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Vacuum chambers are frequently used in high-energy, high-peak-power laser systems to prevent deleterious
nonlinear effects, which can result from propagation in air. In the vacuum sections of the Allegra laser system at
ELI-Beamlines, we observed degradation of several optical elements due to laser-induced contamination (LIC).
This contamination is present on surfaces with laser intensity above 30 GW/cm2 with wavelengths of 515, 800,
and 1030 nm. It can lead to undesired absorption on diffraction gratings, mirrors, and crystals and ultimately to
degradation of the laser beam profile. Because the Allegra laser is intended to be a high-uptime source for users,
such progressive degradation is unacceptable for operation. Here, we evaluate three methods of removing LIC from
optics in vacuum. One of them, the radio-frequency-generated plasma cleaning, appears to be a suitable solution
from the perspective of operating a reliable, on-demand source for users. ©2021Optical Society of America

https://doi.org/10.1364/AO.414878

1. INTRODUCTION

It is quite common for large portions of high-energy high-power
lasers to be in vacuum in order to avoid problems with nonlinear
effects like self-focusing or self-phase modulation [1,2]. The
components in such vacuum systems must be chosen carefully
to avoid contamination of optical surfaces under vacuum.
Degassing of materials or contamination in an optical system
can pose a risk for optics by creation of an adsorbed layer on
it. While optical surface quality can degrade in air due to the
accumulation of layers of contamination [3], their growth is
much more pronounced in vacuum environments. The need to
remove these layers from optics has been known since the begin-
ning of the satellite programs [4]. Wide use of synchrotrons
generating extreme UV in the 1980s and 1990s showed that
the growth of these layers is strongly linked with a presence
of UV or x-ray radiation [5–9]; this phenomenon is often
called “radiation-induced contamination” or “laser-induced
contamination” (LIC).

The source of this contamination is mostly low-vapor-
pressure hydrocarbon molecules present in vacuum chambers,
which are difficult to remove with vacuum pumps. These
molecules dissociate by photon-induced ionization (called
cracking) and deposit a carbonaceous layer on the optical

surfaces. The growth mechanism of this contamination has been
previously modeled [10,11].

Hydrocarbon contamination degrades the performance of
optical components, which is a problem in scanning electron
microscopy [12], lithography [13], or spacecraft systems using
lasers with UV wavelengths [14–16]. It has also been shown
that the LIC can degrade the performance of laser systems with
wavelengths outside the UV region [3,17] through multipho-
ton absorption process and can lead to laser-induced damage
[10,17,18]. Two examples of optical components from a laser
system with visible LIC spots are shown in Fig. 1 and support
the idea of LIC being caused by multiphoton absorption at
1030 nm.

Methods to remove the LIC from optical surfaces aim to cre-
ate ionized molecules and radicals, which bond to the molecules
deposited on the contaminated surface (often carbon) and
generate volatile molecules (water vapor, COx , NOx , etc.),
which can be removed from the chamber by vacuum pumps.
One of the common methods uses gaseous oxygen in combina-
tion with UV radiation (either from an external source or the
laser/synchrotron itself ) [12,16,19] to generate ozone or oxygen
radicals, which help break down the contamination layers.
Other methods include generating radicals through radio-
frequency discharge [8,20] or ablating the contamination layers
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(a) (b)

Fig. 1. Laser-induced contamination spots on two dielectric
gratings from two similar pulse compressors. LIC is visible only in
the area where the compressed pulse hits the grating. The laser pulse
parameters are 1030 nm, 3 ps, 15 mm 1/e2 diameter, and 200 mJ
energy. (a) Grating with a darkening in the bottom part. (b) Different
grating with similar contamination, with extra white edges visible due
to a different camera angle. The bright white saturated area in (b) next
to the LIC comes from the flashlight used to illuminate the grating.

with laser radiation [21]. Although more common in systems
with UV and x-ray wavelengths, short-pulse near-infrared lasers
can also suffer from LIC. Here, we describe how LIC affects the
performance of the Allegra laser and how it can be mitigated
in situ allowing high uptime for the laser source.

Allegra is a high-repetition-rate, high-energy, high-average-
power, ultrashort pulse laser intended to be used for laser-driven
x-ray and XUV light source experiments [22]. The system is
based on picosecond optical parametric chirped pulse amplifi-
cation (OPCPA) and is designed to generate 100 mJ, sub 15 fs
pulses at 1 kHz.

To avoid nonlinear effects in air, we placed a large portion of
the system inside vacuum, including three diffraction grating-
based Treacy compressors, three second-harmonic (SHG)
stages, three OPCPA sections, and a series of chirped mirrors for
final pulse compression. The laser system is designed for user
operation with maximum uptime, and significant attention is
given to its stability, high reliability, and automation [23–25].
Because of the high demands for operation, it is not reasonable
to regularly remove optics from carefully aligned optical systems
in vacuum for cleaning. To maintain the maximum possible
uptime, cleaning must be performed in situ with minimal
disturbance to the laser.

