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Modeling of laser wakefield acceleration at CO, laser wavelengths
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The upgraded Accelerator Test Facility (ATF) CO, laser located at Brookhaven National Laboratory
offers a unique opportunity to investigate laser wakefield acceleration (LWFA) with a 10.6-um laser, a
wavelength where little experimental work exists. While long laser wavelengths have certain advan-
tages over short wavelengths, our modeling analysis has uncovered another important effect. The
upgraded ATF CO, laser will have a pulse length as short as 2 ps. At a nominal plasma density of
~10'% cm ™3, this pulse length would normally be considered too long for resonant LWFA, but too short
for self-modulated LWFA. However, our model simulations indicate that a well-formed wakefield is
nevertheless generated with electric field gradients of E, = 2 GV/m assuming 2.5 TW laser peak
power. The model indicates pulse steepening is occurring due to various nonlinear effects. It is possible
that this intermediate laser pulse length mode of operation may permit the creation of well-formed,
regular-shaped wakefields, which would be needed for staging the LWFA process. Discussed in this
paper are the model, its predictions for an LWFA experiment at the ATF, and the pulse steepening effect.
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L. INTRODUCTION

Laser wakefield acceleration (LWFA), whereby a high-
intensity laser pulse creates a plasma wake that can
accelerate electrons, has demonstrated very high accel-
eration gradients of over 1 GV/m [1]. Most of the experi-
ments to date, however, have used near-infrared laser
sources (e.g., A =1 um) where terawatt (TW) peak
powers are readily available. It has been noted [2-4]
that longer laser wavelengths have certain advantages.
These advantages have not been explored experimentally
because of the lack of a long-wavelength TW laser source
with the proper pulse length needed to drive the wake.

The Accelerator Test Facility (ATF) located at
Brookhaven National Laboratory (BNL) is upgrading
their CO, laser to deliver multi-TW output power [5].
The previous laser [6] consisted of a CO, laser oscillator,
a 5-atm regenerative CO, preamplifier, and a 9-atm CO,
laser amplifier. This system produced > 5 J output ener-
gies with a pulse length of approximately 180 ps. For the
upgrade, the preamplifier has been replaced with a 10-atm
device. This higher pressure causes the CO, gain spec-
trum to be more uniform over frequency, thereby enabling
amplification of very short laser pulses without the gen-
eration of daughter pulses. It is anticipated that the up-
graded system will be able to produce 2—10 ps laser pulses
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with the same 5-J pulse energy corresponding to a maxi-
mum peak power of 2.5 TW.

The availability of this upgraded laser source opens
up the possibility to perform LWFA experiments at
10.6 pwm. In addition, the ATF has also been performing
capillary discharge experiments where they have demon-
strated channeling of the CO, laser light [7]. Capillary
discharges have demonstrated plasma lengths of many
centimeters [8]. Thus, the ATF not only possesses a viable
laser driver for LWFA, but also a means to perform
acceleration over many Rayleigh lengths.

The purpose of the modeling analysis and results pre-
sented in this paper is to predict the performance of a
LWFA experiment performed at the ATF using the up-
graded laser. This will provide a guide in planning such
an experiment. This experiment would be one of the first
to examine LWFA at 10.6 um over plasma lengths of
many centimeters. As we will show, for the conditions
of the upgraded ATF CO, laser, electric field gradients of
E. =2 GV/m are possible.

During the process of our modeling analysis we also
uncovered another noteworthy feature of this experiment.
At a plasma density of n, ~ 10'® cm™3, the 2-ps laser
pulse is considered too long for the optimum generation of
a plasma wake via so-called resonant LWFA [9,10].
Resonant LWFA normally requires the laser pulse length
7, to be comparable or less than half of the plasma wake

period 7T/wp, where w, « n;/z is the plasma frequency.
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At n, = 10'® cm™3, this corresponds to = 0.4 ps. On the
other hand, self-modulated LWFA [11-20] normally re-
quires laser pulse lengths substantially longer than 2 ps.
Longer pulses allow the wake to grow via Raman for-
ward scattering or a resonant modulation instability
within the laser pulse envelope. A 2-ps pulse means the
laser pulse terminates before these processes have had
time to fully develop.

