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In recent years, gravitational wave observatories have conquered the world science scene due to their
unprecedented capability to observe astrophysical signals. Those first observations opened up multi-
messenger astronomy and called for a tremendous R&D effort to improve the sensitivity of future detectors.
One of the many issues to be solved, not to affect the desired sensitivity, is the noise induced by the use of
room temperature mirrors, especially for the low-frequency detection range. The use of cryogenic mirrors
to reduce such a noise source has been individuated as a viable solution to obtain the desired sensitivity
at low frequency. Cryogenically cooled mirrors, routinely operating at 10 K, present a number of
extraordinary challenges, one being the cryogenic vacuum system hosting the cold mirrors. Gases
composing the residual vacuum will tend to cryosorb and build a contaminant ice layer (“frost”) on the
mirror surface. Depending on such ice layer thickness, various unwanted detrimental effects may occur
affecting mirror performances. This paper analyzes the consequences of hosting a cryogenically cooled
mirror in a vacuum system and sets new limits for an acceptable operating pressure to avoid frost formation
in a given period of continuous data taking. Since ice formation can be reduced but not avoided, we analyze
potential mitigation methods to cure such a phenomenon. Thermal and nonthermal methods are analyzed
and compared. Electron stimulated desorption is also considered as an alternative method to desorb the ice
layer on mirrors. Finally, we briefly discuss further studies needed to validate the various methods with

special care on their effects on the mirror perfection and optical properties.
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I. INTRODUCTION

From the first detection of gravitational waves (GWs) in
2015 [1], the interferometry detection method has been
established as an extremely powerful tool to significantly
enrich multimessenger astrophysics for years to come. In
the ongoing and future research, it is of paramount
importance to reduce undesired noise that can limit the
sensitivity of gravitational interferometers and, hence, their
physical reach. Higher sensitivities are indeed foreseen to
be essential to reveal the nature of GWs [2], the evolution of
black holes [3], and the Hubble constant. Among other
noise sources, coating thermal noise (CTN) is one of the
limiting factors in the presently operational interferometers.
All the advanced observatories will reach their design
sensitivity if CTN is under control and opportunely
mitigated [4-6]. CTN is intrinsic to mirrors, and its
amplitude spectral density, to which a gravitational wave
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detector is sensitive, is proportional to y/7. For this reason,
cooling the mirrors is a very promising way to reduce CTN
and, therefore, to improve sensitivity [7], especially in the
low-frequency range. This approach is already foreseen at
the Japanese KAGRA detector [8—10], which is currently
under commissioning, for the low-frequency detector of the
planned Einstein Telescope (ET LF) [11-13] and for the
American Cosmic Explorer [14]. Cooling and running a
suspended mirror of up to 200 kg at temperatures as low as
10 K presents a number of extraordinary technological
challenges that will attract an enormous research and
development effort in the coming years. Among other
issues, a cryogenically cooled mirror will inevitably
undergo the formation of a contaminant cryosorbed layer
that could seriously affect mirror optical performances.
Indeed, as reported in Refs. [15-17], the cryocooled
mirrors at the KAGRA GW detector undergo a decrease
in reflectivity due to ice growth. Its formation is induced by
molecules both residual in the mirror vessel and moving
from the warm laser beam transfer line. In those works, the
authors assume water molecules as the dominant source of
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frosting, since the experimental data in Ref. [16] were
measured in a water-rich test setup. It is not clear if water
may or may not be the dominant constituent of frosting in
the different operational runs of KAGRA. This will depend
on the actual details of the KAGRA vacuum system and on
the adopted pumping strategy. In any case, adsorbed
molecules will build up an adlayer on top of the cold
mirror coating and not only affect mirror optical properties
[16], but also contribute to CTN [6]. The reflectivity of the
mirror in KAGRA was expected and observed to change
periodically as the ice layer grew through multiples of
quarter wavelengths in optical thickness. In addition, a
long-term reflectivity decrease is predicted and observed
due to the optical absorption of the cryosorbed adlayer. As a
result, the circulating laser power in the interferometer will
steadily decrease over time, and its value will also oscillate
as due to the periodic reflectivity change. Depending on the
wavelength at which the coating is designed to be reflec-
tive, reflectivity oscillations are expected to occur already
after ~300 nm of ice grown on the surface and are expected
to have a significant impact on the detector sensitivity when
the ice thickness is above one micron. Much more worrying
are the results presented by a recent work from Tanioka,
Hasegawa, and Aso [17]. They theoretically estimate the
optical loss by the molecular layer in a cryogenically
operated gravitational wave detector. The authors estimate
the absorption induced by the overlayer from the predicted
optical loss. Such power absorption is indeed quite sig-
nificant and has the potential to prevent stable cryogenic
operation. For the discussed case of KAGRA, a few tens of
nanometers of ice adlayer can absorb enough power to
generate an additional heat load to the test masses equiv-
alent to the available thermal budget. Any increase in the
adlayer thickness will then increase the set temperature of
the test mass [17]. Tanioka, Hasegawa, and Aso’s estimate
for the ET detectors is even more severe. Already, a few
nanometers of ice coverage can absorb more than the
100 mW cooling budget predicted to keep the mirrors at the
foreseen temperature of 10 K. A growing layer will induce
more and more heat load on the test masses and drift their
temperature in an uncontrolled way. All these effects
clearly deserve further studies, since, indeed, they can
severely affect the sensitivity of the new GW detectors. In
any case, it is clear that the growth of an unwanted adlayer
on mirrors must be avoided and/or efficiently mitigated.

This paper presents a simple analysis on the way one can
estimate the ice growth layer on the mirrors and analyses a
number of potential methods to passively or actively
mitigate such growth.

