aASe ASANSP N D
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[1nasmeHHble BOJIHBI C YIrJ10BbIM Op6VITaJ'IbHI:>II\/I MOMeHTOMT

0.0006 —————————
Gaussian 0.0005 1
g shift = 0.001 £ 0.003
. 0.0004 4 i
H o i LG (];1,p=0€ g
eNnHelriHoe  3aTyxaHue aHgay Po shift =0.10420.003 £ 903 | 1
NpUBOANT K nepegade MOMEHTA LG (1=2, p=0 Z
PUEOA pea — ﬁesglift:po.?6l:l:0.003 2 0.0002 | 1 4
MMNynbCa OT BOJHbI dN€KTPOHAM, LG (=4, p=0) oonon | |
YTO COOTBETCTBYET A3MMYyTaJbHOMY Pe shift =0.226+0.003

L A
0.8 00 02 04 06 08 1.0 1.2 14

TOKY N aKCNaibHOMY MArHNTHOMY
px (mec)

nonto. 10-3

C 1074 E
Puc:Napamerpbl yckopeHHbIX HacTuyy g
=
CraymonapHoe pacnpegenexue A 105
COOTBETCTBYET O—nuH4y.
pr (mec)
1076

-1.0 -05 0.0 0.5 1.0
Peo (mec)
'Blackman et.al.,(2019), PRE, 100(1), p. 013204; Blackman et.al., (2019) Journal of Russian Laser Research, 40(5), p.
419

KopHees 07.11.2024, HenuHeilinbie BonHbl - 2024



KoHTponupyeMble na3epHoO-MHAYLVPOBaHHbIE

pa3paabi:
reHepaumnst MarHUTHbIX Noneli n AANHHOBOJIHOBOIO

N3NTYHEHWNA.
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[epepacnpegenerune 3apsiga (Tokn) nog AeiCTBUEM UHTEHCMBHOMO J1a3epPHOrO
N3y4eHus

NuTencushbie umnynbes (> 1015...1016 W/cm?) cywiecTseHHo MeHSIOT NPOCTPaHCTBEHHO-3HEPreTUHECKO.
pacrnpegeneHne 3apsifos (371€KTPOHOB)

s )
10 (10 ps) SG-I UP [Section 2.7.41 (5 o) 1ian
(1 ps) SG-II UP [Section 2.7.4] (1.7 ps) VULCAN [73]
3 (1ps) XG-I [71] — | Q
Radiation 10 near field * *, <

Radiation

=
™
T

i (1ps) LULI 5
measuremen ‘\\51\\ < ™ (1.3 ps) PICO 2000 [Section 4.5.2]
S i
& oFF K AT
Q,\ Q“\ (1.7 ps) VULCAN [90]

8 %
o & /
log i o (1 ns) QMEGA

Maximum magnitude of EMP (kV/m)

1 5
Charg purtic.les oo’\" (40 fs) VEGA 2 [178] *(1 ns) LULI @ ns*) *(4 ns
5 ) NIE
. . 10 (3 ns) ABC [94] s
(22 ps) VULCAN [52]  nearfield (19 ns)
measurement
/ 10"
102 10" 10° 10° 102 10° 10* 10° 10°

Radiation Radiation Laser energy focused on target (J)

Figure 75. Compilation of the measured amplitudes of EMP signals at different laser installations. Field values present in this picture were taken or estimated

Rgdiution by Refs. [52, 60, 71, 73, 90, 94, 178], from data shown in this paper or supplied by private communications or reports. Blue and red zones outline the data
W Radiation obtained with ps and ns laser pulses, respectively. All data were normalized to the reference distance of 1 m from the source. Values for the ABC and the
o XG-m™ experiments were obtained at distances 85 mm and 400 mm from the target, respectively. The normalization might produce a field overestimation

Discharge of a few times.

Obuwas cxema Bo3aelicTBMS
3KCI'IepVIMEHTaJ'Ibe|e ,anHbIe* no amMnanTyae 3N€KTPOMArHUTHOrO

nmnynsca (EMP).

*F. Consoli et al., Laser Produced Electromagnetic Pulses: Generation, Detection and Mitigation, High Power Laser
Science and Engineering 8, (2020)

KopHees
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Beenenue MuweHn co CKONb3AWMUM NAAEHUEM £ BeiBogb!

HnnHa n onnTenbHOCTb PaspsiAHOro UMNybca TOKa

BaxkHelilune onpegenstoliue napaMeTpbl

B [JAuTenbHOCTb Na3epHOro UMMysbea

m Pasmep natHa (bOKyCI/IpOBKVI
discharge
m Vimnepanc muwenn (I/IH,EI,yKTVIBHOCTb npexae BCero Ass pulse

TOKOR) v C

m PacnpocTpaHeHune paspaga: Agucnepcusi, NOrAOLLEHUE,
Harpes 1 MoandMKaLNs BELWECTBA MULLEHN ...

characteristic scale

Ona  KOpOTKUX CUABbHO COOKYCUPOBAHHBIX WUMMYALCOB 1
MPOTSKEHHBLIX MULLIEHEN NepepacnpefesieHne 3apsifa uMeer
"nepexogHyr" npupoay.

laser pulse
duration

70

Y70 03Ha4vaeT I'IpOT)'—I)KéHHbIe MWULUEHN N KOPOTKINE VIMI'IyJ'IbeI?
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HU CO CKOJIb3ALWMUM NageHnem Mposonokn, Beisoab!

Y70 03Ha4aeT NPOTSAXKEHHBIE MULLEHN 1 KOPOTKUE UMMY/bChI?

B obwem cnydae

CooTHowenne § = c7y/L onpenensiet, HaCKONbKO NEPEXOAHbIE slEAme
NPOLLECCHI BaXKHbI pulse
(c — ckopocTb cBeTa, 79 QAANTENbHOCTb uMnyasca, L V= C

XapaKTepHas 4JIMHA MULLEHMU. )

g — '"womnakTHas" wmuwensb, "ganuubi" umnynsc,
KBa3UCTALMOHAPHbIN PEXNM NepepacnpeaeneHns 3apaaa;

— "npotsxéHHas" muwensb, "kopoTkuit" umnynsc, laser pulse

PEXNM PacnpOCTPaHEHMSI. duration

70

characteristic scale
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HU CO CKOJIb3ALWMUM NageHnem Mposonokn, Beisoab!

3ameyaHrue no noBoAy MHAOYKTUBHOCTW.

