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Abstract RESULTS

We present particle-in-cell simulations, using the VOR- . ) .
PAL framework, of 10 GeV laser plasma wakefield ac- The PIC method is a fully self-consistent algorithm

celerator stages. Scaling of the physical parameters wifich allows non-linear evolution of the plasma wake and

the plasma density allows us to perform these simulatiorf the laser pulse simultaneously. In PIC simulations the
at reasonable cost and to design high performance stag@@allést dimension, i.e., the laser wavelength { 1

In particular we show that, by choosing to operate in théM): needs to be resolved, whereas the2b0x size |1r/1§:reases
quasi-linear regime, we can use higher order laser mod¥&h the plasma wave wavelengfy = (mc*m/e"no)" ",

to tailor the focusing forces. This makes it possible to inWNeréno is the plasma density. The acceleration length
crease the matched electron beam radius and hence the t8{5P Increases with higher energy stages, i.e., lower plasma

charge in the bunch while preserving the low bunch emidensities, making the simulations more computationally in-
tance required for applications tensive. Simulations of a 1 GeV stage, to model the re-

cent experiments or gamma ray sources, with a density of
ng ~ 10'® cm~3, require of the order 0f0° processor-
INTRODUCTION hours andv TB of storage. This allows only a few runs in

Laser driven wakefield accelerators (LWFAS) are able tgm_ae Q|men5|ons (3D), _and para metgr scans for stage op-
{lppization can be done in two dimensions (2D) only. Be-

produce accelerating gradients thousands of times high

than conventional accelerators, making them suitable f6'>€ the S|ze_<3)}‘2the box in 3D and the simulation Igngth
build compact devices. In a LWFA the radiation pressurgach scale as, ", a 10 GeV stage ato = 10'7 cm™*

of the laser pulse induces charge separation, producing@u!d _requwel()g processor-hours whichis not yet achiev-
plasma wave (wake) traveling at the group velocity of th@ble with today’s comput_atlonal facilities. ApprOX|mat|on§
laser pulse, close to the speed of light, and hence able 32 then necessary to simulate such stages at the nominal
accelerate particles to relativistic velocities (see [1] for #€nsity and reduced models, such as envelope and qua-
complete review). Energies up to a GeV have been ofsistatic models [9, 10] or calculation in a Lorentz boosted
tained in only a few centimeters [2]. Recently, experiffame [11,12,13], can be used.

ments have shown that it is possible to control the injec- The approach used here to design high energy modules
tion and the acceleration of electrons [3, 4], providing &s to simulate shorter, higher density stages with scaling of
path towards high quality electron beams that can be usétk physical parameters with the plasma density [14]. In
for applications, including free electron lasers [5], gamméhe scaled simulations the dimensionless paraméjdrs

ray sources [6] and colliders for high energy physics [7]k,r, andag, wherek, = 27/}, is the plasma wave num-
Light sources need stable electron bunches of the orderlodr, L andrg are the laser length and spot size respectively,
a GeV. A multi-TeV collider was designed using stagingand ay = 7.2 x 10~'9X2[um]I[W /cm”’] is the normal-

of several 10 GeV LWFA accelerator modules at a densitiged laser intensity, are kept constants. PIC simulations in
of ng ~ 107 cm~3, each about a meter long [7]. Effi- the quasi-linear regimez§ ~ 1) at different densities and
cient transfer of the laser energy to the accelerated beaommparison with a quasi-static code in 2D cylindrical ge-
acceleration of positrons and conservation of a low emibmetry atn, = 107 cm~2 show that the wake structure
tance must be considered for applications. In this papstays constant under these conditions [15]. Simulations
we present the design of these stages using Particle-In-Caléo show that laser evolution, self-focusing and depletion,
(PIC) simulations with the VORPAL framework [8]. We and electron beam dephasing scale as predicted by the lin-
show that by using higher order laser modes, in the quagar theory, even though this theory is strictly valid in the
linear regime, the focusing forces in the wake can be comtew intensity limit (ag < 1), thus allowing scaled design
trolled in order to improve the stage efficiency. of multi-GeV stages. Reduction of wake amplitude due to

the presence of a charged beam (beam loading) also scales
*The author acknowledge the assistance of the VORPAL developme@

redictably for a wide range of parameters, allowing pre-

team. Work supported by the U.S. Department of Energy, HEP Contra€t, ~ . . .
No. DE-AC02-05CH11231, and the COMPASS SciDAC project, and bﬁ'Ctlon of beam charge in unscaled stages [14]. Fig. 1(a)