II. CRYOGENIC VACUUM CONSIDERATION

The understanding of complex and/or large vacuum
systems operating at cryogenic temperatures requires a
specific knowledge of vacuum science at such temper-
atures. In fact, at cryogenic temperatures, the sojourn time

of some molecular species is significantly increased.
Sticking probabilities, capture factor, and thermal transpi-
ration concepts are then used to characterize the adlayer
formation mechanism [18,19]. At cryogenic temperature, a
gas load into a vacuum system turns into an increase of the
surface coverage due to the attractive van der Waals forces
and its associated vapor pressure. Here, we refer to the
relevant literature on those topics and limit to giving some
basic information in order to estimate the vacuum require-
ments to inhibit, if possible at all, or anyway limit the
growth of any significant thickness of an ice adlayer on
mirrors in cryogenic gravitational interferometers.

As said, there are two main sources of contaminants that
can be adsorbed to the mirror surface. One derives from the
residual gas content of the ultrahigh vacuum (UHV)
chamber where the mirror is contained; the other comes
from the gas drifting from the room temperature (RT)
section of the interferometer along with the laser radiation.
Hereafter, we first analyse the type and quantities of gases
one needs to consider.

A. Pressures in cryogenic environment

It is not good practice to install vacuum gauges and
quadrupole mass spectrometers (QMS) in a cryogenic
environment. All such measuring devices use hot filament
for ionizing the residual gases, and, if installed close to a
low-temperature system, they may induce unwanted addi-
tional heat load on it. In general, and in the experiments
discussed in Ref. [16], the vacuum measurements are
usually made by vacuum gauges located in a room temper-
ature vacuum vessel in connection to the cryosystem. If this
is the case, a thermal transpiration correction must be
applied (the Knudsen relationship) to the pressure readings
under free molecular flow conditions [18-20]. When two
vessels at two different temperatures 7y and 7, commu-
nicate by a small aperture, the collision rate is conserved
when the steady state is established. By equating the fluxes,
since the mean velocity scales with 7, it is

Pl/Pzz\/TT/\/T_z- (1)

In practice, from Eq. (1), when the pressure p; is measured
at room temperature 7; = 300 K, the pressure p, inside a
vacuum vessel at T, = 4.2 K (liquid helium) or at 7, =
77 K (liquid nitrogen) is p, ~ p;/8 or p, ~ p;/2, respec-
tively. Note that the 7 mentioned here is the one related to
the molecule velocity and represents the mean temperature
of a gas in thermal equilibrium with its cryogenic vessel.
So, this reasoning applies when a fully closed cryogenic
system is connected to a RT one. In gravitational wave
interferometers, not only is the mirror vessel generally a big
tower of approximately 10 m? internal volume, but it also
has quite a complex design. It will be formed by uncooled
components, that will contribute to the base pressure by RT
desorption, and by some cryogenic thermal screens around
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the cooled mirror, whose face must be free, of course, to
look at the impinging laser beam. This may affect the
equilibrium temperature of the molecules close to this
surface and, hence, will reduce the pressure scaling factor
when thermal transpiration correction is applied to the real
system. To avoid such uncertainties, for more detailed
vacuum simulations, it is current practice to directly
indicate gas densities rather than pressure values for
cryogenic systems. Here, for simplicity, we continue
considering the pressure p as the relevant parameter.

B. Cryosorbed gases

Residual gas in vacuum will stick to the cold, flat, mirror
surface depending on the gas species and pressure values.
In the following, let us assume, for simplicity and to be
conservative, a sticking coefficient close to unity. This
assumption is indeed very reasonable and will not be
discussed any further [18-22]. To understand what types of
gases will be forming the adlayer on the mirrors, one can
look at Fig. 1 from Ref. [23]. Figure 1 shows an instructive
plot, on which generations of cryovacuum users had
formed, reporting the saturated vapor pressures of the most
common gases forming the residual vacuum of a clean
UHYV system. The saturated vapor pressure of a single gas
species is the pressure of this gas over its liquid or its solid
phase, i.e., the P-T values at which a gas is condensed as a
multilayer. The pressures, to be corrected from the afore-
mentioned thermal transpiration, are at room temperature
[18-20,24]. Figure 1 indicates that, below 20 K, the
saturated vapor pressures of most of the gases is below
10~'2 mbar. Therefore, large quantities of such gases will
be cryosorbed on the mirror surface if its surface is ~#20 K
or below. If the mirror surface is at temperatures between
25 and 120-150 K, water ice will eventually grow on it. Its
thickness and the time to affect the mirror properties
depends not only on the detailed vacuum composition of
the tower, but also on the vacuum seen by the mirror during
cooling down and, inevitably, on the gas flow from the
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FIG. 1. Saturated vapor pressure of some of the most common
gases forming the residual vacuum of a clean UHV system [23].

room temperature high-conductivity vacuum tubes to the
cold surfaces.

Here, we ignore the known possibility of a condensed
gas to trap a noncondensable gas with a lower vapor
pressure. This effect, called cryotrapping, may add to the
cryosorbed layer some H, and He molecules that may
influence its optical quality.

C. Gas composition versus total pressure

From the previous subsection, it is clear that, rather than
the total pressure (i.e., the total number of molecules
contained in the vacuum vessel), we should be interested
in partial pressure values (i.e., the number of specific H,O,
CO, CO,, N,, etc., molecules contained in the vacuum
vessel). Gas-specific partial pressures can indeed be mea-
sured by a calibrated QMS [25]. This instrument will give
the percentage composition, i.e., the residual gas analysis
(RGA), contributing to the total pressure. For absolute
readings, the QMS usually being placed in a room temper-
ature vacuum vessel connected to the cryogenic system, not
only do we need to consider the already discussed thermal
transpiration correction, but a careful calibration with
known quantities of a given gas must be conducted [26]
following standard procedures (ISO/TS 20175:2018-04).

