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ABSTRACT

A hybrid Maxwell solver for fully relativistic and electromagnetic (EM) particle-in-cell (PIC) codes is
described. In this solver, the EM fields are solved in k space by performing an FFT in one direction, while
using finite difference operators in the other direction(s). This solver eliminates the numerical Cerenkov
radiation for particles moving in the preferred direction. Moreover, the numerical Cerenkov instability
(NCI)induced by the relativistically drifting plasma and beam can be eliminated using this hybrid solver by
applying strategies that are similar to those recently developed for pure FFT solvers. A current correction
is applied for the charge conserving current deposit to ensure that Gauss’s Law is satisfied. A theoretical
analysis of the dispersion properties in vacuum and in a drifting plasma for the hybrid solver is presented,
and compared with PIC simulations with good agreement obtained. This hybrid solver is applied to both
2D and 3D Cartesian and quasi-3D (in which the fields and current are decomposed into azimuthal
harmonics) geometries. [llustrative results for laser wakefield accelerator simulation in a Lorentz boosted
frame using the hybrid solver in the 2D Cartesian geometry are presented, and compared against results
from 2D UPIC-EMMA simulation which uses a pure spectral Maxwell solver, and from OSIRIS 2D lab
frame simulation using the standard Yee solver. Very good agreement is obtained which demonstrates
the feasibility of using the hybrid solver for high fidelity simulation of relativistically drifting plasma with
no evidence of the numerical Cerenkov instability.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

problems, including plasma based acceleration [1] in the Lorentz
boosted frame, relativistic collisionless shocks [2,3], and fast igni-

Fully relativistic, electromagnetic particle-in-cell (PIC) codes  tion [4-6] particles or plasmas stream across the grid with speeds

are widely used to study a variety of plasma physics problems. In
many cases the solver for Maxwell’s equations in PIC codes use
the finite-difference-time-domain (FDTD) approach where the cor-
responding differential operators are local. This locality leads to
advantages in parallel scalability and ease in implementing bound-
ary conditions. However, when using PIC codes to model physics
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approaching the speed of light. In these scenarios, the second or-
der FDTD Maxwell solvers support light waves with phase veloc-
ities less than the speed of light. This property of the FDTD solver
leads to numerical Cerenkov radiation from a single particle that is
moving near the speed of light. In addition, when beams or plas-
mas are moving near the speed of light across the grid a violent
numerical instability known as the numerical Cerenkov instabil-
ity (NCI) arises due to the unphysical coupling of electromagnetic
modes and the Langmuir modes (main and higher order aliased
beam resonance). The beam resonances are at w + 2w /At =
(k1 + 2wv1/Axq)vg, where p and vq refer to the time and space
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aliases, At and Ax; are the time step and grid size, and the plasma
is drifting relativistically at a speed vg in the 1-direction.

The NCI was first studied more than 40 years ago [7]. However,
it has received much renewed attention [8-14] since the identifi-
cation [ 15,16] of this numerical instability as the limiting factor for
carrying out relativistic collisionless shock simulations [2,3], and
Lorentz boosted frame simulations [17-20] of laser wakefield ac-
celeration (LWFA) [1].

This early and recent work on the NCI [7-11,16,21] have shown
that the NCl inevitably arises in EM-PIC simulations when a plasma
(neutral or non-neutral) drifts across a simulation grid with a
speed near the speed of light. Analysis shows that it is due to the
unphysical coupling of electromagnetic (EM) modes and Langmuir
modes (including those due to aliasing). As a result, significant
recent effort has been devoted to the investigation and elimination
of the NCI so that high fidelity relativistic plasma drift simulations
can be routinely performed [10-13,19,20].

In previous work Refs. [9,10], we examined the NCI properties
for the second order Yee solver [22], as well as a spectral solver
[23,24] (in which Maxwell's equation are solved in multi-
dimensional k space). We note that what we refer to as simply a
spectral solver, others [25] refer to as a pseudo-spectral time do-
main (PSTD) solver. The NCI theory developed in [9,10] were gen-
eral and it could be applied to any Maxwell solver. It was found that
in the simulation parameter space of interest the fastest growing
NCI modes of these two solvers are the (i, v{) = (0, &=1) modes,
where 1 and v; defined above are the temporal aliasing, and spa-
tial aliasing in the drifting direction of the plasma. The (&, v{) =
(0, =1) modes for both solvers reside near the edge of the fun-
damental Brillouin zone (for square or cubic cells), and can be
eliminated by applying a low-pass filter. However, due to the sub-
luminal EM dispersion along the direction of the drifting plasma
in the Yee solver, the main NCI mode (u, v{) = (0, 0) of the Yee
solver has a growth rate that is of the same order as its (i, v1) =
(0, £1) counterpart, and these modes reside close to the modes of
physical interest. However, the (u, v1) = (0, 0) NCI mode in the
spectral solver has a growth rate one order of magnitude smaller
than the («, v1) = (0, £1) modes due to the superluminal disper-
sion of spectral (FFT based) solver. Furthermore, as shown in [10]
these (u, v1) = (0, 0) modes can be moved farther away from the
physics modes and their harmonics by reducing the time step in
the spectral solver, and can be fully eliminated by slightly modify-
ing the EM dispersion in the spectral solver. Using these methods,
it was demonstrated in [10] that a spectral EM-PIC can perform
high fidelity simulations of relativistically drifting plasmas where
the LWFA physics is highly nonlinear with no evidence of the NCI.