Although there are other laser systems within ELI-Beamlines
with similar laser pulse intensities but lower repetition rates
(10 Hz and lower), under similar vacuum conditions, it is only
the 1 kHz Allegra laser that has observed beam degradation due
to LIC, indicating that the repetition rate is an important factor
in developing the contamination layers.

A. LIC in Allegra Laser System

After a given period of laser operation, typically five days of oper-
ation at 20 mJ output (107 shots), we begin to notice changes in
the laser performance and can observe LIC on optics in vacuum
(typical pressure reached in our chambers is ⇠10�6 mbar) in
both broadband amplification stages as well as in the pump pulse
compressors. It is represented by a darkening, with bright edges

Table 1. Fluence and Intensity of Laser Pulse with
Different Wavelengths on Optical Surfaces inside
Vacuum Chamber and Presence of LIC Spotsa

Wavelength
Pulse

Duration Fluence Intensity
LIC

Visible

1030 nm 0.5 ns 260 mJ/cm2 0.5 GW/cm2 no
1030 nm 3 ps 260 mJ/cm2 87 GW/cm2 yes
515 nm 3 ps 113 mJ/cm2 38 GW/cm2 yes
750–920 nm 3 ps 6.5 mJ/cm2 2.2 GW/cm2 no
750–920 nm 15 fs 6.5 mJ/cm2 430 GW/cm2 yes

aRepetition rate of laser pulses is 1 KHz.

from certain viewing angles, as shown in Fig. 1. The spots are the
same size as the laser beam (⇠15 mm@1/e2) and have the shape
of a donut, with the middle part being lighter in color, similar to
what was previously observed [16,18,26]. To capture them on a
camera can be quite challenging, as the spots are usually visible
only from a narrow range of angles.

From our experience, the presence of LIC spots is closely cor-
related to the laser pulse intensity rather than pulse fluence, as we
only observe LIC on optics where the laser pulses are compressed
and see nothing where those same pulses are stretched. This
indicates the higher the laser pulse intensity is, the faster LIC
accumulates up to the point where it is visible with the naked eye
(see Table 1 for details). The visual presence of darkened LIC
spots on mirrors, OPCPA and SHG crystals, and diffraction
gratings degrades their performance by introducing absorption.
Contaminated gratings also suffer from increased diffraction
into the 0th order.

(a)

(c)

(b)

Fig. 2. Comparison of the 1030 nm Treacy compressor output
beam profile before and after 12 h of cleaning the vacuum chamber
with the RF plasma source. (a) Distorted beam profile with con-
taminated optics present in the compressor. (b) Undistorted beam
profile after cleaning the chamber with an RF plasma source overnight.
(c) Beam profile lineout at the center. The source of distortion might be
related to the asymmetric absorption on the grating with LIC present
(data in Fig. 8) or to a different setpoint of active beam-pointing sta-
bilization system, causing a slightly different overlap of the laser beam
and LIC, present on the optics in the chamber.
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Fig. 3. RGA spectra of the pump pulse compressor chamber, both measured at ⇠10�6 mbar. Both data sets are normalized to the atomic mass
units (amu) 44 peak. The blue data set was measured one day after the chamber was evacuated; the orange data set after 12 h or running the RF plasma
source. After the cleaning, in most cases, the amplitude of the peaks above 100 amu decreased by almost an order of magnitude. Despite this visible
improvement, the presence of peaks at amu 71, 85, 105, 119, 131, 147, 150, 169, 181, and 185 still suggests some level of contamination in the
chamber.

If not eliminated, these LIC spots can lead to undesirable
losses of energy inside the system and eventually to catastrophic
failure through laser-induced damage. In our case, the spot
on the left grating in Fig. 1 caused the efficiency of the grating
diffraction to drop by 13% and to the creation of distorted beam
profiles, visible in Fig. 2.

B. Possible Sources of Contamination

We have made efforts to keep our vacuum chambers as clean as
possible and use vacuum-compatible materials such as stain-
less steel, aluminum, and Kapton and Teflon materials with
vacuum-compatible lubricants. All components placed into
the chambers are ultrasonically cleaned. The chambers are
evacuated using turbomolecular pumps with dry screw vac-
uum pumps for prevacuum. Flanges and doors are sealed using
unbaked Viton O-rings.

When looking at typical residual gas analyzer (RGA) spec-
tra of our pump laser compressor chamber in Fig. 3, we can
compare two traces. In the first one, the chamber was vented,
opened, and evacuated again. The second trace is after cleaning
the chamber for 12 h with an RF plasma source, which greatly
improves the situation. The ratio between the amplitude of the
peaks with amu 44 (CO2) and amu 43 (hydrocarbon C3H7)
is below 1/10, and the amplitude of peaks above amu 44 is
1/100 of the amu 44 peak, which is in accordance with the
laser interferometer gravitational-wave observatory (LIGO)
standard [27].

