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Emittance preserving thin film plasma mirrors for
GeV scale laser plasma accelerators
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Laser-plasma accelerators (LPAs) now routinely produce electron beams with GeV energies over
acceleration lengths on the order of a few centimeters. This capability and the demonstration of multistage
coupling make LPAs promising for numerous applications. However, beam quality preservation in
multistage accelerators remains an obstacle because of the need to separate the laser pulse from the electron
beam. Plasma mirrors can be used to redirect the laser pulse, but their substrate thickness threatens to
substantially degrade the electron beam emittance. Ultrathin (∼20 nm) liquid crystal (LC) plasma mirrors
are an excellent candidate to address this challenge. This work investigates the robustness of thin LC
plasma mirrors in the presence of capillary discharge plasma and an auxiliary heater laser. We find they can
be operated ∼10 cm from the capillary exit when a heater laser is used. We then performed a normalized
emittance measurement enabled using a 20 nm LC plasma mirror to protect electron beam optics after the
LPA. The emittance contribution from scattering through the plasma mirror is calculated to be of order
100 nm, much less than the measured emittance of 4.0 μm. Finally, we develop a model to calculate plasma
mirror performance based on the laser polarization and intensity, and plasma mirror thickness.

DOI: 10.1103/PhysRevAccelBeams.24.121301

I. INTRODUCTION

Laser-plasma accelerator (LPA) technology has grown in
sophistication over the past decade. A recent development
was the demonstration of staged electron acceleration [1],
which can facilitate higher electron beam energies and the
development of compact x-ray free electron lasers [2,3] and
TeV electron accelerators [4]. However, these applications
have stringent requirements on the emittance of the
electron beam.

In order to couple an electron beam to multiple stages of
LPA, it must pass through the optics used to divert the laser
pulse into and out of the LPA beamline. For many
applications, the emittance degradation due to Coulomb
scattering as the electron beam passes through a mirror
even as thin as a few micrometers is unacceptable [5,6]. In
addition, the long f-number required for these LPA systems
makes it impractical to allow the beam to expand between
stages. For example, The Berkeley Lab Laser Accelerator
(BELLA) Center petawatt (PW) [7] beam is capable of 40 J
on target with an f-number of 65, but a damage threshold of
∼0.35 J=cm2 is typical for mirrors used in this type of
system [8]. With these parameters, the laser would need to
propagate for ∼8 m to expand enough to preserve the
mirrors, making this approach impractical.
Plasma mirrors [9,10] are optics that take advantage of

ionization of the optical surface during the rising edge of
the pulse to create an overdense plasma which subsequently
reflects the remainder of the pulse. In the femtosecond
regime, the optical quality of the mirror is approximately
maintained on the timescale of the pulse, allowing for the
laser beam quality to be preserved after reflection. A typical
implementation uses a few mm thick glass substrate which
would significantly degrade the electron beam quality. The
problem is compounded in a multistage accelerator because
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of the accumulated emittance growth through at least as
many plasma mirrors as there are acceleration stages.
Over the past few years, free standing liquid crystal (LC)

films have successfully been applied to ultraintense laser
experiments as targets and plasma mirrors [11,12]. LC
plasma mirrors can also be applied to LPA’s, where they
offer two major advantages: they can be formed in situ with
a thickness of only 20 nm, greatly reducing emittance
growth; and the technology used to produce the films is
scalable to repetition rates exceeding 1 Hz [13]. In this
paper, we report on two experiments, carried out at the
BELLA Center. The first, detailed in Sec. II is a test of
robustness of thin LC films in the BELLA LPA environ-
ment. The second is a normalized emittance measurement
using a LC plasma mirror to protect downstream electron
beam optics, covered in Sec. III.
Plasma mirrors have proven useful for high intensity

beam steering and contrast enhancement, which has lead to
much experimental and theoretical work on plasma mirror
reflection [14–16]. The reflected beam is usually of primary
interest and typical plasma mirror thicknesses are large
enough that there has not been much attention given to the
transmission through a plasma mirror. This work focuses
on the specific application of diverting the laser to protect
downstream optics, where estimating the transmitted
energy becomes important. Section IV lays out a model
for predicting plasma mirror transmission as a function
of incident laser intensity and polarization, and plasma
mirror thickness. We then compare the model predi-
ction to measurement from the experiment in Sec. III
and simulations.

