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A 2D axially symmetrical hybrid PIC code is developed to study transformation of the laser energy into x-rays in
plasma. A quasistatic approximation (the plasma wake is assumed to be slowly changed in a laser pulse frame) is
used to accelerate computation. A comparison with simulation results obtained with a fully 3D electromagnetic PIC

code is performed.
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The generation and application of high-brightness
X-rays is a fast developing area of science and technolo-
gy [1]. Diverse demands of multidisciplinary research
(fast process probing, biology object imaging, investiga-
tion of chemical reactions, etc.), as well as industrial
and medical applications, drive the quest for intense and
compact x-ray sources. Contemporary synchrotrons
equipped with wiggler magnets are the most intense
X-ray sources available now. High cost and large-scale
significantly suppress the wide use of those sources.

It has been recently predicted that part of the cold
plasma electrons can be trapped by plasma wake and ac-
celerated up to very high energy [2, 3]. Later this mech-
anism, called Bubble acceleration, has been observed
experimentally [4]. In Bubble regime, the plasma wake
is the solitary plasma cavity (Bubble), which is free
from cold plasma electrons, behind the laser pulse. The
trapped plasma electrons or external electron beam is
accelerated and simultaneously undergoes betatron os-
cillations in the Bubble. They efficiently radiate X-rays
due to the betatron wiggling.

Therefore, the laser-plasma X-ray source combines
the acceleration and wiggling processes. Moreover, it
dramatically downsizes the radiation source. The laser-
plasma acceleration system is very compact (several
meters) compared with that of conventional syn-
chrotrons or free electron lasers (hundreds meters) while
the effective plasma wiggler is also small (several cen-
timeters) compared to the magnet wiggler (tens meters).

Since the ultrahigh intensity laser-plasma interaction
is strongly nonlinear phenomenon, which is rich in com-
plex processes, the theoretical analysis of this phe-
nomenon is very difficult. The numerical simulation is
still very important and powerful tool for the interaction
investigation as well as the interpretation of the laser-
plasma experiments. The most efficient numerical meth-
od for simulation of laser-plasma interaction among
various numerical schemes is particle in cell (PIC)
method [5]. However, this method requires a lot of com-
puter resources for simulation of full-scale experiments.
Several quick PIC codes with so-called quasistatic ap-
proximation [6] have been developed [7, 8] to accelerate
computer simulations. In this paper we present a quick
PIC code with quasistatic approximation for simulation
of laser-plasma synchrotron radiation.

Let a laser pulse propagates along X -axis, and two-
dimensional axially symmetrical geometry is adopted.
The ions are considered to be immobile. It is assumed in
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the framework of quasistatic approximation that the
plasma quickly responds on laser field, and plasma
fields are the functions of 7 and ¢ = x- ct, where ¢ is
the speed of light. The characteristic times of the laser
pulse and the bunch of the trapped electrons are much
longer than the plasma response time. Fist, plasma re-
sponse is calculated, then the evolution of the laser
pulse and bunch is found in the plasma field distribu-
tion, and then again plasma response is calculated for
the new shape of the bunch and the pulse.

Like in PIC codes plasma is modelled by macro-
particles. Each plasma macroparticle is determined by a
longitudinal coordinate, ¢ , a transverse coordinate, 7,
momentum components, p, and Py, a mass 7, and a
charge 9. All particle parameters are functions of ¢ ,
thus, { plays a role of time. Unlike PIC technique, the

plasma macroparticles are the Langragian particles,
which move along trajectory line determined by the ini-

tial value of transversal coordinate, 7y. Information
propagates from the head of laser pulse ({ = 0) to nega-
tive values of { within the light speed frame. Accord-
ingly, we integrate equation of motion slice by slice
from { =0 to { =-L, where L is the length of the
simulation region. The plasma is assumed to be cold
thatis p, = 0 and p, = 0 at{ = 0.

