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Monoenergetic laser wakefield acceleration
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Three dimensional test particle simulations are applied to optimization of the plasma-channeled
laser wakefield accelerator (LWFA) operating in a weakly nonlinear regime. Electron beam energy
spread, emittance, and luminosity depend upon the proportion of the electron bunch size to the plasma
wavelength. This proportion tends to improve with the laser wavelength increase. We simulate
a prospective two-stage �1 GeV LWFA with controlled energy spread and emittance. The input
parameters correspond to realistic capabilities of the BNL Accelerator Test Facility that features a
picosecond-terawatt CO2 laser and a high-brightness electron gun.

PACS numbers: 29.17.+w, 41.75.– i, 52.35.–g, 29.27.Fh
I. INTRODUCTION

Successful experimental demonstration of ultrahigh
gradient (up to 100 GeV�m) laser acceleration of elec-
trons in plasma [1–4] gave an impetus to further devel-
opment of new particle accelerator concepts which are
alternatives to the conventional rf linac. The advance-
ment of laser accelerators toward practically meaningful
devices is foreseen through realization of quasimonoener-
getic acceleration over extended distances and for appre-
ciably bulk electron charges.

A predicament for producing highly monoenergetic,
low emittance electron beams is the formation of small
size bunches to compare with the wavelength of the ac-
celerating oscillatory field. The frequency of plasma
wakefield in laser accelerators, typically driven by fem-
tosecond solid state lasers, is orders of magnitude higher
as compared with conventional rf linacs. This requires
proportionally short electron bunches. Existing electron
injection devices, such as photocathode rf guns, do not fit
these schemes. Therefore, novel laser methods to trap ul-
trashort electron bunches in the plasma wave have been
proposed [5,6], and their feasibility is the subject of fur-
ther analysis.

In this paper, we approach the monoenergetic laser
acceleration from another position. The proposed concept
is based on using conventional high-brightness electron
injectors in combination with the emerging picosecond-
terawatt (ps-TW) CO2 lasers. The first ps-TW CO2
laser is being commissioned at the BNL Accelerator Test
Facility [7–9]. Because of 10 times longer wavelength l,
to compare with the T 3 solid state lasers, the CO2 laser
opens new opportunities for LWFA development that we
explore in this paper.

Because of the superior stability and regularity of the
plasma wake, the laser wakefield accelerator (LWFA)
[10–12] operating in the linear regime is generally con-
sidered as the preferable scheme. In the standard LWFA
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scheme, the plasma wave is excited by a short laser pulse
close in duration to the half-period of the plasma, tL �
lp�2c, that depends upon the ambient electron plasma

density ne: lp �mm� � 3.3 3 1010n
21�2
e �cm23�. The

maximum amplitude of the accelerating plasma wakefield
is [12,13]

Emax
a �GV�m� � 2.8 3 104

µ
l

rL

∂2

PL �TW��lp �mm� ,

(1)

where PL is the laser power and rL is the radius of the
laser focus spot. Thus, the increase in the plasma density
(i.e., decrease of lp) leads to higher accelerating field.

Another important accelerator parameter is the maxi-
mum number of electrons per bunch, which is defined by
the condition that the self-field of the bunch does not af-
fect the plasma wakefield structure,

Ne ø ne�c�vp�3 � 4 3 106lp �mm� . (2)

This condition favors bigger lp .
A similar conclusion can be drawn from the require-

ment of a small energy spread of the accelerated elec-
trons, which can be satisfied when the electron bunch is
much shorter than the plasma wake period, tb ø lp�c.
Therefore, a certain tradeoff needs to be resolved when
one wishes to design the high-gradient laser accelerator
capable of producing a high-brightness electron beam.