A multi-dimensional spectral Maxwell solver has a superlumi-
nal dispersion relation in all the propagation directions. This is due
to the fact that the first order spatial derivatives in the Maxwell’s
equation are greater than Nth order accurate (where N is the num-
ber of grids) since we are solving the Maxwell’s equation in k
space. This superluminal dispersion relation leads to highly local-
ized (u, v1) = (0, 0) NCI modes and the reduction of their growth
rates (compared with their Yee solver counterpart). In this paper,
we propose to use a hybrid Yee-FFT solver, in which the FFT is per-
formed in only one direction, namely the drifting direction of the
plasma, while keeping the finite difference form of the Yee solverin
the directions transverse to the drifting direction. In other words,
EM waves moving in the 1 direction will have a superluminal dis-
persion (due to the Nth order accurate spatial derivatives) while
those moving in the 2 (and 3in 3D) directions will have a sublu-
minal dispersion due to the second-order-accurate spatial deriva-
tives. The advantages of this approach over a fully spectral solver is
that the field solver is local in the transverse directions so that bet-
ter parallel scalability than a fully FFT based solver can be achieved

(assuming the same parallel FFT routines are used). In addition, it
is easier to include a single FFT into the structure of mature codes
such as OSIRIS [26]. Furthermore, this idea works well with a quasi-
3D algorithm that is PIC in r — z and gridless in ¢ [27,28], where
the FFTs cannot be applied in the 7 direction. We note that re-
cently a method for achieving improved scalability for FFT based
solvers was proposed [25] in which FFTs are used within each local
domain, but it introduces as yet unquantified errors in the longi-
tudinal fields. The relative advantages and tradeoffs between the
variety of approaches being proposed will be better understood as
they begin to be used on real physics problems.

We use the theoretical framework for the NCI developed in
Refs. [9,10] to study the NCI of the hybrid solver. As we show be-
low, the fastest growing NCI modes for the proposed hybrid solver
behave similarly to those for the spectral solver. In k space they
reside at the edge of the fundamental Brillouin zone for square or
cubic cells. More importantly, the («, v1) = (0, 0) NCI mode for
the hybrid solver has almost the same properties (pattern, growth
rates) as that of a spectral solver. The NCI can therefore be effi-
ciently eliminated in the hybrid solver by applying the same strat-
egy as in the spectral solver. Moreover, simulations have shown
that the NCI properties of the quasi-3D r — z PIC and gridless in ¢
algorithm [27,28] are similar to that of 2D Cartesian geometry [29].
Therefore, the idea of a hybrid Yee-FFT solver can be readily applied
to quasi-3D geometry. We also note that the use of local FFTs in do-
mains along z [25] could also be used within the hybrid approach
described here.

In this paper, we first discuss the algorithm for the hybrid Yee-
FFT Maxwell solver in Section 2. In Section 3, we apply the the-
oretical framework in Refs. [9,10] to study the NCI properties of
the hybrid solver analytically and in PIC simulations. We compare
OSIRIS [26] results with the hybrid solver against UPIC-EMMA [11]
results with a fully spectral (FFT based) solver. In Section 4, it is
shown that the strategies used to eliminate the NCI for purely spec-
tral solvers are also valid for the hybrid solver. In Section 5, we
extend the hybrid solver idea to the quasi-3D algorithm in OSIRIS
and present simulation studies of the NCI properties in this geom-
etry. We then present 2D OSIRIS simulations of LWFA in a Lorentz
boosted frame using the new hybrid solver. Very good agreement is
found when comparing simulation results using the hybrid solver
in OSIRIS against results from 2D lab frame OSIRIS using Yee solver
and 2D Lorentz boosted frame UPIC-EMMA [11] simulations us-
ing spectral solver. Last, in Section 7 we summarize the results and
mention directions for future work.

2. Hybrid Yee-FFT solver

The basic idea of the hybrid Yee-FFT solver is that the theoret-
ical framework developed in [9,10] indicates that the NCI is easier
to eliminate when EM waves are superluminal along the direction
of the plasma drift. This can be accomplished with higher order
solvers or with an FFT based solver in the drifting direction of the
plasma (denoted as i—direction). We note that it is more difficult to
satisfy strict charge conservation (Gauss’s law) for higher order fi-
nite difference solvers by modifying the charge conserving current
deposition in real space. Here we replace the finite difference oper-
ator of the first spatial derivative d/dx; in the Maxwell’s equation
in Yee solver with its FFT counterpart that has an accuracy greater
than order N. We then correct for this change in the current de-
posit to maintain strict charge conservation. Without loss of gen-
erality, in the following we will briefly describe the algorithm of
the Yee-FFT solver in two-dimensional (2D) Cartesian coordinate.
The straightforward extension to the 3D Cartesian case is also dis-
cussed.
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2.1. Algorithm