II. SURVIVABILITY TESTS

A. Experimental setup

There are two major threats to a thin LC film when
employed as a plasma mirror on an LPA beamline at
BELLA. The first is blow-off plasma from the capillary
[17] discharge exit and the second is damage from an
auxiliary laser pulse. Both have the potential to destroy the
film before it can reflect the PW pulse. The capillary is a
small, gas-filled channel that is ionized by an electrical
discharge, creating a preformed plasma waveguide for the
PW pulse. The auxiliary laser, or heater, then prepares the
plasma in the capillary for optimal guiding of the PW pulse
[18]. It is a nanosecond scale, Joule level pulse which can
ionize and destroy a LC film. An experiment was carried
out to determine how long the films can survive in this
environment, how this might depend on film thickness, and
where it can be located relative to the capillary.
Figure 1 shows a schematic of the experimental setup.

A nanojoule-scale, 800 nm probe laser was reflected off the
film and imaged to a charge-coupled device camera to
measure film survival. The probe was delayed relative
to the timing of the capillary discharge and heater pulse.

The relative timing between the heater and capillary
discharge was not changed. For the subsequent discussions,
“zero delay”will correspond to the peak of the heater pulse.
Negative or positive delay corresponds to times before or
after the peak. The timing of the arrival of the PW pulse
relative to the peak of the heater has been a subject of recent
study, with evidence that optimal guiding is achieved 5 ns
after the peak [19]. The delays were scanned in minimum
step intervals of one nanosecond with the probe duration
being 200 ps. Plasma mirror operation occurs on the sub-
picosecond timescale of the PW pulse and therefore one
nanosecond after þ5 ns is considered more than long
enough for successful plasma mirror operation. It should
be noted that while plasma mirrors provide an excellent
surface for reflection of short pulse lasers, they are
generally considered unstable on the nanosecond timescale
of the heater [20]. If a heater is required after the initial
stage in a multistage LPA, it must be injected another way.
All LC films discussed in this work were made from a

commonly available LC called 4-octyl-4-cyanobyphenyl,
or 8CB for short. In this case, the films were formed using a
linear slide target inserter (LSTI) [21], which provided LC
targets at about once per minute in situ with target
thicknesses ranging from 20 nm to over 1 μm. The film
diameter was 4 mm. The LSTI was positioned about 6 cm
downstream of the capillary exit.

B. Results

We began with measurements of film survival in the
presence of the capillary discharge alone without the heater
beam. Representative probe images are shown in Fig. 2
at various delays. Films greater than about 500 nm in
thickness survived the capillary discharge entirely. Films
≲ 500 nm were destroyed by the capillary discharge.
However no film displayed any damage until about
100 μs. The timescale of 100 μs matches well with the
expected time it would take blow-off plasma to reach the
film based on this distance and the speed of sound in
the plasma. This is many orders of magnitude more than

FIG. 1. A schematic of the survivability experimental setup,
including the heater, capillary, and probe laser is shown.
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enough time considering the sub-picosecond timescale of
plasma mirror operation.
Once long timescale survival of the film with the

capillary discharge was confirmed, the effect of the heater
beam was tested. The heater laser is a 532 nm, 8 ns pulse,
with energy up to 400 mJ. The average film thickness for
this test was 40 nm. Figure 3 shows a plot of the delay time
at which damage was observed as a function of heater laser

fluence at the surface of the film. Each individual data point
on this plot represents a delay scan over roughly 20 shots
where the damage time was determined by manually
inspecting the probe images for distortion. The error bar
represents the maximum and minimum timing measured
for a single delay setting. The source of the error was
dominated by the photodiode and oscilloscope signal
response. The fluence is calculated from the total energy
in the heater pulse and the area associated with the full
width at half maximum of the laser spot incident on the
film, ∼100 μm in the focused case, and ∼400 μm in the
defocused case. There is a clear trend showing earlier
damage times for higher fluence, as one might expect.
The intersection of this curve with 5 ns delay provides us
with an estimate for the maximum tolerable fluence on the
film. This is marked by the solid red line in the plot and
corresponds to ∼200 J=cm2. With a 400 mJ pulse and the
observed divergence seen from the capillary exit, the
minimum safe operating distance from the capillary exit
is about 10 cm. Accounting for the measurement error, the
worst case scenario would drop the maximum tolerable
fluence to ∼115 J=cm2, requiring an extra 3 cm for safe
distance. This shows promise for use in LPA staging, with
even smaller standoff distances possible for schemes where
a heater laser is not required.

