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Abstract

Laser-driven accelerators require guiding of the laser
pulse over many Rayleigh lengths. Plasma channels such

as those produced by a capillary discharge have been ]
shown experimentally to be capable of guiding intensé1 Theory for an Ideal Density Channel

laser pulses over distances as long as 6 cm. Simulatigfigractive guiding of a laser pulse can occur if the index
of laser pr.opagatlon in these phgnnels show that the lagefhafraction peaks on-axis [2-7,11]. A plasma channel
pulge radius undergoes oscillations about the matchgfy an on-axis density minimum produces the desired
radius at the expected frequency. The pulse may Bfect For an ideal channel, the plasma density is
distorted by several effects, including laser-generated¢ med to be parabolic, with= n, + An(r/r,)’, where
lonization. Experiments to date have been at relatively js the on-axis density, is the distance from the axis,
high densities (10 - 10° cmr®). For standard laser p s the channel depth, anglis the channel radius. The
wakefield accelerator appédons, the channel density iS|ager pulse is assumed to have a Gaussian radial profile,
likely to be substantially lower. As expected, simulationgiin normalized vector potential = a,exp(-FIr, %), where

in this lower density regime show lower accetety | isthe laser spot size.

gradients, larger laser spot sizes, and higher wakefieldrpg assumptions above lead to an envelope equation
phase velocities and dephasing-limited energy gain. o 1 (2) in which the spot size oscillates about the

equilibrium or matched radiug given by

2 LASER PROPAGATION IN DENSITY
CHANNELS

1 INTRODUCTION

The laser wakefield accelerator (LWFA) [1,2] has t = (& [ moany 4, (1)
emerged as a leading candidate among various advanced

accelerator concepts. However, the single-stage enefgierer, is the classical electron radius. The oscillations
gain will be severely limited by diffraction of the lasehaye a period given by = 7Zy, whereZy = (rw)?/A is

pulse unless the beam is optically guided. Preformefe Rayleigh length for the matched spot size
plasma channels offer a promising method for providing

such guiding. Channels produced by an axicon-focus@d2 Laser Guiding Experiments with Capillary
laser [3] or capillary discharge [4-7] have successfuIIDiSCharges

guided laser pulses over distances of several cm.

Several LWFA experiments [8,9] have produced ver‘@* capillary dischar_ge provides a simple, controllgble
large accelerating gradients (>10 GV/m) and higmethod for generating a narrow plasma cplumn suna_ble
energies (~100 MeV), but these experiments operateff{ laser guiding [4-7]. The device consists of a thin
the highly-unstable self-modulated regime and produg¥linder of insulating material with high voltage
poor beam quality. Experiments in the standard LwFglectrodes at the ends. The plasma is generated from
regime have to date produced moderate energy gain [1@]ater|al from the inner insulating wall of the capll]ary.

This paper describes simulations of laser pulses fpuble capillary designs [12] employ a short higher
plasma channels similar to those used in recent capillaf§tage trigger section preceding the main capillary.
discharge guiding experiments. The analysis is extendgdrodynamic simulations [12] and Stark broadening

the lower plasma density regime which will be used imeasurements [5] indicate a period of time during which
future channel-guided LWFA experiments. the plasma has an off-axis maximum in the density at a

distancer,, which is typically 50-70% of the wall radius.
Initial experiments [4,5] utilized a linearly-polarized
"Work supported by the Dept. of Energy, the Office of Naval Researcﬁ"sapph're laser with pulse length, = 100 fs,
and the US-Israeli Binational Science Foundation. wavelengthA = 0.8 um, and peak poweP, up to 0.1

*Plasma Physics Division, Naval Research Laboratory, Washington, D(-gW' The DUIseS were focused onto the entrance of the

"Racah Intitute of Physics, Hebrew University, Jerusalem, Israel C"?‘p'”ary with a fOCl%SGO_' spot S'_Ze Qf 1. Experiments
‘lcarus, Inc., Bethesda, MD with 1 ¢m long cylindrical capillaries [4] demonstrated

*Email: hubb@ppdu.nrl.navy.mil transport effi'cienci'es of up to 85% in. both straight and
curved configurations. When the discharge was not
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triggered, transport efficiencies dropped dramaticall\ginite pulse length effects [14] may also distort the pulse,
and the transported laser spot appeared to fill tlausing growth and damping of envelope oscillations.
capillary. Laser guiding experiments were also
performed in 2, 3 and 6.6 cm long capillaries [5]. In the 80
latter case, the pulse radius at capillary exit was 85

and did not vary greatly with variations of the discharge —

60 B

parameters. The transport distance was Z3OLight 2 40
transmission was ~10% in comparison to the ~1% &7
without the discharge. Collisional absorption is likely to 20

be the dominant loss mechanism, although ionization-
induced losses cannot be discounted [5].