VIHJJ,yKTVIBHOCTb onpeaenAaeTcs :-)Hepr|/|e|7| MAarHMTHOro nonsa gnsa noCTosAHHOro TOKa

Mpamoii npoogunk d = 10 pm, L = 1007 pm
— L ~0.25 nH

CpPaBHUMO C Z

ofHOBUTKOBas kaTywka D = 100 pum, Takas >e NpoOBOJIOKA J
d=10 pm d D
— L ~ 1 nH < B3aumHas nHaykuus

B SNEKTPOMATHNTHBLIX nNpoueccax B MNPUCYTCTBUU NJAA3MBblI,
npu Hanan4mn wn3Ny4eHUA N T.A4. NCNONb30BaHNE MNOHATUA
NHOYKTUBHOCTWN 3aTPYAHEHO.
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"Onaunnbie" nasepbie umnynbscel = "komnakTHble! MuLeHn

Bsaumopeiicteue B cnydae ! :

o &5 = = = Al
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CrangapTHasi MULLEHb THMA KOHAEHCATOP-KATYLWKA : HC PEXNM

Farada B-dot Firoton-

o y 2O deflect t
CrangapTHas mulleHb Tuna “KOHAEHcaTop- rotation probe RZ: ometry
*

KaTyLuKa” Faraday stack
tal o g
MM pa3Mepbl U HC J1a3epHble UMMYAbChI o (R
h e "'__,.- 1 JIB ;
B s7om chyHae: ! Intense laser

50), 1ps 10 pm Au Wollaston
19 2
10°W/cm prism

JNazepHbili  umnynsc  obnydaer  ogHy
nnactury "koHgencaTopa"

proton beam
up to 20 MeV

StF;ak Camera
"KonpeHcatop" paspsKaeTcs yepes

NPOBOJIOYHbBIA BUTOK Capacitor-coil
target

Driver laser beam
a =250 ym

1ns, square time-profile
500 ), 10""W/cm?

*Korobkin, V. V. and Motylev, S. L. (1979), Soviet Technical Physics Letters (in Russian), 5, p.474; Daido et.al., PRL,

56(8), pp. 846 (1986); Fujioka et.al., Scientific Reports, 3(1), p. 1170 (2013); Santos et.al., New Journal of Physics. 17(8),
p. 083051 (2015)
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CrangapTHasi MULLEHb TWMA KOHOEHCATOP-KaTyLWKa & — N3MEPEHUS 1
0CODEHHOCTN AnarHocTukn®

a) 1000 b) 16 1000
st . nd =
Cu 1% experiment 2" experiment
5 800 800
. 8 12 .
e 4 co_ll-zs?gped wire € NI| w—
. g a=250 um 600 g y/ coil-shaped wire |
roton-
» rotation probe deflectometry ® 3 N 08 e Ni w
Probe beam RCP ® 400, ® straight wire - 400
ebeam pnay @ stack 2 3
{ ’ = E o4
i e " E 200 E 200
Intense laser o o
50}, 1
Tobwiem 0 Cu 0 0 0
no wire
-1
=~ 200 -200
ST o 20 ey ok caners 2 0 2 4 6 8 10 2 0 2 4 6 8§ 10
. time [ns] time [ns]
- 3 Capacitor-coil
target
a=250um i pm ?:‘::;:;7: ;:.:‘;lome Figure 4. Capacitor-coil target results of B-field against time measured by the B-dot probes (solid curves), for the B-field at the probe
500, 10""W/em? positions (left-hand side ordinates) and the corresponding B, values at the coil’s centre (right-hand side ordinates): (a) 1st experiment
Figure . (u) Photographi itor-coil argets. (b) Sketch —targets of different materials. (b) 2nd experiment—Ni targets. The grey dashed curves correspond respectively to a shot on the rear
disk holding the two Cu disks parallel at the distance do = 900 m but without any connecting wire, and to a Ni target with a straight

wire between the disks (no coil): their values refer exclusively to the B-field at the probe position (left-hand side ordinates). The
symbols refer exclusively to the B-field at the coil centre, B, (right-hand side ordinates), and are the measurements obtained for Ni
capacitor-coil targets by Faraday rotation (square, at t = 0.2 ns) and by proton-deflectometry (red circle, at ¢ = 0.35 ns). The smaller
orange circles represent B-field estimates from proton-deflectometry images obtained at later times: the discrepancy with B-dot probe
results is explained in the text by electrostatic effects due to electron trapping near the coil.

LLJ'IVITEﬂbHOCTb nopsgka AANTENbHOCTU N1a3€PHOro MMnNynbCa; CA0XKHOCTb N3MEPEHUA...

*Santos, J. J. et al. Laser-driven platform for generation and characterization of strong quasi-static magnetic fields. New
Journal of Physics 17, 083051 (2015); Santos, J. J. et al. Laser-driven strong magnetostatic fields with applications to
charged beam transport and magnetized high energy-density physics. Physics of Plasmas 25, 1-11 (2018)
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CrangapTHasi MULLEHb THMA KOHOEHCATOP-KATyLWKa : — aKKypaTHble N3MEPEHUs 1
ocoberHocT anarnoctuku!

MpoToHHast paguorpacpusi: 0guH U3 NPUMEPOR

a) t=1.1ns

Intense laser

501, 1ps
101 Wzm,z RCF stack
X
10 pm Au a N .
Probing Driver laser
500J,1ns
proton 1017 Wem?

beam | = ZZkA,Ba=53T

15KA, Bo=35T | /=11KkA B,=26T
a=o ; :

oov_ ,yao

FIG. 2. (a) Sketch of the proton-deflectometry setup (not to scale). (b) Zoomed RCF data for 131 MeV protons from shots with varying delay between the
lasers, At = 0.25, 0.5, 1, and 2 ns (from left to right). The labels give the probing times, accounting for the protons’ time-of-flight between the foil and the coil.
(c) Corresponding synthetic proton-deflectograms, obtained from numerical simulations of the proton trajectories through 3D B-field maps matching the exper-
imental data (labelled by the dlscha.rge current / and the correspondmg strength of the B- ﬁeld at the coil center BO) (d) Idem setting the B-field strength to the
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ﬂpmmep NCNONBb30BaHNA MArHUTHbBIX NOJEN A1A ynpaBa€HnUA MOTOKAMU HaCTULL

COMMUNICATIONS

ARTICLE

OPEN

Guiding of relativistic electron beams in dense
matter by laser-driven magnetostatic fields

