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We present a self-consistent analysis to determine the optimal charge, gradient, and efficiency for

laser driven accelerators operating with a train of microbunches. Specifically, we account for the beam

loading reduction on the material occurring at the dielectric-vacuum interface. In the case of a train of

microbunches, such beam loading effect could be detrimental due to energy spread, however this may be

compensated by a tapered laser pulse. We ultimately propose an optimization procedure with an analytical

solution for group velocity which equals to half the speed of light. This optimization results in a maximum

efficiency 20% lower than the single bunch case, and a total accelerated charge of 10° electrons in the train.

The approach holds promise for improving operations of dielectric laser accelerators and may have an

impact on emerging laser accelerators driven by high-power optical lasers.

DOI: 10.1103/PhysRevAccelBeams.21.064402

I. INTRODUCTION

In the past two decades direct electron acceleration driven
by laser was experimentally demonstrated. Bounded by
gradient limitations (~100 MV/m), it has been shown
[1-3] that net acceleration could be achieved by a train of
microbunches spaced at the optical period. However, some
applications require significantly higher accelerating gra-
dients than provided by conventional rf linear accelerators,
such as compact radiotherapy devices [4] and miniaturized
light sources [5,6].

Dielectric laser accelerator (DLA) structures have the
potential to facilitate higher gradients and high efficiency,
as was recently demonstrated [7,8]. However, these experi-
ments utilized an electron beam that was much longer than
the laser period, resulting in energy modulation rather than
net acceleration. The question is therefore could we benefit
from both worlds—namely, have net acceleration and at the
same time high gradient in the DLA?

In order to achieve net acceleration, several research
groups are considering generation of optically-spaced
electron microbunches [9-14]. Novel schemes have been
presented [9,10] as well as experimental demonstrations
[11-14]. While the issue of generating optically-spaced
electron microbunches is beyond the scope of this study,
below we discuss a phenomenon common to all such
schemes—beam loading.
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Beam loading effect is slightly different in rf as com-
pared to an optical regime. In most cases in rf machines,
only one or very few microbunches exist in the acceleration
module simultaneously [15-19], whereas in an optical
regime hundreds or even thousands of microbunches
may coexist in the accelerating module at any given
moment. Therefore, in an optical regime the wake exerted
on each microbunch may have a more significant effect.

As aresult of this wake, there is a need for a tapered laser
pulse in order to compensate for its effect. The tapering
should take into account the laser’s group velocity, which
is much higher in DLA as compared to rf systems. The
subject of compensating for beam loading by way of
tailoring the driving rf pulse has been studied extensively
over the years [20-22]. Among the common methods are
either local [23] or global [24,25] correction schemes.
However, to the best of our knowledge, systematic study of
this subject in the context of dielectric laser accelerators
(DLA) has not been pursued as of yet.

By leveraging beam loading effect, in part I of this
study we proposed [26] a way to optimize a single bunch
operation of DLA. We solved a self-consistent set of non-
linear constraints, taking into account the beam loading
reduction on the material at the dielectric-vacuum interface;
this case was referred to as the reduced case. For a given
efficiency, the reduced case presented a higher loaded
gradient than the un-reduced case (whereby the field
reduction on the material is ignored). For example, maxi-
mum efficiency of 60.5% occurred for a loaded gradient of
6 GV/m in the reduced case, as compared with 2.5 GV/m
in the unreduced case. In any case, the optimal charge to be
accelerated was found to be a total of ~10° electrons in the
bunch. Splitting the electron beam into a train of micro-
bunches could be beneficial due to weakening the space
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charge effects and as a result, lead to some increase in the
total amount of accelerated charge.

In the framework of this paper we repeat the self-
consistent analysis presented in [26] for a train of micro-
bunches, accounting for the beam loading reduction on the
material (i.e., reduced case). The effect on the train is
detrimental since different bunches experience different
accelerating gradients. Therefore, in Sec. II we present an
assessment of the beam loading effect on the bunch, and
propose a way to compensate for it by tapering the laser
pulse. Once tapered, the single bunch analysis still holds
with a few adjustments as discussed in Sec. III, which also
summarizes the results of the optimization procedure.