We start from the standard algorithEn for a 2D Yee solver, in
which the electromagnetic fields E and B are advanced by solving
Faraday’s Law and Ampere’s Law:

1 1 EM._ . — EM ..
n+> n—x 3,i1,i2+1 3,i1,i2
2 =B %’ | —CAtx =2 >< (1)
1,11,12+§ 1,11,12+§ AXZ
1 1 E. . —EM._ .
n+> n—x 3,i1+1,i2 3,i1,i2
M =B 1 fcAtx 22 _S0Le (2)
N +7,1 N +7,z AX]
n __En
n+ 1 n—1 2,i1+1,244 2,102+
1., =8B, | —CAtX
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1Lil4+1,i241 1,i1+4,i2
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n+1 n -“+%
1. = ET o —ATAt X
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n+1 n -”+%
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n+% n+%
3it+di2+d T U3i—li4l
—CAt X (5)
AXq
1
n+1 _ pn _ N+
Esiip = E3jip — 4mAL X 31
1 1
n+7 o ﬂ+j
2,i14+ 1.2 2,i1-1 .2
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1 1
n+§ _ 1’!+§
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where the EM field E and B and current} are defined with the
proper half-grid offsets according to the Yee mesh [22]. If we per-
form a Fourier transform of Egs. (1)-(6) in both x; and x,, and in
time, Maxwell’s equations reduce to

[w]B = —[k] x E (7)
[w]E = [K] x B+ 47j (8)
where
- <sin(k1 Ax1/2) sin(ky Ax,/2) )
[k] = ,0

AXq /2 AX2/2 (9)

sin(wAt/2)
[w] = ———.
At/2

In vacuum wherej' = 0, the corresponding numerical dispersion
relation for the EM waves is

[w]? = (K7 + [KI3). (10)

The idea of a hybrid Yee-FFT solver is to keep the finite differ-
ence operator [k], = sin(k,Ax,/2)/(AX,/2) in the directions
transverse to the drifting direction, while replacing the finite dif-
ference operator [k]; in the drifting direction with its spectral
counterpart [k]; = k;. To achieve this, in the hybrid solver we will
solve Maxwell’s equations in k; space. The current is deposited lo-
cally using a rigorous charge conserving scheme that is equivalent
to [30]. For the EM field and current, we first perform an FFT along
x1 so that all fields are defined in (kq, x,) space. After that we apply

a correction to the current in the drifting direction
il sinkiAXp/2 nyl

= — 11
h k]AX]/Z g ( )

where ]1 is the corrected current. In [25], the current is also cor-
rected where they combine a pure FFT solver with a charge con-
serving current deposit. This correction ensures that Gauss’s Law
is satisfied throughout the duration of the simulation if it is satis-
fied initially, as will be discussed in more detail in Section 2.3. After
the current correction we advance the EM field as

1 1 EM . — E .
ntl n—1 31,241 3,61,i2
2 =B 2 | —cAtx =X = (12)
1,K1,12+§ 1,K1,12+7 sz
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1 1
n+§ n—= co 4 n
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Teliz41 — Eleti2
+ CAL X _Leliz41  Tlrliz (14)
AXy
1
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1
n+> _pn
31,243 3x1,i2—1
+CcAL % 2 2 (15)
AXy
1
n+d
o = E'  —AmAtxj %
2,K1,l2+7 2,K1,12+§ 2,K1,12+§
+igkcats™? (16)
! 3,12+ 1
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Eyiin = E3eip —4mAL X 3,75 — 1§ KiCALB,
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Lili2+3 Leliz—1
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AX;
where ki = 2m«k¢/N and N is the number of grids in x; direction,
and«; =0,1,..., Nq/Zq— listhe mocle number. Note in the hybrid
solver, the EM fields E, B, and current j have the same temporal and
spatial centering as in the Yee solver, and

ki A
g = exp(:l: i ZX‘ i) (18)

is the phase shifting due to the half grid offsets of the Ey, B, 3, and

j1in the 1-direction. Compared with the standard Yee solver algo-
rithm, it is evident that if we replace —ik; with the corresponding
finite difference form we can recover the standard 2D Yee algo-
rithm. We note for this method one can use a different [k];, e.g. the
[k]; proposed in [31], to allow error-free vacuum EM dispersion in

A

1-direction.

2.2. Courant condition

The Courant condition of the hybrid solver can be easily
derived from the corresponding numerical EM dispersion Eq. (10).
Substituting into Eq. (10) the finite difference operator in time [w]

sin(wAt/2
_ (wAt/2) (19)
At/2
and the finite difference operators in space
Sin(kz AX; /2)

kl1 =k kly = ——— 20
[k]1 1 [kl Axy)2 (20)
we can obtain the corresponding constraint on the time step

At sin(ky Ax,/2) \ 2

= [+ sin(ka Axz/2) <1. (21)

2 AXy/2
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Note the k range of the fundamental Brillouin zone is |k;| <
7 /AXq, |ka] < m/Axp, we can obtain the Courant limit on the
hybrid solver

2
At < ————. (22)
72 4

For square cells with Ax; = AXx», this reduces to At < 0.537 Ax;.

