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Abstract

Sensing of shielded fissile materials at long rangeis crit-
ically dependent on the development of compact particle
accelerators. Direct laser acceleration (DLA) of electrons
has the potential to meet this requirement. In DLA, the
axia component of the electric field of afocused radially
polarized laser pulse accelerates particles. The accelera-
tion gradient could be estimated as 77 MeV/mm for 800
nm laser with power of 0.5 TW and 8.5 um guided mode
radius. The implementation of long guided propagation of
laser pulses and the phase matching between electrons and
laser pulses may limit the DLA in redlity. A preformed
corrugated plasma waveguide could be applied to extend
the laser beam propagation distance and for quasi-phase
matching between laser and electron pulses for net accel er-
ation. We perform numerical calculations to estimate the
phase matching conditions for a radialy polarized laser
pulse propagating in a corrugated plasma waveguide. Fur-
ther, the electric field distribution of a radially polarized
laser pulse propagating in this waveguide is also analyzed
via particle-in-cell simulations, and will be used to guide
future experiments.

INTRODUCTION

Radiation signatures of fissile materials, such as highly
penetrating neutrons and ~-rays, are most promising for
their detection at long range. However, the available spon-
taneous radiation signatures are usualy rare and emitted
in the full sold angle, making the passive remote detec-
tion very difficult in practice. These challenges motivate
the development of active interrogation systems. To gener-
ate ~-rays for active detection, it is necessary to use par-
ticle accelerators to produce electron beams with up to
GeV energies, and then convert the energy into ~-rays by
bremsstrahlung or inverse Compton scattering. Meeting
the typical specifications for described applications is de-
manding with small size, low weight and low cost.

Laser-driven acceleration schemes that utilize ultrafast
(fs) laser pulses have a potential to realize electron accel-
erator with significantly reduced dimensions. For example,
the acceleration gradient in laser wake field acceleration
(LWFA) [1, 2] istypicaly inthe order of GV/cm, almost 4
orders of magnitude greater than in conventional linear ac-
celerators. The generation of monoenergetic GeV electron
beams in 3 mm accelerating length has been demonstrated
in the prior work [2], indicating the potential of LWFA
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to significantly reduce the linear dimensions of accelera-
tors. However, since the excitation of a plasma wave by
laser pulse is a highly nonlinear process, LWFA typically
requirestens of TW laser peak power for efficient accelera-
tion. Those pulses are currently produced by laser systems
employing a complex and expensive series of low repeti-
tion rate fs laser amplifiers, which limits the performance
and attractiveness of the technique for some applications.
Therefore, the motivation exists to investigate alternative
methods for laser electron accelerators operating with 1-2
order lower peak powers than LWFA.

Direct laser acceleration (DLA) of electrons, such asin-
verse Cherenkov acceleration [3, 4, 5], has the potential
to meet the requirements for future compact accel erator-
driven systems. In DLA, electrons are accelerated by the
axial component of the electric field of a focused, radi-
ally polarized laser pulse. The acceleration gradient scales
as the square root of laser laser power [4, 5], and is es-
timated as 77 MeV/mm for 800 nm laser wavel ength with
peak power of 0.5 TW and 8.5 um moderadius. Therefore,
field gradients on the order of hundreds of MeV/cm are ex-
pected from phase-matched pulses below TW peak power,
available from compact, high repetition rate laser systems.

Two significant challenges of DLA may limit its imple-
mentation. They include the realization of guided propa-
gation of ultraintense pulses over extended distances and
the phase matching between the propagating el ectrons and
laser pulses. Optical guiding in DLA using a preformed
plasma waveguide [4] has a potentia to extend the acceler-
ating distance over several Rayleigh ranges. Furthermore,
similar to the ubiquitous quasi-phase matching (QPM) in
nonlinear optics, corrugated waveguide techniques [5, 6]
with axially periodic plasma density modulation could be
used to quasi-phase match the laser and electron pulses. A
net accel eration can be produced by breaking the symmetry
between accel eration and decel eration phases. Asthe num-
ber of QPM periodsincreases, it is possiblefor electronsto
acquire energy above 100 MeV even for modest laser peak
powers below 1 TW.