II. LASER PULSE TAPERING

Pursuant to our work on optimized operation of DLA
with single bunch [26], we adopt an azimuthally symmetric
dielectric-loaded waveguide [27], as shown in Fig. 1.
However, in this configuration we split the single bunch
into M microbunches (¢ - g = Mgq,,,) with one wave-
length spacing /; between adjacent microbunches.
Neglecting space-charge, we tacitly assume that each
microbunch is a point charge, and remains so all along
the interaction region. Moreover, co-propagating with this
train of relativistic microbunches, a single TM,;; mode of a
laser pulse traverses the accelerating structure with a phase
velocity ¢ and group velocity f,.c. The parameters for the
numerical examples presented subsequently are summa-
rized in Table I.

As in the single bunch case, there should be a full overlap
between the laser pulse that propagates at cf,, and the
first microbunch in the train along the interaction length,
Lgeo = Ayaccmecz/(eGloaded)’ where Ayacc is the energy
gain, m, and e are the electron’s mass and charge
respectively. Thus, the delay time [29] between the two
should be 7p = Ly, (fg — 1)/c. Moreover, the pulse
duration should be extended according to the number of
microbunches, thus 7, =7p +75 where 75 = (M — 1)1 /¢
is the bunch duration.

FIG. 1. Schematics of the basic principle and envisaged
geometry. Five relativistic microbunches (blue) are accelerated
by TMy, laser mode (red) which propagates at cf, group
velocity, in a vacuum channel of a dielectric loaded cylinder.
The wake (green), generated by the bunches, propagates at their
velocity [28].

TABLE I. Parameters of the laser and the envisaged structure
shown in Fig. 1.

Parameter Symbol Value
Laser

Laser wavelength [ym] AL 2
Group velocity Bor 0.5
Phase velocity Pon 1.0
Interaction impedance [€2] Zint 325
Laser power [kW] Py 6.1-{G, [%}}2
Structure

Internal radius [4; ] Rin 0.47
External radius [4; ] Ry 0.57
Dielectric constant & 39
Wake coefficient [m%’c] K 20.34
Energy gain required AYee 1.7
Maximum efficiency [%] 71 max 60.5

For an assessment of the beam-loading effect we first
need to establish the decelerating wakefield experienced by
the vth microbunch given by

E}¥ = Mgk

x il Ws<cos [27:%(1/ - j)} 2h(v —j)> (1)

J

where W and w, are the weight and angular frequency of
the s mode respectively (w,—; = ) [26], and (...); =

321 .5 h(u) is the Heaviside step function. Here we

assume that the quality factor is large enough such that on
the scale of the train duration, the decay associated with
loss may be ignored, but is sufficiently low to facilitate
bandwidth, which enables the propagation of the tapered
pulse. Moreover, dispersion in the waveguide is ignored in
the analysis.

Clearly, different microbunches experience different
wakefield which in turn leads to substantial energy-
spread—this is the beam-loading effect. In order to com-
pensate for this detrimental effect, we need to adjust the
laser pulse

G(&)[h(z + ) — h(z — 75)] cos [w (r - Z)} )

where G(7 =t — z/cfl,) is the laser’s amplitude, and it is
constant if the beam-loading is negligible. The major
difficulty is now evident: the relativistic train of bunches
moves at almost speed of light in vacuum, whereas the laser
pulse’s envelope travels at the group velocity, which can be
quite smaller than c.

In order to eliminate the energy-spread deficiency, it is
proposed to taper the laser’s amplitude, thus instead of a
constant accelerating gradient G, the tapered gradient is
given by
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G(r) = Go+ Y AGh(t = Tinym), (3)
v=2

where AG, is the amplitude correction on the vth micro-
bunch, which starts after the preceding microbunch entered
the acceleration structure at 75, ,_;.

