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Abstract

The possibility of the generation of an ultra-short
(about one micron long) relativistic (up to a few GeVs)
electron-bunch in a moderately nonlinear laser wakefield
excited in an underdense plasma by an intense laser pulse
is investigated. The ultra-short bunch is formed by
trapping, effective compression (both in longitudinal and
in transverse directions) and acceleration of an initially
nonrelativistic (with kinetic energy of a few hundreds
keVs) e-bunch that is injected in front of the laser pulse.
The initial bunch may be of poor quality, may have a
duration in the order of the laser pulse length or longer
and can be generated by a laser-driven photo-cathode RF
gun. Our 1D and 3D calculations predict that the
accelerated ultra-short bunch will show a low energy
spread of less than one percent and a low transverse
emittance in the order of a nanometer. An energy gainin
the GeV-range is feasible at an accelerating distance of a
few centimetres. The total number of accelerated
electrons is restricted by the beam loading effect only and
can reach avalue of 10°-10°.

INTRODUCTION

Electron bunches with the length in the order of a
hundred microns have been produced using a photo-
cathode radio-frequency (RF) gun [1], a thermionic RF
gun [2], and a magnetic bunch compressor [3]. However,
many applications, such as laser wake-field acceleration,
inverse Cherenkov acceleration, inverse free eectron
laser (FEL), x-ray FEL, high energy physics and other
applications, require much shorter eectron bunches with
alength in the order of a micrometer. Generation of such
a short dectron bunch is a difficult technical problem,
new approaches to which are required. Recently, a new
scheme of a laser wake-field accderator (LWFA) has
been proposed [4,5], which alows the generation of an
ultra-short, ultra-relativistic, high quality eectron bunch.
The scheme utilizes a non(weakly)-relativistic bunch of
electrons which is injected in front of a high-intensity
laser pulse generating a nonlinear wake wave in an
underdense plasma (see Fig. 1). Our results [4,5] showed
that the eectron bunch runs through the pulse, is trapped
in the first accel erating maximum in the wake, essentially
compressed both in longitudinal and transverse directions,
and accelerated to an ultra-relativistic energy. Here we
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show that the trapped electron bunch length is much less
than the plasma wavelength. We also show that the
generation of ultra-short relativisic bunches by our
scheme is possible even when the initial bunch length is
much longer than the plasma wavel ength.

ONE-DIMENSIONAL (1D) THEORY

Because the trapped electrons are concentrated close to
theaxis, their longitudinal dynamicsarewell described by
a 1D theory [5]. The 1D theory also alows a more
detailed description of the problem. Suppose that an
electron is initially ahead of the laser pulse (see Fig. 1)
and moves with a velocity v less than the group vel ocity
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Figure 1: The laser wakefield scheme: the wake electric
field E; (1), the potential @ (2), the laser pulse amplitude
a (3), theinitial (4) and trapped (5) bunches as a function
of the position in amoving frame. a,=2, g,=2, ;,=50.

of the pulse vg, which, in turn, is equal to the wake phase
velocity. From the wel known integral of motion
y-Byp—®=const (see, e.g., [4]; where yand p are the
gamma factor and the momentum of the electron
normalized to mc, F=vy/C, M(H=1+eg/mc’=1+gis the
normalized wake potential, &ko(Z-vgt)=z-1, Ko=p/Vy,
w=(4m,e’/m)"? is the plasma frequency, and n,, is the
unperturbed plasma electron concentration) one can
obtain an expression for the initial momentum of the
trapped electron [4,5]:

Po = ViB,S- (S -y, @)

where S=1/y+1-@;, @, is the wake potential at the
trapping point &, at which p=£,%=pq, §=(1-5,2) . One
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can see that the initial momentum of the trapped electron
has a minimum, prin, corresponding to the minimum of
the wake potential, @in; at this trapping point the wake
electricfield EZ=—(1/ﬁg)2d @/d& (normalized to mcay/e) is
zero. The maximum value pma=pg corresponds to the
point in the wake where @=1 (E=-E,x<0). In the
nonlinear wakefield the longitudinal space interval, in
which electrons can be trapped, decreases with the wake
amplitude E,ma (though the nonlinear wake wavelength
increases) and is less than a quarter of the linear wake
wavelength A,=277k,. Figure 2 shows numerical results
for the minimum trapping momentum and the wakefield
amplitude in dependence on the peak amplitude a, of a
Gaussian laser pulse: a=agexp[—(&&)% o). Asusual, the
eectric field amplitude a of the pulse is normalized to
mcai/e, where ¢y is the laser frequency. In this paper
values of a;=2, }=50, =2, and {=30; are used in the
numerical calculations.

Figure 2. Calculated dependence of minimum initial
momentum of trapped electrons, pmn, and wakefied
amplitude, E,max, ON the peak laser pulse amplitude, ap.

For amoderately nonlinear wakefield with an amplitude
much less than the wave-bresking fidd [2(y-1)]"2
|1- @y |=|@|>>1/ y<<1. In this case, supposing that py is
not close to py, one can obtain from (1):

Po=(¢% —1/¢)/2, @

where -1<¢,<0. Then prin=(@in—1/ @in)/2. In the linear
wakefield |g<<1, S0 pmin=0.5/|@in[>>1. Thus, in the linear
wakefidld, only rdativistic electrons can be trapped.
However, for an initialy relativistic electron, the trapping
time increases proportional to .