2.3. Charge conservation

In the hybrid Yee-FFT solver, we rely on the Faraday’s Law and
Ampere’s Law to advance the EM field. On the other hand, the local
charge conserving current deposition [30] ensures the second-
order-accurate finite difference representation of the continuity
equation,

jn+% nt+d n+3d jn+%

Litediz ~ Juin-lia il T J2iti-1

7plnl o 1 ) 1. 1 7 1 11,1 7 11,1 2 — O (23)
at > AXq Ax;p

is satisfied, where

? Gn+1 _Gn

—=—" (24)
ot At

where G" is an arbitrary scalar quantity. Therefore, when
combining this scheme with the second order accurate Yee solver,
Gauss’s Law is rigorously satisfied at every time step if it is satisfied
at t = 0. However, when the hybrid solver is used together with
the charge conserving current deposition scheme, we need to apply
a correction to the current, as shown in Eq. (11), in order that the
Gauss’s Law is satisfied at every time step. This can be seen by first
performing Fourier transform in the x; direction for Eq. (23),

L n+1 n+1
Er isin(klel/Z) ntl ]2,K1.f2+% _]2,/(1,1'27%
atpm.iz AX, /2 1,2 AX,

then applying the divergence operator of the hybrid solver to the

left and right hand side of the Ampere’s Law, Eqs. (15)-(17). Using
Eq. (25), we obtain

=0 (25)

o5 E"! , —E" 1
. 2.k1,i241 2.k1,i2—1
a <_47Tp:(11,i2 — lk]E?,K],iZ =+ ZAxZ 2 > =0 (26)
which shows that if Gauss’s Law for the 2D hybrid solver given by
! 1 ! 1
B 2,k1,i245 2,k1,i2—>
—ikiEq 1.0 + 2Ax2 = =470 27)

is satisfied at t = 0, it is satisfied at each time step.

2.4. 3D Cartesian geometry

It is straightforward to extend the hybrid solver to 3D Carte-
sian geometry. In 3D Cartesian coordinates, we solve Maxwell’s
equation in (kq, X5, X3) space where we use the same second order
accurate finite difference form of the Yee solver in the 2 and 3 direc-
tions. As in the 2D Cartesian case, the current correction is applied
to j; to ensure the Gauss’s Law is satisfied. We have implemented
the hybrid solver in 2D and 3D with current correction in our finite-
difference-time-domain (FDTD) code OSIRIS [26].

3. Numerical Cerenkov instability

To investigate the NCI properties of the hybrid solver, we
first consider its corresponding numerical dispersion relation.
Employing the general theoretical framework established in

Table 1
Crucial simulation parameters for the 2D relativistic plasma drift simulation. n, is
the reference plasma density, and wf, = 4nq*n,/me, ky = w, (c is normalized to

1).

Parameters Values

grid size (k, Axq, k, Axy) (0.2,0.2)
time step w, At 0.4Ax;
boundary condition Periodic
simulation box size (k,L1, k,L>) 51.2 x 51.2
plasma drifting Lorentz factor y =50.0
plasma density n/n, = 100.0

Refs. [9,10], we can calculate in detail the NCI modes for any
Maxwell solver. The roots of the numerical dispersion relation that
lead to the NCI can be found numerically by solving Eq. (17) in [9],
or by the analytical expression in Eq. (19) of [ 10]. For convenience
we present the corresponding numerical dispersion and analytical
expressions of Eq. (17) of [9] in Appendix. For the Yee solver the k
space representation of the finite difference operator is

sin(k;Ax;/2
k], = (kiAxi/2) (28)
AX{/Z
where i = 1,2 in 2D. Meanwhile, in the hybrid solver the k

space operator in the drifting direction is replaced with that of the
spectral solver [k]; — kj. By substituting the respective operators
for each directioninto Eq. (19) of Ref.[10] [or Eq. (A.4) in Appendix],
we can rapidly find the set of NCI modes for the hybrid solver. In
Fig. 1(a)-(d), we plot the (u, v1) = (0,0) and (u, v1) = (0, £1)
modes for the hybrid and spectral solvers by scanning over the
(kq, ky) space in the fundamental Brillouin zone and solve for the
growth rates of the corresponding unstable modes. The parameters
used to generate this plot are listed in Table 1.

We can see from Fig. 1(a) and (b) that the (u, v{) = (0, £1) NCI
modes of the two solvers reside near the edge of the fundamental
Brillouin zone, although the patterns are slightly different due to
their different finite difference operators in the 2-direction, which
leads to the slightly different EM dispersion curves. In Fig. 1(e) and
(f) we show how different EM dispersion curves leads to different
(u, v1) = (0, =1) NCI modes for the two solvers. These modes are
distinct, and far removed from the modes of physical interest, and
are relatively easy to eliminate.

