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ATORS
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Like in conventional accelerators, a synchrotron radiation can significantly suppress an acceleration in a bubble.
The dynamics of accelerating electron in the bubble with consideration of the synchrotron radiation reaction force is
studied. The total suppression of electron acceleration by the radiation losses is discussed.
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1. INTRODUCTION

A mechanism, based on the acceleration of charged
particles in strongly nonlinear plasma wave generated
by an ultrahigh intensity short laser pulse, is one of the
perspective candidates for the accelerators of the future.
The low acceleration rate leads to the huge-scale accel-
eration facility, which poses a serious limit for conven-
tional accelerators to increase the energy of the acceler-
ated particle, while the laser-plasma acceleration
scheme can provide much higher acceleration gradient.
Recently, an impressive progress in the generation of
short quasi-monoenergetic bunch of ultra relativistic
electrons in laser plasma was achieved [1].

One of the models [2], describing the generation of a
quasi-monoenergetic bunch of ultra relativistic elec-
trons, assumes that the generation is caused by a transi-
tion to a strongly nonlinear regime of laser-plasma inter-
action. A periodic plasma wave mutates to the solitary
ionic cavity — “bubble”, which is free from plasma elec-
trons and moving behind the laser pulse. The back-
ground plasma electrons as well as external electron
bunch can be trapped in the bubble and can be accelerat-
ed up to very high energy. Acceleration is accompanied
by the electron betatron oscillations because of the ultra-
high intense transversal field in the bubble. As a result
of betatron wiggling the trapped electrons radiate elec-
tromagnetic waves. The radiation spectrum of the ultra
relativistic electrons lies in the X-ray range because of
the Doppler effect [3]. Like in conventional accelera-
tors, the radiation losses can significantly suppress the
acceleration in the bubble.

2. ELECTRON DYNAMICS UNDER ACTION
OF RADIATION REACTION FORCE

The space-time distribution of the electromagnetic
fields in the bubble can be approximated by a linear
function of the coordinates and time [4]

E.=(x-1)/2, E,=-B.= y/4 E.= B,= z/4, (1)
where we use dimensionless units, normalizing the time
to 1/0 »» the velocity to the speed of light ¢, the lengths
to ¢/0 ,, the electromagnetic fields to mc® , /e and the

electron density 7 to the background density #g;

_ ( 5 )1/2 i< the el | 6
W, = 4ne ng/m 1s the electron plasma frequency,
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e and M are the electron charge and electron mass, re-
spectively. It is assumed that laser pulse propagates
along x-axis. Then, the Lorentz force acting on a rela-

tivistic electron with v, * 1 inside the cavity is
Foz-(x-1)/2, F,=-y/2, F,=-z/2. (2)
We assume that the electron trajectory is confined in Y
plane; the electron is slowly accelerated in X direction
and Px>> Py >> 1, where p, is the longitudinal momen-

tum of the electron and P, is the transversal momentum
of the electron. In this case we can neglect the action of
the longitudinal force (£, = 0). Thus, the electron tra-
jectory is given by the relation [5]

2
x(t) = %1- V4H t- %Sin(ZO) ), Y@= 1rysin(@ 1), (3)

wherew ), = 1/ M is the betatron frequency of the elec-
tron oscillations in the bubble, V = py/ Dy = 1yl 1@ , !

is the relativistic electron gamma-factor, 7 is the ampli-

tude of the electron betatron oscillations. The electron
trajectory in the ion channel is similar to the trajectory
of an electron moving in the homogeneous magnetic
field. In the latter case, the electron trajectory is spiral-
like. As a result, the radiation spectrum of the relativis-
tic electron undergoing betatron oscillations in the ion
channel is close to the spectrum of synchrotron radiation
[5].
The relativistic equations of the electron motion with
radiation reaction force is given by the relation [6]
du'’

= Flug+ g, “4)
ds

ik
g'= —a ; ukul - F’le,uk + (Fklul)(kaum)u’ , (5
pe
where Fj is the tensor of the electromagnetic field, uy

is the 4-velocity of the electron, |/ = 2% » /(3mc3). Sub-

stituting Eqs.(1) and (3) into Eq.(4), we can calculate
the radiation reaction force on the relativistic electron
undergoing betatron oscillations in the ion channel. As a
result, the equation describing the evolution of the elec-
tron energy can be derived

dy _ 1, a0
dt 8/.1r0y ’ (6)
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The energy loss of an electron per unit distance is

2
rolum] v MeV. (7)

cm

0= 1.5x 10_45Hne[cm_3

It is seen from Eq.(7) that the radiated power is propor-
tional to the square of gamma-factor.

It is known [7] that the longitudinal velocity is in-
variant of motion for the electron dynamics in homoge-
neous magnetic field under action of the synchrotron ra-
diation reaction force. It is not the case for the electron
undergoing betatron oscillations. Making of use Eq.(4),
the equation for longitudinal velocity of the electron can
be derived

dv,

a7 ®)
It follows from Eq.(7) that the characteristic time, dur-
ing which the longitudinal velocity is significantly
changed, is much more than the time, during which the
electron energy is converted into the radiation. So, we
can consider the longitudinal velocity of the electron as
invariant of motion, too. Moreover, the conservation of
the longitudinal velocity becomes more accurate as the
electron energy increases. Making of use the invariant
vy = const, the final momentum components of the
electron can be predicted in the limit £ - © . Let at
t= 0 the electron momentum be p.* p, and P, = P,
)1./2

1
O /.17"02 7

. 2, 2|V2 - - 2, 2
then V—[l+ po+p|) s Ve T Y E po/(1+ potpi
Thus, the final momentum components of the electron
are p, - Po/(“ plz)l/z and Py =0 at# - ©  thatis the

transversal energy of the electron is converted into the
radiation energy.