In this work, we investigate the QPM conditions for
DLA of electrons in plasma waveguides. First, numerical
calculations are presented to estimate the phase matching
conditions for a radially polarized laser pulse propagating
in a density-modulated plasma waveguide, including the
plasmaand waveguide dispersion [4]. Next, the particle-in-
cell (PIC) simulation [7] focuses on the propagation of ra-
dially polarized femtosecond pulsesin plasmawaveguides.
The electric field distribution of the radially polarized |aser
pulse propagating in the waveguide is also analyzed in or-
der to guide the design of future DLA experiments.
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QUASI-PHASE MATCHING OF DLAIN A
CORRUGATED PLASMA WAVEGUIDE

Guiding a radialy polarized laser pulse in a plasma
waveguide with a quadratic increase of electron density
aong radial direction for DLA was proposed by Serfim [4].
In this prior work, the dispersion relationship for aradially
polarized laser pulse was derived in the paraxia approxi-
mation. The refractive index n of the laser pulse can be
expressed as:

n?=1- w_p2 8¢

w02r02 ’ (1)
wherew, isthe plasmafrequency, w, isthelaser frequency,
c isthe speed of light and r( is the guided mode radius. In
Eq. (1), it isobviousthat the phase velocity (V) of alaser
pulsein the plasmawaveguideis determined by the plasma
density and the guided moderadius (in paraxial approxima-
tion, therq istheradial position at which the axicon-shaped
longitudinal electric field £, decreases to zero). Vp, in-
creases with plasma density and decreases with the mode
radius. Since the electron beam can never move faster than
¢, this results in the phase mismatch effect between the
laser pulse and the electrons.

The energy gain of an electron accelerated by the elec-
tromagnetic (EM) wave can be approximated with:;

z

i [ - ?)dz’] e

0

AU = —qe/ dzFE sin

where ¢, iselectron charge, F isthe amplitude of the elec-
tromagnetic wave, kr, is the wave vector of laser pulse
and v, isthe speed of electrons with propagating distance
z = vet. By defining wy/v. as the wave vector k. of the
electrons, the phase matching effect between laser pulse
and electrons can be quantified as the phase matching fac-

tor f:
f= —/ dz sin [i/(kL —ke)dz’] . ©)

0

The electronsfall out of phase by 7 after propagating for a
coherence length L., = 7/|kr, — k.|. In case that there
isal5MeV electron beam (with v, = 0.9995¢) initialy in-
jected synchronously with the laser pulse of ro =8.5 umin
the waveguide, the L, is only 82 um as the plasma den-
sityis Nepign = 1.25x10' cm~3 inthewaveguide center.
For this case, the corresponding factor f plotted asthe blue
linein Fig. 1(a) only shows an oscillation of small energy
gain aong the propagation distance. On the other hand, if
there is a density-modulated plasma waveguide in which
the electron beam is accelerated in the longer low-density
region, and then losing a fraction of its energy in the short
dephasing region with a high density, there could be a net
energy gain at the end of a modulation period. Fig. 1(b)
shows the structure of the corrugated plasma waveguide
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Figure 1. (a) Dependence of phase matching factor f
on propagation distance for uncorrugated waveguides with
Nepign = 1.25 x 10" ecm~2 and Nejo = 2.25 x 1018
cm~3 and corrugated waveguide with periodic Ne;,,, and
Nepign, modulation (b) Plots for the structure of the corru-
gated waveguide for QPM calculation and PIC simulation.

which could be applied for the QPM in DLA. To further
accelerate the 15 MeV electron beam, the length of low-
density regions matches coherence length of 189 um for
Nejow = 2.5 x 10" em™2 and ro = 8.5 um whilethe high-
density region is 82 um long with Ne ;g = 1.25 x 1019
cm~3. The calculated £, shown asthered linein Fig. 1(a),
indicates an accumul ation of accelerating net gain over sev-
eral periods for DLA in this corrugated waveguide. The
gain is about 32% of the gain that would occur in a per-
fectly phase matched case (f = 1 x 103 for perfect phase
matching over 1 mm acceleration distance) for the QPM
between electron beam and laser pulse.