What we found is that the 2-ps laser pulse still gener-
ates a well-formed, regular wake with a surprisingly
strong electric field gradient of = 2 GV/m. Formation
of regular wakes is one prerequisite for staging LWFA
devices in series. Staging would be important for
eventually developing practical accelerators based
upon LWFA.

In this paper we describe the LWFA model, its mod-
ifications for simulating the ATF CO, laser, and its pre-
dictions for an LWFA experiment that could be
performed at the ATE We conclude with a discussion of
the results.

IL. DESCRIPTION OF BASIC LWFA MODEL WITH
MODIFICATIONS RELATED TO CO, LASERS

To describe the laser pulse propagation in a plasma
channel we use the following Maxwell’s wave equation
for the complex pulse amplitude a (see, e.g., [21,22]):

9 d 9? 9’ n
; -1 — 2 — 12
{21k0<az +c at)-i—Al + Py c Yo ]»a = kj a,
)

where n is the density of the plasma electrons, n, =
mw}/4me? is the critical electron density (m and e are
the electron mass and charge, respectively), w, is the
laser frequency, and A, is the transverse part of the
Laplace operator. The dimensionless envelope amplitude
of the laser pulse a [slowly varying on the time and spatial
scales wy ! and k;' = ¢/w, (c is the speed of light),
which are the inverse frequency and wave number of the
laser radiation, respectively] is related to the electric field
of the laser pulse E; by the expression

eEy/(mwyc) = Re{egaexp[—iwgt + ikoz]l. (2)

Here e is the unit vector of the laser polarization, which
is assumed to be linear. We consider an axisymmetric
geometry with an axisymmetric laser pulse propagating
along the axis of a cylindrical plasma channel. The slowly
varying electron plasma density n describes the nonlinear
plasma response to the ponderomotive action of the laser
pulse, namely, the wakefield generation, and 7y is the
averaged relativistic factor of the electrons [21], i.e.,

2 1/2
y=|1+ (2 )+ 51ar] " )
mc 2
where p is the electron momentum connected with the
velocity of the electrons by the relation v = p/(mvy). In
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deriving Eq. (1), the scale of the plasma inhomogeneity is
assumed to be larger than the wavelength of the laser
radiation.

To describe the slowly varying (on the time scale w; ')
motions and fields in the plasma we use Maxwell’s equa-
tions and the relativistic hydrodynamic equations for cold
plasma electrons:

P _ eE — mc*Vy, 4)
at
o 4 div(nv) =0, (5)
at
E = —4qrenv + c - rotB, (6)
Jat
10B
rotE = ———, (7
c ot

Here Eq. (4) follows from Eq. (3) of Ref. [21] and the
recognition that the generalized electron vorticity V X
(p — eA/c), which is zero initially, should always remain
zero [23].

For laser pulses not too long (but still of interest)
plasma ions can be treated as an immobile neutralizing
background. A characteristic time for the ion density
modification in ambipolar plasma motion under the ac-
tion of a ponderomotive force in the radial direction can
be estimated from the equation for the ion density N:

1 92N

No(r) o2 = uc?A,y, (8)

where Ny(r) = N(¢t = 0, r) is the initial unperturbed den-
sity of ions, w = mZ/M, and Z and M are the charge
number and mass of the ions, respectively. From this
equation for a laser pulse with a Gaussian profile in the
radial direction with transverse scale r;, the character-
istic time for a pronounced ion density modification is

I

tlon \/ﬁ c aO ’ (9)
where a is the maximum of the laser field envelope. For
the range of parameters under consideration, r; =
100 um, ay = 1, and u = 5 X 107%; the estimate from
Eq. (9) then gives t,,, = 15 ps. This is much longer than
the 2-ps CO, laser pulse duration of interest and permits
us to neglect (in the first approximation) the ion motion.
The equations can be simplified into a form for a single
scalar potential function as follows. In the quasistatic
approximation [24] by using dimensionless coordinates

moving with the laser pulse variables

g = pr(Z - Ct)’ é, = prZ’ p= prrJ_r (10)

the set of Egs. (4)—(7) can be written in the form:
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0
a—g(ez'y—q)=E—VJ_’)/, (11)
g -]+ =0 12
6_5[(MZ Jv]+a(vuy) =0, (12)
9’E d
[a_fervaxE}a—f(w), (13)