M. Bailly—Grandvaux1, J.J. Santos® ‘, C. Belleﬂ, P. Forestier-CoIleonﬂ, S. Fujioka® Z, L Giuffrida1, 1. Honrubia3,
D. Batani', R. Bouillaud', M. Chevrot?, J.E. Cross®, R. Crowston®, S. Dorard?, J.-L. Dubois', M. Ehret'7, G. Gregoris,
S. Hulin', S. Kojima2, E. Loyez?, J.-R. Marqués?, A. Morace?, Ph. Nicolai', M. Roth’, S. Sakata2, G. Schaumann’,
F. Serres4, J. Servel1, V.T. Tikhonchuk1, N. Woolsey6 & Z. Zhang2

a ; ) Configuration (i)
Coil-target driven by No applied B-field With applied B-field
high-energy ns laser
At=1ns )
Atb. units
d e 1
Intense ps laser V
B — — o
T - Atb. units
h | i g s
Shield | R
P P 17 - 4
[ 1 2
== —— o
o = = = =
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“Konpgercatop-kaTywwedHblie muwenn ¢ "annHHbiMn' umnynscamm

Mapametpsr: 7 2 100 nc, L ~ 100..1000 pm: KBa3nCTaLMOHAPHBIA PEXMM FEHEPALMM MATHUTHOTO MOAS

B-field

laser intensity \
< > time
1ns

v

0.1cm/3x10%%m/s = 3 ps
> 300 > 1.
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3aMevaHune 0 pexxrMe B3aUMMOAEACTBMS

HYem Gosblue MOLWHOCTL (KOpOYe NasepHblii nMMyasC), Tem BObLIE MAarHUTHOE MoJie

Bo MHorux npunoxeHusx ropasfo felleBsie U NpakTU4Hee UCNoib30BaTb KOPOTKME
MMNyabChl (Hanp. 3ajaqa yCKOpeHUs qactuL)

Ho npu ymenbwenun gautenstoctn € < 1!

[m] = = =
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“KoHpgeHcaTop-KaTyLeyHble MULLEeHN MOry ObITb MPOCTO YMEHbLLEHbI

Mpumep B3aMMOAENCTBUS C Manoli MuULieHbl ans >
MONYYEHUS1 MarHUTHOrO Noas BoMbLIOH aMNANTYAbI f

7~ 100 fs, L ~ 10 pum: 10
npm 3tom & 2 1.

KopoTkune nmMnynbebl, BbICOKAsA MHTEHCUBHOCTL WMMYALCOB, Mablli
obbem — 10 kT.

TBrantov et.al. (2019) Laser Physics Letters, 16(6), p. 066006
o = = = E 9DaA¢
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"Kopotkue" nmnynbcel, "npotskénrbie" muwenn

VYMeHbLUeHne ONNTENBbHOCTU N1a3€PHOro nmMmnyabca — yBeanv4eHne NHTEHCUBHOCTMN...

Oxknpaetcs, yTo:
bonee BbICOKOAS NHTEHCUBHOCTb — Bosblue ropsiynx (ObICTPbIX, HETEMIOBbIX)
5/1EKTPOHOB —
CUNIbHEE Pa3psifHble NPoLecchl (TOKM) — CIbHEE MarHWTHbIE MO,

Kak npu ycnosun € < 1) co3path 061acTb KBa3WOAHOPOAHOIO KBA3NCTALMOHAPHOTO

MarHUTHOrO Nons?
MoxxHO N1 3pDEKTUBHO YBENNYUTL ANUTENBHOCTb Pa3psAHOro UMNysbea’?
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"Kopotkue" nmnynbcel, "npotskénrbie" muwenn

PaspsigHbIfi 31€KTPOMArHUTHBIN MMMYNLC PACIPOCTPAHSETCH MO NPOBOAHUKYS:

3KCI'IepVIMeHTZ nepexoaHble npouecchl, HO pa3p;|,u,Hb||7| nMnNynbC 3aMe€THO OJINHHEE N1a3€PHOro nMnynbca,

Upropagation < C-

ps-laser 1
TABLE 1. Group velocity of the wave front along straight sections of the Cu wire in
units of the speed of light c. Laser parameters and target material were not intention-

ally varied. Shot no. 25 allows observation of the wave front in two consecutive pairs
Shield of RCF, yielding two measurements that agree within the margins of their
K uncertainties.
_Stac £ e
RCF £ < Discharge-target Target Group
g=12 A Shot No. driver energy type velocity v,

l_e i 11 515] DPCT (0.77%0.10) - ¢
- \ 21 51.5] DPCT-f (0.82£0.05) - ¢
i 5 22 47] DCT (0.82+0.18) - ¢
ps-iaser 37 535] DCT (0.78+0.20) - ¢

\ 41 414] DCT (095499 . ¢
mm A=1053 nm 25 443] DLT (0.80%0.08) - ¢
t=500"fs 25 443] DLT (0.78+0.09) - ¢

—1 | 5F-1(=)]§0WJ/ N 51] DLT (0.8119%) . ¢

— =5 cm

11.1 MeV p* | 10.5MeV p* | 9.9 MeV p* 9.3MeVp* | 86MeVp* | 7.9MeVp* 7.2 MeV p* 6.3 MeV p* o * 4.3 MeV p* 2.8 MeV p*
X 6.5 9.8 13.5 18.2 23.5 29.6 38.9 4 k. 5
T T T T T T T T

t/ps]
+20ps

S:
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Y70 onpeaensieT CKOpoCTb pacnpoCTpaHeHUst UMMyabCa?

Hanvwem ypaBHeHusi Makceenna pnisi 6eCKOHEHHOro NAasMeHHOro LUAMHAPa

(0.Ep(r,2,t) — 0, E.(r,2,t)) & = —L0,B(r, z,1),
%BT(’/'BQ(T, 2, t))gz - BZB9(Ta 2, t)é;“ = %8155(7", th)a
10, (rDy(r, z,1)) + 8.D.(r, z,t) = 0.

C TEH30pOM ,D,MSHeKTpIII‘-IeCKOﬁ MNPOHNLUAEMOCTN AN NJla3Mbl

o0

_ =z 2 _ _
roe F(z) = W S mdz We = \/4mnee?/m, — 3NeKTPOHHAs NNa3MeHHas YacToTa, vy = /1. /me.

JlncnepcronHoe cooTHoleHned

1 2
Ko(aka) (—sw(w,k) - k“—) Io(Bka) Q)
Ki(aka) af I(Bka)’
roe o = +4/1— (kc)z, 8= i\/iiigig 5“(;’52, I;(z) n K;(x) — mogndpuumposaHHubie pyHkumn Beccens i-ro

nopsAgKa Nepeoro M BTOporo tmna COOTBETCTBEHHO.