Here we explore a possible solution to this problem
dwelling on the l2-proportional enhancement of the
plasma wakefield shown in Eq. (1). Because of the
enhanced ponderomotive action of the long-wavelength
radiation, the CO2 laser �l � 10 mm�, used instead of a
solid state laser �l � 1 mm�, allows the reduction of the
plasma density in the LWFA without jeopardizing the net
acceleration. Then, a conventional photocathode electron
gun appears to be a suitable injector for the LWFA with
controlled beam properties.
© 2000 The American Physical Society 021301-1



PRST-AB 3 N. E. ANDREEV, S. V. KUZNETSOV, AND I. V. POGORELSKY 021301 (2000)
In Sec. II, we describe the 3D (axisymmetric) test
particle simulations of the 1.5 GeV LWFA driven by the
prospective 50 TW, 1 ps CO2 laser with the 50 MeV linac
used as an injector. These results show that even with a
relatively short electron bunch, Lb � 0.1lp , the energy
spread of the accelerated electrons may exceed 50%.

To minimize the energy spread, in Sec. III we analyze
the conditions of the electron bunch compression by the
laser wakefield. Then, we apply our findings to improve
the energy spread in the LWFA. As shown in Sec. IV, the
1.5 GeV plasma-channeled LWFA operating in a weakly
nonlinear regime can produce the electron beam with
,2% energy spread when the LWFA buncher is used
between the conventional 5 MeV electron injector and the
LWFA acceleration stage. The possibility of multi-GeV
quasimonoenergetic acceleration using multistage LWFA
is also demonstrated.

II. DEPENDENCE OF THE LWFA
PERFORMANCE UPON THE ELECTRON BUNCH

DURATION

To study the acceleration of relativistic electrons in the
wakefield we use the equations of motion in the form [14]:

dPz

dt
� Fz�j, r� , (3)

dPr

dt
� Fr�j, r� , (4)

dj

dt
�

Pzp
1 1 P2

z 1 P2
r

2 b , (5)

dr

dt
�

Prp
1 1 P2

z 1 P2
r

, (6)

where Pz , Pr � �Px , Py	 are the longitudinal and ra-
dial components of the electron momentum normalized
to mc, j � kp�z 2 Vpht�, r � kpr � kp�x, y	 �
kpr�cosw, sinw	, w � arctan�y�x� are the dimen-
sionless coordinates of the electron, t � vpt, where
vp �

p
4pe2ne�m is the electron plasma frequency,

kp � vp�c is the wave number of the plasma wave, and
b � Vph�c is the dimensionless phase velocity of the
wake. The axial and radial components of the normalized
force acting on the electron moving with the velocity
c along the 0Z axis can be expressed in terms of the
normalized (to mc2�e) wakefield potential f as follows
(Fr � �Fx , Fy	 � Fr �cosw, sinw	):

Fz 

eEz

mcvp
�

≠f

≠j
, (7)

Fr 

eEr

mcvp
2

eBw

mcvp
�

≠f

≠r
. (8)

To define a laser wakefield potential we use a set of
relativistic hydrodynamic equations for cold background
plasma electrons and Maxwell’s equations. We consider
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the axisymmetrical geometry where immobile background
plasma density distribution ne�r� is centered along the axis
0Z and depends only on the radial variable r (preformed
plasma channel), and the symmetrical laser pulse propa-
gates along the same axis 0Z [15,16]. In this case, in the
quasistatic approximation (valid when the laser pulse does
not change significantly over the propagation length com-
parable with the pulse duration) [12] and assuming suffi-
ciently rarefied plasma �Vph � c�, the wakefield potential
depends primarily on variables r and j.

Previous studies of the nonlinear dynamics of the laser
pulse propagating in the preformed plasma channel [16]
with the density parabolically rising in the radial direction

ne�r� � ne�r � 0�
∑
1 1

r2

R2
ch

∏
(9)

demonstrate that the Gaussian laser pulse with the normal-
ized laser vector potential

a � eEL�mcv � a0 exp

"
2

r2

2r2
L

2 �2 ln2�
�j 2 j0�2

�vptL�2

#
,

(10)

where tL is the pulse full width at half maximum of the
intensity (FWHM) in the longitudinal direction, does not
experience envelope oscillations if the laser spot radius
rL is matched to the radius of a parabolic plasma channel
Eq. (9) by the condition Rch � kpr2

L [17,18] and the laser
peak power does not exceed the self-focusing threshold
Psf � 16.2 ncr

ne
�GW�.