where v = n/N, is the normalized electron density, [the
constant N, will be chosen later as the unperturbed
electron plasma density on the channel axis Ny = ny(r =
0)l; kyo = w,o/c = (4me>Ny/m)"/?/c is a normalizing
inverse space scale; V| and 9, are the transverse parts
of the gradient and divergence, respectively; and q =
p/mc,u =v/c,and E = eE/(mcw ) are consequently
the dimensionless electron momentum, velocity, and
slowly varying electric field, respectively. The nonlinear
relativistic plasma response v/y can be expressed in
accordance with Eqgs. (11)—(13) through a single scalar
function (potential) @ (compare [25]):

K_VO_’_AJ_(D
Y [

where vy = ny(r)/N, is the normalized electron back-
ground density in the plasma channel and the potential
® =y — g, is defined with the boundary condition
D¢ — +o0) = 1.

The dimensionless components of the electric and
magnetic fields in the plasma, and thus the forces acting
on an accelerated relativistic electron, can be also ex-
pressed through the dimensionless potential ® =
m,c*®/e:

(14)

FZ = EZ = a—f,
where in the last expression axisymmetry is assumed. The
equation for the potential can be obtained from Egs. (11)—
(13) taking into account Egs. (14) and (15). The simpli-

F,=E, —B,=

Ly 22 (15)

intensities of the laser pulse smaller than relativistic
ones (Ja] < 1). In these cases the equation for the poten-
tial can be linearized with respect to the small parameter
|® — 1|/(k,or)?*, where r is the transverse scale of the
laser pulse envelope. In doing so we arrive at the follow-
ing equation for the potential:

0> olny, o°
A — _
{( T R P P Y
V2 1+ |al?/2 v
+ VoAJ_}(D - 70|:1 - T}: ZOAJ_lalz' (16)

This equation has two exact limits. (i) The fully relativ-
istic 1D limit is when |® — 1|/(k,r,)* <1 and all
transverse derivatives can be neglected. In this limit
Eq. (16) reduces to (9°®/9&%) + (vo/2)[1 — (1 +
lal?/2]/®?)] = 0. (ii) The linear limit when |a|*> < 1,
|® — 1| < 1, and Eq. (16) can be transformed into Eq. (8)
of Ref. [26].

In the same dimensionless coordinates moving with
the laser pulse variables [i.e., Eq. (10)], Eq. (1) has the
form

.0 pr 62 _ pr v
{Zlaf ko <Alp +26§8§>}a ko 7/a, 17)
where a small second derivative on variable  is omitted.
Further we shall assume that the restriction |® —
1|/(kpr,d)2 <1 is fulfilled and shall use Egs. (14), (16),
and (17) to analyze the intense CO, laser pulse channel-
ing and wakefield generation in wide plasma channels.

II1. MODEL PREDICTIONS

In accordance with the anticipated parameters of the
upgraded ATF CO, laser, the laser parameters assumed in
the numerical modeling are listed in Table 1. The laser
pulse is focused at the entrance of the plasma channel
where it is assumed to be Gaussian in both space (radial
direction) and time,

2 2
fication of this' equation is possib.le for a broad laser pulse a(r,z=0,1) = ay exp[ — ;_2 — gt_z } (18)
(compared with the plasma skin depth 1/k,), or for L TL
TABLE I. BNL ATF laser parameters used in the model simulation.
Parameters Value
Laser wavelength, A (um) 10.6
Laser pulse duration, 7; (ps) 2
Laser peak power, P; (TW) 2.5
Laser pulse energy, E; (J) 5
Laser pulse radius at vacuum focus, r; (um) 101
Laser beam Rayleigh length, Zp (mm) 6.07
Normalized laser field strength at vacuum focus, a 0.8
Plasma channel radius (um) 202
Plasma channel length (cm) 6.7
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FIG. 1. (Color) The maxima of the laser pulse field on axis
la(r = 0, 2)|ax (solid line) and the maximum of the wakefield
potential 6P, (r =0,2) = @ (r =0,z) — 1 behind the
pulse (dashed line) versus propagation distance z (normalized
to the Rayleigh length Zg = kor? and in cm). The laser spot
radius r; = 101 pwm, laser field ay = 0.8, and channel radius
R, = 202 pm (see Table I for other parameter values).