III. EMITTANCE MEASUREMENT

A. Experimental setup

1. Emittance diagnostic

The intrinsic aspects of electron beams generated by an
LPA make transverse emittance characterization challeng-
ing for traditional emittance measurement methods [22].
Large energy spread and divergence impose resolution
limits on standard pepper-pot methods. Substantial shot-to-
shot variations make multishot techniques like quadrupole
scans and wire scans unreliable. Recently, however, a
technique was developed which is specifically tailored
for LPA emittance measurements [23].
Using a focusing element, the electron beam is imaged

onto a scintillating screen after first being dispersed in
energy by a magnetic dipole. The natural dependence of
focusing strength on electron energy results in beam size
variation at the scintillating screen. The beam size is
smallest for the energy which exactly satisfies the imaging
condition. The beam size at the screen increases for the
lower or higher energy electrons which are over or under
focused. This dependence can be well described using
standard electron beam optics, which can then be used to
estimate the emittance. Recently, this technique (sometimes
referred to as the “bowtie” or “butterfly” method due to the
characteristic shape of the imaged beam) has become one
of the more popular techniques for plasma based acce-
lerators [23–25].

FIG. 2. These are representative probe images of 40 nm films at
three different delay values: 0, 1, and 150 μs. An image of an
undisturbed film is also displayed for comparison.

101 102 103 104

Heater Beam Fluence (J/cm2)

-15

-10

-5

0

5

10

15

20

25

30

35

40

D
am

ag
e 

T
im

e 
R

el
at

iv
e 

to
 H

ea
te

r 
P

ea
k 

(n
s)

200 J/cm2

Minimum Spot Size Without Capillary
Defocused Without Capillary
Defocused With Capillary

-5 ns -4 ns -3 ns -2 ns -1 ns

Sample scan showing damage at -3 ns

FIG. 3. Time at which damage occurred vs the heater laser
fluence at the surface of the LC film. The blue points are for data
collected with a focused heater beam incident on the film without
a capillary present. The green point shows data collected at higher
energy with a defocused heater. The Red point is a scan done with
the heater and capillary discharge both active with the film 6 cm
from the capillary exit. A representative scan is provided to show
the distortions that appear when the film is damaged. The error
bar represents the range of measured heater delays for a set of
shots where the delay was known to be constant.

EMITTANCE PRESERVING THIN FILM PLASMA … PHYS. REV. ACCEL. BEAMS 24, 121301 (2021)

121301-3



This measurement technique was implemented on the
BELLA PW beamline using an active plasma lens [26,27]
(APL) for the focusing element and a pair of opposite
polarity dipoles for the dispersion element. The APL that
was used has a 500 μm diameter, is 6 cm long and was
filled with argon at 10 Torr fill pressure. Using a heavier gas
like argon (compared to light gas species like hydrogen)
has some notable advantages in terms of emittance pres-
ervation [28]. This setup enables normalized emittance
measurements with a resolution limit of a few μm for beams
with central energies up to 2 GeV. Details on the design can
be found in Ref. [29].

2. Influence of plasma mirror thickness

This diagnostic relies on the use of a plasma mirror
because the APL (which typically has a diameter less than
1 mm) must be placed close to the LPA target to capture the
highly divergent LPA source. Without some way to
separate the high intensity laser from the electron beam,
the APL will quickly suffer catastrophic damage. The
plasma mirror (located between the LPA source and
APL) redirects the bulk of the laser energy away from
the nominal propagation direction leaving the propagation
direction of the electron beam itself unaffected. However,
electron beams propagating through material undergo
scattering which in turn can dilute the emittance. For thin
films, the effect on the electron beam is most strongly
related to Coulomb scattering which is well understood [6].
A previous experiment with a similar setup described in
Ref. [27] used a ∼20 μm thick, tape-based plasma mirror
[30]. The emittance growth due to scattering in the plasma
mirror was the dominant contribution to the final emittance
measurement in that case, limiting the resolution of the
measurement.
Using a replenishable, ∼20 nm, LC plasma mirror