Consider the laser pulse propagation in the matched
parabolic channel. To calculate the wakefield structure
in the plasma channel Eq. (9) by the method described
in [15] we used a set of equations [Eqs. (7)–(10)] [16].
The plasma density along the channel axis ne�0� is chosen
by the condition for the excitation of a wakefield by
the Gaussian pulse in a homogeneous plasma vptL �
2
p

2 ln2 [11,12].
Three dimensional test particle simulations of Eqs. (3)–

(10) [19,20], that describe electron acceleration by plasma
wake excited in the matched parabolic plasma channel,
help to verify the conditions for practically achievable
monoenergetic LWFA. The following input parameters
have been used in simulations: CO2 laser �l � 10 mm�
with the pulse duration tL � 1 ps and power
PL � 50 TW focused to rL � 500 mm that defines
a2

0 � 0.5 (weakly nonlinear regime); plasma parameters
lp � 800 mm, that corresponds to the plasma density
ne�0� � 1.6 3 1015 cm23, kpRch � 14.3, kprL � 3.8.
Note that lp and kp are defined at the axis of the plasma
channel. The maximum accelerating gradient calculated
by Eq. (1) is Emax

a � 0.7 GV�m.
In the simulations discussed in this section, we con-

sidered the 50 MeV injected electron bunch �Einj �
100mc2� with the energy spread 0.2%, normalized emit-
tance 2 mm mrad, and the 250–500 fs �80 160 mm�
bunch length.
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FIG. 1. (Color) Accelerating Fz and focusing Fr wakefield
forces in a matched parabolic plasma channel; CO2 laser tL �
1 ps, PL � 50 TW, a2 � 0.5; plasma parameters kprL � 3.8,
kpRch � 14.3, lp � 800 mm.

As demonstrated in Fig. 1, the above plasma and laser
parameters lead to excitation of fairly regular wakefield.
Because of the weak nonlinearity of the excited wake-
field potential and radial nonhomogeneity of the back-
ground plasma density in the channel, the beginning of
the focusing phase is slightly shifted from the accelerating
field maximum. This effect, which is more pronounced
for a smaller channel radius and higher wakefield ampli-
tudes, increases the overlapping of focusing and acceler-
ating phases (in comparison with the linear wakefield in
a homogeneous plasma), and, consequently, increases the
accelerating length and maximum energy gain of electrons
[16,21]. Therefore, for the electron bunch injection we
choose the wakefield phase near the maximum of the accel-
erating field close to the beginning of the focusing phase.

The longitudinal phase space of an accelerated electron
bunch along the acceleration length Lacc for the initially
homogeneous electron bunch of the length Lb0 
 tb0c �
0.1lp � 80 mm (or 270 fs) and radius rb � Lb0 is
shown in Fig. 2. The maximum dephasing length, Lph �

FIG. 2. (Color) Wakefield acceleration of an electron
bunch by channel guided CO2 laser pulse; a � 0.71,
kprL � 3.8, kpRch � 14.3, Lph � 512 cm, Einj � 100mc2,
Lb � rb � 0.1lp .
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�1 2 b2�21lp 
 g2lp � g3l, corresponds to the lp�2
electron slippage relative to the wakefield. Simulations
of the electron bunch acceleration in the plasma wake
illustrated by Fig. 2 demonstrate more than 50% energy
spread to the end of the acceleration cycle �Lacc�Lph �
0.5� when up to 1.6 GeV net energy gain is achieved. As
seen from Fig. 2, the finite bunch length seems to be the
prime cause for the significant energy spread obtained.

FIG. 3. (Color) Quality of an accelerated electron bunch in
channel guided LWFA; a � 0.71, kprL � 3.8, kpRch � 14.3,
Einj � 100mc2, Lph � 512 cm; (a) energy spread; (b) geomet-
ric emittance; (c) average e-beam radius; circles: Lb � rb �
0.1lp ; boxes: Lb � rb � 0.2lp .
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Figure 3 shows how the electron beam quality de-
pends upon the initial bunch size Lb0 � r � 0.1 2

0.2lp . Simulations demonstrate the importance of us-
ing possibly small (especially in the longitudinal di-
rection) electron bunches in order to control the beam
quality in the course of acceleration. Figures 3(b) and
3(c) show that strong bunch focusing in the wakefield
allows the maintenance of a low geometric emittance
´ � 4�R2

anQ2
an 2 �ru2�1�2, where Ran � �r21�2 is the

bunch rms radius and Qan � �u21�2 �u � Pr�P� defines
the angular divergence of the electron beam. However,
the selected initial bunch duration does not permit the
achievement of a low energy spread which dramatically
increases with the increase in the initial electron bunch
length [see Fig. 3(a)].