In principle, the amplitude corrections (AG,) are deter-
mined by minimizing the spread in the net kinetic energy
gained by each microbunch, as compared with the first
bunch (AG; = 0), i.e., to minimize the functional

M
[A Ukin,v - A[]kin,l]2 (4)
v=1
;+ng/c cdt|G(t) — EY®*°]. The
explicit analytic solution as well as an analytical example
for B, = 0.5 are given in Appendix A. Its main result is
expressed in Eq. (5), but before we discuss it, we would like
to emphasize that at the practical level, the required pulse
shaping can be done in several ways: spatial light modu-
lators, adaptive beam shaping, or fixed masks [30].

In what follows, we demonstrate the tapered amplitude
required for a case wherein the tapered amplitude leads to a
globally zero energy-spread for two values of f,,. By global
we mean that at the output-end all bunches emerge with the
same energy-spread as they were at the input-end—in all
cases considered the latter is zero. The first case to be
considered, which is nonrealistic yet instructive, is when
the laser propagates at the speed of light in vacuum
(Bgr = 1). In this case the tapered laser’s amplitude should
increase linearly in time. Explicitly, in terms of the
formulation in Eq. (3), the tapered amplitude should satisfy
AG,>1 = 2K1Gmp-

For a typical group velocity value [31] of B, = 0.5,
the change in amplitude should satisfy

AG, = 2K1me@ (5)

AL

and AG,., =0 otherwise. This leads to virtually zero
global energy spread—see Appendix A. This laser pulse is
a superposition of two components (as shown in Fig. 2): at
the beginning a gradient G is applied, and after the delay
time 7p, a AG, amplitude correction is added for the
remainder of the pulse zg. In both cases, since the wake’s
nonfundamental modes are suppressed like 1/M? [32] we
considered only the first dominant mode of the wake
(K >~ K 1).

Figure 2 illustrates the propagating process of five
microbunches in two time frames: top frame shows the
case when the last bunch enters the structure and the lower
frame reveals the conditions when the first bunch exits the
interaction region. The time each microbunch spends in
the “correction-zone” should compensate for the wake it
experiences while traversing the structure. It is important to
note that the gradient at the “correction-zone” is reduced by

Tin
where AUkin.IJ = 4dmb fTi".
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(b) First microbunch exits the structure.

FIG. 2. Laser pulse’s envelope (red), normalized to Gy =
8 GV/m, propagates at fy = 0.5, while the wake (green),
generated by five relativistic microbunches (blue), propagates
at their velocity. The above three quantities are presented for two
different time frames: (a) last microbunch enters the structure,
(b) first microbunch exits it. First, a gradient G, is applied for a
delay time 7, and then a 3G, amplitude correction is added for
the remainder of the pulse. The time each microbunch spends in
such “correction-zone” compensates for the wake it experiences
while traversing the structure.

the train’s wake, and therefore, it does not exceed the
damage threshold fluence.

Two facts are evident: first, it is impossible to locally
taper the laser for S, < 1. Therefore, for the latter case the
laser is tapered globally in a way that the effective loaded
gradient as experienced by the microbunches during the
time they traverse the accelerating module is the same.
Second, when the microbunches enter the structure, the
laser pulse might be half a way in the structure [as shown in
Fig. 2(a)], while no wake has been generated in this region
to reduce the intense optical field the dielectric is exposed
to. During this time period, the field at the dielectric
interface may be higher than the damage threshold fluence.
Therefore, the latter would set an upper limit on the
unloaded gradient values (Gy).

III. SELF-CONSISTENT ANALYSIS

In this section we self-consistently determine the optimal
charge, efficiency, and gradient for laser driven accelerators
in a case of train of microbunches. After establishing the
amplitude tapering of the laser pulse to compensate for
the beam-loading effect on the train of M bunches, the
loaded gradient that acts on each microbunch is Gjyageq =
Gy — kgp,—same as in single bunch. Therefore, we are
now in a position to repeat the approach developed for a
single bunch [26] to a train of multiple bunches. In what
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follows we present the results of the reduced case only,
whereby the beam loading reduction on the vacuum-
dielectric interface was taking into account.