NA-22, and used computational facilities at NERSC. shows the accelerating wake structuregt= 10'® cm=3
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Figure 1: (a) Accelerating field of a scaled stage in 2D ct/Zq ct/Zq
at ng = 108 cm™2 and in 3D atng = 10 cm—2 with
an electron beam located in the first wave bucket after t
driver. (b) Momentum spectrum of an electron (solid line
and positron (dashed line) beam fay = 1, k,L = 2,

2d — 1/10th density (a)
€9
3d
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H:é'gure 2: Transverse intensity profile, integrated longitud
pally, as a function of propagation distance for the funda-
mental and first order Hermite-Gaussian mode with paral-
kpro = 5.3, ng = 10 cm~3 initially on axis followed lel (a) and cross (b) polarization, propggatinglig a nlztched
by a longitudinal linear increase (plasma taper), and bea! asma channel with a density on axig = 10™ cm,
parameters,orryvs = 0.5, kporrms =1 andQ@ = 22.8 with ap = 0.1, ay = ao/\/ﬁ and kpL =2 andkpro =5.3

pC (corresponding t@ = 228 pC atng = 10'7 cm™3). for both modes.

proportional to the transverse gradient of the laser inten-
in 2D andny = 10 cm~3 in 3D with an electron beam sity profile, E; ~ Va?. Itis then possible to reduce the
of transverse sizé,o,rnms = 1.78 and of charge 130 pC focusing forces, and hence increase the matched beam spot
and 50 pC respectively, corresponding to the same amousite and the beam charge, by tailoring the transverse profile
of beam loading, located in the first wave bucket after thef the laser pulse.
driver. Fig 1(a) shows that the accelerating structure is pre- The transverse laser intensity profile can be shaped by
served for different densities and also between 2D and 3Dsing combinations of higher order laser modes. Solutions
2D simulations ahg = 10 cm~3 can then be used at low of the paraxial wave equation, describing the evolution of
cost for optimization of the electron beam shape and longikhe slow varying transverse envelofpg of a low inten-
tudinal plasma profile to reduce the energy spread and isity (ja,|> < 1) laser pulse propagating in a matched
crease the acceleration length [14], showing that it is posgHasma channel, expressed in the cartesian coordinate sys-
ble to accelerate a beam to 10 GeV, with 4% energy spretem (z, y, z) are of the form:
in 0.7 m, as seen in Fig. 1(b). Because the wake is quasi-
symmetric in this regime, positrons can be accelerated in aa, (,,, ) (, y, 2)
similar way with the same energy gain and energy spread,

A p
(2mtpmlp!)l/2

also shown in_ Fig. 1(b). Simulations with various pulse_ < H,, \/53 H, \@g
lengths, keeping the laser energy constant, show that effi- To ro
cient stages are obtained/gtL = 1, where the laser de- o~ (@) /T8 +i0m 0

