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The trapping of nonmonoenergetic electron bunches in a wake field wave excited by a laser pulse in a plasma channel

is studied analytically. Electrons are injected into the region of the wake wave potential maximum at a ve-locity

lower than the phase velocity of the wave. The formula for length of a bunch in the accelerating stage as func-tions

of its initial energy spread and initial sizes (length and cross-section radius) is derived.

PACS: 52.38.Kd; 41.75.Jv
INTRODUCTION

A number of sufficient successful experiments on
laser-plasma acceleration of electron bunches to ener-
gies of a few GeV while in relative energy spread of
the accelerated monoenergetic bunch ~ 5...10% [1, 2]
was carried out in recent years. However, for many
practical applications, the energy spread of the elec-
tron bunch after acceleration must be tenths of a per-
cent [3,4]. In this regard, the theoretical study of the
influence of various factors on the energy spread of
the accelerated electron bunch is very important to
identify ways to get in the experiment bunches of high
energy electrons with a small energy spread between
them.

It is known that the energy spread of the acceler-
ated electron bunch largely depends from its length
in the accelerating stage [5, 6]. In laser-plasma accel-
erators using an external electron injector the length
of accelerated electron bunch is determined by the
regimen of the injection bunch into a wake field, its
parameters at the instant of injection and the pa-
rameters of the wake field [7,9]. In this paper we
theoretically investigate the influence of the trans-
verse dimensions of the injected bunch on its length
in the accelerating stage in the scheme of injection,
when a bunch is injected into the vicinity of the wake
wave potential maximum with a velocity less than
the phase velocity of the wake wave [9,10]. Group-
ing phenomenon is observed in this injection scheme,
owing to which electrons are arranged in the trap-
ping area along the longitudinal axis more densely
than at the instant of injection. The phenomenon of
electron grouping allows to relax the requirements to
the original length of the injected bunch. In previ-
ous studies the phenomenon of electron bunching by
wake wave was studied in one dimensional formula-
tion [11,12]. The aim of this work is an analytical
study of this phenomenon in two-dimensional formu-
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lation and definition of the corrections to the trapped
electrons bunch length, resulting from transverse di-
mensions of the injected bunch.

1. TRAPPING OF A SINGLE ELECTRON
BY A WAKE WAVE

To describe the motion of relativistic electrons of
a bunch accelerated in the wake field generated by an
axisymmetric laser pulse propagating along the OZ
axis, we use the motion equations in the form:
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the longitudinal and transverse components of the
momentum of a bunch electron, perpendicular to
the OZ axis; ky(z — Vput), p = kpr = kp{z,y} =
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sionless coordinates; 7 = wyt; electron plasma fre-

quency w, = y/4me?ng/m is determined from the
background plasma density no; k, = wp/c; Vpp is
the phase velocity of the wake wave; and 5 =V, /c.
The axial and radial components of the normalized
force acting on an electron moving along the OZ axis
with a velocity close to the velocity of light ¢ can be
expressed in terms of potential ¢ of the wake field as
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where E,, E,, By - electric and magnetic fields of the
wake wave.

To simplify theoretical analysis of the motion of
electrons in the wake field, we assume here that
the wake field potential depends, apart from radius
p, only on the concomitant variable ¢ (and it does
not depend explicitly on time); this implies steady-
state waveguide propagation of the laser pulse in the
plasma channel. It should also be noted that expres-
sion (6) for the radial force taking into account mag-
netic field By is correct and quite accurate only for
electrons with radial velocities much smaller than the
velocity of light ¢. However, in the case of not very
strong nonlinearity of the wake field (|e¢|/mc? < 1)
and its characteristic transverse scale much exceed-
ing skin depth k, 1 the magnetic field of the wake
wave is much weaker than its electric field, and both
force components, (5) and (6), are independent of the
radial velocities of electrons being accelerated.

The effect of the laser pulse on the subsequent
slow (low-frequency) motion of electrons can be dis-
regarded because the ponderomotive potential of the
laser field (which is proportional to ~ a2) in the co-
ordinate system associated with the wave is small as
compared to the wake field potential proportional to
~ Ypntp (ap = le|EL o/mcw, Ef o being the amplitude
of the high-frequency laser pulse and w being its fre-
quency, Ypn, = 1/4/1 — 52) provided that a¢ < 1.