There is no easy and universal scaling between the total
pressure value and the single-gas composition, since, in
standard UHV equipment, the detailed composition of the
residual gas depends on various aspects, ranging from
humidity in the atmosphere to contaminants (or, eventually,
pollution) present in the vacuum systems and on the way
the system is pumped and on the vessel treatment. For the
sake of discussion here, we show the normalized ion
currents approximately reflecting the mass species compo-
sition of a stainless steel (AISI 304), before and after vessel
thermal treatment. Thermal treatment of a vacuum system,
usually called bakeout, implies heating all the vessel
surfaces at a temperature as high as possible (in the range
100 — 400 °C) for a long period (typically going from 24 h
to a few days) during standard pump down. A bakeout at
higher temperature may additionally decrease the H,O
content of the residual gases [27], confirming that detailed
RGA measurements should, therefore, be performed on
each system and publications should include such details
for referencing.

The desorption process is characterized by the so-called
sojourn time 7, the mean lifetime of a molecule on a
surface. It is known [18,19,25] that the higher the temper-
ature of the surface, the shorter the sojourn time. A
molecule that has a short sojourn time on the vessel wall
has higher probability to be pumped away by the active
pumping system. This is finally the reason why it is
common practice to bakeout a vacuum system. As seen
in Fig. 2 (top panel), the residual gas composition of an
unbaked vacuum system (p ~4 x 10~ mbar) is domi-
nated by water. At room temperature, the sojourn time is
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FIG. 2. Residual gas analysis, as measured with a QMS in the
case of a clean UHV system prior (top panel) and after an in situ
bakeout (bottom panel) at 100 °C for 24 h.

100 h for water, 3 min for hydrogen, and more than
6 months for carbon monoxide. Increasing the temperature
of the vacuum vessel above 100°C reduces the H,O
sojourn time to about a minute and, hence, strongly reduces
the surface coverage and also the outgassing rate of water at
room temperature after bakeout. As can be seen in Fig. 2
(bottom panel), the bakeout not only reduces the base
pressure (p =~ 2 x 1071 mbar), but modifies the residual
gas composition so that hydrogen becomes the dominant
species. Hydrogen will not significantly stick on the cold
surface of the mirror and, for our discussion, is therefore of
no or little concern.

Partial pressures inside a system which is not baked but
is largely pumped by a cryosystem (being composed by
cryopumps or cryopanels) requires a separate analysis.
Each system will behave according to their specific design,
but one can expect that the partial pressures of gases like
H,0, CO, CO,, N,, etc., will be more similar to the ones in
a well-baked vessel than in an unbaked one. In UHV
chambers with such a diffused cryopump system, we may
expect that the total pressure will be dominated by hydro-
gen, and other gases will each contribute only some percent
to it. This simple reasoning suggests that, more than the
total pressure, one needs to carefully consider partial
pressures of all the gas species that can be cryosorbed
on the mirror surface and evaluate the time it will take to
develop a detrimental overlayer.

In the following, to give some quantitative estimation,
we refer to the case discussed by Hasegawa and co-workers
[16], in which H,O molecules are found to be the main
species in the residual vacuum. The amount and type of
contaminant gases that can stick to the mirror surface will
be specific to the detailed and cryogenic design and history
of its vacuum vessel. The considerations we will do, taking
H,O as an example, are general and can be applied also for

gases different from H,O (CO, CO,, N,, etc., or a mixture
of all).

D. Cryosorbed adlayer thickness

Clearly, a Monte Carlo approach based on detailed
surface-molecule energetics and interaction properties will
produce accurate results. On the other hand, conservative
estimates are required when designing, with some margins,
the complex vacuum system hosting the cryogenically
cooled mirror for gravitational interferometers. It is, there-
fore, useful to introduce the Langmuir (L) as the gas
exposure of a surface (or dosage), as it is typically used in
UHYV surface physics to study gas adsorption [28]. It is a
practical unit, not dimensionally homogeneous, and it is
used only in this one field. The Langmuir is defined by
multiplying the pressure of the gas (in Torr) by the exposure
time, so that

1 L=107%Torr-1s. (2)

Clearly, surface gas exposure measures the fluence (P),
with respect to exposed time (), to a given number of
particles per unit area and time (J):

<I>_/J-dt. (3)

The number of gas molecules passing through a surface of
unit area in unit time (J) can be derived from kinetic theory:

(4)

where n is the density of the gas and v is the mean speed of
the gas particles, given by

respectively, where m is the mass of a given atom (or
molecule) composing the gas. Then, putting Eq. (5) in
Eq. (4), one obtains

1
J=py/ . 6
P\ 2akTm (6)

As seen when discussing the relation between the pressure
measured in a room temperature system connected to a
cryogenic one, from Eq. (6) it is clear that the proportion-
ality between this flux and the pressure is strictly valid only
for a given temperature 7 and a given gas mass (m) and
depends on their square roots. Assuming the pressure in the
cold environment as the one corrected by the “thermal
transpiration” effect and the fact that we mainly consider
light gases forming the residual vacuum, the Langmuir
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remains useful as a practical unit for our purposes.
Assuming that every gas molecule hitting the surface sticks
to it (that is, the sticking coefficient is 1), one Langmuir
(1 L) leads to a coverage of about one monolayer of the
adsorbed gas molecules on the surface [28]. In general, the
sticking coefficient varies depending on the temperature
and on reactivity between surface and gas particles, so that
the Langmuir gives a lower limit of the time it needs to
completely cover a surface with a monolayer.