pletes most of its energy at the dephasing length [15], al-

lowing for 30% more beam charge at the same energy gaifhere H,,, are the Hermite polynomials;, is the laser
Hence, we were a_b!e_ to increase _the eff|C|e_ncy of the staggot size and,, , = (—1/2k)[k2 + 4(m + p + 1)/r3]z,
compared to the initial point design by using scaled PIG _ 27/), is the phase shift. In solving the parax-
simulations, which allows propagation of the laser pulsgy| wave equation one can find that the condition for the
until depletion. laser pulse to be matched, i.e., to have no spot size vari-
In the quasi-linear regime, the transverse size of thation, is to propagate in a plasma channel of the form
bunch must be matched to the focusing fields to preven{r) = ng + An.r?/r3, with An., = 1/7r.r3 where
oscillation of the beam spot size, which can degrade emit; is the classical electron radius [17]. This condition is
tance and energy spread [16]. Past simulations used gairglependent of the mode number: hence, several modes
sian laser modes, which produce high transverse fields aodn be propagated in the same plasma channel. On the
hence small matched beam sizes. The matched beam sptiter hand the phase velocity, ~ 1 — (1/k)00,, /0%
size, i.e. with no transverse oscillation of the beam, dedepends on the mode number, inducing a modulation of
pends on the focusing force strength and is typically dhe intensity profile with propagation distance when adding
the order of a fraction of a micron for, = 10" cm=2, two modes with the same polarization. This is shown in
v = 2x 10* ande,, = 1 mm mrad, where is the relativis-  Fig. 2(a) where addition of the fundamental and first order
tic factor ande,, the normalized emittance of the electronHermite-Gaussian modes with parallel polarization causes
beam. This small spot size, in turn, limits beam charge, arttie transverse intensity profile to oscillate at the frequency
hence stage efficiency, because high charge density creates.. = 1/Zr, whereZr = kr2/2 is the Rayleigh length.
a blow out disrupting the wake strongly. In the linear ofThis can be avoided by using orthogonal polarization be-
quasi-linear regimesf < 1) the transverse field is directly tween the two modes, as shown in Fig. 2(b). For sim-
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plicity we used 2D simulations, for which,,,)(z, z) = (a)
0.0003 g
(am /V2mm!)Hy, (V21 /1) exp(—2?/r3 + i6,,), and Ly \\ S
Om = (—1/2k)[k2+2(2m+1)/r]z. Generalization to 3D » Py oo
is straightforward and presented in detail elsewhere [18]. g 0.0000 e A I
In 2D, when adding the fundamentah (= 0) and first uo / [ v i ‘/'
order (n = 1) Hermite-Gaussian mode with crossed polar- T \ ) \ /
ization, the intensity profile is of the form: AN \ -
—0.0003 bl T T
4a2 22 -12 -10 -8 -6 -4 -2 0
a(x)? = agefzzz/rg 1+ %1_2 (2) kpl
ag g (b)
0.0003 /- NN 7
Considering a gaussian profile longitudinaly(, z)? = / \ o ]
a(z)? exp(—2¢?/L?), where¢ = z — ct andL is the laser o i / Y Vi /
pulse length, the linear plasma response behind the driver _x 0.0000 /’\—\ 7 —= !
is given by [1]: : A\ EO =
A A
6 = —a(w)*\/7 20k, L/ e B sin(k,C) - (3) 00003 Lt N N
-12 -10 -8 -6 -4 -2 0
wherep = e®/mc? is the normalized electric potential and kp

la]?> < 1is assumed. The transverse electric field is then
given byE, /Ey = —(1/k,)V.¢, whereEy = mc?k, /e

> N Lo Figure 3: Transverse electric field using higher order
is the cold non-relativistic wavebreaking limit, i.e.,

modes, as a function of the longitudinal coordin&ate at

E, 2r2,e o220 AT kpzr = 0.1 and forag = 0.1, k, L = 2 andk,ro = 5.3. (a)
5 - ag\/m/2(kp L/ 4)e et /B2 T e Without (thick dashed line) and with (solid line) including
5 9 o corrections of the plasma channel. Contribution of the fun-
x (1 _ 2;“21 + 4&;%) sin(k,C) (4) damental (dotted line) and Hermite-Gaussian mode (thin
0 ap To dashed line), withu; = ao/\/i, in the plasma channel are

We see that the transverse field is 0 near asig & < 1), also shown. (b) The first order I—_|erm|t¢—Gau33|an mode is
. delayed byk,(; = 0.22 and the intensityd; = 0.72ay)
for all phases:, ¢, for a; /ag = 1/+/2, correspondingtoa _ . - ,
) . . . . . adjusted such that the sum (solid line) of the field from the
flat top profile near axis of the intensity profile [Fig. 3(a)]. ; .
. 2T fundamental (dotted line) and the first order mode (dashed
When the laser pulse is propagating in a plasma cha iie), in the plasma channel, 4s 0 aroundk, — —6.5
nel one has to take into account the curvature of the fields ™’ P ' Py
transversely. This can be evaluated to first approxima-
tion, assuming a broad channefrj > 1, by using

) VTR e, )05, sasum. (4 Sperses e s other nd e gl o
ing Ancz?/ngrg = 4x? /k2r§ < 1 the transverse electric P ’

. . . Fig. 3(b). This produces constant focusing forces over the
field can be expressed, to the first ordex o, length of the electron beam and minimizes the field varia-

E. —a2L T a2 tions as.the bgam dephases.
Eo 4, V2 PIC simulations show that the two modes can be prop-

A K212 A 9 agated simultaneously in the same plasma channel with
x4 20 2 20 01 sin(k,¢)  Cross-polarization in the quasi-linear regimg ¢- 1), and
no 4 no ag that the mode does not evolve, i.e., without oscillations.