§M. Ehret et al., Guided Electromagnetic Discharge Pulses Driven by Short Intense Laser Pulses: Characterization and
Modeling, Physics of Plasmas 30, 013105 (2023).
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becctonkHoBuTENBHOE NOrnoweHne, 3aBNCNMOCTb OT HATPEBA

AHanus gMcnepcnoHHOro COOTHOLLIEHUS! HA KaYeCTBEHHOM YypOBHE =
MMNYLC PACMPOCTPAHSIETCS B MPUNOBEPXHOCTHOI NporpeToii naasme’

T, = 160 keV
1.0 \/<7
Yoo/ dk:
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T, = 50 keV R
X7 1.
08 0
0.8 n=10*?cm”
0.6 0.6 T=1keV
v wsec™!
ot 04" 100 1011 1018 10M.
o4 — this does not match

10° 10° 100 107 102 108 10"

FIG. 9. (a) Frequency dispersion of the discharge pulse group velocity, calculated numerically from the dispersion relation equation (14), for n, = 10" cm~2 and T, = 1keV.
(red, lower curve), T, = 50keV (blue, middle curve), and T, = 160keV (black, upper curve). (b) The numerical solution for the group velocity for n, = 10?2 cm=3 and T, =
1keV. (c) The phase velocity for the lower branch of the dispersion relation equation (14) for n, = 10'"® cm~3 and T, = 160keV.

§M. Ehret et al., Guided Electromagnetic Discharge Pulses Driven by Short Intense Laser Pulses: Characterization and
Modeling, Physics of Plasmas 30, 013105 (2023).
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MarnutHoe none "Bmoparknsaercs' B NPUNOBEPXHOCTHYIO HArpeTyto naasmys

B pesynbTaTe:
m PaspsigHelii nMnynbC ropasgo AJvHHeE, YeM Ja3epHoe BO3AelicTBue.
m BeccronkHOBMTENBHOE MOM/IOLWEHNE CYLLECTBEHHO AN PEXNMA pacnpocTpaHeHns!
m B kaTyLluke KOHTYp TOKa 3aMblKaeTCs B NPMNOBEPXHOCTHOM HArpeToili niaasme — hopMmupyetcs '"MarHuTHoe

none konabua"
Electron Magnetic longitudinal view:  side view:
density 72, field B | 9 e
aq 9_’
| Lorentz
10. force A 2
' > X a =4 §*§ g

73MeV  5.5MeV  2.9MeV
at36.0ps at 55.0ps at 112.0 ps

es B-field

#2 #27] #29

0.8 81MeV 55MeV 6.5MeV  2.9MeV
0 z,um 500 at35.2ps at61.2ps at 124.4ps at 195.7 ps

connection (5.5 ps)

0 z,um 500

§M. Ehret et al., Guided Electromagnetic Discharge Pulses Driven by Short Intense Laser Pulses: Characterization and
Modeling, Physics of Plasmas 30, 013105 (2023).
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[lonpobyem ynpoctuts MuweHb aasi Hanbonee spdpeKTUBHONR reHepaunn noss

CKOHUEHTpUpYeM BeCb paspsif B 0bsacTu BUTKA
=
OcTaBUM TONBKO CaM BUTOK, HO HY>XHO CO3[AaTb HanpaB/eHHbIA TOK.

o = = = E 9DaA¢
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IKatyweyras" muwensl ¢ @ ~ 100 um u 0.5 nc NasepHbIM UMNYNLCOM:

"npotaxérnnaa" mMueHs

target sketch

l—
20 pm

2.95 mm 163 mm

DkcnepumeHT bbin caenad Ha yctavoeske PHELIX (GSI, Darmstadt)
I~2x 10" W/em?, 7~ 0.5 nc,

SHeprus~ 50 J

HuvarHocTtuka: npoTonnas pagmorpadcus

Tlu. Kochetkov et al., Neural Network Analysis of Quasistationary Magnetic Fields in Microcoils Driven by Short Laser
Pulses, Sci Rep 12, 13734 (2022)
o <& = e ERING
KopHees 07.11.2024, HenuHeilinbie BonHbl - 2024



0000000800

IKaTyweynas" muwers! ¢ @ ~ 100 um n 0.5 nc nasepHbIM UMMNYABCOM:

"npotaxérnnaa" mMueHs

[lBe opmeHTauuM MULIEHN ANA NAEHTUDUKALNN MArHUTHOMO MOJIS

Shot 18 Shot 22
a b . Q‘ front view side view g front view side view
target sketch target image — —
-Jr =g  — - =2 e— [r—
= B B [T\lB @ B
o / /_
= L
3 focal proton [ focal |proton
spot beam spot | beam

20 um

Neural Network Analysis of Quasistationary Magnetic Fields in Microcoils D%ven by Short Laser -

Tlu. Kochetkov et al.,
Hll » Py A a)
07.11.2024, HenuHeilinbie BonHbl - 2024
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IKatyweyras" muwensl ¢ @ ~ 100 um u 0.5 nc NasepHbIM UMNYNLCOM:

"npotaxérnnaa" mMueHs

AHann3 aKCNepMMEHTAIbHBLIX AaHHbLIX NOKa3blBaeT
Jonroxuyluee MarHutHoe nose ~ 300T -
CaMOCOrlacoBaHHasl CTPYKTypa Noje-TOK:

@288
a  eaean

128913413
o @13 12m6xs

ol
2@y sa@isxs
Ee o e dense layer

30 neurons

output

L

Max-Pool
£xb kermel

Max-paoi
Fdkernel  Convolution
353 karnel

Convalution

max[C(x, y)]
max[Co(x,y)]

H 140 @ CNN: training runs #1-21 0.85
£ A ) .
H FH Correlation-based estimate
o H 120 FH CNN-based estimate 0.81
5 100 0.77
g 107 H 0.73
2 s 2 80
i = 0.69
60
1079 training 0.65
—— validation
40
0 100 200 300 400 500 0.61
Epoch
Figure 3. Architecture of the developed CNN (a) and learning curves for training and validation data sets, 20 0.57
obtained in training run #1 and displaying the decrease of the mean squared error with the number of epoch
(b). Panels (c1) and (d1) provide a comparison of proton patterns obtained in the experiment and in simulation 0 0.53

for the field parameters extracted in training run #1. Corresponding 'void’ contours used for assessment of the
fields are shown in panels (¢2, ¢3, d2); for the experimental image two different possible contours are shown,
(€2) corresponds to the parameters of the contour retrieval algorithm that intuitively provide a better fit of the B, T
‘void’ region boundary while (c3) corresponds to the parameters which match those that were used to retrieve

the contours from all synthetic images. For easier comparison experimental contours are shown without inner
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MuweHn Co CKONb3AWMM NAJEHNEM

