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Abstract

Scaling laws are derived as a function of laser wavelength
for various quantities of interest for a single stage of a
channel-guided laser wakefield accelerator. Comparisons

are made for drive laser pulses of equal energies. Scalings Drive Plasma Channel
that favor short or long wavelengths depend on the quantity Laser Plasma Wave
that is to be optimized. For example, holding the number
of electrons per bunch constant favors shorter wavelengths, G W %
whereas holding the energy gain constant can favor longer
wavelengths. ’ }7 NN \>—>
A 0772
1 INTRODUCTION /
o Electron Electron Bunch

Plasma-based accelerators [1] are capable of sustaining ul- Injector Laser Pulse
trahigh electric fields£, on the order ofEy = cmuw, /e,
i.e.,

Eo[V/m] ~ 96n'/?[cm™3], (1)

where n is the ambient plasma density and, =
(47ne?/m)*? is the plasma frequency. Although the ac-

celerating field is very high, the wavelength of the acceler- . ]
ating structure (i.e., the plasma wave) is very short and drigure 1: Schematic of a channel-guided LWFA. The

the order of the plasma wavelength = 27c/w,, i.e., plasma channel guides the laser pulse and supports the
wakefield, which is generated behind the laser pulse with a
Ap[pm] ~ 3.3 x 10*%71/2[em™?], (2) phase velocity, ~ c. Short electron bunches with length

Ly <« A, are injected into the wakefield for acceleration to

e.g., Ey ~ 30 GV/m and), ~ 100 um for n ~ 107  high energy.
cm~2. The shortness o, has important consequences.
For example, if an electron bunch is to be injected into
the plasma wave such that its initial low energy spread @&nd is related to the powét of a Gaussian radial intensity
maintained, then it is desirable for the initial bunch lengttprofile I o< exp(—2r?/r7) by P[GW] ~ 21.5ar7/)?,
Ly to be short compared th,. Furthermore, the bunch Where is the laser wavelength, is the spot size, and
must be injected at the optimal plasma wave phase wiliiear polarization has been assumed.
femtosecond timing accuracy. These requirements are be-A practical high-energy LWFA requires the use of a
yond the state-of-the-art for conventional injector technolplasma channel to guide the laser pulse (see Fig. 1) . In
ogy (e.g., photo-injectors). Conversely, the shortness of vacuum, laser propagation is typically limited by diffrac-
and the wide-spread availability of ultrashort high powetion, the characteristic distance of which is the Rayleigh
lasers may allow plasma-based accelerators to be devielngthZr = 773 /A, wherer, is the laser spot radius at
oped as a compact source of ultrashort, high energy eldocus (e.g.Zr ~ 3 mm forr, = 30 um andA = 1 pm).
tron bunches [2-7]. Extending the single-stage interaction (acceleration) length

In the standard laser wakefield accelerator (LWFA) a sirbeyondZr requires optical guiding [8]. In the standard
gle, intense, short (a pulse length~ X,) is used to drive LWFA, this can be achieved with a preformed plasma den-
the wakefield. As the pulse propagates through the plasnsity channel [8-15]. The index of refraction in a plasma
its ponderomotive forcé, o Va? expells plasma elec- is approximatelypz ~ 1 — A*/2A2. As in an optical
trons, thus exciting a large amplitude plasma wave witfiber, a plasma channel can provide optical guiding if the
phase veloctiy, ~ c in its wake. Hereg” is proportional index of refraction peaks on axigyr/0r < 0, which

to the laser intensity, can be achieved with a plasma density profile that has a
local minimum on axisgn/9dr > 0. Specifically, a chan-
a” = 7.2 x 107 X? [pm]I[W fem’], (3) nel with a radially parabolic density profile of the form
*Work supported by the U.S. Department of Energy undercontracthgl.(,r) = o+ Anrz/ra can gu'lde a Gaussian laser pUIse
DE-AC-03-76SF0098. with a constant spot sizg provided the channel depthn
t Email: ehesarey@Ibl.gov satisfiesAn = An,., whereAn,. = 1/7r.r2 is the crit-
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ical channel depth [8] anel. = ¢2?/m.c? is the classical A; = =r2/2 is the cross-sectional area of the Gaussian

electron radius, i.e., pulse, and- is the laser spot size.
5 o) o The laser spot size is assumed torpe= 2¢/w, in or-
Anclem™] >~ 1.13 x 107" /rg[pm]. (4)  der to ensure high efficiency of energy transfer between