With these adaptations, single bunch analysis still holds;
given Ay, the vacuum channel’s radius (R, ), the group
velocity (/). the laser wavelength (1), and the geometrical
length of the structure (L, ), We can establish the gradient
and optimal charge to be accelerated for various number of
microbunches in the train (M), in a self-consistent way.

The efficiency of this paradigm (7, =3, AUyin../ Upm),
should include the electromagnetic energy (Ugy) in
the tapered laser pulse, and as shown in Appendix B it is
given by

e UG

v Gy Gy 6
Mmax . A Bar O Y AG,\2 (6)
,Jmax 1+7L ar (1+ /4)
LT-ie 2\ 2 Gy

where 71 m.x = k1/k is the single bunch maximum effi-
ciency [29,32,33] determined by the structure—see Table I.

Figure 3a shows the train of bunches efficiency normal-
ized to the single bunch maximum efficiency (7| ma =
60.5%) as a function of the loaded gradient (bottom X-axis)
or the structure’s geometric length (top X-axis). Each curve
represents a different number of bunches in the train: single
bunch M = 1 (dotted green), M = 2 (red), M = 10 (dashed
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(a) Geometric length dependence. Notably, the maximum efficiency for M = 2
drops to ~ 40% as compared with the maximum efficiency of single bunch, due
to the electromagnetic energy in the tapered pulse. Moreover, the maximum
loaded gradient decreases for long trains (M = 100).
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(b) Multi-bunch continuum dependence. Notably, loaded gradient which occurs

for maximum efficiency is smaller than the maximum gradient the structure can

sustain for low number of microbunches. However, for a long train (M — 103

this difference diminishes. Maximum efficiency for long train of bunches is 20%
lower than the maximum single bunch efficiency.

FIG. 3.

(a) Efficiency normalized to the single bunch maximum efficiency (1) . = 60.5%) as a function of the loaded gradient

(bottom X-axis) or the structure’s geometric length (top X-axis). Each curve represents a different number of bunches in the train: single
bunch M = 1 (dotted green), M = 2 (red), M = 10 (dashed blue), and M = 100 (cyan). (b) Contours of efficiency 7, as a function of
number of bunches in the train and the corresponding loaded gradient. Other simulations parameters are summarized in Table 1.
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10° l - D

FIG. 4. Left vertical axis: Total optimal charge in the train
(blue) increases moderately as a function of number of micro-
bunches in the train (M), while the charge in a microbunch (red)
decreases by two orders of magnitude. Right vertical axis: Pulse
length (green) and delay time (dashed turquoise) for which
maximum efficiency and optimal charge occur.

blue), and M = 100 (cyan). Notably, the maximum effi-
ciency for train (M > 1) of bunches (17y) is reduced as
compared with the maximum efficiency of single bunch,
due to the electromagnetic energy in the tapered pulse. For
example, ny drops to 0.4# .« for two bunches, but
somewhat recovers to 70% for longer trains (M = 100),
which also occurs for longer structures. It is also evident that
the maximum loaded gradient decreases for long trains. In
addition, maximum efficiency for each M occurs for a
different structure length.

In order to understand the effect of multiple bunches,
Fig. 3(b) presents contours of the normalized train effi-
ciency as a function of the number of bunches in the train
M, and the corresponding loaded gradient. This figure
shows that the maximum loaded gradient may reach
9 GV/m for low values of M, and changes by a factor
of ~5 with the number of microbunches in the train (M).

Furthermore, one should distinguish between maxi-
mum gradient and gradient for maximal efficiency.
For low number of microbunches, gradient which occurs
for maximum efficiency is smaller than the maximum
gradient the structure can sustain. However, for a long
train (M — 10%) this difference diminishes. A similar trend
was observed for the efficiency; its values for maximal
gradient (< 0.02#; ;) are significantly small as compared
with the maximum value attainable. Second, maximum
efficiency of single bunch (7, na) is at least 20% higher
than the train case. Lastly, since the maximum efficiency and
maximum loaded gradient do not occur for the same
conditions, compromised values for both are 0.71 .« and
Glonded = 6 GV/m, which occur for M ~ 100 micro-
bunches in the train.