More importantly, we see from Fig. 1(c) and (d) that the hybrid
solver leads to (i, v1) = (0, 0) NCI modes that are very similar
to their spectral solver counterpart. The pattern of the (u, v{) =
(0, 0) modes for these two solvers are both four dots (in 2D) and
highly localized in the fundamental Brillouin zone. We also use
the theory to perform parameter scan to study the dependence of
growth rates (of the fastest growing mode) and the locations in
k space of the (u, vi) = (0, 0) modes on At/Ax; for the hybrid
solver, and compare this result against that of the fully spectral
solver, as shown in Fig. 2(a) and (b). We likewise carried out OSIRIS
simulations using the hybrid solver and UPIC-EMMA [11,32] using
the spectral solver, to compare against theoretical results. Very
good agreement is found between theory and simulations. Fig. 2(a)
and (b) shows that both the k; location, and growth rates of the
(u, v1) = (0,0) modes are almost identical for the two solvers.
This indicates that, just like the spectral solver, the growth rate of
the (u, v1) = (0, 0) modes of the hybrid solver is reduced, while
their location in k; increases when the time step is reduced.

In Fig. 2(c) and (e) we show the locations of the unstable
(u,v1) = (0,%1), and (u,vy) = (0,0) NCI modes for the
hybrid solver in OSIRIS for 2D Cartesian geometry. The agreement
between Figs. 2(c) and 1(b), and between Figs. 2(e) and 1(d) are
excellent.

The main advantage of the purely spectral solver regarding its
NCI properties in comparison to a purely FDTD solver is that the
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Fig. 1. The pattern of the (u, v1) = (0, £1) modes for the two solvers are shown in (a) and (b). The pattern of the (u, v1) = (0, 0) modes for two solvers are shown in (c)
and (d). The intersection between the EM dispersion relations with the first spatial aliasing beam modes for the full spectral solver and the hybrid solver are shown in (e)
and (f). When generating these plots we use Ax; = Ax; = 0.2k51, and At = 0.0Swgl, Other parameters are listed in Table 1.

superluminal dispersion relation makes it much easier to eliminate
the NCI modes at (i, v1) = (0, 0): the modes have a growth rate
that is one order of magnitude smaller than that for th; (m,v) =
(0, £1) modes, their locations are highly localized in k space, and
they can be moved away from the modes of physical interest
by reducing the time step. We showed above that similar NCI
properties can be achieved by using a hybrid FDTD-spectral solver,
where the Maxwell’s equation are solved in Fourier space only in
the direction of the plasma drift. Comparing with an EM-PIC code
using a multi-dimensional spectral solver which solves Maxwell’s
equation in k space, there are advantages when solving itin (kq, x»)
space in 2D [and (kq, X2, X3) space in 3D]. Firstly, the hybrid solver
saves the FFT in the other directions; secondly, since the solver
is FDTD in the directions transverse to the drifting direction, it is
easier to integrate the algorithm into existing FDTD codes such as
OSIRIS where the parallelizations and boundary conditions in the
transverse direction can remain untouched. Last but perhaps most
important, the idea that one can obtain preferable NCI properties
by solving Maxwell’s equation in k; space in the drifting direction
can be readily extended to the quasi-3D algorithm [27], as we can
solve the Maxwell’s equation in (kq, p, ¥) space.

4. Elimination of the NCI modes

In Ref. [10], we proposed strategies to eliminate the NCI in
the spectral solver. These strategies can be readily applied to the
hybrid solver. For square (or cubic) cell, the pattern of the fastest
growing modes resides in a narrow range of k; near the edge of
the fundamental Brillouin zone. Therefore we can apply a low-pass
filter in k; to the current to eliminate the fastest growing modes.
Since the fields are already in k; space when solving the Maxwell’s

equations, the filtering can be done efficiently by applying a form
factor to the current only in ky.

As for the (u, v1) = (0, 0) mode, if they are near the main or
higher order harmonics of the physical modes, we can move them
away and reduce their growth rates by simply reducing the time
step. To further mitigate the (u, v1) = (0, 0) NCIl modes when they
are far away from the physical modes, one can modify the EM dis-
persion relation, according to the procedure described in Ref. [10],
to completely eliminate them. In Fig. 3 we plot how the modifi-
cation is accomplished in the hybrid solver. As shown in Fig. 3(a)
except for the bump region for most k; the [k]; for a particular k; is
k, itself; near the bump, the [k]; for kq is k1 + Ak, Where Akpoq
is a function of k; with

ki — kim 7\ 2
1 1 7T) (29)