Both RGA spectra show concentrations of hydrocarbon
constituents, indicated by groups of peaks separated by 14 amu
related to CH2 as well as multiple peaks with amu >100. The
peak with amu 58 is usually caused by the Viton O-rings used
on all the doors and flanges. The peaks with amu 119, 131,
147, 150, 169, or 185 are most probably linked with the use
of perfluoropolyether-based grease, and their amplitude is not
getting much smaller after the RF plasma cleaning process. That
can be explained by the absence of hydrocarbons in this type of
grease. Other peaks and the hydrocarbon groups in Fig. 3 might
be linked to the hydrocarbon-based ultrahigh vacuum grease
used in the past and to the fact that our chambers were cleaned
with vacuum wipes soaked in acetone and isopropyl-alcohol

immediately after the manufacturing process. Contamination
from the wipes is supported by Fourier-transform infrared spec-
troscopy tests from the walls showing clear presence of polyester
molecules.

2. METHODS OF REMOVING LIC FROM OPTICS

We have tested the following three methods to eliminate LIC
from our optics: UV-ozone cleaning, laser pulse cleaning, and
RF plasma cleaning. We used three nonidentical contaminated
mirrors from a different laser, the Ti:sapphire section of a Prague
Asterix laser system [28], with different degrees of contamina-
tion. The following results were obtained in a small, dedicated
vacuum chamber with the contaminated mirrors facing the
cleaning device/beam at an angle of 45 deg. All of the methods
successfully removed the LIC from the optical surface, and their
specifics are described below.

A. UV-ozone Cleaning

For this cleaning method, we used atmospheric pressure inside
the small chamber and mounted a simple commercially avail-
able 3 W mercury lamp to one of the flanges of the chamber. The
UV light from the lamp creates oxygen radicals (while generat-
ing ozone as an intermediate step) from the air in the chamber
and is also absorbed by the contaminants, helping the cleaning
process. A more detailed description of the method can be found
in [16]. It took 20 h to completely clean a contaminated mirror,
while its reflectivity improved by 12% back to its original value.
Results are shown in Fig. 4(c).

B. RF Plasma Source Cleaning

With the RF source, we evacuated the chamber and ran a clean-
ing cycle with an Evactron E50 RF plasma source mounted on
a flange. It took 4 h to completely clean a contaminated mirror,
while the reflectivity improved by 35% back to its original value.
The improvement in reflectivity is shown in Fig. 4(b), and a
visual comparison under a microscope is shown in Fig. 5.
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(a)

(b)

(c)

Fig. 4. Results of three LIC cleaning methods from three different
mirrors in a dedicated small chamber, arranged from the fastest method
on top. Although the laser cleaning seems faster (time scale in seconds),
it would later require scanning the whole surface area affected by LIC.
Microscope details of the surface cleaned by RF plasma source are
shown in Fig. 5.

(a) (b)

Fig. 5. Comparison of a mirror surface from a different system
(beam transport of Ti:sapphire section of Prague Astrix laser system)
under microscope. (a) Details of a contaminated area. (b) Same area
after 5 h of RF plasma cleaning.

C. Laser Cleaning

For the laser cleaning method, we evacuated the chamber and
partially filled it with oxygen (partial pressure 0.4 mbar). We
irradiated the contaminated area with ultrashort pulses from a
coherent Astrella laser with a fluence of 35 mJ/cm2, repetition
rate of 1 kHz, pulse duration of 50 fs, and central wavelength
of 800 nm. The laser spot had a 500 µm 1/e2 diameter. It took
only 1 min to completely clean a contaminated spot on the
mirror, while the reflectivity of the spot improved by 45% back
to its original value, as shown in Fig. 4(a). Contrary to the other
two cleaning methods mentioned in this section, removing
the whole contamination would later require scanning across
the contaminated surface. With LIC spots as big as 800 mm2

on the gratings, it would take more than 16 h to clean with the
cleaning laser spot of the same size.

Using this method for cleaning the contaminated optics in
the Allegra system vacuum chambers, by reaching similar con-
ditions (partial atmosphere or oxygen pressure and intensities of
⇠1 TW/cm2) and utilizing the same laser beam, which causes
the LIC in the first place, is not feasible for our system at the
moment. The slower cleaning rate, due to lower intensities (see
Table 1), possible self-focusing, due to the partial pressure in the
chambers and plasma generation due to the presence of foci in
the imaging system, did not justify the risks involved. Instead,
due to its simplicity and ease of use, we chose the RF plasma
source as the most suitable method for cleaning optics in the
Allegra vacuum chambers.

