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Intrinsic normalized emittance growth in laser-driven electron accelerators
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Laser-based electron sources are attracting strong interest from the conventional accelerator community
due to their unique characteristics in terms of high initial energy, low emittance, and significant beam
current. Extremely strong electric fields (up to hundreds of GV/m) generated in the plasma allow
accelerating gradients much higher than in conventional accelerators and set the basis for achieving very
high final energies in a compact space. Generating laser-driven high-energy electron beam lines therefore
represents an attractive challenge for novel particle accelerators. In this paper we show that laser-driven
electrons generated by the nowadays consolidated TW laser systems, when leaving the interaction region,
are subject to a very strong, normalized emittance worsening which makes them quickly unusable for any
beam transport. Furthermore, due to their intrinsic beam characteristics, controlling and capturing the full

beam current can only be achieved improving the source parameters.
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Conventional particle accelerators have been one of the
most important scientific instruments in the past decades.
Users of accelerators are constantly demanding increasing
particle energy in order to perform upfront science [1].
Unfortunately, the accelerating field of conventional accel-
erators is limited by breakdown issues, which leads to
maximum accelerating gradients currently slightly higher
than 100 MeV/m (at a reasonable breakdown rate and
using standing wave structure) [2]. Consequently, high
energies can only be achieved with large accelerator facili-
ties which nowadays are approaching the limit of what
becomes bearable in terms of size and costs.

An alternative to conventional accelerators are laser-
driven plasma accelerators ([3] and references therein),
which can generate accelerating electric fields up to
hundreds of GV/m, about a thousand times higher than
what can be obtained in conventional accelerators, and
very intense magnetic fields [4]. Concerning laser-generated
electrons, currently, multihundred MeV electron beams have
been experimentally obtained on typical 10-100 TW laser
systems [5] with maximum electron energies reaching
up to 1 GeV [6]. These beams possess a number of out-
standing properties, such as ultrashort pulse duration
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(fs scale), high peak currents (kA range), and excellent
emittance (< 1 mm mrad) at the plasma-vacuum interface.
Substantial effort is currently undertaken to characterize
these beams, trying to optimize their characteristics
([7-10] and references within). Despite these efforts,
laser-generated electron beam lines have still not been
obtained with reasonable beam parameters and using
them as a replacement of conventional accelerators is
currently extremely challenging [11].

In this paper, we analyze the evolution of the laser-
driven beam source parameters for a successive capture
and transport of the particles. We focus our study on
particles obtained on current consolidated state-of-the-art
laser facilities reaching the hundred-TW regime. In this
respect, we have concentrated on electron parameters
achieved using the self-injection laser wakefields accelera-
tion scheme known as the 3D bubble regime [12,13]
although our conclusions are valid also for other
experimental setups in the self-injection bubble regime.
Simulations of the laser-plasma interaction have been per-
formed using the 3D particle-in-cell (PIC) code ALADYN
[14], optimizing the laser-plasma interaction in order to
achieve highest electron energies [15]. The simulation
considers a 200 TW laser [16] with wavelength A =
0.8 wm, main laser pulse to prepulse contrast ratio of
10'°, pulse duration full-width-half-maximum (FWHM)
7 =30 fs, and waist = 15.5 um, delivering an intensity
of I =5 X 10" W/cm?. For the interaction we have con-
sidered a plasma length of 4.1 mm with a plasma ramp of
100 wm and electron density 3 X 10'® cm™3 which gen-
erates electrons with a charge of 700 pC and 910 MeV
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average energy. The main parameters, in rms values, are
energy spread oy = 6.4%, bunch length o, = 2 pm, trans-
verse beam size o, = 0.5 wm, transverse divergence o =
3mrad, geometric emittance £ =1.4X 1073 mmmrad, and
normalized emittance &, = 2.5 mmmrad. The initial en-
ergy distribution and current of the bunch are shown in
Fig. 1. Albeit there are several publications reporting about
the laser-driven electron parameters, we will concentrate
here on values obtained by our simulations, since only these
can shed light on parameters such as beam emittance or
the behavior of each single particle. These values are con-
sistent with typical experimental setups [15,17].