Accelerator applications require substantially higher z (cm)
intensities than are produced by this laser. To investigdtey. 1. Simulation results for laser guiding and post-
the high intensity regime, capillary dischargecapillary expansion for three cases with different values
experiments have recently been carried out using the af n, andAn. Parameters are described in the text.
laser at the Naval Research Laboratory [6,7]. The laser
has a 1.06um wavelength, a 400 fs pulse length, and 3 CHANNEL-GUIDED LASER

peak power exceeding 2 TW. A 2 cm long double WAKEFIELD ACCELERATORS
capillary was used. The focused intensities in these

experiments exceeded'10v/cnt. Transport efficiencies 3.1 Scaling for LWFA Performance
were generally higher than at lower intensities '

L . ) The channel guiding method described above may be
2.3 Laser Guiding Simulations adapted to laser wakefield acceleration. However, to be

Simulations of laser propagation in plasma channdf® the optimal regime for a standard LWFA, the
have been carried out using the LEM 2-D, axisymmetrf€Sonance ratia, = cti/A, should be ~0.5 [1,2]. Here,
code developed by Krallet al. [13]. Nonlinear wave the nommz/azl_plasma Wa\_/elengl&p = 21clae, and apo =
equations are solved for the normalized potentials, af#fmo€”/m)"?is the on-axis plasma frequencyatfandn
the plasma response is treated with a cold fluid mod@re specified, the on-axis density= (rm/€)(a,/1.)*. For
The evolution of the pulse is followed in a speed-of-light. > 100 fsec, andr, = 0.5,ny < 3.5x10" cm®, which is
system with coordinates = ¢t — z,andr = t. much lower thamg values in current experiments [3-7].
Figure 1 plots the spot sizg(z) for three simulations ~ Analytical models for predicting LWFA performance
in a 2 cm long channel with, = 100um, similar to that are usually based on such physics parametegs, as
used in the guiding experiments described affgvéThe andA,. The primary performance quantities are the peak
spot size is calculated at a reference point near the cergtecelerating electric fiel&,, the dephasing distande,
of the 100 fs long, 0.8um wavelength pulse. The and the dephasing-limited energy giih= mcy. If the
entrance to the channel is near the initial focus=a0.3 pulse length is optimized, the pulse is linearly-polarized,
cm, and the pulse exits the channel into vacuum=at anda, << 1, the usual scalings gi&, = (a,/2)E,, L, =
2.3 cm. The solid curve hag = 5x10° cmi®, and4an = A,%/24% and ys = 2(E/Eo)(AJA)%. HereEy = meade is
3x10'® cm® and is nearly identical to the dashed curvahe 1-D cold fluid wavebreaking field, and the dephasing
which raisesn, to 1.5x16° cmi®. However, the dotted limits are based on the distance over which a particle
curve, which has a small reductionn (2.8x13° cm®),  moving atc slips by anA,/4 in the wakefield.
produces a small but noticeable shift in the spot sizeSincea, andt, are strongly linked, one may express
oscillation wavelengtile, leading to a significant shift in performance quantities in terms of the following set of
the spot size trajectory after it exits the channel. This |iéser parametersﬂ,(PO, TL) and channel parameteran(
consistent with the predictions of Section 2.1, thaand . and normalized channel depfin/ny). The spot size
Ae are independent ofiy and scale only withAn. in Eq. (1) is given byw? = (C/M)(ret )/ (An/ro)Y2 Thus,
Experimental measurements of post-capillary expansi@shger pulse length lasers tend to have larger spot sizes
of the beam show shot-to-shot variations which can B thus lower intensities andceleating fields. If the
attributed to small changes 4m. scaling of E, with pulse length is assumed to be

The pulse may be distorted by a number of effectssing,), then the peak acceteing electric field is
which are not contained in the simple envelope models.

For example, the intense laser pulse may ionize the e
carbon originating from the polyethylene capillary wall E_ = @m @
to higher charge states. This will tend to increase the c
plasma density near the axis, which inhibits the guiding

effects and may cause the pulse profile to hollow [4fnd the corresponding dephasing-limited energy gain is

agaZA?P,(An/ ny)Y? sinm,

2
rchTL
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0 4e®> Oa P, (An/ no)lfz sinmm, (3) An/rng = 1, andrg, = 150um. The simulation produces a
Yo = O et 0 ra, . well-defined wakefield which peak:7 at ~35 GV/m.
3.5

T (crn) -

The scale factoog is ~0.8 [1,2]. These simple scalings
may be modified for high laser intensitgy(~ 1) and
finite spot size.

3.2 LWFA Simulations

The simulation code may be run in the lower density
regime and high laser powers appropriate for a LWFA.
Fig. 2 gives a surface plot of the axial electric field
E(r,{) for a prototype channel-guided LWFA with
A=08pm, 1, = 100 fs,Py = 25 TW, ny = 2x1037 cm?,
An/ng = 5, andrg, = 100 um. The peak field of ~10 Fig. 3. Axial electric fieldE(r,{)at z = 3.6 cm for the

GV/m occurs ag = -80 um, and the simulation slippage se|f.modulated LWFA simulation describedoge
rate gives an estimated dephasing lerigth= 20.9 cm.

The dephasing-limited energy gain for the simulation is

Wys = (2/T)Edgs = 1.36 GeV. This agrees well with the 4 SUMMARY _
analytical estimate from the previous section when spBtasma channels such as those produced by a capillary
size and nonlinear corrections are included. CurrefliScharge have guided intense laser pulses over distances
LWFA and channel guiding experiments have takeff several cm. Simulations have been carried out which
place at much high plasma densities, where 0.1 cm, reproduce these experiments and illustrate higher order

E. is substantially higher, bity, is only ~100 MeV. effects which may distort the pulse. For a channel-guided
LWFA, the plasma density must be substantially lower

that in current experiments. The implications may be
seen in simple scaling laws for LWFA performance and
in simulations of future LWFA experiments. Simulations
of a channel-guided, self-modulated LWFA suggest this
approach may be promising.

£, (GV/m)
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