3. NUMERICAL SIMULATION RESULTS

Equations of motion (4) with fields (2) are numeri-
cally integrated for the electron with the initial condi-
tions p, =10°, p, =0 x,=-8 75 =2 at =0 and

plasma density 7, = 10'® cm?.

1
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Fig.1. Y as a function of time without radiation reac-
tion force (line 1) and with radiation reaction force
(line 2)

The electron energy as a function of time with and with-
out consideration of a photon recoil is shown in Fig.1. It
is seen from Fig.1 that the electron is accelerated in the
bubble fields if radiation reaction is not taken into ac-
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count while it is significantly decelerated if the effect of
radiation is taken into account. Therefore, the radiation
reaction force can strongly suppress the acceleration of
the ultra relativistic electrons in the bubble.

The effect of the radiation on electron acceleration is
also studied by a two-dimensional relativistic particle-
in-cell hybrid code in cylindrical geometry. The qua-
sistatic approximation (the plasma wake is assumed to
be slowly changed in the laser pulse frame) is used to
accelerate the computation. The code includes the emis-
sion of electromagnetic field by the relativistic elec-
trons. The emitted radiation exerts recoil on the electron
and the recoil force is included in the code.

Fig.2. Density plot of electron beam acceleration in the

bubble with radiation reaction force (a) and without of

that (b). The darker is the gray color, the higher is the
electron density

The incident laser pulse is circularly polarized, has
the Gaussian envelope a = agexp|- 72/’ - {2/ le , and
the wavelength 1 = 0.82 um. The parameters of the
laser pulse are 77 = 5, L; = 2, ay = 10, The pulse propa-
gates in plasma with the density n,= 10" 19 cm?®. This
laser pulse generates the bubble. We simulate the X-ray
emission from the external electron bunch with y = 104,
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radius 7, = 2 and density nj, = 107 cm?®, propagating
in the bubble. The density plot is shown in Fig.2 with
consideration of the radiation reaction force (Fig.2,a)
and without consideration of that (Fig.2,b). The bunch
electron distribution function is shown in Fig.3. The
bunch is monoenergetic at the beginning of interaction
(line 1 in Fig.3). The radiation reaction force decelerates
the part of the bunch electrons with large amplitude of
the betatron oscillations, while the electrons with small
amplitude are accelerated by the longitudinal electric
field (see line 1 in Fig.3). The bunch electrons are accel-
erated if photon recoil is not taken into account (line 3
in Fig.3). The bubble forces focus the bunch (Fig.2,a.).
The deceleration by the radiation losses leads to the
bunch focusing at earlier moment of time (see Fig.2,b.)
than that without radiation reaction.

N (a.u.)

9.66:10° y 10* 1.02-10*

Fig.3. The electron distribution function of the bunch in

the bubble: initial distribution function (1), final distri-
bution function with radiation reaction force (2) and

without radiation reaction force (3)

4. CONCLUSIONS

It follows from Eq.(6) that the radiation reaction
force increases as square of the electron energy while
the accelerating force determined by the longitudinal
electric field does not depend on the electron energy.
Therefore, the radiation reaction can totally suppress the
electron acceleration in the bubble. The energy thresh-
old can be estimated from the balance of the radiation
reaction force and the accelerating force.

This work has been supported by Russian Founda-
tion for Basic Research (Grant No. 04-02-16684).
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IHOTEPH, CBA3AHHBIE C CUHXPOTPOHHBIM N3JIYYEHUEM, B IIJIASMEHHBIX YCKOPUTE-
JIAX

H.10. Kocmiokos, E.H. Hepyw, A. Ilyxos

Kak u B ciydae TpaguIlMOHHBIX YCKOPUTENEH, TIOTEPH, CBSI3aHHBIE C CHHXPOTPOHHBIM H3JIy4€HUEM, MOTYT Cy-
HIECTBEHHO CHU3UTH 3 peKkTuBHOCTE ycKkopeHus. B paboTe nccneqoBana TMHAMKKA 3JICKTPOHA B MOHHOM TOJIOCTH C
YYeTOM JCHUCTBHS CHUIIBI PEaKIIH CHHXPOTPOHHOTO M3nydeHns. OOCyKaaeTcs MOTHOE OAABICHIE YCKOPEHHUS IIeK-

TPOHOB paguallUOHHBIMHA IMOTEPAMHU.

BTPATH, ITIOB'SI3AHI 13 CHHXPOTPOHHUM BUITPOMIHIOBAHHSAM, Y IIVIASMOBHX
INPUCKOPIOBAYAX

LIO. Kocmwokos, €.H. Hepyw, A. Ilyxos

Sk ¥ y BUNAAKY TpaaMUiHHMX NPUCKOPIOBadYiB, BTPATH, MOB'S3aHI i3 CHHXPOTPOHHHM BHUIIPOMIHIOBaHHSM,
MOXYTh ICTOTHO 3HM3UTH €(EKTHUBHICTh NPHCKOpEHHs. Y pPOOOTI JOCiijlKeHa JUHaMiKa €JeKTpOHa B 1OHHIH
MOPOXHMHI 3 YpaxyBaHHSAM Mii CHIM peakiii CHHXPOTPOHHOTO BHIPOMiHIOBaHHSI. OOTOBOPIOETHCSA IOBHE
NPUIYIICHHS TPUCKOPEHHS EIEKTPOHIB paialliiHUMK BTPATaMH.
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