An x 5 3 This allows conservation of a reduced transverse field until

*n—okpé COS(’%C)} T O(z” /1) (5) the laser depletes, as shown in Fig. 4. Injection of a test

electron beam shows that the matched beam radius is in-

Contrary to the solution with a flat plasma profile there i€reased by almost a factor of 3 when using adjusted higher
no value ofa, /ag that gives a null transverse field for all order modes compared to using a gaussian pulse only.
phases, as shown in Fig. 3(a) fay = 0.1. However we Fig. 5 shows the evolution of the beam radius, with normal-
can reduce the transverse field to 0 over a small length @fed emittance,, = 0.014 mm mrad e, = 6 x 1073),
phase if we consider the response of the fundamental andcelerated by a plasma wave driven by the fundamental
the first order Hermite-Gaussian mode separately and Ibyode only, withay = 1, k,L = 1, kyr9 = 5.3 and
noticing that the transverse fields driven by each of these, = 5 x 10'® cm™3. The electron beam radius oscil-
modes do not cross the axis at the same phase. By intlates aroundr, ~ 0.1 pm (k,0, ~ 0.042) £30%, while
ducing a delay ¥,(,) between the two modes and by ad-the emittance stays constant, with oifiy)1% variation.
justing their relative intensityag /ao), with values derived When adding the first order Hermite-Gaussian mode with
by setting to O the first order term in/ro in eq. (5), the a; = 0.7a¢ and a delay ok,{; = 0.2, the matched beam
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CONCLUSION

We use PIC simulations for the design of GeV LWFA
stages and future 10 GeV modules which will be driven by
a 40J-1PW laser system. Stages have been designed in the
quasi-linear regime, i.e., moderate laser intensitigs~+£
1), which enables symmetric acceleration of electron and
positron beams, advantageous for the high energy particle
colliders. We use shorter simulations of stages at higher
density and scaling of the physical parameters to predict the
behavior of the particle beam in the accelerating structure
at reasonable computational cost. This allows us to follow
the laser evolution up to depletion for optimization of the
stage design.

Figure 4: (a) Transverse laser intensity profile, integrated In the quasi-linear regime, we show that we can tailor
dong the longitudinal direction, as a function of the propathe focusing forces acting on the particle beam, by shaping
gation distance, of a fundamental, with = 1, plus a first the transverse profile of the laser driver with higher order
order Hermite-Gaussian mode, with = 0.7, delayed by modes. We show that higher order modes can be prop-
k,(s = 0.2. Both modes verifye, L = 1 andk,r, = 5.3, agated simultaneously over many Rayleigh lengths in the
and propagate in a plasma channel with a density on axd@me plasma channel, independently of the mode number.
no = 5 x 10'® cm=3. (b) Transverse electric field driven However, to avoid intensity modulation due to the differ-
by the fundamental plus first order Hermite-Gaussian modgfce in phase velocity, cross polarization of the different
whose transverse profile is shown in (a). (c) Lineout of thgrodes must be used. Linear theory calculations and sim-
transverse field shown in (b) at = 1 um (dashed line) ulations in the quasi-linear regime show that it is possible
and corresponding accelerating field (solid line). The trano reduce the transverse fields+@ in the plasma channel

verse field driven by the fundamental mode only (dotte8Y adjusting delay and amplitude of the modes. This al-
line) is also shown. lows increase of the matched beam spot size, limited to the

region where the fields are linear, of the accelerated elec-
tron beam, while keeping the same normalized emittance,
enabling increase of the beam charge and stage efficiency
important for high energy colliders and gamma ray sources.
Future work will include beam loading effects with the use
of higher order modes to flatten and reduce the focusing
field inside the beam.
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