In the above-mentioned acceleration regime, the
impinging laser pulse displaces electrons from the initially
neutral plasma, creating a bubble-shaped region of ions.
These electrons tend to cumulate in a thin layer surround-
ing the bubble. The charge separation generates very
intense electromagnetic fields (up to TeV/m). If the nor-
malized laser parameter a is sufficiently high (> 2.5-3),
the electrons with longitudinal velocity component greater
than the bubble speed are eventually captured and accel-
erated by the strong longitudinal field. The resulting
normalized mean particle energy (temperature), in MeV
units, is in the order of a, (few MeVs). Despite the high
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FIG. 1. Charge distribution vs energy (top) and current vs time

(bottom) of the initial electron distribution as obtained with the
PIC code ALADYN.

transverse momenta, such particles form a well behaved
beam, since the focusing components of the electromag-
netic fields generated by the bubble are very intense and the
space charge effects are partially compensated by the ions.
The resulting bunch is emittance dominated even if its peak
current can be as high as 100 kA.

In conventional radio frequency (rf) photoinjectors (i.e.
a source of high quality electron beams), electrons are
extracted from the photocathode with a random momen-
tum of a few eV/c and are then accelerated to few MeV
energies. Assuming that during the longitudinal accelera-
tion the transverse momentum of each particle remains
constant, its divergence is reduced by a factor of 10° after
acceleration. In comparison, for a plasma accelerated
beam, reaching an energy in the order of the GeV in a
very short distance, such a divergence reduction is only 10°
since the thermal momentum of the electrons within the
plasma is in the order of a few MeV/c.

When exiting the laser-plasma region, particles move
from an extremely intense focusing field, generated inside
the bubble, to a free space where the focusing effect
suddenly vanishes. A possible way to overcome the in-
creasing divergence in the following free space is to apply,
in the immediate proximity, strong magnetic fields by
means of quadrupoles or solenoids.

However, from our beam parameters we obtain that the
Twiss beta function, defined as 8, = ¢2/«, is as low as a
fraction of wm, many orders of magnitude lower than what
is generally found in conventional accelerators. The con-
sequence is a very rapid increase of the transverse corre-
lation (which initially is zero and, in our case, scales with
1/B,,, where B, is the initial value of B,) in a drift. For
example, in our case, we find an increase of 60 times in the
transverse dimension after only 1 cm drift. Thus, unlike
conventional accelerators, electrons undergo a normalized
emittance increase during a drift. Such behavior can be
understood by using the general definition of normalized
emittance that reads

ep = (PNB2Y*x2) — (xByx')? (D

with 8 = v/c, where v is the particle velocity and ¢ the
speed of light, and y being the particle relativistic factor, x
and x' the transverse position and its divergence, and (y)
the average relativistic factor, and considering that the
correlation between the energy and transverse position is
negligible (as in a drift without collective effects), we find

en = By NUNx) — (By)ax'). 2)
Considering the definition of relative energy spread o,

g2 = <:8272> - <ﬂ'}’>2
£ (y)? ’

which, inserted in Eq. (2), and assuming relativistic elec-
trons (8 = 1), yields to
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en = (yY(opoio? + &%) (4)

If the first term in the parentheses is negligible, we find
the conventional definition of normalized emittance, as
g, = (y)e. For a conventional accelerator this might gen-
erally be the case, considering e.g. parameters of the
SPARC photoinjector [18], at 5 MeV the ratio between
the first and the second term is = 1073 while at 150 MeV it
is = 107>, Using the parameters of our simulation we find
that the first term of Eq. (4) at the plasma-vacuum interface
is of the same order of magnitude as for conventional
accelerators at low energies; however, due to the rapid
increase of the bunch size, it becomes predominant com-
pared to the second term. The use of simplified formulas
for the measurement of the normalized emittance, such as
performed in [9,19,20], is therefore for laser-driven parti-
cle beams inappropriate. Considering the transverse beam
size increase due to free diffraction, as indicated in [21],
assuming as a starting condition a beam waist and a
sufficiently long drift, we find that the bunch size becomes
o,(s) = oyus and Eq. (4) reads

ek = (Y (s?opo? + &) (5)

Hence, the normalized emittance increases very rapidly
and its rate can reach, with our parameters, a value of
1000 xm/m. We have validated our calculation using the
particle tracking code TSTEP, which is a derivative of
PARMELA [22] and is considered a reference code in the
conventional particle accelerator community. The inset of
Fig. 2 compares the normalized emittance increase of an
electron bunch in a drift as obtained using the analytical
calculations above with that obtained using TSTEP, showing
a good agreement.