Akmod = Akmod,max Cos(kll_klm 5
where kyj, k1, are the lower and upper k; to be modified, ki, =
(k11 + k14)/2, and Akpog max 1S the maximum value of Akp.q4. The
values of kyj, k1, and Akmeg max are determined by the position of
the (u, v1) = (0, 0) modes and their growth rates. According to
the NCI theory, for the parameters in Table 1, when the [k]; is as
defined in Fig. 3(a) (with ky;/kg; = 0.15, k1y/kg1 = 0.26, and
Akinod, max/kg1 = 0.01), there is no unstable (u, v1) = (0, 0) NCI
modes, i.e., the (u, v1) = (0,0) mode has a theoretical growth
rate of zero. To verify the theoretical results in the hybrid solver, in
Fig. 3(b) we plot the E; energy growth with and without the mod-
ification. In these simulations we used the parameters in Table 1.
The blue curve in Fig. 3(b) represents the case without the modifi-
cation, while the red and black curves are those with the modifica-
tion to k;. The cases with blue and red curves used quadratic par-
ticle shapes, while the case for the black curve used cubic particle
shapes. We have likewise plotted the E; spectra at the time point
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Fig. 2. In(a) and (b) the dependence of the growth rate and k; for the fastest growing (i, v1) = (0, 0) mode on the time step is shown. The four lines correspond to the
theoretical prediction for the hybrid solver in 2D, results from OSIRIS and UPIC-EMMA simulations for the spectral and hybrid solvers in 2D Cartesian geometry, and results
for the hybrid solver in the quasi-3D geometry (where the k; is obtained from a Hankel transform). In (c)—(f) the spectrum of E;, (E, ) is plotted for OSIRIS simulations with
the hybrid solver in 2D Cartesian or the quasi-3D geometry. In (c) and (d) results from runs where no filter in k; is used to eliminate the (u, v;) = (0, =1) modes. In (e) and
(f) a filter in k; was used to eliminate the (u, v1) = (0, 1) modes and now the (u«, v{) = (0, 0) modes are seen. These results show that the 2D Cartesian and quasi-3D
geometries have very similar properties and that the strategies used to eliminate the NCI in 2D Cartesian can be applied to the quasi-3D case.

t = 3200w, ! indicated in Fig. 3(c) and (d) for the two cases with
the modifications (red and black curves in 3(b)). We can see from
Fig. 3(b) and (c) that after the modification, the growth rate of the
(, v1) = (0,0) NCI modes reduces to zero. Meanwhile, the red
curve rises later in time due to the (i, v1) = (1, 22) NCI modes.
As we showed in Ref. [10] the growth rate of these higher order
modes can be reduced by using higher order particle shape. There-
fore when cubic particle shapes are used, as is the case for the black
curve, the (u, v{) = (%1, £2) NCI modes do not grow exponen-
tially and are therefore much less observable in the corresponding
spectrumat ¢t = 3200w0_l in Fig. 3(d) as compared to 3(c).

5. hybrid solver in quasi-3D algorithm

As mentioned in Section 1, the idea of the hybrid solver can be
easily incorporated into the quasi-3D algorithm [27,28] in which
the fields and current are expanded into azimuthal Fourier modes.
We can obtain the hybrid Yee-FFT solver for the quasi-3D algorithm
by using FFTs in the z (x;) direction and finite difference operators
in r (x,) direction in the equations for each azimuthal mode. Note
in quasi-3D OSIRIS we use a charge conserving current deposition
scheme for the Yee solver (as described in [28]), therefore for the
hybrid solver adapted for the quasi-3D algorithm we can apply the
same current correction for the use of FFTs to j; in order that the
Gauss’s Law is satisfied throughout the duration of the simulation.

The NCI properties of the hybrid solver for the quasi-3D algo-
rithm are similar to that of the 2D Cartesian geometry [29]. While
a rigorous NCI theory for the quasi-3D algorithm is still under de-
velopment, we can empirically investigate the NCI for this geome-
try through simulation. In Fig. 2(d) and (f) we plot the E, data at a

time during the exponential growth of the EM fields due to the NCI,
which shows the (u, v1) = (0, 1) and (i, v1) = (0, 0) modes for
the hybrid solver in quasi-3D geometry. For the E, data, we conduct
an FFT in x; and a Hankel transform in x,. Similarly to the 2D Carte-
sian case, we isolate the (i, v{) = (0, 0) modes by applying a low-
pass filter in the current in k¢ space to eliminate the fastest growing
(u, v1) = (0, £1) NCI modes. The parameters used in the simula-
tions are listed in Table 1, and a conducting boundary is used for
the upper r boundary. We kept azimuthal modes of m = —1, 0, 1
in the simulations.

By comparing Fig. 2(c)-(f) it can be seen that the pattern of the
NCI modes are similar for the (x;, x;) and (r, z) geometries. We
have also plotted the dependence of the growth rate and k; posi-
tion of the (u, v1) = (0, 0) NCI modes for the quasi-3D geometry
in Fig. 2(a) and (b). These plots show that when the time step de-
creases the growth rates of the (u, v{) = (0, 0) NCI modes in the
quasi-3D geometry decreases, while the k; position increases (and
move away from the physical modes), in a nearly similar fashion
to 2D Cartesian geometry. This indicates that the same strategies
for eliminating NCI in 2D Cartesian geometry can be applied to the
quasi-3D geometry. The fastest growing modes residing at the edge
of the fundamental Brillouin zone can be eliminated by applying a
low-pass filter in the current. The (u, v1) = (0, 0) NCI modes can
be mitigated by either reducing the time step to lower the growth
rate and move the modes away from the physics in k; space, or by
modifying the [k]; operator as discussed in Section 4 to create a
bump in the EM dispersion along the k; direction. We have imple-
mented the modification to the [k]; operator into the hybrid solver
for the quasi-3D OSIRIS code, and have confirmed that this modi-
fication completely eliminate the (u, v1) = (0, 0) NCI modes. The
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Fig. 3. In(a) the perturbation to [k]; that is used to eliminate the (u, v;) = (0, 0) NCI modes is shown. In (b) the evolution of the log;, |Ez|* for a reference case and for two
cases with the EM dispersion modification (one with quadratic and another with cubic particle shapes). In (c) and (d), the spectrum of E; at t = 3200w, 1 is shown for the
two cases with the EM dispersion modifications. In (c) quadratic particle shapes are used, while in (d) cubic particle shapes are used. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

coefficients used for the modification are the same as those for the
2D Cartesian case discussed in Section 4.