III. BUNCH COMPRESSION IN THE LASER
WAKEFIELD

In this section, we study the possibility of electron
bunch longitudinal compression in the plasma wakefield
in order to minimize the bunch length at the input to
the accelerating stage. The physical mechanism of bunch
compression is due to the longitudinal gradient of the force
Fz . At the proper injection phase on the negative slope of
the oscillating field, where ≠2f�≠j2 , 0, the accelerating
force at the front of the bunch is smaller than at the back.
The strongest bunch compression will take place in the area
of the highest negative gradient ≠Fz�≠j, i.e., in the vicinity
of the maximum wakefield potential fmax � f�jm�. It
has been demonstrated [22] that, for the electrons below
the resonance energy �Einj , gmc2� injected at phase jm,
sharp reduction of the bunch length takes place in the
vicinity of the trapping point jtr (turning point of the
electron motion relative to the plasma wave). Thus,
the minimum length of the bunch is determined primarily
by its initial length Lb0 and by the wakefield potential in
the points jm and jtr (not taking into account the radial
motion of electrons),

Lb �
kpL2

b0

2
j≠2f�jm��≠j2j

≠f�jtr��≠j
. (11)

This equation shows that, for effective compression, the
initial length of the electron bunch should not exceed the
skin depth k21

p . The compression factor Lb0�Lb increases
with the reduction of the initial bunch length and does not
depend directly on the amplitude and phase velocity of
the wakefield, as long as the electron capture condition is
satisfied. This condition appears as follows:

fmax 2 f�jtr� � Einj�mc2

2 ��1 2 g22� �E2
inj�m2c4 2 1��1�2

2 1�g . (12)

For example, for a wakefield with g � 80 and electron
injection energy Einj � 5 MeV � 10mc2, the amplitude
021301-4
of the wakefield sufficient for the trapping of an injected
bunch appears to be relatively small, jejfmax�mc2 $ 0.04.

In addition, for steady compression of electron bunches,
the whole area of electron longitudinal motion j [
�jtr , jm� should be within the focusing phase of the
wakefield. Hence, just half of the dephasing length can
be used for acceleration.

Figure 4 illustrates the results of simulations of the
electron bunch compression in the wakefield with g � 80
and amplitudes fmax � 0.04 0.19 that correspond to a
weakly nonlinear regime. The initial parameters of the
electron bunch at the entrance to the plasma channel are
Einj � 5 MeV, energy spread 1.5%, geometric emittance
0.6 mm mrad, length Lb0 � 30 mm (100 fs), and rms
radius Ran � 25 50 mm. The laser spot size and plasma
parameters are taken the same as in the simulations
discussed in Sec. II.

It is seen from Fig. 4(a) that a significant (more than
5 times) bunch compression can be attained for differ-
ent wakefield amplitudes, in accordance with Eq. (11).

FIG. 4. (Color) Bunch compression in channel guided LWFA;
plasma channel parameters: lp � 800 mm, kprL � 3.8,
kpRch � 14.3; initial bunch energy Einj � 5 MeV, energy
spread 1.5%, normalized emittance (´n � 0.6 mm mrad, length
Lb0 � 30 mm (100 fs), and rms radius R0

an � 25 50 mm.
Open squares: fmax � 0.04, R0

an � 50 mm; solid squares:
fmax � 0.19, R0

an � 50 mm; solid circles: fmax � 0.19,
R0

an � 25 mm.
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For smaller wakefield amplitude, the required compres-
sion distance increases and the final bunch radius also in-
creases substantially, as demonstrated in Fig. 4(b).