Thetrapping time, 1, which isthetimeinterval, that is
necessary for an eectron to reach the trapping point
&:(po), depends on the initial momentum py and on the
initial position &:
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I, (S0 o) = Lo(P0) +& /=B 1 B)), ©)

where 7, is the trapping time of an eectron which is
initially at &0. The dependence 7, (po) isshown in Fig. 3
for a;=2 and );=50; in this case E, n=0.9 (see Fig. 1), the
nonlinear plasma wavelength is /;=1.1444, and
Pmin=0.53. The trapping time has a minimum, which
corresponds to pe=1, or to a kinetic energy of about 200
keV. For the trapping time of an electron bunch, in which
the electron momentum changes in the range pi1<po<p»,
and, supposing that the tail of the bunch isat &0, we can
write:

ATtr :(Ttr,max _Ttr,min)+ LO/(l_ﬂzllBg)l (4)

Where Ty max(miny 1S the maximum (minimum) value of 7o
for eectrons in the range p;<pe<p,, and L, is the initial
bunch length.
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Figure 3. The trapping time, o, as a function of the
initial el ectron momentum, po.

Asthetrapped e ectron has reached arelativistic energy
(y>>1) in the wakefield, its dynamics becomes slow, and
its spatial position in the wake changes on a normalized
time scale of 7,.=277)’. So, another dectron, with the
same pp but different & will be trapped very close to the
first one if Ar <<ty Test particle simulations showed
that the trapped bunch length is much lessthan the plasma
waveength and undergoes practically no change during
acceleration. One can see that the absolute and relative
energy spread in the trapped bunch are dy=Ar|EA& )
and £ =0yl y=Ar,/(1-A4r,) respectively [4,5]. In the case
of finite momentum spread Jp, in the initia bunch,
dectrons with different py will be trapped at different
trapping points. From Eq. (2) @=po—). Then, for an
electron bunch d¢g= ¢ (p2)~ @ (P1)=|E|L=3)6~po, Where
E, is some value of the wake dectric field in the region
occupied by the trapped bunch, L is the trapped bunch
length. So, the trapped bunch length can be estimated as
L=(0)6—Xo)/|E-| when the effect of the finite initial bunch



Proceedings of the 2003 Particle Accelerator Conference

length is less than the effect of the initial momentum
spread.

In Fig. 4 the energy of trapped electronsis shown for the
case of an initially mono-energetic bunch (in this casethe
trapped bunch length and the absolute energy spread are
approximately proportional to the initial bunch length),
Po=1, and Ly=104,. For example, at an acceleration length
[=4004, (corresponding to 2 cm for A,=50 um), the
trapped bunch length is about 7><1O'3/1p (=0.35 umin the
case of A,=50 pm) when Ly=104, and 10 times less when
Lo=Ap; the trapped bunch length change is insignificant
during acceleration. The energy of the electronsis about 1
GeV at 1=4004,, the relative energy spread is =0.93% for
Lo=A, and =9.5% when L,=10A4,. The generation of good
quality ultra-short relativistic e-bunches in the case of
large initial momentum spread and Lo, is aso possible
[4,5]. Theinitia bunch can be generated for example by a
laser-driven photo-cathode RF gun.
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Figure 4. Energy of accelerating electrons, po=1, L;=104,.

THREE-DIMENSIONAL (3D) CASE

In a 3D linear wakefield, generated in an uniform
plasma, the transverse force is defocusing in the trapping
region. Fortunately, in the nonlinear wakefield and in the
wake generated in a plasma channd the near-axis
wakefidd can be focusing over the entire accelerating
region [5,6], so that our scheme can “work” in 3D aswell.
The trapped el ectrons are concentrated near the axis due
to the focusing force. An example of the radial motion of
the eectrons with different initial radial positions is
shown in Fig. 5 for the case of alaser wakefield excited in
a plasma channd by a pulse with a Gaussian
(Cexp(-r?/ ;%) radial profile. For these initial bunch
parameters and L¢=A,, the trapped bunch length is
L=3.5x107°4,, the relative energy spread is £ =3% at the
acceleration distance 1=4004,, and L=0.014, and £=10%
when Lo=10A,. In the case of finite momentum spread in
the initia bunch, namely, 0.9<p,<1.2, —0.02<p,(<0.02
(1.35<)4<1.56), and Ly=0.84,, the trapped bunch length is
about 0.024, during acceleration. The average energy and
the relative energy spread in the acceerated bunch are

1902

=1.07 GeV and =4.5% respectively, at [=4004,. The
longitudinal dynamics and energy of the trapped el ectrons
in 3D are approximately the same asin the 1D case.
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Figure 5. Transverse dynamics of trapped e ectrons,
Po=1, Pro=0, 8=2, 02, G:=5.

In 3D, the normalized emittance was calculated to be
&C(RPQI47F) A, [5], where Q=(|21,/0r|/ )2 is the betatron
frequency, R<<g; is the trapped bunch radius (2 and R
are in the normalized units), and is in the order of a
nanometer in the ultra-relativistic regime. For example,
&[B nm for the case presented in Fig. 5 (initially mono-
energetic bunch) when Ly=104,, |=4004, and A,=50 zm;
in the case of the finite initial momentum spread
considered above, the emittance is approximately the
same.

The total number of accelerated electrons is restricted
by the beam loading effect, Niy<<3x10’A,[zm] [5]. One
can see that this number can reach a value of [110° when
the plasma wavelength isin the order of tens of microns
(that is typical for laser pulses with A1l zm) and [110°
for A, in order of hundreds microns (that is typical for
CO; laser pulses, A, =10 pm). The scheme can aso be
applied to the saf-modulated LWFA case.
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