Another perspective of the energy conversion efficiency
is the amount of charge accelerated. Optimal charge
for microbunch in the train, calculated for maximum
efficiency, varies moderately as a function of the number
of microbunches (M). Figure 4 shows the total number of
electrons (N,) in the train (blue circles) monotonically
increases as M'/3, and ranges between 0.5x10°—5x 10°.
Nevertheless, the number of electrons in a microbunch (red
circles) drops by two orders of magnitude. This behavior
could be explained by the fact that the analysis is highly non-
linear: as was shown in Fig. 3(a), maximum efficiency for
long trains occurs for longer structures. For the latter, the
microbunch charge which occurs for the maximum effi-
ciency decreases as was shown in Part I of this study [26].
Therefore, the microbunch charge decreases with M. As a
result, the loading would be more significant for short train
of bunches, and thus the loaded gradient on the bunch would
be smaller, as was previously shown in Fig. 3(b).

Finally, the pulse length for which the maximum
efficiency occurs (green curve in Fig. 4) changes with
the number of microbunches in the train. As a consequence,
the delay time (dashed turquoise) also varies with M, since
its depends on the geometrical length, and the Ilatter
depends on M in the multi-bunch case.

IV. CONCLUSION

In conclusion, our self-consistent analysis for a train
of microbunches reveals that there is a total charge of
0.5 x 10° — 5 x 10° electrons in the train, regardless of the
number of microbunches. Analytical solution is achievable
for f,, = 0.5, whereby the maximum efficiency attainable
with a train of microbunches is at least 20% lower than
the single bunch case. The properties of the latter’s three
different regimes of operation were presented in our
previous work [34].

It has been shown that beam loading effect on the train of
M microbunches can be globally compensated by a tapered
laser pulse. Further, the beam loading reduction on the
material was also considered. This case, previously referred
to as the reduced case [26], exhibited maximum loaded
gradients which vary between ~2 for long trains (M > 10%),
and ~10 GV/m for short trains (M < 10). A trade-off
between maximum efficiency and maximum gradient, as
a function of number of microbunches in the train, has been
suggested.

Beyond pure high energy physics applications, a train
of accelerated microbunches may pave the way to a novel
regime of light sources, whereby the microbunches’ spac-
ing is in the infrared laser wavelength, and the microbunch
length might facilitate bursts of deep ultraviolet radiation.
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APPENDIX A: MINIMIZING ENERGY-SPREAD—
ANALYTIC SOLUTION

In this Appendix we determine the amplitudes of the
tapered laser (AG,) by minimizing the spread in the net
kinetic energy gained by each microbunch compared to the
first bunch, i.e., minimizing the functional

M
—
8(AG) = [AUyin, — AUyin 2

v=1

(A1)

where AUgin, = G fTTi"'”+Lg°°/C cdt|G(t) — Ey¥e], EYake

is the decelerating wakefield experienced by the wvth
microbunch, and

iny

M
G(T) = GO + Z AGuh(T - Tin.u—l)'
v=2

(A2)

AG, is the amplitude correction on the vth microbunch,
T;,, is the time for which the vth microbunch enters
the acceleration structure, and h(z) is the Heaviside
step function [A(z > 0) =1, h(z =0) =0.5, and zero
elsewhere].

Defining

Tip, 52 ct—A(v—1
o= [T (i) )
Tll"LL Cﬂgr

L L
T. geo T. geo
K = iny d Ewake in1 = d Ewake
v — t v + t 1
T Tin 1

iny

(A3)

—
the error, §(AG), is

M
Y. |
v=1

2
/IJWZI(HV./! _HI,M)AG,; _Ky:| . (A4)

Minimizing the error for each correction, i.e.,

— — -
dError(AG)/dAG, = 0, results in AG = Mat™'S where
Mat™! is the inverse of the matrix Mat, , = > | (H,, -
Hl.ﬂ)(Hy.(r_Hl.n') and SO.E iW:l KIJ(HU.O'_HI.(}')' ThlS
procedure leads to zero energy spread globally, namely that
at the output-end all bunches emerge with the same energy-
spread as they were at the input-end.