6. Sample simulations

In this section, we present preliminary results of Lorentz
boosted frame LWFA simulations using the hybrid solver in OSIRIS.
For comparison, we performed simulations with the same param-
eters using UPIC-EMMA which uses a spectral Maxwell solver.
Table 2 lists the simulation parameters. We use a moving antenna
in both cases to launch lasers into the plasma. The results are sum-
marized in Fig. 4.

In Fig. 4(a)-(b) the E, field at t' = 3955w, for simulations
with both the hybrid solver and spectral solver in the Lorentz
boosted frame are plotted, where wy is the laser frequency in the
lab frame. Both the spectral solver and hybrid solver give simi-
lar boosted frame results, and there is no evidence of NCI affect-
ing the physics in either case. We plot the line out of the on-axis
wakefield in Fig. 4(c), which shows very good agreement with
one another. The very good agreement can also be seen when
we transformed the boosted frame data back to the lab frame. In
Fig. 4(d)-(h) we plot the on-axis E; field for the OSIRIS lab frame
data, the transformed data for the OSIRIS boosted frame simula-
tion with the hybrid solver, and the transformed data from the
UPIC-EMMA boosted simulation at several values of time in the lab
frame. As seen in Fig. 4(d)-(h), the transformed data from the two
boosted frame simulations agrees very well with each other.

In this paper, we mainly focus on LWFA simulations in a Lorentz
boosted frame. However, it is worth pointing out that the hybrid
solver can likewise be used for LWFA lab frame simulations with
a moving window. When a self-injected or externally injected
electron beam is accelerated by the wakefield, it will also suffer
from numerical Cerenkov radiation (NCR), and may even be
susceptible to the NCI in some cases. The resulting unphysical

Table 2

Parameters for a 2D LWFA simulations in the lab frame and Lorentz boosted frame
that were used for in 2D Cartesian geometry with the hybrid solver in OSIRIS and
with a fully spectral solver in UPIC-EMMA. The laser frequency wy and number
ko in the lab frame are used to normalize simulation parameters. The density is
normalized to the critical density in the lab frame, ng = mew?/(4me?).

Plasma
density ng 1.148 x 10 3ngy,
length L 7.07 x 10*k; " /v»
Laser
pulse length t 70.641(61 Yo(1 4+ Bp)
pulse waist W 117.81k;"
polarization 3-direction
normalized vector potential ag 4.0

Lab frame simulation (y, = 1)

grid size (Ax1, Ax;) 0.2k ', 2.75ky ")

time step At/Ax; 0.996
number of grid (moving window) 4000 x 512
particle shape quadratic

2D boosted frame simulation (y, = 14)

grid size Ax; o 0.0982k; " v5(1 + Bp)

time step At/Axy 0.125
number of grid 8192x512
particle shape quadratic

EM fields can lead to unphysical emittance growth. Applying the
hybrid solver in lab frame simulations will greatly reduce the NCR,
which may lead to more accurate emittance values. As a result,
although not shown in this paper, we likewise benchmarked the
hybrid solver with Yee solver in LWFA lab frame simulation by
comparing the wakefields and laser evolution in the two cases, and
very good agreement was obtained.

7. Summary

We proposed to use a hybrid Yee-FFT and a rigorous charge con-
serving current deposit for solving Maxwell’s equations in order
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to eliminate the numerical Cerenkov instability in PIC codes when
modeling plasmas or beams that drift with relativistic speeds in a
particular direction. In this solver we solve the Maxwell’s equation
in k; space along the drifting direction (X; direction), and use sec-
ond order finite difference representation for the derivatives in the
other directions. This provides greater than Nth order accuracy for
the spatial derivatives in the X; direction, while keeping the locality
of the field solve and current deposit in the directions transverse
to 1. For the current deposit, we start from the charge conserving
deposit in OSIRIS and then correct it so that it still satisfies the con-
tinuity equation for the hybrid solver. Thus, Gauss’s law remains
rigorously satisfied at every time step if it is satisfied initially.

It is found from the NCI theory that such a hybrid solver has
similar NCI properties in comparison to a full ipectral solver that
solves Maxwell equation in multi-dimensional k space. As a result,
the (u, v1) = (0, 0) NCI modes have a growth rate one order of
magnitude smaller than the fastest growing (u, v{) = (0, 1) NCI
modes, and are highly localized. In addition, the growth rates of the
(u, v1) = (0,0) modes decrease as one reduces the simulation
time step, and their locations in Fourier space also move farther
away from the physics.