The effect of the intrinsic charge of the bunch on
the process of its acceleration is also disregarded; this
is justified for not very narrow bunches with a char-
acteristic transverse size of 1074 < kpRyo, where Ry
is the radius of the injected electron bunch, which
satisfy the condition [13]:

N, << ng(c/wy)® = 4-10%),, (7)
where IV, is the number of electrons in the bunch and
Ap is the wavelength of plasma oscillations. Condition
(7) indicates that the fields induced by the charge of
the bunch are much weaker than the wake field in
which electrons are accelerated.

We assume that a short relativistic nonmonoener-
getic electron bunch is injected into a stationary wake
wave propagating without changing its shape so that
the region of bunch injection includes coordinate (or
phase) &, at which the potential of the wake wave has
the maximal value Y0z = @ (&m, p = 0). The elec-
tron bunch injection scheme is shown in Fig.1, where
along the axis OZ dotted line shows the laser pulse
generating wake field, the solid line is the wake po-
tential, dash-dot line shows the boundary of focusing
and defocusing areas of wake field on the axis.

The direction of bunch injection coincides
with the direction of phase velocity V,, of the
wake wave, the energy of electron injection be-
ing Einj = Fres = vpnmc®. It is believed
that the electron bunch injection conditions are
such that all injected electrons are trapped by
wake field and grouped during their trapping near
the boundary of focusing and defocusing areas.
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Fig.1. Injection scheme. Mutual location along the
0Z axis of the laser pulse, wake wave and bunch at
the instant of injection

The time-independence of the wake field in the
coordinate system associated with the wave (i.e., in
the concomitant system of coordinates moving with
velocity V,, along the OZ axis) makes it possible to
write the energy conservation law in this coordinate
system for an arbitrary electron bunch in the 2D for-
mulation in the form

El - |e|<pl(§7p) = E;nj - |e|<p/<§inj7pinj)a (8)

here and below, primes indicate that the primed
quantities are taken in the wave frame of reference,
&inj» Pinj and E;y,; are the coordinate and energy of
electron injection into the wake wave.

We assume that the electron bunch is quite com-
pact at the instant of injection and in the subse-
quent trapping and acceleration process, and that
the electron energies differ insignificantly (A&n; =
k‘pAZinj << 1, Ping << 1, AEinj << Einj); ie.,
electrons of the bunch in phase space (£, E) are quite
close to one another at any instant. Then the analy-
sis of the spatial structure of the bunch along the OZ
axis in the region of trapping can be done as follows.
We choose an electron that is exactly at the potential
maximum of the wake field at the instant of injection
and has injection energy equal to the mean electron
injection energy of the bunch; we will henceforth refer
to this electron as the central electron. The energy
conservation law (8) at a known potential p( , p) and
known energy injection E;,; can determine the phase
of the wake wave its trapping &, on the axis OZ, in
which the velocity of the central electron is equal to
the phase velocity of the wake wave (respectively, the
electron energy will be equal E = ,,mc?).

Earlier it was shown [11] that the greatest degree
of grouping of 1D bunch along the axis OZ is realized
when the trapping area of the injected electrons is lo-
cated in the vicinity of the phase of the wake wave,
in which its accelerating field is maximum. Since for
the process of laser-plasma acceleration with minimal
energy spread is preferred minimum length of accel-
erated bunch, then we assume that this condition is
satisfied. Since the properties of linear and weakly
nonlinear wake waves and look close enough, we can
assume that for a weakly nonlinear wake wave the
boundary of focusing and defocusing areas of wake



field p = pas(€) close to the plane, as well as in the
linear wake wave. On this boundary it is executed
gi = 0 by definition, and the accelerating field near
the border is close to the maximum.

All the trapped electrons of the bunch come to
trapping area, i.e. acquire energy vpthQ, at differ-
ent instants. But as in the trapping area the velocity
of electrons close to the speed of light, then later in
the process of the acceleration their mutual arrange-
ment practically is unchanged. Therefore, the length
of electron bunch in accelerating stage is determined
by the length in the trapping region, which depends
on the electron distribution along the axis OZ in this
area.