To give an example of a quantitative estimate, let us
consider the case of the test system used in Ref. [16]. In that
work, the authors report that the cryogenic mirror is held at
47 K, the thermal screens are held at 80 K, and the final total
pressure (measured in a room temperature section) is
6.9x107°Pa (1 Pax7.5x 1073 Torr; 1 Pa = 102 mbar).
Monitoring the components of residual molecules by a mass
spectrometer, they found that the main detected molecules
were H,O, O, and OH, where O and OH can be generated
from H,O. From this information, to evaluate the effective
contribution of the mirror vacuum vessel to the H,O ice
growth, we have first considered that the pressure in the
cryogenic region close to the mirror surface can be derived by
applying the thermal transpiration correction to the pressure
measured at room temperature [Eq. 1]. Assuming that the
temperature in the region close to the mirror is between the
temperature of the mirror (47 K) and of the one of the thermal
screen (80 K), we will consider here a thermal transpiration
correction of ~2. By doing so, a pressure of 3.5 x 107 Pa
can be assumed near the cryogenic mirror surface. Moreover,
it is reasonable to assume that in this unbaked system, with a
significant cryopumping action given by the thermal shields,
the relative content of H,O is only a few percent of the total
pressure (suppose here, for example, of the order of 20%).
This estimate is the most prone to errors (up to orders of
magnitude) and should be taken with great caution. It
suggests the importance of a detailed knowledge of partial
as well as total pressure to perform the vacuum consider-
ations here reported. All that said, the mirror surface is
supposedly exposed to something like 5 x 10~ Pa of H,0
molecules, corresponding to ~4 x 10~ L/s. This means
that in #2500 s a monolayer (ML) of water ice will develop
on the surface. One ML of H,O, depending on the growth
mode and structure, can be assumed to be ~0.27 nm thick
[29]. This simple reasoning suggests that in a day a
~9-nm-thick H,O ice layer will form on the KAGRA test
cryogenic mirror held at 47 K in the vacuum conditions as
here indicated. Needless to say, if the water content is in
reality 10 times lower (or higher) than the one here assumed,
the corresponding ice layer will grow with a rate of
~1 nm/day (=100 nm/day). We stress here that this esti-
mate, and the method to obtain it, is given for a water ice
layer. Clearly, it applies to all gases (CO, CO,, N,, etc.) that
have desorption temperatures higher than 10 K (see Fig. 1).
The aforementioned estimates are based on the strong (but
conservative) assumption of a sticking coefficient equal to

one and on the total absence of any concomitant desorption
mechanism.

From this reasoning, we can finally set new limits for the
base operating vacuum in the ET LF tower: A base H,O
partial pressure of < 1x 107 Pa (<1 x 107! mbar) is
necessary to limit the growth of the ice layer below 100 nm
during a full year of operation. Of course, this implies that
the H,O partial pressure should be below this limit also
during mirror cooldown. Once the mirror goes below
~125 K, it will start to adsorb water, and, for this reason,
its partial pressure should be already below the set limit.
This will imply some extra care in operating the vacuum
and the cryogenic system, since they need to be operated in
a coordinated way.

E. Other contributions to adlayer formation

As correctly mentioned in Ref. [16], a significant
contribution to the gas that will be seen by the mirror
surface comes from the room temperature beam pipe,
where the laser beam travels. They evaluate the molecular
accumulation rate by MOLFLOW+, a Monte Carlo simulator
package developed by Kersevan and Ady at CERN [30].
Their calculation results in an estimate of the layer
formation rate () of 42 nm per day. This should add up
to the rate of the residual gas in the UHV chamber, as
computed in the previous section, and the overall estimate
will result about 2 times higher than the value experimen-
tally observed by the authors. This may be due to the
various approximations required for the calculations but
also to the concomitant presence of desorption processes,
which are not yet considered. Monte Carlo simulations are
the correct way to simulate such a contribution to the gas
adlayer on cryocooled mirrors, and an increased simulation
activity in this direction is certainly expected as activity
grows for the various third-generation antenna design
studies.

III. MITIGATION STRATEGIES

The problem of adlayer growth on mirrors is certainly a
serious issue, and a great effort will be required to limit the
causes of its formation as much as possible. Here, we
briefly discuss the global compatibility of all the vacuum
processes and potential solutions with the maintenance of
the very complex structure, suspensions, and devices all
contained in an ~10 m? vacuum tank. Passive methods aim
to prevent cryoadsorbtion. Reducing the pressure in the
UHV chamber containing the mirrors (called “the tower”)
is, by itself, a great technological (and economic) chal-
lenge. The same can be said for the design of the cold to
warm vacuum transition, which is the last part of the
otherwise RT beam pipe connecting the beam transfer line
to the mirror’s vessel. Despite all efforts and investments
devoted to this aim, it is necessary to exploit active
mitigation methods to cure and remove cryosorbed layers
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to avoid the need to warm up the mirrors for inducing gas
thermal desorption. It seems impossible, in fact, to design a
cooling system for a suspended cold mass that would allow
a fast temperature cycling. Any mirror warm-up cycle will
require a long down time period, reducing, in an unac-
ceptable way, the operational periods of the observatories.
As an example, just cooling down the mirrors in KAGRA
from 200 K to the foreseen low temperature takes about
1 month [31]. Also, any wise design should consider
eventual malfunctioning and cure eventual minor vacuum
issues, such as unwanted small leaks, trapped volumes, etc.
An optimal vacuum design will therefore not solve this
issue but only impact on the frequency of intervention.
Major actions will need to be undertaken to regularly
remove the gas ice developed on cold mirrors.

Active mitigation methods should then be conceived and
studied to enable the full exploitation of cryogenic reduc-
tion of thermal noise from mirror test masses. Here, we
present some of these potential active remedies which
indeed will require significant R&D effort in the years
to come.