000000000 e

IpoBONOKY

Kak dbopmupyetcst cTaumoHapHas CTPyKTypa rnpu yCiaoBum I

e emate=0121

YuncneHHoe wMogennpoBaHWe AEMOHCTPUPYET ABa CLEHapusi B

5 | . di
3aBUCNCMOCTUN OT 3aMblKaHUNA KOHTypa C TOKOM: 3 :
m MarnutHoe none ucyesaet nocne ~ 1 nc
(Paspsia yXo@uT 13 KoHTYpa). jrem— ol
m MarHnTHoe none KBasnCTaunoOHapHO : .
(paspsia 3amblkaeTcst B KOHTYpe). L - -
Magnetic field: spatial distribution Magnetic field: time evolution N 213 o
B,, kT att=1.115 ps 8 10
7 "circuit closure” o e
3 ~ scenario -1 1o
40 ___ "no circuit closure” -2 -
6 scenario -3 e
2 ny ematts
s o
30 i
4
g \ 0 &
” 20 ! 3 B, KTatt=0603ps
) . .
2 . 10
10 { -2 4
1
3 e
0 0 | : e
0 10 20 30 0.0 0.2 0.4 0.6 0.8 1.0 ’
X, um time, ps X W,
KBa3ncraumMoHapHOCTb = 3aMKHYTbI/i KOHTYP C TOKOM ‘ | g 2 -
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BeiBogb!

once more
the same
laser pulse

magnetized
plasma

magnetized
plasma

magnetized
plasma

B cnydae ckonb3siwiero nafeHns, AJvHa B3anMOAeiCTBNSI 3aBUCUT OT
NCTOLWEHNSA UMNYbCA, @ HE ero AJINTENbHOCTHN.
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Muwenn co ckonb3swnm nagedem npu & ~ 1

time step = 6007,

= %
1

B NONOCTHbIX MWLLEHAX CO
CKOMb3AWMM nageHnem* cosgaércs
3aMarHn4eHHasda naa3mMa, B KOTOpOﬁ
3adMbIKa€TCA KOHTYP C TOKOM.

DKCNEepUMEHTaNbHO nokasaHa
paboTocnocobHOCTL TakMX MULLEHE]
B ns pexume! (6>1) u B nc
pe>K|/||v|e:'5,§,1I (& ~1).

*Ph.K., E. D'Humiéres, and V. Tikhonchuk, Gigagauss-Scale Quasistatic Magnetic Field Generation in a Snail-Shaped
Target, Physical Review E 91, 43107 (2015).

TT. Pisarczyk et al., Magnetized Plasma Implosion in a Snail Target Driven by a Moderate-Intensity Laser Pulse, Scientific
Reports 8, 17895 (2018).

IK. F. F. Law et al., Relativistic Magnetic Reconnection in Laser Laboratory for Testing an Emission Mechanism of
Hard-State Black Hole System, Physical Review E 102, 033202 (2020).

$M. Ehret et al., Kilotesla Plasmoid Formation by a Trapped Relativistic Laser Beam, Phys. Rev. E 106, 045211 (2022).

o &5 = = = Al
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OnTuyeckn-nHgyum

0OO0@000000000¢

[eHepauust 3amarHuyenHoi ropsideii naasmel ¢ B > 1kT $8, € <1

dkcnepumeHT Ha yctaHoske PHELIX
(GSI, Darmstadt)

I~2x 10 W/em?, 7~ 0.5 nc,
dueprus 50 J

OwnarHocTuka: NpoTOHHas
pagunorpacdus

Snail Target (S9)

TNSA

Snail Target
(S9)

a) Magnetic field and magnetic flux

1600

35 b) 59 target | 56 target
1400 35
1200 30
25
1000 -
H
5 80 203
z [
600 15 §
S
wol 4 Shot11(se) 10
o Shot12(s6)
200{ W Shot7(s9) stle g
+ Shoto(s9) clectric fied  magneticfeld
o mprint

0 20 30 4 S0 e 70 8 9%

§M. Ehret et al., Kilotesla Plasmoid Formation by a Trapped Relativistic Laser Beam, Phys. Rev. E 106, 045211 (2022).
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[eHepayusa 3amarHuyenHol ropsyeii naasmol ¢ B ~ 200T *, & ~ 150pm /800pm < 1

Ewé oanH skcneprMeHT Ha yCTaHOBKe [N e
PHELIX (GSI, Darmstadt) Snail Target
I ~2x 10 W/em?, 7~ 0.5 nc, (S6)
SHeprua 50 J

[wnarHocTtuka: NpoOTOHHas

pagunorpacdus

// / J’j
TNSA (foil) target/ Grid /| /Snail Target (S6)

*Ph.K, N. Bukharskii, I. Kochetkov, M. Ehret, J. J. Santos, Y. Abe, K. F. F. Law, S. Fujioka, G. Schaumann, and B.
Zielbauer, Optical Generation of Quasi-Stationary Plasma Electromagnetic Structures for Particle Collimation with PetaWatt

Picosecond Laser, arXiv:2304.07816.
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[eHepayus 3amarHnyeHHoii ropsivein naasmel ¢ B ~ 200T*, & ~ 150um/800um < 1

a 2D cross-correlation peak

S9 target at 28 = 8 ps

0.85
0.80
0.75
0.70
0.65
0.60
00 200 300 400
B, T

200

150

100

U, kv

50
COTHI/I Tecna B kBasucra LNOHAapHOM
pexxume (aecsaTkn nc). 9
b Average magnetic field in the cavity Electric potential of the target
250 e S9 target 200 T e S9target
:_‘ 4 S6 target 150 4 S6 target
200 bt
)—_%—1 —
';.150 1 3 100 ‘ ‘
£ p=}

‘
100 0 ”_[_
50 1
o 0 f

20 40 60 20 40 60
time after laser pulse, ps time after laser pulse, ps

*Ph.K, N. Bukharskii, I. Kochetkov, M. Ehret, J. J. Santos, Y. Abe, K. F. F. Law, S. Fujioka, G. Schaumann, and B.
Zielbauer, Optical Generation of Quasi-Stationary Plasma Electromagnetic Structures for Particle Collimation with PetaWatt

Picosecond Laser, arXiv:2304.07816.
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BeiBogb!

SkcnepumeHT Ha yctaHoeke LFEX
(Osaka)

I~2x10" W/ecm?, 7~ 1 nc,
Sneprus 500 J

AwnarHocTuka: NPOTOHHas
pagumorpacus U CreKTPOMETpbI

Obuasn cxema aKCNepuMeHTa.

*K. F. F. Law et al., Relativistic magnetic reconnection in laser laboratory for testing an emission mechanism of hard-state
black hole system, Physical Review E 102, 033202 (2020).
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BeiBogb!