Deviation of the phase of trapping along the axis
OZ any trapped electron relatively the central elec-
tron &, can be found by varying the integral (8) in
the small deviations d&;n;, Pinj, 5E2'-nj of the electron
from the central electron at the instant of injection.
Neglecting in the trapping region the terms contain-
ing derivatives of wake potential along the radius,
which are small due to the fact that the trapping
area is located near the boundary of focusing and
defocusing wake wave phase, we obtain the relation:
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where g;f and g;;" are determined in the phase of

wake field &m, In which the wake potential is maxi-
mum, ;—‘p is calculated in the trapping point of cen-
tral electron.
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2. TRAPPING OF ELECTRON BUNCH

The relation (9) makes it possible to analytically
evaluate the length of the bunch in the trapping area
and in the accelerating stage, if the spatial distribu-
tion of electrons in the bunch and their energy dis-
tribution in it at the instant of injection are known.
If the distributions are normal (Gaussian), in which
O2,inj» O~ injs OE,nj are the corresponding standard
deviations of the bunch electrons from the injection
coordinate and energy of the central electron, we ob-
tain the following expression for the bunch length in
the accelerating stage:
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(10)

In this formula it is assumed that all the electrons
injected into the wake field, were trapped for subse-
quent acceleration.

To check the formula (10) we numerically simu-
lated the formation by wake field of electron bunch

during their trapping. The simulation were per-
formed for wake field that was established at the
end of transition process after injecting into a plasma
channel of short (7pw gar = 100 fs) pulse Ti:Sa laser
with a wavelength of Ay = 0.8 um, a power 78 TW
and the size of the focal spot rp ~ 68 pum.

Analysis of the nonlinear structure of a wake wave
used in our study for simulating the trapping of elec-
trons is based on the equations described in [14-16],
where the generation of the wake field excited by
a laser pulse propagating in the preliminarily pre-
pared plasma channel was studied. We assume that
the density n(r) of plasma electrons in the chan-
nel varies in the direction perpendicular to chan-
nel axis OZ in accordance with the parabolic law
n(r) = n(r = 0) [1 +r?/R2,], where channel radius
Ry, is related to radius r, of the focal spot of laser
radiation by the condition R., = kpr% /2. The den-
sity n(r) = n(r = 0) of the plasma on the channel
axis was chosen such that the resonance condition
wpTrwHM = 2V 21In2 was satisfied for the excitation
of a wake wave by the laser pulse of duration Tpw gas.
The envelope of electric field Ej, of the laser pulse
generating the wake wave and focused at the input of
the plasma channel can be written in the form:

E 2 _ 2
.ol L agexp |—1o —21n2 (€ —¢&) .
mew r? (WpTFWHM)

(11)
where 7w s is the total duration of the laser pulse
at half the maximum intensity (FWHM).

The resonance density of plasma electrons on the
channel axis is ng = n(r = 0) ~ 1.75- 1017 em =3 in
this case and the matched channel radius is R., ~
180 wum, which corresponds to the following values
of dimensionless parameters: kpr; = 5.35, kpRep, =
14.3, ap = 0.71. The gamma factor determined by
the phase velocity of the wake wave being excited is
Ypr = 1/4/1 — 2 = 100.

Injected electron bunch were characterized by an
average energy of electron injection Ej,; = 1.8 mc?.
Distribution of the injected electrons in the bunch,
as all spatial axes, and in the energy space was con-
sidered Gaussian. Initial bunch length was 30.2 fs,
which corresponds to the standard deviation in the
distribution of the electron bunch length o ;,; ~
3.2 um (or kpo,n; ~ 0.25). The bunches of such
longitudinal dimension can be generated by the best
modern injectors [17,18]. Original size of the bunch
in the longitudinal direction was chosen on the basis
of that in the case of one-dimensional bunch (bunch
of infinitely small radius) all of its electrons do not go
during the trapping process in the defocusing region
of wake wave. Formula (10) in the limit (o, in; — 0)
gives the result obtained earlier in [9-12], which in-
dicates a significant contraction in the longitudinal
direction of the injected bunch. Thus, it is expected
that the application of the above expansion in the
small parameters in the derivation of (10) is an ade-
quate representation, and the length of the trapped
bunch in the form (10) is right for compact injected

129



electron bunch of not too large transverse dimension.

Fig.2 compares the results of numerical simulation
(squares) with the results of a calculation, using for-
mula (10) for the electron bunch length (dashed line),
trapped from the initial nonmonoenergetic bunch
with the initial energy spread between the electrons
Og,nj = 0.00825 mc? which corresponds to a rela-
tive energy spread 1 %. The axis of abscissa shows
the characteristic transverse dimension of the in-
jected bunch, on the left y-axis it is shown the bunch
length in the trapping region. In the calculations we

2
used the values 77‘522 % = 0.22, nlfcl2 jgf = —0.16,
) "
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Fig.2. Length of the trapped bunch and the propor-
tion of trapped electrons (circles) as a function of
the transverse dimension of the bunch at the instant
of injection. For length: squares -simulation, dash -
calculation by formula (10)

From Fig. 2 it is seen that the bunch length, cal-
culated from the analytical formula (10), sufficiently
coincides exactly with the simulation results up to the
value of the radius of the injected bunch, comparable
to the longitudinal dimension of the injected bunch
kpo.inj = 0.3. Then there is a growing difference
between the graphs.