instead offers much improvement. Following Ref. [6],
we can estimate the electron beam emittance growth due
to scattering in the plasma mirror. It is a function of
accelerator geometry, source parameters, and the plasma
mirror material properties and thickness. In the case of this
experiment, the 20 nm LC plasma mirror was placed 11 cm
downstream of the LPA. Assuming an initial divergence
and emittance, we can propagate the electron beam from
the source to the plasma mirror and then calculate the
emittance after the plasma mirror.
The output normalized emittance is plotted in Fig. 4 as a

function of the normalized emittance input to the plasma
mirror for both 20 nm LC (used in this experiment) and
20 μm Kapton. These curves illustrate the effects of
scattering through the plasma mirror for a range of initial
parameters. For low-input emittance, the scattering con-
tribution is dominant and the output emittance is nearly
independent of the input. In this low-emittance regime, the
plasma mirror material and thickness and electron beam
divergence are critical. But regardless of the initial

divergence, the LC plasma mirrors offer two orders of
magnitude improvement over the more conventional thin
plasma mirror. For the ∼0.5 mrad divergence electron
beams expected, the minimum output emittance improves
from nearly 10 μm to less than 0.1 μm. This may be low
enough for other possible sources of emittance growth in
the system such as scattering from background ions in the
APL plasma to become important for measurement reso-
lution [31]. However, if the input emittance is high enough,
the blue and orange curves merge, indicating that the
plasma mirror contribution is insignificant, and the material
and thickness no longer matter. For this accelerator geom-
etry, the transition between these regimes is in the few μm
range, below which only the ultrathin LC can preserve the
input emittance.

B. Results

Electron beams are generated using the BELLA PW
laser system which is focused into a gas cell filled with a
mixture of helium (99%) and nitrogen (1%). The laser is
operated in a “low power” mode using only 10 J for a peak
power of 0.25 PW. The produced beams are quasimonoe-
nergetic with an average energy of 0.84 GeVand an energy
spread of 30%. Upon emerging from the gas cell, the
electron beam copropagates with the laser pulse to a 20 nm
LC plasma mirror which diverts the laser pulse. The
electron beam is then focused and dispersed by the
aforementioned APL and magnetic dipoles. Figure 5(a)
shows an image of an electron beam profile at the
scintillating screen. From this image, we determine the
beam size as a function of energy (Fig. 5(d) green line)
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which is then fit to an analytical model of the transport
(Fig. 5(d) blue line). From this fit, we estimate the
emittance to be 4.0þ1.3

−1.0 μm.
As noted above, a substantial advantage of the LC film is

its minimal impact on the electron beam. To illustrate this
impact we used particle tracking to simulate the electron
beam transport using source parameters determined from
the above fit. The result of the simulation is shown in
Fig. 5(b). The simulation includes the scattering effect
from a 20 nm LC film. From the simulation, the energy
dependent beam size is retrieved and found to be indis-
tinguishable from the original fit of the measured trace
(Fig. 5(d) blue line), which indicates the negligible impact
of the LC plasma on the beam emittance. We repeated the
simulation in Fig. 5(c), instead using a 20 μm plasma
mirror. The result is noticeably different from the 20 nm
case. For this case, the energy dependent beam size
(Fig. 5(d) yellow line) is substantially different and
represents an emittance of 6.8 μm, a 70% increase from
the measured value.

IV. ANALYTICAL MODEL OF LC PLASMA
MIRROR PERFORMANCE

When employing a plasma mirror to protect downstream
components in the beamline, the transmission through the