3. IN SITU TEST OF LIC REMOVAL

For the in situ test, we chose to characterize one of the dielectric
gratings from a compressor inside the pump pulse compressor
chamber [marked as (1) in the layout in Fig. 6]. The original
average diffraction efficiency of the grating was 97%. This
grating is hit by the laser pulse twice: first on its way in, while still
stretched, and then once again on the way out where the pulse
is compressed. No LIC is observed where the stretched pulse
hits the grating, while LIC is clearly visible where the pulse is
compressed. This is shown in Fig. 1.

The RF plasma source was mounted to the top of the cham-
ber with the flange being roughly 60 cm away from surface of the
grating with the LIC spot.

To test the effectiveness, we ran the RF source in situ. To
evaluate the level of LIC on the grating after each cleaning iter-
ation, we measured the diffraction efficiency of the �1st and
0th order across the spot with the LIC. For that, we used a small
1030 nm CW beam and moved the grating on a translation
stage, as depicted in Fig. 7. After the measurement, we returned

Fig. 6. Compressor layout inside the chamber: 1) first diffraction
grating; 2) second diffraction grating; 3) end mirror, which folds the
beam back through the compressor under a slightly different angle,
resulting in two distinct laser spots on both gratings where the laser
beam hits both gratings; 4) SHG crystal; 5) dichroic mirror separating
515 nm from residual 1030 nm.

Fig. 7. Diffraction efficiency measurement layout.
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(a)

(b)

(c)

Fig. 8. Experimental data with the dielectric grating from the
compressor chamber, using nine cycles (8 h each) of RF plasma
source cleaning. (a) Evolution of the �1st order diffraction efficiency.
(b) Evolution of the 0th order diffraction efficiency. (c) Other losses
besides reflection calculated from (a) and (b).

the grating to its mount in the chamber, evacuated the chamber
to ⇠10�6 mbar, and ran the 8 h RF plasma cleaning cycle while
running the turbomolecular pump at maximum speed. After
this cleaning cycle, the grating was removed and measured
again. This process was repeated nine times, until the diffraction
efficiency in the center of the LIC spot no longer improved, as
shown in Fig. 8.

(a)

(b)

Fig. 9. Lineouts at two different positions from Fig. 8. (a) At 0 mm,
indicating the center of the LIC spot where the change of the �1st
order diffraction efficiency and other losses are more pronounced.
(b) At �15 mm, indicating the center of the left peak in 0th order
diffraction.

The data show that the “donut” shape of the LIC influences
mainly the 0th order efficiency, which is larger on the edges
of the LIC spot. The reason for this shape is not clear at the
moment and will be the subject of future investigation. Apart
from this, the overall diffraction efficiency of the �1st order
is lower mainly in the center due to the absorption caused by
the carbon layer. Most of the improvement occurred in the first
48 h of the cleaning cycle, as shown in Fig. 9(a), which illustrates
the progress of the efficiency of �1st and 0th order and the
calculated absorption during the cleaning process. RF plasma
cleaning improved the diffraction efficiency of the �1st order by
13%, after which the LIC spot visually disappeared.

A. RF Source Placement Consideration

After 72 h of cleaning cycles, the LIC from the gratings was
removed; however, the LIC on the dichroic mirror, which was
positioned on the other side of the same chamber, did not dis-
appear. This suggests the RF plasma cleaning is a viable solution
only for the optical surfaces close to the RF source itself, prob-
ably due to the lower concentration of radicals farther from the
plasma source. Other components in the chamber, which can
block optical surfaces from the plasma source, may also decrease
the efficiency of the cleaning. In addition, the placement of the
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turbomolecular pump (in our case at the center bottom of the
chamber) is important. It influences the cleaning efficiency of
surfaces on the other side of the chamber as the generated ions
are drifting from the RF plasma source toward the pump.

All this should be taken into consideration when choosing
the method of cleaning or, in our case, the placement of the
RF plasma source. For instance, in order to clean the dichroic
mirror, the RF source needed to be placed on the other side of
the chamber, closer to the mirror itself.

4. CONCLUSION

We identified LIC to be a problem for optical surfaces in vacuum
in the Allegra laser system. Visible contamination was present
only on the surfaces with compressed (<3 ps) laser pulses with
intensities higher than 30 GW/cm2. The wavelength of the
laser does not play a significant role, as the contamination was
observed for wavelengths at 515, 830, and 1030 nm. Based on
the lack of LIC in other high-intensity lasers at ELI, average
power and high repetition rate appear to be a factor in the depo-
sition along with high intensity. The influence of LIC presence
and its removal on the laser-induced damage threshold was not
measured and would require a separate study.

We concluded that the RF source is a suitable solution to
avoid problems with LIC in the future if the cleaning runs are
scheduled regularly.
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