PopmupoBaHmne bUNoNApHO CUIbHO-3aMarHNYEHHOVA CprKTyprT

[eomeTpusi 0bnyderns coorseTcTBOBaNa @ cxeme (a), MarHUTHbIE NONSs
pacnpegenensl cornacHo (b), Tokn J, nokasasl Ha nanenn (c).

@) Micro-coil (b)
LFEX laser

B, (M)

7 Current in = jr +Js
’ sheet

X (jom)

fK. F. F. Law et al., Relativistic magnetic reconnection in laser laboratory for testing an emission mechanism of hard-state
black hole system, Physical Review E 102, 033202 (2020).
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CpaBHEHME SKCMEPUMEHTANIbHBIX 1 PACCHUTAHHbIX CrekTpost

12 Proton energy spectrum (LFEX#2888) Electron energy spectrum (LFEX#2905)
a) b
MNWBﬂ
. . — — p=1798 ftting
{10'” [ v
- ,'.k.
0 b
g 10° *
.. g -
(a) MpoToHHble cnekTpbl (4épHble =2 -
KpecTukn) > 6 MeV. ,
10
(b) dnekTpoHHble cnektpbl > 100 keV. s - T o e ao
() I (d) o
CnekTpbl, MOJIyYeHHbIE B 4YUCJIEHHOM 101 ——Froton snergy (P2 simulat — 1o —— Sk onewy o
MOAENMNPOBaHUN, ANS NPOTOHOE (C) m £497 sing
10
anekTpoHos (d). b 10°
ERLE 3
s s
8 g
ERL ES
o 10?
10° 107
107" 10° 10? 102 107" 10°
E (MeV) E (MeV)
v

*K.F. F. Law et al., Relativistic magnetic reconnection in laser laboratory for testing an emission mechanism of hard-state
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[lapameTpbl naasmbl B MuLieHn™*

Magnetized hot plasmas | B [T] ne [m=3] | T. [K] ghot .= va/c
uone—mBecm

Laser-driven “snail” ~ 3000 | 10%%..10%*] 10%..10'0 | 40-200 0.22-0.58

Cygnus X-1 8 1000 5x 10 | 10° 130 0.3

Microquasar coronae’ 10..1000 | 10%..10%2| 10 1071..10° 0.003..1

Fast reconnection region || 7 x 10* 106 108 5 x 10'2 0.9

of GRB jet |

$Del Santo et.al. The magnetic field in the x-ray corona of Cygnus X-1. MNRAS 430, 209-220 (2013)

TMelzani, M. et.al. The energetics of relativistic magnetic reconnection: ion-electron repartition and particle distribution
hardness. A&A 570, A112 (2014); Reis, R. et.al. On the size and location of the X-ray emitting coronae around black holes.
AJL 769, L7 (2013).

IMelzani, M. et.al. The energetics of relativistic magnetic reconnection: ion-electron repartition and particle distribution
hardness. A&A 570, A112 (2014); McKinney, J. C. & Uzdensky, D. A. A reconnection switch to trigger gamma-ray burst
jet dissipation. MNRAS 419, 573-607 (2011).

**K. F. F. Law et al., Relativistic magnetic reconnection in laser laboratory for testing an emission mechanism of hard-state
black hole system, Physical Review E 102, 033202 (2020).
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Beepenne TUYECKU-UHAYLUN aHHbIE pa3ps PO cu, & Beisoab!
O 000000000 @00! (¢ [©]

Ces13b ¢ acTpodusnyeckumu Habnogernsimu: Cygnus X-17

CreneHHble XBOCTbI B SJIEKTPOHHOM pacnpeaeneHnin TEMEHHbIE XBOCTbl B XKECTKOM n3ny4veHmnn

10 F (a) \ 4
10t 1 -4
- wf £ i
T oof ;o 1
ki 4 H
- R W ]
o T 3
E‘h otk wi—-
YIS p % 4
100 b \
1o E / 3
10 " \ -~
10410%10-410-210-20.1 1 10 10% 10% 10* 10° 10° 10" 10° 10° 10%°10" 102
E [eV]
b (b) 1
104 4
oo 4o 1
:-: 100 ': | E|
g 10F T B
E s - | W"’+ Vi o 4
i‘. 01 ‘\
YIS ‘
107 k|
104 o N =
107 Ey » \ 4
O 0050 110 10t 105 10109 100 107 100 10V 010 104
E [eV]
Mpepnaraembie* obbsicHeHns Habnogaembix cnekTpoB: (a) mogenb 1. MsArkuli CNEKTP MHXKEKTUPYEMbIX 3JIEKTPOHOB
(p = 2.5), komnToHn3aums. (b) Mogenb 2: XECTKUA CNEKTP WHXKEKTUPYEMbIX 31EKTPOHOB (p = 1.4), CMHXPOTPOHHOE
n3ny4yeHue.
v

* Zdziarski et.al., (2014) ‘Jet contributions to the broad-band spectrum of Cyg X-1 in the hard state’, MNRAS, 442(4), pp. 3243.

TK. F. F. Law et al., Relativistic magnetic reconnection in laser laboratory for testing an emission mechanism of hard-state black hole system, Physical Review
E 102, 033202 (2020).
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Kyco4yek 3Be3abl B 1abopatopun

[Monoxxenne wuctounnka Jlebegp X-1 Ha
Hebe 1 ero n3obpa>keHne B PEHTrEHOBCKOM
cnektpe (Chandra X-ray Observatory)?

@ @ oiei sk |

B mukpockonnyeckom obbéme, Ha KOPOTKOE BPeMSi CO3L4AaHO COCTOSIHME MJa3Mbl C MapaMeTpamu,
COOTBETCTBYHOLUMMU NIA3Me B aKKPELMOHHbBIX AUCKAX TECHBIX ABOWHbLIX CUCTEM.

*https://fr.wikipedia.org/wiki/Cygnus_ X-1
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KN-uHayun aHHbIE pa3psaab DO o & Beisoab!