PIC SSMULATION

Particle-in-cell (PIC) simulation is an important tool for
laser plasma simulation providing precise calculation for
EM fields by solving Amperes and Faradays laws [7]. We
carried out 3D simulations in order to understand the evo-
lution of EM fields of the laser pulse as it propagatesin a
preformed plasmawaveguide. Those results are crucial for
determining parameters of the corrugated waveguide with
good guiding propertiesin DLA setup.

The simulation was performed in a moving frame co-
propagating with the laser pulse. The size of the simu-
lation box is 15.55 um in the longitudinal direction (x in
Fig. 1(b)) and 46.4 umx46.4 um in the transverse direc-
tions. The computational grid was formed by 311x58x 58
cells with four particles per cell. The uncorrugated plasma
waveguide is defined as a leaky channel with the electron
density cross section shown in Fig. 2(a) while normalized
to the nominal density Neg = 1.25 x 10 cm™3. On this
normalized scale, the plasma density increases quadrati-
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Figure 2. (a) Electron density profile normalized to Ney = 1.25 x 10* cm=3 for the plasma waveguide in the PIC
simulations. Snapshotsfor the (b) longitudinal electric field £, and (c) radial electricfield E,. shown at the focal position.

caly from 0.2 at center to 1 at 11 um, and then drops
linearly to O at 15 um. In addition, there are density
ramps of 50 um at both sides of the waveguide. For cor-
rugated plasma waveguide like that shown in Fig.1 (b), the
high-density regions are defined as a uniformly distributed
plasma region with electron density of Ney. The laser
pulse launched in the ssimulation is formulated according
to the paraxial approximation (in vacuum) [8].

For a 5-mJ radially polarized pulse at 800 nm with
the pulse duration of 10 fs (FWHM of Gaussian tempo-
ral shape), the maximum field strength of the longitudinal
dectric field E, is 77 GV/m. Thefocusis at a position 5
um ahead of the end of the front density ramp with r¢ =
8.5 um. Figures 2(b) and 2(c) are snapshots for longitu-
dina E, andradia FE, fields shown at the focal position.
Asit can be seenin Fig. 3, the peak value of E,, variesas
pulse propagates in the waveguides with and without cor-
rugation. Since the pulse energy decreases monotonously
along the propagation distance, the variation of £, peak
value is mainly caused by the simultaneously variation of
mode radius ro. For the case of uncorrugated waveguide,
ro reducesto 5.6 um at X = 180 um, increasing the peak
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Figure 3: Dependence of the longitudinal electric field £,
peak value and laser pulse energy coupled efficiency in the
plasma channel on the propagation distance in cases with
and without corrugation.
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of eectric field E,, to 183 GV/m. The reduction of pulse
mode radiusto 6-7 um in the subsequent regions a so helps
sustain ahigh electricfield £, during the propagation. The
pulse energy is reduced to 62.5% at the output coupling
efficiency (defined here as the pulse energy in the volume
of plasma channel). With the corrugated waveguide, the
guiding effect is still maintained, although the high-density
regions are inherently unfavorable for guiding. The out-
put coupling efficiency decreasesto 48% for the corrugated
waveguide. The reduction of mode radius maintains the
magnitude of E, at the end of the waveguide close to its
value at the focal position. This is an important property
for the long-range DLA in plasmawaveguides

CONCLUSION

The parameters that make the QPM condition for DLA
realizable with a corrugated waveguide were investigated.
The suitable plasma structure can be found with periods of
hundreds of um for plasma density modulationsthat could
be realized by plasma machining techniques [5, 6]. The
PIC simulation results showed that the radially polarized
laser pulse can be guided in a corrugated waveguide with
experimentally achievable requirements. The coupled ef-
ficiency of laser pulse energy exceeds 40% in a 900-um
plasma waveguide, regardless of corrugation. Moreover,
the variation of guided mode radius helps sustain the lon-
gitudinal electric field strength in the propagation, with a
long accelerating length of up to ~1mm.
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