Compared with the spectral solver, the hybrid solver performs
an FFT only along the drifting direction of the plasma. As a result,
it saves the computation of FFT in the other directions if this ulti-
mately becomes an issue for parallel scalability. In addition, it can
be readily adapted into fully operational FDTD codes without the
need to modify various boundary conditions in the transverse di-
rections. Very importantly, this idea can be readily applied to the
quasi-3D algorithm in which the quantities are decomposed into
azimuthal harmonics. In this algorithm FFTs cannot be used in the
7 direction. We demonstrate the feasibility of the hybrid Yee-FFT
solver in 2D/3D Cartesian geometry, as well as in the quasi-3D ge-
ometry. Although we have not conducted a rigorous theoretical
analysis for the NCI in the r-z or quasi-3D geometries, we find in

simulations that the hybrid solver in quasi-3D geometry has very
similar NCI properties to that in the 2D Cartesian geometry.

We show that the strategy to eliminate NCI in the hybrid solver
for 2D/3D Cartesian geometry, as well as quasi-3D geometry, is
similar to that for the spectral solver. The fastest growing NCI
modes can be eliminated by applying a low-pass filter in the cur-
rent. The (u, vi) = (0,0) NCI modes can be eliminated by re-
ducing the time step which both reduces their growth rates and
moves them away from the physical modes in Fourier space. These
NCI modes can also be fully eliminated by slightly modifying the
EM dispersion relation along k; direction at the location in Fourier
space where the (u, v1) = (0, 0) modes reside. This approach is
demonstrated in both Cartesian and quasi-3D geometry.

We showed that the new hybrid solver in OSIRIS can be used
to conduct 2D LWFA simulations in a Lorentz boosted frame. With
the low-pass filter applied to current and using reduced time step,
we observe no evidence of NCI affecting the physics in the sim-
ulation. Very good agreement is found between the results from
OSIRIS with the hybrid solver, UPIC-EMMA simulations, as well as
OSIRIS lab frame simulations with the standard Yee solver. This
demonstrates the feasibility of using the hybrid solver to perform
high fidelity relativistic plasma drift simulation.
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Appendix. Numerical dispersion for relativistically drifting
plasma and NCI analytical expression in hybrid solver

According to Refs. [9,10], the numerical dispersion for the
hybrid solver can be expressed as

w} Si1Se1@’
(@ — Kvg)? — =2 (—1y L2
y

[w]
x | [@1* — [Klg1[Klpr — [KIg2[K]s2

Sj2(Se2[@] — Sp3[k]e1vo)
o' — Ko

@
_ 7(_1)M +¢e=0 (A1)

where € is a coupling term in the dispersion relation

2 —1)#
%%{SjlsElw,[k]EZ[k]BZ(v(z) -

+ SppSealklEa kg2 (" — Kjvo)

+ Sj1[Kkle2(Se2[klp1kavo — Sp3kavg[@]) } (A.2)

and for the hybrid solver
sin(ky Ax,/2)

[Kle1 = [K]g1 = Ky AXy/2

[Klg2 = [Klp2 = (A.3)

We can expand o’ around the beam resonance o’ = kjvo in
Eq. (A.1), and write " = kjvo + &', where 8o’ is a small term.
This leads to a cubic equation for §w’ (see [10] for the detailed
derivation),

A28 + Bydw’ 4+ Cdw 4Dy =0 (A4)
where
A, = 263&,

B, = §02{§§ — [kle1[k]g1 — [klg2[k]s2

@ ,
- 7(—1)M5j2(552§1 - {1533[’(]51)}
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_sin(k; At/2) s
§o = Az & = cos(k1At/2)
to = cos(kyAt/2) ¢ = —sin(ky At/2)At/2
121 = k] + U]kg1 — Hwg. (AG)
We use
A I+1
oi = (M) (A7)
AX,‘/Z

as well as use the corresponding interpolation functions for the EM
fields used to push the particles

V-

Se1 = s118128,3(= D" Sgp =S118128,3  SE1 = S1,151,281,3
v

Sga = Sp,181,28,3(—= D"
v

Sp3 = S1,181,28,3(—= 1"

when using the momentum conserving field interpolation, and use

SB1 = S1,151,251,3
(A.8)

Ser = si—1a81253(= D" Spa = 51151-1,2513

SE1 = S1,181,251-1,3

Sp1 = S1,151-1,2851-1.3  Sk2 = Si—1,151,2851-1,3(= )"

Sz = S1-1,151-1,251,3(—= D" (A9)
when using the energy conserving field interpolation. The (—1)"1
term is due to the half-grid offsets of these quantities in the 1
direction. With respect to the current interpolation,

St =si-1,181,28,3(= D"

Sj3 = S1,151,251-1,3-

Si2 = S1,151-1,251,3
(A.10)

We note that we use expressions for charge conserving current de-
position scheme that are strictly true in the limit of vanishing time
step At — 0. The coefficients A, to D, are real, and completely
determined by k; and k,. By solving Eq. (A.4) one can rapidly scan
the NCI modes for a particular set of (&, vq).
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