00000000000 e!

okamu Hactuy *, & ~ 150pum/800pum < 1

Electron beam profile 60 mm away from
the target plane

BosmoxHa adbpekTnBHAS KONAMMALMSA MTPOTOHOB U a fezbmmTezsMe b fezdmmTaTs ey
B"; U=9 kv

B=3:B"; U=90 kv

] v co-axial co-axial
SNIEKTPOHOB B paMKaxX O4HOW ONTUYECKOU CXEMBbI. o
Proton beam profile 60 mm away 4 ' )’ /
from the target plane e ? {
E
no fields b Collimation setup 3 ° 4‘ \ ‘
sketch -2 N
” . N \\ 08
-6
420 2 4 6 6420 2 4 6
C f=8.7mm; T = 40 Mev d f=8.7 mm; T = 120 MeV
B=B"; U=90 kV B=3:8";U=90 kV
, | co-axial co-axial
06
C d
1
E //'\
; S
H s
H -1 \
H
g -2 04
s
|2 2 a0 1 2 2 a0 1 2
e f=8.7mm; T=45Mev  f f=8.7 mm; T=135 Mev
f 8=250 T; U=70 kV B=750T; U=70 kV
, | homogeneous homogeneous
3 02
[= 1
5
i A 4 N
-1 ; ’
-2
— o0
2 a o0 1 2 2 4 o0 1 2

*Ph.K, N. Bukharskii, et.al., Optical Generation of Quasi-Stationary Plasma Electromagnetic Structures for Particle
Collimation with PetaWatt Picosecond Laser, arXiv:2304.07816.
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MoxHO 1 BO3DY>XAaTh KBA3WCTALMOHAPHBIE MarHUTHbBIE MOt OC 1a3epHbIMY
nMnyabcamu’?

B atom cnyyae £ ~ 0.1...0.001!

o 5 = = ) Q>

KopHees 07.11.2024, HenuHeilinbie BonHbl - 2024



Muwenb Tuna "yautka" B dbc pexume *, £ < 1

MoxHo!

MoxxHo MCnoJsib30BaTh
HECKONBbKO UMNYNbCOB, MOXHO
nosy4aTb bonbLumne 3Ha4YeHus
KBa3UCTaLMOHAPHbIX MarHUTHbIX

noJeii Npu CNosb30BaHNM JOCTaTOYHO
MOLUHbIX Apaiisepos **

*N. D. Bukharskii & PhK, Study of a Highly Magnetized Relativistic Plasma in the Context of Laboratory Astrophysics

t=0,26ps  x10°T

x105 T

o Iaserl _ M

One pulse

I

t=0,26ps X

wo pulses
‘| delay 75 fs

M

t=0.26ps  x

wo pulses

delay 200 ps

N

t=0,26ps  x

x

hree pulses

‘| delay 75 fs

N

k‘g

20 40 60
x, um

60

and Particle Flow Control, Bulletin of the Lebedev Physics Institute 50(8), p. S869 (2023).

**Building ExaWatt facility, 12 multiPetaWatt beams, Nizhny Novgorod, Russian Federation
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Muwenb Tuna "yautka" B dbc pexume*

Electromagnetic energy in the simulation box

— single laser pulse
2.5
—— two laser pulses, delay 75 fs
3 2.0 —— two laser pulses, delay 200 fs
@
E 1.5 —— three laser pulses, delay 75 fs
g1.0 23% 18%
&
0.5
duepreTnyeckas 3¢hdeKTUBHOCTE B o
0.0 b b
pac4yeTax ~ 20% 0.0 0.1 0.2 0.3 0.4 05 | 0.6
time, ps
X Magnetic flux inside the target
5
el
2 2
]
5
Q15
@
c
o
210
5
0]

0.0 0.1 0.2 0.3 0.4 05 0.6
time, ps

*N. D. Bukharskii & PhK, Study of a Highly Magnetized Relativistic Plasma in the Context of Laboratory Astrophysics
and Particle Flow Control, Bulletin of the Lebedev Physics Institute 50(8), p. S869 (2023).
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KanunnsipHble CTPYKTYPUPOBaHHbIE MULLEHN ODECMEYNBAOT PEXMM CKOJIb3SILLErO
++
pacnpocTpaHeHus B nc, pc pexume +

10 pm

[Mpumepbl KaNUANAPHBIX MULLEHETR

#phK, Tikhonchuk, V., D’Humiéres, E. Magnetization of laser-produced plasma in a chiral hollow target. New Journal
of Physics, 19(3), 033023 (2017)
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Y70 ecnu BO34elicTBOBATL Ha AJIVHHbBIE MPOBOJIOKN PC MMMyAbCaMK?

Bes ckonb3siwero nagenus, npu ycnosun & ~ 0.1...0.001

o 5 = = ) Q>
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Kakoii cueHapuii MOXHO oxXunaaTth?

m DHeprusi B oC UMMNYAbCE TOpa3fo MeHbLUE, YeM
B NC UMMY/bCE NPW TOR XKe UHTEHCUBHOCTN.

| HarpeB n nornoweHne mmnynbCa CylweCTBEHHO
MEHbLLE.

m MoXXHO /i 3aMKHYTb KOHTYp C TOKOM?

[Mony4nTca A KBa3MCTALMOHAPHOE MarHUTHOE
none?

KopHees
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Cyb-mm Muwenn B dpc pexxume : Ty n3nyyerne

Ectb NCCnenoBaHnAa ansa npAmMbIX MPOBOJIOK:

EPJ Web of Conferences 195, 03002 (2018) ips:Adoorg/10.105 epiconf 201519503002
2018

Laser induced THz Sommerfeld waves along metal wire

?, A.SKuratov', A. Maksimchuk®, Yu. M. Aliev? and V.Yu.Bychenkov'?

Novel efficient THz undulator using a laser-driven wire

Kazuhisa Nakajima

Light: Science & Applications (2017) 6, ¢17063; doi;10.1038152.2017.63; published online 19 May 2017

e-bunch
o

Laser puise

Metal wire

Fig. 1. Electron density contour plot at instant of 350 fs
after wire irradiation by laser pulse with a, = 2.

Figure 1 A schematic view of the laser-driven-wire-guided undulator (LWGU)
developed at SIOM. A femtosecond laser pulse iadiating a metal wire emits
an energetic electron bunch. Concurrently, a highly positive transient current
excites an outward-pointing radial electric field (£) and azimuthal magnetic
field (8;) along the wire. The laser-generated fast electrons undergo helical
betatron motion due to strong Lorentz forces and emit amplified THz
radiation

X (x10°-6)

* (x10--8)
Fig. 2. Transversal (x>0) and longitudinal (x<0) electric
field distributions in x-y plane at the instant of 350 fs after

‘wire irradiation by laser pulse with , = 4.7. Wire lies be-

PHYSICAL REVIEW E 95, 013201 (2017)

Terahertz generation from laser-driven ultrafast current propagation along a wire target

H.B. Zhuo,"*" S, J. Zhang,' X. H. Li,' H. Y. Zhou,' X. Z. Li,' D. B. Zou,' M. Y. Yu,"
H. C. Wu ' Z. M. Sheng,*** and C. T. Zhou'*

y
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Cyb-Mm muLLeHn B pc pexume :

PaccmoTprm  aHanor ofHOBWTKOBOI
MULLEHN ans reHepauunu
KBa3MCTaLMOHAPHOro MarHUTHOrO

noast B poc cnydae.