The plasma channel is assumed to be parabolic,

2
no(r) = ng(r = 0)[1 + 1;—2 } (19)

ch

with the electron plasma density on the axis
Nog = ng(r =0) = 1.1 X 10'®* cm™3® (corresponding to
Yo = wo/ w9 = 30). The channel radius is matched
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with the initial laser spot size by the linear condition [27]

Rch == kpol’%, (20)
which in the case of the electron density profile, Eq. (19),
provides guided propagation of a Gaussian laser pulse
without substantial distortion for a moderate laser power,
P; /P, < 1 (where P, is the critical power for relativistic
self-focusing in a plasma, P, = 17(wy/w ,0)*[GW]).
Note that for the foregoing parameters (ie., P, =
2.5 TW, Ny = 1.1 X 10' cm™3), P, /P, = 0.16.

Figures 1-5 illustrate the laser pulse propagation and
wakefield generation for a laser pulse spot size at the
entrance of the plasma channel of r, = 101 um, a nor-
malized maximum of the laser field ay = 0.8 (corre-
sponding to a laser intensity ¢, = 0.78 X 10'® W /cm?),
and a channel radius Ry, = 202 pm.

IV. DISCUSSION OF RESULTS

In Fig. 1, the small fluctuation in the laser field corre-
sponds to a modulation in the laser envelope. This modu-
lation is the result of a slight difference from the perfectly
matched channel size, Eq. (20), as discussed in Ref. [27].
The period of the modulation is about 7 times the
Rayleigh length Z; = kor?. The wakefield potential
shown, 6@ = ® — 1, represents its value behind the laser
pulse as a function of the propagation distance z (normal-
ized to the Rayleigh length). This wakefield potential
shows considerable growth by the end of the distance
shown in the figure (z ~ 7 cm). Since the normalization
for the potential is mc?/e = 0.511 MV, the magnitude of

0,%)

30(p

la(p=0, £)*

30(p=0, &)

0 10 20 30 40 50
E= kpo(z -ct)

FIG. 2. (Color) The normalized laser pulse intensity on axis |a(r = 0, £)|? and wakefield potential s® = ®(r = 0, £) — 1 (lines
marked by circles) at propagation distances (a) z = 0, (b) z = 5.5 cm, and (c) z = 6.7 cm. The parameters are the same as in Fig. 1.
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the wake potential at this point is about 0.1 MV. Hence,
the resulting wakefield E, ~ k(6 ® is about 2 GV/m.

Even though the 2-ps laser pulse duration is much
longer than that for “‘resonant” LWFA (0.4 ps for the
density in this example), a very strong wake is generated.
This is a result of the nonlinear evolution of the laser
pulse because of the coupling with the plasma. The
coupled evolution of the laser and wakefields is shown
in Fig. 2 for various positions in the plasma. At the
entrance to the plasma (Fig. 2, z = 0), the laser field is
in its initial, unperturbed state, and the wakefield simply
reflects the presence of the laser field. At a distance of z =
5.5 cm into the plasma [Fig. 2(b)], a significant wake is
trailing behind (to the left of) the laser pulse. A key
feature is that the laser pulse itself has been modified;
the solid line is the laser field at this point and the dashed
line is what the field would be if it were unchanged. The
peak laser field has increased. The higher peak field
reflects the modulation of the envelope (see Fig. 1), and
at this point |al|2,,, is more than 50% higher than its initial
value.