) . . ) . the wake and the accelerated electrons [18], since electrons
The following discussion will be restricted to standard LW-aded near the axis will absorb wake energy out to a radius

FAs that utilize channel guiding. . of approximately:/w,. Furthermore,
The most common sources of high power, short laser
pulses are solid-state systems based on the technique of a? = 9.4 x 10727 W A\Zp3/2 (6)

chirped-pulse amplification (CPA) [16]. Such CPA sys-

tems typically haveA ~ 1 um and have been used in  The acceleration length is assumed to be equal to the
numerous LWFA and channel-guiding experiments [9-15klectron dephasing lengily, = ,\12)/,\2,

Alternatively, high-power, short-pulse GQaser systems

(A ~ 10 pm) are being developed and will be available for Lg=3.7x10%®)\"2,p73/2 (7)
future LWFA experiments [17]. In this paper, scaling laws

with respect to\ for relevant LWFA quantities are derived The ideal maximum energy gain is given lW\v =

and discussed. ek, Lg,

2 SCALING LAWS AW =1/n=13x 10"3Wn'/? (8)

In this section, simple scaling laws for LWFA quantities The number of electrons accelerated per bunch is as-
are presented under idealized assumptions. These idealig&ined to be equal to the beam loading limit [18] =
scaling laws assume the following: E,Ay/4we, where A, is the effective cross-sectional area
of the beam which is assumed to Be = ¢ /w2,
1. A standard LWFA that is channel guided.
Ny = 1.7 x 107°WrAn 9)
2. The mildly relativistic regimeg? < 1.
: L Another figure of merit is the luminosity.um =
3. The acceleration length is limited by electron depha%bfb/M)sz/%Uy’ wherek, is the number of bunches

Ing. per linac, f; is the linac rep rate, and, , are the trans-

4. The plasma channel is sufficiently broad such that tH&S€ 'Mms bunch sizes, which are assumed to be equal to

formula describing wakefield generation in a uniformf/_wp' For scz?’ling purposes, itis convzenient to define the
plasma apply. single bunch” luminosity afum, = N /0,0,

5. The transverse size of the laser pulstrjss, and the Lum;s = 9.9 x 107 WA n? (10)
transverse size of the electron bunch/s, .

. i 3 EXAMPLES
6. The total electrons per bunch is the beam loading
limit. Next, to determine scaling with wavelength, several exam-
ples are given. In all these examples, the laser pulse energy

In the following, when equations are presented in pradd’;, is assumed constant.
tical form (with numerical coefficients),, is in VIm, n is
incm™3, Aisinum, I'isin Wien?, Wr isinJ,Lgisinm, 3.1 Constants,
AW isin GeV, Lum; is in cnm 2, anda? is dimensionless. . o , , , N

In the mlldly relativistic limit within a broad channel The axial electric field of the wake is held fixed (In addition
the axial electric field of the wake [1] can be written ad® the pulse energy). This implies:

— 2 — — /2

E, =0.38¢”Ey, whereEy = me.cwp/e = 96n'/7, ie., o AL Ly o /\_1/2’ AW o /\_1/2’

E. =27 %107 TI\*n/? Ny o< A, Lumg, o< A (12)
=34 x1075W A %n? (5)

This assumes a linearly polarized laser pulse with Gaug-'2 Constant. 4

sian profiles in the radial and axial directions. This alsd@he acceleration length is held fixed (in @imh to the

assumes that the laser pulse length is optimized to maxiulse energy). This implies:

mize the wakefield amplitude, i.6,= A, /27 = 0.4),,

where the pulse lengtth is defined such thatV, = noc A3 B, oc ATHE AW o ATH3,
(1/87)Ar EZ L is the pulse energy\, = 2mc/w, is the Vs
plasma wavelengthf; is the peak laser electric field, Ny o< A3 Lum, o< constant (12)
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3.3 ConstanAW
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