Introducing a plasma wake potential ® = ¢ - 4, the

equations for the wake potentials and magnetic filed in
quasistatic approximations in axially symmetrical ge-
ometry (no dependence on azimuthal angle § ) are

A]q):jx_p, (1)
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S By 0+,
Varrg 0{2 .]xa (2)

where the gauge ¢ = - 4, is used, 9 is the scalar poten-
tial, A is the vector potential, By is the azimuthal mag-

netic filed, j is the density of electron current, £ is the
electron density. We use dimensionless units, normaliz-
ing the time by 1/0 p» the velocity by the speed of light ¢

, the lengths by c¢/0 p, the electromagnetic fields by
- mcl p/ q, the electron density 7 by the background
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. 1/2 .
density 1y, @ » (4nq2 ny/ m) is the plasma frequen-

cy. The obtained equations are similar to that in Ref. [7].
In quasistatic approximations

Hzy-pt0:=1, (3)
integral  of  motion  [3],

1/2
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is the where

is the relativistic gamma-

y b=
factor of the electron, <a2> is the ponderomotive po-

tential of the laser pulse [7]. P, and / can be found as

functions of { , 7, p, and a,z from Eq. (3). The equa-
tions of plasma macroparticle motion are [7]
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Making the use of Egs. (4) and (5), the current den-
sity and the electron density can be found by the way
adopted in PIC methods [5]. Egs. (1)-(5) are solved using
a finite difference scheme, in which a grid is set up in
both the axial coordinate { and the radial coordinate 7.

The evolution of the laser fired is described by a
parabolic equation (see in more detail Ref. [7]). A parti-
cle is considered to be trapped if longitudinal velocity of
the particle is more than the bubble velocity Vv, > V.
The bubble velocity is calculated from the solution of
equation for dynamics of the laser pulse. The dynamics
of the particle trapped is described by equations

dp _ _¢q

- 2 (E+|[vxB|)+F

oo Er VBt )
drope & _pe -
dt y dt y b

where F,,; is the radiation reaction force [9]. The

emission of electromagnetic fields by the trapped elec-
trons is included into the code. The emitted radiation ex-
erts recoil on the electron. The recoil force is also in-
cluded. The radiation generation and recoil force are
taken into account only for the trapped particle because
they are only the highly relativistic particles given the
main contribution into the radiated power. The reversal
effect of trapped electrons on the plasma wake is taken
into account as well.

We verified that the code developed gave the results,
which were similar to that obtained by a fully 3D rela-
tivistic PIC code [5] in a strongly nonlinear regime. For
simplicity, we consider the laser-plasma interaction ne-
glecting the trapped particle and the evolution of laser
pulse. This regime corresponds to the beginning of the
interaction when a laser pulse changes insignificantly
and number of the particles trapped is small. The inci-
dent laser pulse is circularly polarized, has the Gaussian

envelope a: g exp(- P82 L,zJ, and the wave-
length 1 = 0.82 pm. The parameters of the laser pulse

are ;= 5, L;= 2, ay= 10, The pulse propagates in plas-
ma with the density nj = 10° 1% ¢m?. The result of simu-

lation is shown in Fig.1. It presents the density plot of
the short, ultrahigh intensity laser pulse propagating in
plasma, calculated by (a) the axially symmetrical 2D
PIC hybrid code; (b) the fully 3D PIC code [5]. The
darker is gray color, the higher is the electron density. It
is seen from Fig.1 that the results obtained are in a good

0
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agreement with the simulation results obtained by the
fully 3D PIC code.

Fig.1. The density plot of short, ultrahigh intensity laser
pulse propagating in plasma, calculated by (a) axially
symmetrical 2D PIC hybrid (b) by fully 3D PIC code
[5]. The darker is gray color, the higher is electron
density

To simulate the X-ray generation we assume that the
electron radiation spectrum is synchrotron like at any
given moment of time. The spectrum integrated over a

solid angle is defined by a universal function S /0 .),

where S(x) = x]'m Ks,3(y)dy, 0, is the critical frequency
pY

[9]. The critical frequency is given by the relation
0, - (3/ 2)y2|FD |; Fy is the transversal to the electron

momentum force. In our code, we follow trajectories of
each electron and calculate the emission during the in-
teraction.
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We simulate the X-ray emission from an external

electron bunch with y = 10%, length Ly = 40, radius
7, = 3 with total charge @) = 4 nC, propagating in the

bubble. The photon flux, Fy, (photon number per sec-

ond in 0.1% bandwidth) from the bunch as a function of
the photon energy is shown in Fig.2. The photon flux
obtained is in a good agreement with estimations for the
flux [1].

