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Generation of Ultra-short Pulse Hard X-rays with Ultra-short Pulse Intense Laser

Yutaka UESHIMA, Yasuaki KISHIMOTO', Akira SASAKI, Kengo MORIBAYASHI,
Keisuke NAGASHIMA, Masataka KADO, Akito SAGISAKA and Toshiki TAJIMA

Advanced Photon Research Center
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Japan Atomic Energy Research Institute

Mii-minami-machi, Neyagawa-shi, Osaka

(Received July 27, 1998)

Arelativistically intense ultra-short pulse (~10 femto seconds) laser pulse can produce large flux
of X-rays through the interaction with with electrons that are driven by its intense electromagnetic
fields. In the case of the high-Z matter irradiation of intense laser, X-ray with long tail is generated
through the complex processes, polarization and atomic process, although two main fast processes,
the Larmor radiation and Bremsstrahlung, are among the most significant mechanisms for X-ray
emission from short pulse laser irradiation on low-Z matter in the relativistic regime of intensity. We
evaluate the power, energy spectrum, brilliance, polarization, and time structure of these ultra-short
X-rays. We suggest a few methods that significantly enhance the power of Larmor X-rays. Because of
its peakedness of energy spectrum of Larmor X-rays, the Larmor X-rays have important applications,

light source of hollow atom X-ray Laser and ultra-fast spectroscopy.

Keywords: Relativistic, Ultra-short Pulse, Laser, Low-Z, Larmor Radiation, Bremsstrahlung,
Hollow Atom X-ray Laser, Cluster, Ultra-fast Spectroscopy
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table.1  Conventinal methods of ultra-short pulse generation of higher energy photons.
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table.2 New methods of ultra-short pulse higher harmonics generation.
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Fig.1 Time variation of momentum for a single particle under the short pulse intense linearly polarized laser.
The intensity and pulse duration are set to be @,=10 and FWHM 20 fs. Thin, bold solid and bold

broken lines represent momentum of x, y, and z components, respectively.
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Fig.2 Time variation of momentum for a single particle under the short pulse intense circularly polarized

laser with the same condition as in Fig. 1.
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Fig.3 Time variation of Larmnor radiation power for asingle particle. Thin and bold solid lines represent the

cases of linear and circular polarizations.
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Fig.4 Angular distribution of Larmor radiation for a single particle motion. Thin solid, broken and bold
solid, broken lines correspond to  @,=30, 20, 10 and §, respectively.
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Fig.5 Spectrum of Larmor radiation for a single particle motion in the direction of maximum emission in

Fig.4. Thin solid and gray broken lines correspondto a@,=30and 20, respectively. Bold solid and gray

broken lines correspond to d,=10and 5, respectively.
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Fig.6  Illustration of geometry for laser and Larmor radiation.
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Fig.7 Time variation of Bremsstrahlung emission power by a single electron motion.
Thin and bold solid lines represent the cases of linear and circular polarizations.
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Fig.9 Trajectory of a test particle in our PIC simulation of a dilute plasma
(n,, =10 cm™ ) under a intense laser field of a,=10 and FWHM 20 fs.
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Fig.10 Trajectory of a test particle in our PIC simulation of a dense plasma
(n,y =10%cm™ ) under the same field as in Fig. 9.
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Fig.11 Angular distribution of Larmor radiation for a test particle under a laser field of
a,=10. Bold and thin solid lines correspond to the cases of dilute and dense plasma

PIC simulations.
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Fig.12 Dlustration of geometry for laser and Larmor radiation in the focused laser method.



JAERI-Research 98-048

BB A MO X MEHE LR HOORNEL, TNENAR Mgy 27R Ayay]
ERBLDALBIENTEL, TOHEI Lo T, 4o iHER
(Aa, +27R,)(A,a) +47R )12 RUBIIGIR S ND LWl b0 TDMR, 7 -7 —
HO & BN ORI IR D X 9 ICEHIC & 5, 1 1E, 100TW L——%
BWT, a,=10, Z=10, n,=10"cm?, Ry =6um R, =64um\ZFKELIIGE. 7 —
< — ST 1keV BED X #1075 Wiem? . HIB) ST 25MeV RED v #
0¥ Wiem DR KBHMEFHF SN D, 1IPW L —HF =22 d. q=22
n,=10"cm”, Ry =8.5uwm R, =129um | 8E LB, T — < — 4T 10keV RIE
D XRTI0™ W/em?, HIBIYT 100MeV RZE D v #1110 W/ em® OFEFHREAT
o s,

LROFEEZED., SFTHERBLLHFEE, LY -5 7 — v —H4ERE
WEBIRET 24, FOLFVF—EHRUIR LG TRV, TOMEIZ, 1
BTHNLL X 1R DD (B+pxB) —(B-p) 0Fihty 2 L a5, X RO
7= L RBIL RS TH L, TIEOREICHIIL AL I,
b L. AT OMBES AL — I — AT A0 L T CHIUL, (E+pxB) -(E-p) ©
FiE | REL 2B OB’ P «yla LR L. BTOTFLF b
o ~ylaw, &% b, ZOWEEIIX, EIROMREBD HSbh D L5 IBEIIRE &
BRZ), TV BHOLZOLANTH S, ZOWIRTHEZRBRT ST,
L= — LRI S BT — Ak BIBIE S 2% ¥ TAST LT L v, 20
B4, BEREEIAEZEERD, ThbL. MHO Mev 4 — 5 —OBF
EBRTHOLNLETFV— AOTWABEE., 22075, 10 Nem BRETHY, 75
A HhICHEN L EHRBELILRLLEEPITNSVDTH S,