plasma mirror needs to be well understood. This is in
contrast to plasma mirror operation for pulse contrast
enhancement where the reflected beam is paramount. We
have developed a new model for predicting both reflection
and transmission from the plasma mirror as a function of
incident intensity, polarization, and plasma mirror thick-
ness. These need not sum to unity due to absorption. A few
assumptions are made to simplify the calculation. First, we
treat the LC plasma mirror as a carbon plasma slab with
thickness equal to the initial known thickness of the LC
film. The electron density is calculated by estimating the
average ionization state of the carbon based on the
appearance intensity of carbon ions along with the density
of the LC. Due to the typical intensity range of operation of
plasma mirrors (1015–1017 W=cm2), we chose an ioniza-
tion of Z ¼ 4 or C4þ [32,33]. For 8CB, this works out to an
electron number density ne ¼ 2.4 × 1023 cm−3 or 137nc,
where nc is the critical density at 800 nm. Second, for
purposes of this model, we do not expect any significant
expansion before or during the interaction because of the
ultrashort pulse duration, so the density is treated as a
constant. Finally, the incident intensity is treated as con-
stant, corresponding to the average intensity of the pulse.
This is a reasonable simplification because the reflectance
is not a strong function of intensity. It is shown below that
the reflectance only varies by ∼10% over an entire order of
magnitude in intensity.
With these assumptions, we can use the Fresnel equa-

tions for fractional reflection and transmission [34] at an
interface with complex index of refraction of the plasma to
find the overall reflection and transmission through the thin
plasma slab. We now turn to calculation of the complex
index of refraction, n̂. This is done by way of the Drude
model [34], which yields,

n̂ ¼ nð1þ ikÞ; ð1Þ

where

n ¼
"
1 − α

2
þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðα − 1Þ2 þ

�
ανei
ωL

�
2

s #1
2

; ð2Þ

k ¼ ανei
2ωLn2

; ð3Þ

and α is defined as

α≡ ω2
p

ω2
L þ ν2ei

: ð4Þ

where ωp is the plasma frequency, ωL is the laser
frequency, and νei is the Spitzer collision rate [35]. We
now require the temperature in order to calculate the Spitzer

rate because νei ¼ 4
ffiffiffiffi
2π

p
3

neZe4m
−1=2
e T−3=2

e lnΛ. In this
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expression, ne is the electron number density, e and me are
the electron charge and mass, lnΛ is the Coulomb
logarithm, and Te is the electron temperature. To calculate
this temperature, we use the model derived by Gibbon [36],
following the work of Rozmus and Tikhonchuk [37], for
the front surface temperature in the intensity and pulse
duration regime for LPA. This model is derived from an
energy balance that takes into account thermal transport
from the front surface into the bulk of the plasma. The
resulting expression for the electron temperature is

Te ¼ 1.35

� ffiffiffiffiffiffiffiffi
2me

p
π3=2e4η2I20Zt lnΛ

48ne

�
2=9

; ð5Þ

where η is the absorption fraction, I0 is the incident
intensity, Z is the ionization, ne is the electron density,
and t is the pulse duration. This leads us to a possible
inconsistency because the temperature depends on the
absorption but the absorption follows directly from the
transmittance and reflectance. In order to treat the absorp-
tion self consistently, we take an iterative approach that
ensures the final calculated value for the absorption
matches the value used to compute the temperature.
Figure 6 shows a flow chart that describes the approach.
It starts with a reasonable guess for the absorption,
expressed as a fraction between zero and unity, η0, which
is used to estimate the front surface temperature. Using the
Drude model and the Spitzer collision rate, the complex
index of refraction of the plasma follows. From the index,
the reflectance and transmittance are calculated using the
Fresnel equations. Finally, conservation of energy then
leads to the absorption fraction, ηm, where m denotes the
number of iterations. ηm is fed back into the algorithm on
the ðmþ 1Þth iteration until η converges. The absorption is
considered to be sufficiently converged if jηm − ηm−1j ≤
0.001. Typically, convergence is achieved after only three
or four iterations.

To validate this model, we compare to particle-in-cell
(PIC) simulations of pulse-cleaning plasma mirror oper-
ation developed in Ref. [16]. Briefly, 2D3V implicit sim-
ulations were performed using the PIC code large scale
plasma [38] for s-polarized, 800 nm laser pulses incident on
LCplasmamirrors at 16 deg angle of incidence for a range of
intensities. The plasmamirrorsweremodeled as thin slabs of
initially neutral hydrogen and carbon and ionized dynami-
cally using a Monte Carlo multiphoton ionization model.
Collisions were modeled using a capped Spitzer rate.
Multiple two-dimensional simulations were combined to
model a three-dimensional laser spot. The cell size was
2.5 × 3.0 nm and the time step was chosen for a Courant
ratio of 0.75. Finally, the simulations used 10macroparticles
per species per cell. These simulations were validated with
experimental reflectance data in Fig. 6 of Ref. [12].