The normalized emittance worsening [23] is due to the
fact that the betatron frequency of a particle critically
depends on its energy. During the drift, particles with
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FIG. 2. Normalized transverse emittance along a transport line

using magnetic quadrupoles: comparison between TSTEP simu-

lations (red line), Eq. (4) (black line), and the ye approximation
(blue line). Inset: Zoom of the initial drift.

different energies rotate with different velocities in
the transverse phase space, widening the bunch trace space
area; the resulting projected normalized emittance
becomes a function both of drift length and energy spread.
Additional emittance growth can be generated by the
plasma down ramp length, as reported by [10,20]: in our
simulations the plasma down ramp length was 100 um
long, much shorter than the betatron wavelength. A proper
tailoring of the plasma down ramp would indeed produce
an adiabatic defocusing of the bunch (this means that an
increase of the transverse beam size would result in a
decrease of the divergence keeping the emittance constant)
and prevent a rapid normalized emittance dilution, as can
be argued from Eq. (5) in our manuscript. However, this
process would not affect the energy spread, so that the
matching of the entire bunch to a transport line still re-
mains very difficult and the normalized emittance still
keeps a dependence from the drift length, although less
pronounced.

Equation (4) can be also used to predict the normalized
emittance behavior in presence of magnetic elements
(e.g. quadrupoles). In Fig. 2 we show a comparison be-
tween Eq. (4), the expression (y)e, and the normalized
emittance obtained by TSTEP. The agreement between the-
ory and simulation when using quadrupole devices is
worse than for the case of a simple drift due to a different
behavior of the beam when traveling within magnetic fields
because of its high energy spread; however, Eq. (4) remains
a valid analytical tool to determine the behavior of the
normalized emittance of a beam after a laser-driven
acceleration.

We stress that chromatic effects could be different for
slice normalized emittance, which is the critical parameter
for some applications such as free electron lasers (FELs)
where small portions of the bunch (the slices) contribute
almost independently to the emission of radiation. The
length of the slice depends on the underlying physical
processes; in FELs, it is approximately equal to the coop-
eration length, which is the length in which the radiation by
the particles adds up coherently. In general, the energy
spread of a bunch has two different contributions: the first
one is the energy variation correlated with the longitudinal
position of the particle in the bunch (e.g. due to wakefields
or due to the variation of the rf voltage within the bunch),
while the second one is the so-called uncorrelated energy
spread which accounts for randomly distributed energy of
the electrons inside the bunch. If we consider a thin slice,
the energy correlation can usually be neglected compared
to the uncorrelated energy spread. Therefore, if this last
contribution is small, the beam slice would have the same
behavior of a conventional beam. Figure 3 shows a com-
parison between normalized slice emittance at longitudinal
distance s = 0 and s = 1 cm (top plot) and the slice en-
ergy spread along the bunch (bottom plot). We can see
from the bottom plot that the energy spread is relatively
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FIG. 3. Comparison of slice normalized emittance at the inter-
action point and after a 1 cm drift space (top) and slice energy

spread (bottom). The number of slices in the longitudinal plane
is 200.

low for the longitudinal position inside the bunch (z) from
2 to 4 pum and therefore, in the top plot, the slice emittance
only differs slightly (= 1%) in this region, compared to the
region z from —2 to 2 um, where a strong worsening is
visible. In fact, in different experiments in which laser-
driven electrons were shaped using conventional accelera-
tor elements in order to adapt them to different applications
[24], the conventional accelerating elements were acting
only on the part of the phase space that was adapted to the
element and that could be considered as a conventional
beam, making the source very lossy [25]. Therefore, more
than shaping the beam, these elements are selecting a
portion of the total charge, as can be seen in Ref. [24], in
which the transported charge is reduced to 10% of the total
one. This corresponds to the portion within the phase space
in which the electron population has an acceptable energy
spread to be transported with the conventional accelerator
elements. In conclusion, we show that laser-driven elec-
trons undergo a very strong, undesired normalized emit-
tance worsening when leaving the interaction region,
reaching quickly intolerable values. Capturing laser-driven

electron beams, conserving a decent percentage of its
initial current and preserving a reasonable normalized
emittance, requires therefore optical elements positioned
close to the interaction point and with a focal length in the
order of the bunch Twiss beta function. This is out of reach
with the present-day magnet technology. We have shown
that the beam worsening behavior is primarily due to the
combined effect of a high energy spread and a high beam
divergence. These parameters have therefore to be better
controlled inside the plasma (e.g. with proper shaping of
the plasma channel) if one plans to use this kind of source
as an alternative to conventional particle accelerators.
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