A. Passive strategies: Low pressure in mirror chambers

Passive strategies aim to reduce the pressure in the mirror
vacuum chamber and the gas flow from the long room
temperature pipes. There is a complex trade-off between
the desired low pressure and its costs and feasibility. One
should not forget that the UHV mirror chamber could be (as
the present ones) vacuum tanks of about 10 m?. They need
to contain a number of very complex mechanical, elec-
tronic, and cabling subsystems. Already, present designs
face the complexity of placing under vacuum all the
required systems and adopting quite complex solutions
not all portable to a cryogenic environment.

It is interesting at this stage to give a quick overview of
the vacuum solutions adopted so far. At Advanced LIGO,
the chambers with horizontal access (HAM) chambers are
single volumes. They are pumped with large noble diode
ion pumps (2000 1/s each) and liquid nitrogen cryo-
pumps. All those pumps are installed between the various
HAM chambers. The operating pressure is in the
107° mbar range. Virgo mirror chambers, shown in
Fig. 3, are also large vacuum tanks of about 10 m® and
grant UHV around the mirrors with a different approach. At
variance with LIGO, mirror chambers at Virgo cannot be
heated with the optics installed and have the particularity of
having two vacuum compartments, as shown in Fig. 4. The
upper one contains the superattenuator mechanics and is
maintained at pressures in the range of 10~ mbar. The
lower one, containing the mirror, can be operated at
~10~° mbar. The compartments are separated by a small
tube through which the 15-mm-diameter steel wire of the
suspension surrounded by several tenths of electric con-
ductors passes. The small tube has the function of reducing
the flow of gas between the two vacuum systems and could

FIG. 3. Photo of some Virgo mirror UHV chambers.

be differentially pumped from a dedicated pumping system.
The computed residual conductance will be about 1.8 1/s.
Halfway along the tube, a chamber that could be pumped
through a soft bellows would allow one to reduce the
conductance to about 0.4 1/s.

In reality, future gravitational vacuum chambers (at least
the ones containing cryogenic mirrors) will very likely have
a design different from the current ones and will, very
probably, be even more complex. Cryogenic screens,
augmented pump requirements, etc., will need to be hosted

10560

FIG. 4. Drawing of the complex Virgo vacuum system con-
taining the optical elements.
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and kept in good vacuum. We do not want here to enter in
any details describing solutions that will be the object of
future R&D studies. All materials into the vacuum vessels
will need to be optimized in preparation and quality, and
pumping solutions will have to be validated to be compliant
to their many requirements, spanning from affordability to
extremely low vibrations, etc.

B. Passive strategies: Low gas flow from beam line

Clearly, one other obvious source of undesired gas
impinging on the cold mirror surface is the one traveling
along with the laser beam along the entrance beam lines.
Such beam lines, as long as 10 km each and large enough to
let the laser beam travel without obstacles, have also some
stringent vacuum requirements. Vacuum there should be
low enough to reduce the noise due to vacuum fluctuations
along the beam path to an acceptable level. The ET design
study has shown that third-generation interferometers will
require to reach in the arm vacuum pipes a total residual
pressure of the order of 107! mbar, corresponding to a
noise level of about 1072 Hz /2 [11,12]. Even if such
vacuum levels are obtained in the arms, all at room
temperature, it is essential to decouple as much as possible
the RT vacuum with the one of the cryogenic mirror
chambers. To this purpose, a so-called “vacuum cold to
warm transition” needs to be carefully designed. It has to be
long enough to limit the direct molecular flow from the RT
parts to the mirror surface and grant ideally a sticking
coefficient close to unity, for all the molecules impinging
on its walls. In its definition, Monte Carlo vacuum
simulations, such as MOLFLOW [30], will be extremely
useful. Clearly, nonevaporable getter (NEG) pumps, low-
temperature cryopanels, and the use of porous substances,
such as charcoal, carbon, sintered metals [32], or nano-
structured porous material, to enhance adsorption proba-
bility at higher temperatures than on the flat surface
counterpart [21,22] will need to be carefully considered
to reduce such unwanted gas flow on the mirror surface.

C. Passive strategies: Primary
laser-beam-induced desorption

IR photodesorption is assumed to be mainly thermal and
will scale exponentially with the laser power. Laser-
induced additional heat load is indeed considered and
defines the cryogenic budget to keep the mirror at a
constant temperature during data taking. This implies that,
if all works well, the mirror surface should not increase its
temperature, and no thermal desorption will be associated
to the impinging laser beam. One can wonder if any
nonthermal desorption does take place. This phenomenon,
if occurring at all, can be considered as a passive method,
since it will always be in place during data taking. There are
only a few studies of “true” IR photodesorption [33-36].
One can, in principle, induce nonthermal desorption by IR
photons by exciting specific vibration modes of the

adsorbate and/or the surface-adsorbate bond. However,
while IR-induced thermal desorption (LITD) increases
exponentially with laser power, nonthermal mechanisms
increase only linearly or quadratically and are quickly
drowned out by the LITD signal. Furthermore, in this
regime it may be difficult to clearly disentangle between
what is “thermal” and ‘“nonthermal.” This phenomenon
may result to be irrelevant to reduce ice buildups during
data taking. Still, it may be worth addressing this issue with
some specific experiments to finally quantify the issue for
the power, photon energy, temperature, gas composition,
etc., specific to the ET detector.

D. Active strategies

In this subsection, we analyze what could be actively
done to reduce or remove such gas ices which will
inevitably form on the cryogenic mirrors.