The reason is that with the growth of k,o. in;
an increasing number of electrons is not trapped by
wake field, as electrons pass the boundary of focus-
ing and defocusing regions of the wake wave. This
clearly shows the graph (dashed line marked by cir-
cles) of the proportion of trapped electrons (right y-
axis) in Fig. 2. Electrons scattered by wave wake
not participate in the formation of a trapped electron
bunch and, therefore, does not determine its length.
Therefore, the formula (10) for the injected electron
bunches of large transversal radius gives an inaccu-
rate result.

CONCLUSIONS

The process of trapping of nonmonoenergetic
compact electron bunch injected into the vicinity of
the maximum potential of the wake wave generated
by the laser pulse is investigated analytically and by
numerical simulation. The phenomenon of electron
grouping arising in the process of the trapping of elec-
trons in the wake wave, if the initial velocity of the
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injected electrons is much smaller than its phase ve-
locity, is studied in two-dimensional formulation of
the problem. A simple formula, quite accurately pre-
dicts the longitudinal size of the bunch in the accel-
erating stage when all electrons of injected bunch are
trapped. It is shown that the trapped electron bunch
length in an accelerating stage is determined addi-
tively by its initial energy spread and spatial trans-
verse and longitudinal dimensions. It is found that
for the wake field in which the characteristic longi-
tudinal and transverse dimensions are approximately
equal, the initial transverse characteristic size of the
bunch affects the length of the trapped bunch to the
same extent as its initial longitudinal characteristic
size at the instant of injection. Analytical results are
confirmed by the results of simulation.
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3AXBAT HEMOHOSHEPTETNYECKNUX JIEKTPOHHBIX CI'YCTKOB
B KNJIBBATEPHOI1 BOJIHE

C. B. Kyaneuos

[IpoBemeno aHAMMTHYIECKOE HCCIEIOBAHWE MPOIECCA 3aXBATa B KUJIbBATEPHON BOJIHE, BO30YKIAEMOH Jia-
3€pPHBIM MMIIYJIbCOM B ILIA3MEHHOM KaHaJje, KOMIIAKTHBIX HEMOHOIHEPTETUYECKUX 3SJIEKTPOHHBIX CIYCTKOB.
DJIEKTPOHBI HHKEKTUPYIOTCSI B OKPECTHOCTh MAKCHMyMa TOTEHITHATA KUJIbBATEPHON BOJIHBI CO CKOPOCTHIO
MenbIne eé ¢azoBoit ckopoctu. Ilomaydena dhopmymna, Onpeaendiomas AIUHY CIYCTKA Ha YCKOPAIOIIEH cTa-
un, Kak QYHKINS ero HAYaThbHBIX PA3MepoB (€ro JJIWHBI W PAINyCa TOTEPeTHOTO CeUYEHNsT) W HAYAIBHOTO
pas3bpoca IEKTPOHOB IO SHEPTUIM B HEM.

3AXOIIJIEHHA HEMOHOEHEPTETUYHNX EJIEKTPOHHUINX 3I'YCTKIB
¥V KIJIbBATEPHIN XBWJII

C. B. Kyaneuos

[Iposemeno ananiTudHe TOC/TIZKEHHS MPOIECY 3aXOIJIEHHS B KibBaTepHIN XBUIl, 30y/IKeHi Ta3epHuM iM-
MyAbCOM Y TIJIA3MOBOMY KaHaJli, KOMITAKTHUX HEMOHOEHEPTeTHIHUX €JIEKTPOHHUX 3TyCTKiB. EjekTponn iH-
KEKTYIOThCSI OisT MAKCHMYMY HOTEHITaIy KiIbBATEPHOI XBUII 31 MBHAKICTIO MeHIe 11 ¢a30Boi MIBHIKOCTI.
Orpumana ¢gopmysna, MO BUZHAYAE JOBXKUHY 3TyCTKA HA MPUCKOPIOBAIBHIA cTasil, 4k GyHKIiA HOro modar-
KOBUX po3Mipis (iforo noszxunu i pajiiyca 10LEPEYHOrO liepepidy) 1 HOYATKOBOIO PO3KU/Y €JEeKTPOHIB 110
eHeprigM B HBOMY.
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