107 10*
, eV
Fig.2. The photon flux as function of the photon energy

CONCLUSION

The X-ray generation from a relativistic electron
bunch propagating in the laser plasma is modeled by the
2D axially symmetrical hybrid PIC code. The quasistat-
ic approximation is used to accelerate the computation.
The code includes the emission of electromagnetic field
by the relativistic electrons. The emitted radiation exerts

recoil on the electron and the recoil force is included
into the code. The results obtained are in a good agree-
ment with that obtained by the fully 3D electromagnetic
PIC [5].
This work has been supported by Russian Founda-
tion for Basic Research (Grant No. 04-02-16684).
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MOJEJIUPOBAHUE NICTOYHHUKA CUHXPOTPOHHOI'O U3JIYUYEHUA, OCHOBAHHO-
I'O HA TIPEOBPA3OBAHHU JIABEPHOI'O U3JIYYEHMUA B IIVIABME, IBYXMEPHBIM
PEJATUBUCTCKUM I'MBPUIHBIM KOJAOM

HU.I0. Kocmriokoe

Jns MmomenupoBaHus TpaHC(HOPMAIMN JIA3EPHOTO M3ITyUeHHs pa3paboTaH JBYXMEpPHBIN aKCHAIbHO-CUMMETPHY-
HBI THOPUAHBIN YUCTICHHBIN KOJI, UCTIONB3YIOIINI METO/I YaCTHII B siueiikax. B kaduecTBe ynpomaromero mpeamnouo-
JKCHHS UCTIOIB30BalIOCh "KBa3ucTaTHUecKoe" MpuONmKkeHne (IIa3MeHHAsT BOJTHA MEJICHHO MEHSETCSI B CHCTEME OT-
cdera, CBSI3aHHOW C Jla3epHBIM MUMITYJIbcoM). [IpoBeieHO cpaBHEHHE ¢ pe3yNbTaTaMHd MOICTHUPOBAHUS C IIOMOIIBIO
TOJIHOCTBIO TPEXMEPHOTO0, 3JIEKTPOMArHUTHOTO KO/1a, UCIIOJIB3YIOIIEr0 METO/1 YaCTHIL B TYEHKaX.

MOJEJIOBAHHA JXKEPEJA CUHXPOTPOHHOI'O BUITPOMIHIOBAHHA,
3ACHOBAHOTI'O HA TIEPETBOPEHHI JIASEPHOI'O BUITPOMIHIOBAHHSI B I1JIA3MI,
JABOMIPHUM PEJIATUBICTCBKUM I'IBPUTHUM KOJOM

LIO. Kocmiokos

Jlns  monesroBaHHs TpaHcopMarllii J1a3epHOTO BUIPOMIHIOBAHHS PO3POOJICHO IBOMIPHHH —aKciajabHO-
CUMETPUYHHUN TiIOPHIHMI YHCENbHUH KO, IO BHKOPHUCTOBYE METOJl YacTOK B Ocepelkax. SIK MPHITyIIeHHS, IO
CIOIIy€e, BUKOPUCTaHO "KBazicTaTnuHe" HAOMIMKEHHS (IUTa3MOBA XBHIIS ITOBUIFHO MIHSETHCS B CHCTEMi BIATIKY,
MOB'SI3aHOI 3 JIa3epHUM iMITyiabcoM). IIpoBeneHO MOPIBHSHHS 3 pe3yiabTaTaMH MOJICIIOBAHHS 3a JOINOMOTOI0
TTOBHICTIO TPUBUMIPHOTO, €JIEKTPOMArHITHOTO KOy, III0 BUKOPHUCTAE METO/I YaCTOK B OCEPEAKaX.
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