E. Active strategies: CO, laser

One possible way to solve this problem [17] is to
illuminate the cryogenic mirror with a CO, laser in the
same manner as the thermal compensation system imple-
mented in aLIGO [37]. By CO, laser irradiation, the
adsorbed molecules will obtain kinetic energy and can
desorb from the mirror surface. This laser desorption
system heats up only the test mass, and the recooling
period should be significantly improved. Still, raising the
surface temperature above ~125 K (the necessary temper-
ature to desorb water ices at the pressures in use) with CO,
laser light will certainly induce some significant heat ups of
the cold mass, extra thermal desorption, and thermal flow
must be carefully studied to assess the speed of the entire
process, given the high thermal conductance of the payload
and the limited cooling capacity. Also, the required CO,
laser power must be carefully tailored to this need.
Moreover, since photons will penetrate deep in the surface,
the effect of high-power photons on mirror quality must be
carefully addressed, since one needs to avoid that defects or
color centers in the optical coatings may form, detrimentally
influencing mirror optical quality. Therefore, the effect on
mirror quality of high-power photons emitted by the CO,
laser needs to be carefully studied. One other important
aspect not to be underestimated is the fact that any temper-
ature-measuring diode directly connected to the mirror (and
close to its surface) may induce additional noise and should
be avoided. It is not yet clear how temperature will be
measured on the optical elements and how this lack of
information may affect the CO, laser light irradiation times.

F. Active strategies: UV photons

UV photons can stimulate electronic transitions in
molecular ice. Once stimulated, these electronic excitations
can follow different relaxation pathways, one being
molecular desorption but also surface and/or bulk
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chemistry and vibration and/or phonon excitation (which
can stimulate desorption, also). UV light can therefore
induce nonthermal desorption by delivering to the ice
enough energy to break physisorption bonds. Therefore,
UV photodesorption could be a viable solution to remove
ice layers from the cryogenic mirrors. The efficiency of this
process is determined by the specific molecular ice and by
the radiation energy. Other than the understanding of the
physics underlying the desorption mechanisms, the deter-
mination of the efficiency of UV photon desorption is of
paramount importance. This key parameter is usually called
photon stimulated desorption (PSD) and is defined as the
number of desorbed molecules per incident photon:

N mol
—N .

PSD = (7)

ph

PSD for H,O under UV irradiation has been measured by
different research groups (a list of some results can be
found in Ref. [38]). Water ice PSD is, in fact, strongly
dependent on the specific electronic excited state and on
temperature, which, in turn, determines the morphology of
ice, compact or porous, amorphous or crystalline. In the
study conducted by Cruz-Diaz et al. [38], the H,O yield is
1.3 x 1073 molecules per photon, for ice condensed at 8 K,
and 2.5 x 1073 molecules per photon, for water ice held at
100 K. The irradiation source in that experiment was a
laboratory standard microwave discharged hydrogen flow
lamp, covering the 120-165 nm range (10.33-7.51 eV),
where H,O ice shows absorption transitions [39].

Letus go back to the exemplary KAGRA case. We want to
roughly estimate the time necessary to desorb the amount of
water ice condensed after one day on the cryogenic mirrors in
the vacuum conditions described before, considering a
typical UV photon flux of ® ~2 x 10'* photons cm™2 s~!
asin Ref. [38]. A H,O layer of ~#9 nm will be condensed on
the mirror in a day. This corresponds to &30 ML, that is, a
molecule density 7., ~ 30 x 10" molecules per cm?
(=1 x 10" molecules per cm? being the surface density
of water ice). By using Eq. (7), the time to let the desorption
of such water ice can be estimated as 1 = n,,/(PSD - ®@). At
T =47 K, PSD ~ 1.6 x 1073, and then ¢ ~ 93750 s. This
means that, to remove the water ice condensed in one day ona
portion of the mirror area of 1 cm?, more than one day is
required (~26 h), at least at these irradiation conditions. Of
course, one could think to increase the UV photon flux to
faster remove water contamination from cryogenic mitrors.
However, some more considerations have to be done on the
effects of UV irradiation on mirrors. UV photons will easily
travel through the ice overlayer and reach the underlaying
optical surface. When the incident UV beam of intensity /;
reaches the ice on top of the mirror, part of this intensity (/)
will be absorbed, causing some desorption, and part of it (/,)
will be transmitted to the substrate in accordance with the
Beer-Lambert law:

I, = [je=o"m, (8)

where o is the ice absorption cross section. For condensed
H,O, an average ¢ value of ~3.4 x 10~'® cm? has been
experimentally obtained in the vacuum ultraviolet (VUV)
spectral region [40]. If n,,,; ~ 30 x 10> molecules per cm?,
then one will have that ¢ - n,, ~0.1. From Eq. (8), this
means that the water ice is optically thin in respect to VUV
radiation and ~90% of the incident radiation is transmitted to
the mirror.

Although H,O molecules dominate the residual vacuum
composition, other species such as CO and CH, inevitably
are present as contaminants physisorbed on the cryogenic
mirrors. High-energy photons can promote reduction and
oxidation reactions of carbonaceous compounds, thus
leading to the darkening of parts of the mirrors’ surface
and compromising their optical quality [41]. Even if
morphological modifications of the surface are not induced
by UV irradiation at low flux (as, for example, laser
ablation or lithography do), some issues could come by
the absorption of light. In the case of ET LF, crystalline
silicon mirrors are foreseen having a coating to properly
reflect the laser light [42]. Among different solutions for
material coating, amorphous silicon (a-Si) [43] or HfO,
doped with SiO, have been recently proposed, this latter
ideally suiting as a low-index partner material for use with a-
Si in the lower part of a multimaterial coating [44]. VUV
radiation could be adsorbed and released as thermal energy,
thus contributing to the thermal load of cryogenic optics [45].
UV radiation, moreover, could also induce both interface and
bulk defects formation, thus modifying the optical properties
of mirrors [46,47]. All these aspects should be carefully
studied and evaluated, looking at the right conditions and
balancing pros and cons in using UV irradiation as an active
strategy to remove ice on cryogenic mirrors.