More detailed analysis of bunch compression for the
wakefield amplitude fmax � 0.19 depending on the initial
bunch size (R0

an � 50 100 mm, Lb0 � 30 90 mm) and
emittance �´0 � 0.3 0.6 mm mrad� is presented in Fig. 5.
Simulations show the importance of providing a small ra-

n

FIG. 5. (Color) The effect of the initial bunch size on
the beam quality in the bunching stage; fmax � 0.19,
other laser and plasma channel parameters are similar to
Fig. 4. Triangles: Lb0 � 90 mm (300 fs), R0

an � 100 mm,
´0 � 0.3 mm mrad; circles: Lb0 � 30 mm (100 fs),
R0

an � 100 mm, ´0 � 0.3 mm mrad; squares: Lb0 � 30 mm
(100 fs), R0

an � 50 mm, ´0 � 0.6 mm mrad.
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dius and duration of the electron bunch at the entrance to
the bunching stage not only for effective bunch compres-
sion but for a low energy spread and emittance as well.

Note that deviation of the injection moment by dt to
compare with the optimum injection phase at the maxi-
mum of the potential results, according to Eq. (11), in
extension of the compressed bunch length by dLb�Lb �
2cdt�Lb0. This proportion indicates that the jitter between
the electron and laser pulses needs to be small to compare
with Lb0.

IV. MONOENERGETIC LASER WAKEFIELD
ACCELERATION OF COMPRESSED ELECTRON

BUNCHES

In view of the obtained (in Secs. II and III) dependen-
cies of the LWFA performance upon the initial bunch pa-
rameters, the optimum LWFA scheme evolves into the
two-stage design where the first stage serves for bunch
compression and the second for monoenergetic accelera-
tion. For the first bunching stage, we again consider the
5 MeV injected electron bunch with parameters shown in
the caption of Fig. 5. Laser and plasma parameters are
taken similar for both stages and the same as in the simu-
lations discussed in Sec. III.

FIG. 6. (Color) Acceleration of electron bunches extracted from
the bunching stage. All the parameters are similar to those
given in the caption of Fig. 5.
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FIG. 7. (Color) Dynamics of the normalized emittance and
bunch duration in the accelerator stage. All the parameters are
similar to those given in the caption of Fig. 5.

The electron bunch with the initial parameters R0
an �

50 mm, Lb0 � 30 mm, ´0 � 0.6 mm mrad is extracted
from the bunching stage at the resonant energy of 40 MeV
and compressed down to 20 fs. Then, this bunch is in-
jected into the accelerating stage in the vicinity of the
maximum accelerating field at the beginning of the fo-
cusing phase. Figure 6 shows that acceleration up to
1.5 GeV with the energy spread of ,2% can be ob-
served in the single LWFA stage extending over the whole
focusing phase.

An important result is the preservation of the normalized
emittance and bunch duration in the course of the accelera-
tion (see Fig. 7). The observed preservation of the emit-
tance and bunch length during the acceleration allows for
the multistage LWFA. Figure 8 shows the energy gain and
spread for a number of accelerating stages (for the same
laser and plasma parameters as given previously).

V. CONCLUSIONS

In this paper, we demonstrate the possibility of gen-
erating quasimonoenergetic electron beams with a con-
trolled emittance in the plasma-channel LWFA, providing
that the injected electron bunch is a small fraction of the
plasma wavelength both longitudinally and transversely.
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FIG. 8. (Color) Multistage LWFA with prebuncher; initial
electron bunch parameters (before bunching stage) are Lb0 �
30 mm (100 fs), R0

an � 50 mm, ´0 � 0.6 mm mrad.

Upon proper scaling, the obtained results are applicable to
LWFA with any type of laser driver. For example, the
concept of the two-stage LWFA with a prebuncher may be
generally useful regardless of the wavelength of the driver
laser.

The particular example of a CO2 laser driver demon-
strates the feasibility of applying a conventional photo-
cathode rf gun as an injector for the advanced LWFA that
satisfies the goals for the next generation laser accelera-
tor experiment. In addition, the long wavelength of the
CO2 laser permits a favorable scaling of the plasma wave-
length and channel that relaxes experimental tolerances to
alignment and synchronization and allows a proportional
increase of the accelerated bunch charge. Three dimen-
sional particle-in-cell simulations are in progress to pro-
vide a quantitative estimate to the maximum bunch charge
below the threshold of the wakefield degradation due to
the spatial self-charge.
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