A more important effect, however, in terms of wake
generation is the nonlinear pulse steepening, which arises
from two effects. First, stronger self-focusing at the
middle (maximum) of the laser pulse produces pulse
steepening [27]. Second, a growing modulation has ap-
peared near the trailing edge of the pulse. As a result of
the modulation, the local gradient of the field d|a|?/dé
has become quite steep. This causes the pulse to act as if it
has a much shorter length, i.e., behave much closer to the
resonant condition for LWFA. These effects, as well as the
processes of self-phase modulation and group velocity
dispersion, also cause a shift in the laser pulse maximum
toward the back of the pulse and a precipitous drop after
the peak [22]. These ‘““‘pulse shortening’ effects enable
the relatively long overall pulse to generate a strong wake.
Observe that only a short distance farther into the plasma
at z = 6.7 cm [Fig. 2(c)], the laser field modulation near
the pulse trailing edge has rapidly become stronger and
crept deeper into the pulse. We should note that nonlinear
pulse steepening has been observed in experiments with a
Ti:sapphire laser [28] in which a strong wake was gen-
erated even though the initial laser pulse length was a
factor of ~2.5 too long for efficient wake excitation.

The radial and longitudinal structure of the laser field,
electron density, and wake potential are shown in Figs.
3-5, respectively, at a distance z = 6.7 cm. The density
modulation (Fig. 4) has very large amplitudes with peak
densities on axis more than 100% above the ambient
density. Note in Fig. 4 that the laser pulse center is at
about ¢ ~ 30 and toward the left on the figure, so that the
large density fluctuations are mainly behind the pulse.
The wake potential (Fig. 5) has a large first peak, mainly
because of the presence of the laser pulse, but a strong
fluctuating wake is left behind the pulse. Here the laser
pulse center ¢ ~ 30 is towards the right in Fig. 5.
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FIG. 3. (Color) The normalized laser field |a(p, )| after 6.7 cm
propagation. The parameters are the same as in Fig. 1.

Model simulations have also been performed for the
situation of a broader profile, i.e., a broader laser spot size
and wider channel. The laser spot at the entrance of the
plasma channel is r;, = 115 pm, and the channel radius is
R, = 259 pm. For this example the normalized maxi-
mum of the laser field is lower, a; = 0.707, corresponding
to a laser intensity ¢, = 0.61 X 10'® W /cm?. This simu-
lation was carried out for a longer propagation distance
into the plasma of 13.2 c¢m, than the z = 6.7 cm in the
example of Figs. 1-5.

The results appear very similar to those shown in
Figs. 1-5, but with a few noteworthy differences. In the
broader laser spot example the modulation of |a|,,,(z) is
slower because of the wider channel and longer Rayleigh
length. Although the peak laser field |al,,, is about 20%
lower in this case (see Fig. 2), the laser pulse modulation

np, &) /N

FIG. 4. (Color) Electron plasma density n(p, £)/N, after 6.7 cm
propagation. The parameters are the same as in Fig. 1.
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FIG. 5. (Color) The wakefield potential 6@ = P(p, &) — 1
after 6.7 cm propagation. The parameters are the same as in
Fig. 1.

is deeper and the wake potential is larger because of the
greater propagation distance into the plasma. Under this
situation the normalized wake potential ® is ~0.28,
corresponding to an electric field of E, ~ 2.8 GV/m.

This comparison of different laser spot sizes shows that
a broader laser spot (and corresponding channel radius)
leads to a broader wakefield. The wakefield grows more
slowly, but continues to grow with propagation distance
into the plasma. An increase of the transverse scale of the
wakefield may be preferable for the acceleration of finite-
sized electron bunches due to a decrease of the radial
forces and prevention of transverse wave breaking of
the plasma wake.

V. CONCLUSION

The principal result of this analysis is that a strong
wake is excited even though the original laser pulse
length is several times too long for efficient wake excita-
tion by resonant LWFA. This arises because of nonlinear
laser-electron coupling effects, which lead to an effective
pulse steepening. The pulse steepening arises from the
stronger self-focusing at the middle (peak) of the laser
pulse and a growing self-modulation of the pulse after its
peak. The resultant steepening causes the pulse to act as if
it has a shorter duration.

A consequence of this pulse steepening effect is that
the terawatt upgrade of the CO, laser at the ATF will
enable unique LWFA experiments to be performed. These
would be one of the first to demonstrate LWFA at
10.6 pm. Furthermore, they may also demonstrate accel-
eration over an extended interaction length of ~10 cm
using a capillary discharge plasma for laser channeling.
Simulations predict a wake amplitude > 1 GV/m for a 2-
ps, 2.5-TW laser pulse. A properly phased particle accel-
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erated in this wake over 10 cm would gain > 100 MeV
energy.
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