G. Active strategies: Electrons

Electrons are well known to be able to efficiently remove
contaminant ice layers [48]. Their use in the GW detector
context was never taken into serious consideration, since
they will inevitably induce detrimental mirror charging.
Such unwanted charging needs to be taken into great
account, since it affects the overall efficiency of GW
detectors [49,50]. This effect is indeed more significant
in interferometers where electrostatic damping is used, as in
LIGO [50-52]. In Virgo, where inductive damping is in
action [53], the detrimental effects of such electrostatic
charging on the test mass has not been observed to be
clearly limiting sensitivity up to present performances [54].
Yet, also in those systems, it is unclear if such phenomena
could become an issue when sensitivity is pushed to lower
limits. Within the LIGO Collaboration, a mitigation method
has been proposed and successfully applied [49,55-58].
This method implies mirror long exposure (=1 h) to some
tenth of a millibar of N, plasma. This plasma is then
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introduced into the tower containing the mirror test masses
until neutralization occurs. This mitigation method is
inapplicable at cryogenic temperature, since, as discussed
for H, O, a significant layer of N, will be cryosorbed on the
mirror surface [23], dramatically influencing reflectivity
and adding further contribution to the thermal noise. Very
recently, rather than using N, plasma, it has been proposed
that electrons of different energy can induce (or mitigate)
charges of both signs [59]. Very low-energy electrons
(~5-10 eV) will deposit a negative charge on the mirror,
compensating positive space charge. Slightly higher energy
electrons (~50-200 eV) will extract electrons from the
surface, compensating negative space charge. If this
method is proved to be applicable in real GW detectors,
it opens the possibility of using electrons also to mitigate
ice growth on mirror surfaces. Electrons could be used in a
synergic tandem both to mitigate charging issues on mirrors
and to defrost it without charging it. Having access to
electrons for removing ice from mirror surface has, in fact,
some advantages: (i) Electrons efficiently induce molecular
ice nonthermal desorption [48]. (ii)) Low-energy electrons
are expected to be extremely mild to the optical surfaces.
Electrons do not significantly penetrate into the mirror
surface due to their low mean free path, so that minimal
effects on mirror quality are expected. (iii) Electron guns
are commercially available, can be stably placed and
immediately operated in UHV, and are compatible with
cryogenic environments. All these can allow short shut-
down periods to cure charging and frost growing and can
notably reduce cost for vacuum and cryogenic mainte-
nance. The possibility to use electrons also to mitigate ice
growth is, therefore, very appealing and will be discussed
more in detail in the following.

When electrons with energy in the sub-keV range
penetrate into a surface covered with a cryosorbed ice
layer, they interact with the molecules through inelastic
collisions. Losing energy, they can cause electronic exci-
tations and molecule ionizations. Then, with an initial
process similar to UV photons (electronic transitions),
impinging electrons can induce molecular ice desorption.
In analogy with PSD, the efficiency of electron stimulated
desorption (ESD) is given by the electron desorption yield
(n,), defined as the ratio between the number of desorbed
molecules and the number of incident electrons (N ,;):

Me :Nmol/Nel' (9)

The extent of such a parameter is determined by the
specific interactions triggered by electrons inside the ice,
which, in turn, are governed by the stopping power of target
system. The stopping power describes the energy loss per
unit distance, by a fast charged particle going through a
given material. It depends on the mass, velocity, and charge
of the particle as well as on the properties of the material. In
addition to the stopping power, 7, depends also on the

electron transport mechanisms that define which layers of
the ice can be involved in desorption [48]. Electron
desorption processes are occurring at the very surface,
and electrons penetrate ~10-15 ML, corresponding to a
depth of the order of ~3-5 nm. This is also the typical
escape depth of secondary electrons, always present as the
results of the electron interaction in any material. The flow
of electrons inside a material is, in fact, governed by the
universal mean free path curve [28,60], indicating that
electrons (depending on their energy) can move in a very
limited distance ranging from up to ~1 nm (for electrons
with energy between ~10 and ~1000 eV) or up to ~10 nm
(for electrons having energy less than ~10 eV or greater
than ~1000 eV). The transport of secondary electrons is,
therefore, the principal mechanism governing ESD, and
electrons very poorly penetrate inside the substrate. Other
transport mechanisms can also contribute, such as excitons
and/or diffusion of products chemically induced by electron
processing of molecular ice, but both processes are anyway
affecting the very top few layers [48,61-63].

Concerning H,O, Dupuy et al. [48] have reported an
extensive ESD study on water ice in the multilayer regime
(100 ML) as a function of irradiation energy, between 150
and 2000 eV. As reported in Fig. 5(a), the maximum ESD
yield (y, ~0.12) is observed at ~200 eV. The ice mor-
phology does not significantly affect the desorption of
H,0. Moreover, since desorption will take place only from
the topmost few layers, any multilayer thicker than 10 ML
(~3 nm) will behave very similarly to the 100 ML coating
shown in Fig. 5(a). Lower coverages, of no interest in the
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FIG. 5. ESD yield curves from (a) 100 ML of H,O ice at two
different phases and irradiation temperatures and (b) 300 ML of
N, and CO ices deposited at 14 K [48]. Courtesy of R. Dupuy.
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present work, will reflect the interaction of the forming ice
with the substrate, and their desorption may differ from the
one observed on thick layers here discussed.