22T, BaRL-F-DERTEIRHELE T I X ICH T 4V AR A
Lizg =2y P&, UG T 2 DO/ OV ZAREE L — ¥ — LA miR
EEHYATLERET 5o SOVATLATR, —HOL—F—#AF LT
LTS 5% 8% 2L, b)—HOL—F -3 MEBFIINTET vV b
— Y —DREEFOLD D, TOFEE, KELFTTIO2DRBN O > TV %,
T BOCATN ST AP E DL~ — 2GRS H L THTF RN S
OO, MR R IAINVE—(y=1+a2/2)FTMESIEL, DL E, B
Fid, BEEFHyEICLEETAYFEND, RIC, RS NLBTRE 14KH
DU~ =47 5 X P e R L. BRORE LAY 5. ZOWBORE &
L= AEAL RV L) BRS¢ (0, /0,) A /x (T I70Y0F—F
DE) WL T2 zshv, Ik, NyFE/oMevA—F—Dx
FNF— FEONMEET ORI lmm U E2OT, BT IOBFREMBZ GE



JAERI-Research 98-048

BTEL, BFZIC, WEZEBLTELBFNELE2ABO7 V2L —% -1
— W= R LEMBHEEEL LT, L—F— 3L R ERRRED SV ANFO IR 5
— V- E/RLIIENTED, TOT—7—HEOWR B ICBVWT, 248
DU —F—DMEE a) & TIUE, BT — & KT T 2NV F— OBRKRMIZKD &
I B,

Pevya’ ~al'a’w, /4, (@ ~7'aw, ~a)aw,/4). (5.1)

TYyZab—=8—HOL—HY—%aqtThbE HTORRKIFIVF—De eV Lk
HE) V=T —RERRDLICLTRETE 5,

a; =4 M‘_(__A_"_) (52)
\J 3 \ium

BB F L y=1+a2ETET S0, L—H—DBEMILIR,. L
— W —DENER FRDL I CROLNEG,

al’ 7R} 1+a/4
RM=(}+ 3)1L= li ,Rm=,#—7%——ly (5.3)

EDEZLERV =W =37 —id, P[TW]=28x10"(a;’ +a,’)(1+a,’/4) & RF& b
2N TEL, ¥/, TvPab—=—3—-—RAL—-—H-DN X VIAR*%
R, =aR, = a(’,z\/(4a(;‘2 +1)/4nd N T T AR DBFEEE n,y=10"a;cem™ L 3
ETHL. 77— —HMEOBKREAMEL,

2
lum ) ( R, m
I W/ 2 E1012 2.,2 P ( 0 )
L[ o ] %Y AL 1 um \10% em™
2 2 r-2
1+4 1 um
=102g2| 1+2 Qo | ZHmY
2 4w AL

ERBOLLIENTELFigl3DFAT 7T AHli»rNTWES L HIZ, ZOFiE
DV —H— AT L TkeV~-MeV DFEIADRIT SV AT X #LASHMETHRS Z L aF
TELI LI D,

(5.4)




JAERI-Research 98-048

(laser input power [TW], X-ray output intensity [W/cm?] )

photon energy

20 ' ‘ C T L "(2‘060'1‘0187-5- _1Mev
\ P

T
V4

aI

15

’

~ < o (229,10')

. : !
\ H -

_ . T =~ -j100KeV
1 0 .............. B SRR et re]

é..-.--........jmKeV

acceleration laser

(i,1013.5) j1KeV
% : 100eV

0 5 10 156 20
undulator laser a

Fig.13 Diagram of the double laser system and the emission photon energy and power.
The vertical and horizontal axes are the strength a, of acceleration and undulator,

respectively. The lines represent a set of acceleration and undulator to obtain iso-

photon-energy emission. In the parenthesis, the needed laser power and obtained
emission intensity are described.



JAERI-Research 98-048

KR TIRR LV = —F ==X, b X R EOHEE L Tw
CODPDOFNEHNH D, table3 (3, TOFETHP L /28057 — <~ — i & fboig v
AXBEBELNELHEEDORKTH S,

scheme current |Lorentz  |undulator{instantancous emissionjaveraged emission
density [factor of] intensity intensity
[A/cm2] electron [photonslslcmzlbunch] [photons/s/ sz]
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' a,=22)| ' .
13 3t 18
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23 12
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Rk 3 : 29 16
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table.3 Comparison between present and ordinary methods of ultra-short pulse X-ray
generation.
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hollow atoms and inner-shell excited states
of sodium atoms.
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Fig.15 Gain vs. time in X-ray by inner-shell ionization

for sodium vapor.

The intensities of X-ray are distinguished by type

of lines
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Fig.16 Gain vs. time in X-ray by hollow atom of
solid density Na atoms.
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Figs.19 Time variation of laser electric field Ez at the center in the case of s polarization.
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