[Ana 3ambikaHust B ciydae @

nMnynbCa Hy>XHa O4YEHb TOHKAA LLUEb.

MoxHO 3anycTuTb paspsig no Kpyry!

0@00

Tl u n3nyyenne ot konbua*, £ < 1

discharge
current
pulse

THz
radiation

)

coil
target
intense

laser

pulse plasma

*Bukharskii, N., Kochetkov, lu. & PhK, Terahertz annular antenna driven with a short intense laser pulse.

Appl. Phys. Lett., vol. 120, no. 1, p. 014102, (2022)
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Cyb-mm muwenn B dpc pexxume : TIu nsnyyvenne ot konbua®, £ < 1

Ne, cm™3 B,, kT
Pe3yﬂbTaTb| HYNCNEHHOIO MOAENNPOBAHNA t=0.00ps _ ., t=0.36ps t=0.72ps s
(SM”_EI) 501 . 1001 [ 1 - 10
: i 80 4 | fro N s
540~ | 1020 560( " :g 1 0
m Paspaj pacnpocTpaHsercs no konbly [ IDINCIES i
301 A& L 10t “{ - —10 = -
(no 4acoBoii cTpesike Ha pucyHke). flg 2 b e 1o
20 + L <108 0 — — -15
- t=0.72 ps » t=1.08 ps t=1.44ps
m [1poTnBONONOXHBIA pa3psag cnabee N el I 10 ol
| 1021 -6 "’/- 6
(NpoTME 4acoBOIi CTpenke Ha PUCYHKE). c ° e \ 5] W\ 5
3 | 1020 |3 60 J L 41\
< = > 40 N / 'EZ 1 o 22
m Lllenb 3anonHseTca nnasmoii 3a Bpems | | Lo k — -
20 ' :8 E :8
OfiHOTO NPOXOAA UMMAYNBLCA MO KONbLY. | 20— -t aoe) o 0 s
X, m X, im X, m

P83p$I,D, MO>XXeT MHOIFrokpaTHO I'IpOVITI/I no KOJibuy B 3a4dHHOM HanpasiaeHUW.

*Bukharskii, N., Kochetkov, lu. & PhK, Terahertz annular antenna driven with a short intense laser pulse. Appl. Phys.
Lett., vol. 120, no. 1, p. 014102, (2022)
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A =800 nm, 7 = 24 dc, focal spot ~ 8 um, Iy ~ 102" W/cm?, Ey ~ 10 J.

m Chvwkom wupokasi wenb (4um vs 0.8um ans Cu)
NPensTCTBYeT KoJebaHnsMm.

m Chnwkom nérkoe Bewectso (Al vs Cu vs Au)
NpensTCTByeT KonebaHusM,

m CyuwiecTeyer ONTUMaNbHOE 3HayeHne
MHTEHCUMBHOCTM Ansl reHepauuu undnydenus (~ Io)

W ANs TeHepauumnm MarHUTHOro nons ~ 2.5 X .

[lpy BbICOKOW WHTEHCUBHOCTW CUJbHEE HarpeB —
Oonblle nornoujeHne U CUibHeEe PpacTArMBaeTCs
NMNynbC.

aBukharskii, N., Kochetkov, lu. & PhK,
Terahertz annular antenna driven with a short intense laser pulse,
Appl. Phys. Lett., vol. 120, no. 1, p. 014102, (2022)
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fs laser

fs laser

fs laser

PaccmMoTpum npoBonoYHbI OHAYAATOpP, 0by4aeMblii ~

10..50 dpc nHTEHCUBHBIM N1a3€pPHBIM UMMYJIBCOM.

PensaTuBnctckuid  pa3spsis pacnpoCcTpaHsieTcss BAOJb
NPOBOAHMKA W N3y4aeT B COOTBETCTBUM C

QS /pt R/cdg

.]t R/c ;3
A=- [ —=dr
c/ R

MpocTas oueHka Anst Hecyuleid 4acToThbl (TOYHOCTL <

10%):
e

2_%11/2 + cocs %

T

wo ~~

*N. Bukharskii and Ph. K, Intense Widely-Controlled Terahertz Radiation from Laser-Driven Wires, Matter and Radiation

at Extremes 8, 044401 (2023).
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B uucneHHoM mMomenupoBaHWM Mbl
BUAMM, 4TO paspsiiHblii UMNyabC B
pexxume B3aUMOAEWCTBUS OCTaeTCs

KOMMNAaKTHbIM n

Apansepa.
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*N. Bukharskii and Ph. K, Intense Widely-Controlled Terahertz Radiation from Laser-Driven Wires, Matter and Radiation

at Extremes 8, 044401 (2023).
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3nyyeHne nnn kBasmcTaumoHapHbli pexxum?*
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*N. Bukharskii and Ph. K, Intense Widely-Controlled Terahertz Radiation from Laser-Driven Wires, Matter and Radiation
at Extremes 8, 044401 (2023).
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OnTtuyecku-n MpoB3a aspsiab MuweHn co CKONb3AWNM NaAQEHNEM IpoBONOKY

m Cpean BCex ONTUYECKNX METOLOB reHepaLun MarHuTHbIX noseil Hanbonee paspaboTaHsl
pa3psgHble METOADI.

m [Napametp £ = c7p/L onpepensieT pexxum pacnpoCcTpaHeHUs pa3psifHOro TOKa Mo MpPOBOASILYEV
MULLEHN.

m [lepexogHble npouecchl BaxkHbl npun £ < 1.

] HOFJ'IOLLI,eHVIe, ancnepcna, reomeTpunHeckmne ocobeHHOCTN pPacnpoCTpaHEHNA NO3BONAIOT
KOHBEPTNPOBATb BPEMEHHbLIC MacLUTabbI BO3,£I'eI7ICTBI/I$I ANA NONYyHEeHNA KBAa3NCTaUuMOHAPHbIX nonen.

m KopoTkne mowyHble nasepHble umnynscel (nc, cyb-nc, ¢c) moryT bbiTb MCNonb3oBaHbl ANs
CO3[aHNsA MarHUTHbIX Nosell B Cyb-MM MpOCTPaHCTBEHHOM MacwTabe B KBa3MCTaLMOHAPHOM
pexxmnme.

m Ecnn paspsgHblii umnynbc octaéres komnaktheim, § = ¢7o/L < 1 (Hanpumep, npu dc
B3aMMOZENCTBIN) MULLEHb MOXET CTaTb 3bdeKTMBHbIM n3nyyatenem B TI 1 gnanasoHe.

Cnacunbo 3a BHUMaAHUE
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