FIG. 6. A schematic overview of algorithm used to calculate
reflection, transmission, and absorption is shown.
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Figure 7(a) shows a plot of the simulation results for a
270 nm plasma mirror along with the predictions given by
the model described above for the same conditions. We see
that they match to within a few percent over more than three
orders of magnitude in intensity. However, the assumptions
necessary for this calculation limit the intensity range over
which the model can be applied. At lower intensity, the
Spitzer collision frequency becomes unphysically high,
leading to an unrealistic index of refraction. Practically, this
results in a loss of convergence of the model around
2 × 1014 W=cm2. In the high-intensity case, the temper-
ature and therefore plasma soundspeed can become large
enough that there is significant expansion during the
laser pulse duration. For instance, near 1017 W=cm2, the
expected expansion is about 20 nm, the same as the initial
thickness of the plasma mirror, leading to a density drop
greater than 2×. This presents a problem for the model
because constant density is assumed, as well as the implicit
assumption of a step-like density profile through the use of
the Fresnel relations.
However, there is no clear upper intensity limit where the

model breaks down, as evidenced by the agreement with
the simulations plotted in Fig. 7(a) all the way up to
1018 W=cm2, even though the simulations account for
expansion during the laser pulse. But the experimental
data in Ref. [12] show that near an intensity of 2 ×
1016 W=cm2 the reflectance begins to fall sharply. This
drop in reluctance above some critical intensity has been
commonly observed in prior plasma mirror studies [14,15].
Neither the simulation nor the analytical model capture this
behavior, suggesting that the simplifications made in the
model that are accounted for in the simulations are not the
dominant cause of the disagreement with experiment.
However, neither model accounts for any pre-expansion
due to the slow turn on of the pulse typically referred to as
the pedestal. The pedestal will initiate expansion of the
plasma mirror before the arrival of the main pulse and lower
the peak intensity for which the model is accurate. Previous
work has also suggested that this can be an issue [30].
Qualitatively, this effect is important when considering

the use of a plasma mirror to inject a laser pulse into a LPA.
The peak reflectivity can be controlled somewhat by design
parameters such as polarization, and incidence angle, and
spot size, but there will be a limit [12]. Any application
using plasma mirrors for this purpose would have to
account for this loss in energy in the laser design.
Figure 7(b) compares values obtained from this model to

new transmittance results measured in the experiment
described above. There is good agreement for the defo-
cused case and an underestimate for the lower energy
focused beam for intensities below ∼1017 W=cm2. Above
this intensity, we see a rise in transmission that is not
predicted by the model. Like the fall in reflectance noted
above, this could be due to increased heating and expansion
from the pedestal. Ongoing experimental and theoretical

investigations to fully understand the cause of this behavior
will be the subject of a future publication. It also should be
noted that, as one might expect, the s-polarized case leads
to a reduction in transmittance. The ability to predict and
quantify plasma mirror performance with this relatively
simple analytical calculation will aid in future experimental
design.

V. CONCLUSIONS

We have shown the specific conditions under which LC
films of order 20 nm thickness can be used as plasma
mirrors near a LPA. Films withstand the blowout plasma
from a capillary discharge for many microseconds. If a
heater laser pulse is used to prepare the plasma, the fluence
incident on the film must not exceed ∼200 J=cm2 in order
for the film to survive long enough to reflect the main pulse.
This corresponds to a standoff distance from the capillary of
10 cm for the specific heater laser divergence and energy
tested. The plasma mirrors are capable of rejecting up to
94% of the incident laser pulse. The protection of down-
stream optics in close proximity to the LPA, combined with
the reduced thickness, enabled a normalized emittance
measurement of LPA electron beams. The scattering of
electrons through the plasmamirror contributed a negligible
amount to the measured value of 4.0þ1.3

−1.0 μm. We have also
introduced a simple model to compute the reflected, trans-
mitted, and absorbed laser energy from ultrathin plasma
mirrors in the intensity range of ∼1014– ∼ 1017 W=cm2.
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