As an analytic example, the amplitude’s corrections
for f,, = 0.5 are given by

B S W) - X2 (43)

AG, =
where

X,0) = cos[2200 = ) 22 0w =), (A6)

y,

2

10 T T
o
o
o
%0q
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P TR sangan asamoae ™
9o
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S 0,max
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FIG.5. The amplitude correction AG, (red) dependence on the
number of bunches in the train for the optimal charge in Fig. 4.
Moreover, the maximum unloaded gradient for the reduced case
(blue) is higher than the one for the unreduced case (green).

O(x > 0) = 1, and zero elsewhere, and W, are the wake’s
weight functions. Consider only the first dominant mode
(s = 1), the latter is reduced to AG, = 2k GmpLgeo/ /1.
and AG,., = 0.

Figure 5 shows the latter amplitude correction AG, (red)
dependence on the number of bunches in the train for the
optimal charge shown in FIG. 4 (which occurs for maxi-
mum efficiency). Note that, due to nonlinear dependence
of Gmp Lgeo, and M, although ¢, decreases like M=%/,
the amplitude correction AG;  Gpp(Lgeo)Lgeo does not
decrease monotonically, but rather has a minimum point at
M ~100. This would allow to work with a laser with a
minimal change in amplitude. Effectively, the structure’s
material would not experience this amplitude correction
since it will be canceled by the bunch’s wake. Moreover, as
expected, the maximum unloaded gradient for the reduced
case (blue) is higher than the one for the un-reduced case
(green).

APPENDIX B: EFFICIENCY DERIVATION
FOR A TRAIN OF MICROBUNCHES

In this Appendix we derive the expression in Eq. (6) for
the efficiency of train of microbunches. In general, the
efficiency of train of microbunches is a measure to the
increase in the net kinetic energy of all the microbunches,
relative to the electromagnetic energy Ugy; in the tapered
laser pulse

AUy
Ny = w (B1)
EM
The electromagnetic energy in the tapered pulse is
Tp Tp e 2
Upwm = / dePy (t) = / PRl (B2)
—7p —7p int
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where P; is the laser power, and

M
G(r) =Gy + Y AG,h(z
v=2

(B3)

Tin,u—l)

is the tapered laser amplitude. Substituting the latter into
Eq. (B2) and integrating, we get

AUy =2 |2G°[ +Z< ZAGG"Y’ICL] (B4)

pu=2 0

The net kinetic energy for the vth microbunch is given by

(v=1)2,+Lgeo

AUyin, = qmbc/ dt[Gy — kq + EP — EYe],

(D—I)ATL

(BS)

Since the tapered amplitude E,;*" for each microbunch vth

was determined to compensate for the decelerating wake-
field it experiences (see Sec. II), the net kinetic energy for
all microbunches is

ZAUkm v =

AUkm zx> Mme (GO - KQ)LgeO‘ (B6)

Therefore the efficiency of train of microbunches is

Mg [Go — Kqmb] Lgeo
EESS R

1nt
Kqmb < KLImb)
1- M
_ ZintLgeo G() G() (B7)
YRS AG,\2 1
|| Aty (1 + ZZ:z GO#) ?L

v =

Substituting the definition for the delay time (zp ), Eq. (B7)
is reduced to

Kqmb ( qub)
1- M
ZintLgeoC Go G()

y) 2
AP Lt =) ra i (145

AG,\?
2G,
(B8)
Keeping in mind that the projection of the wake on the

fundamental mode is given by k| = Ziy¢fe /427 (1 = Por)
[35], Eq. (BS) is reduced to

K mb <1 _ K(’Imb>M

v = Ki Gy Gy
=4t
AL ﬁgr M < v AG,,>2
T 1+> —*
4K‘émb (1 _ qub)M
0 G
= N1, max 2 ﬂ M 0 (B9)
e LS (143050
geo ﬂgr u=2

This is the same as Eq. (6), and is reduced to the single
bunch efficiency for M = 1.
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