In respect to UV photons (PSD ~ 1073), electrons are
much more efficient in inducing water desorption. From
Fig. 5(a), we can assume an ESD yield of the order of 0.1
H,O molecules per incident electron at =100 eV.
Commercially available flood guns can operate with
electron current ranging from a few nA to 20 mA, in a
spot of diameter (d) ranging from ~10 ym to =50 cm. If,
for example, 20 mA/cm? of electrons at 100 eV (corre-
sponding to 1.2 x 107 electrons per s cm?) are delivered on
an H,O layer of about 100 nm thick (~10'” molecules per
cm?), the desorption process will take just about 10 s/cm?.
In the case of ET mirrors (d ~ 45 c¢m), defrost would take
about 5 h without breaking vacuum. The use of high
current, however, has to be carefully evaluated to under-
stand the impact on the thermal budget. With an incident
current of 20 mA/cm?, the power deposited will be no
more than 2 W, well above the ET extractable heat power
(100 mW) [11-13]. Assuming that all the incident energy is
released into thermal energy, to remain below such a
thermal budget, a current of at most ~1 mA/cm? should
be delivered. In this case, defrost would take about
160 s/cm?> (=3 days for the whole mirror). Gain a
reasonably fast defrost without dramatically increasing
the thermal budget is necessary. On this aspect, however,
some considerations can be done by looking at the nature of
the desorption process. ESD is a nonthermal mechanism.
This means that the energy released by the incident
electrons is used to stimulate electronic transitions leading
to the breaking of adsorbate bonds and its release. Of
course, phonon modes can be also excited, thus leading to a
temperature increase. The actual percentage of thermal,
desorbing, reflected, etc., energy needs to be evaluated in
detail. Anyway, in respect to thermal desorption processes
(as by heating with CO, laser irradiation), the thermal
power deposited on the surface by ESD will be signifi-
cantly lower. To thermally desorb water, the mirror surface
needs to be heated at least above ~125 K. Once desorption
is completed, the mirror needs to be cooled again to 10 K.
Presently, it is difficult to estimate how long this process
will take, but it could result in an unacceptably long period.
Analogously, in the absence of a detailed design, it is
difficult to forecast the temperature that will be reached by
the mirror during ESD. Indeed, it is safe to assume that the
temperature will be much less than 125 K and the time to
cool down much faster. At this stage, all these are
speculative considerations, and the study of thermal var-
iations induced by electrons is a mandatory task to validate
the compliance of the proposed defrost method with the
operative constraints. One more issue to be considered is
the possibility of irradiating with electrons during data
taking. Great care must be used not to induce additional
noise to GW detection.

We highlight here that the proposed ESD method to
mitigate the frost formation on the mirrors is actually not
specific to the H,Oice layer. Indeed, whatever the gas species
condensed on a surface (pure gas or a mixture of gases), the
interaction of electrons with the ice does induce desorption,
with an efficiency that depends on electron energy and on the
ice composition. As an additional example, Fig. 5(b) shows
the desorption yield of 300 ML of N, and CO as a function of
the incident electron energy. More details on these results are
givenin Ref. [48]. Actually, ESD of both species is even more
efficient than for H,O (for electrons at 100 eV, a factor ~300
for N, and ~700 for CO). This means that, with the same
reasoning so far done for water, an impressive reduction of
the time necessary to remove the frost from the ET mirror
would be obtained if N,, or even more CO, is the main
residual gas component in the mirror tower. This further
example makes evident that also the ESD parameters to be
used to remove the frost on the mirrors has to be adapted to
the specific vacuum design.

As previously mentioned for photons, electrons can also
interact with other residual species foreseen to compose the
contamination and could promote their processing through
irradiation-induced chemistry [48,60,63,64]. However,
these mechanisms are not particularly efficient, especially
at low impinging energy [60,64]. Even if unavoidable, the
optics darkening problem could be therefore limited. As
said, electrons penetrate materials much less than photons,
due to their very reduced mean free path. During desorption
of most of the water ice, no electrons (neither primary nor
secondary) are supposed to reach the mirror surface. Only
when electrons erode almost the ice total thickness could
they then reach the surface mirror. For ET LF, an optical
coating thickness of the order of a few microns is foreseen,
which is much higher in respect to the mean free path of
electrons in materials. No electrons should be reaching the
silicon substrate. The interaction between electrons and the
coating layer should be studied and addressed to under-
stand if detrimental effects could arise (for example, at the
interface between layers) potentially affecting the optical
quality of reflective coating. However, since the thickness
of each layer in the coating is more than =100 nm, one
could expect no defect formation at the multilayer inter-
faces. The formation of defects could be possible only on
the very surface of the mirror coating. The investigation of
the effects induced on the coating by electrons is mandatory
to determine the compatibility of ESD with the preservation
of the mirror optical quality.

IV. CONCLUSION

Here, we have presented a survey of some of the vacuum
challenges that will be encountered when designing the
new generation of GW detectors. Particular emphasis is
given to the analysis of the vacuum system hosting the
cryogenically cooled mirrors for the low-frequency detec-
tion of GWs. Ice formation can be reduced by design but
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cannot be completely eliminated. Frost on mirror surfaces
will induce various detrimental effects on mirror optical
properties, adsorption, additional thermal noise, etc. This
analysis set new limits for an acceptable operating pressure
to avoid ice formation in a given period of continuous data
taking.

An overview on possible passive and active methods to
mitigate such ice formation is then given, analyzing
possible advantages, disadvantages, and future R&D
research directions. Here, we also propose, for the first
time in this context, the use of low-energy (below 200 eV)
electrons to efficiently desorb cryosorbed molecules.
Electrons are known to be very efficient in nonthermal
desorbing condensed molecules from cold surface, to
interact only with the topmost layers and, hence, to have
a potentially very low impact on optical mirror quality and
on deposited heat load. The detailed study of their
interaction with a mirror surface could bring about a very

important and conceptually simple method that could be
applied to eliminate cryogenically formed ice on optical
elements in gravitational wave interferometers. Its actual
refinement and implementation on the real system is indeed
a challenge and will involve specific R&D on many
specific issues, including the detailed surface characteri-
zation of representative mirror surfaces; design and opti-
mization of newly developed or existing electron guns (or
flood guns) and of their mountings; study the effect, if any,
of such very low-energy electrons on the optical properties
of the mirrors; and the realization of a realistic mock-up
system to test the process.
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