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Abstract

The use of noble gases is indispensable for producing an extreme ultraviolet frequency
comb, using high-repetition rate high-harmonic generation. However, their high cost and
limited availability have prompted the development of a closed-loop noble gas recycling
system. In our system, the target gas is injected through a typically 20-100 pm sized
nozzle into a laser focus, subsequently caught by vacuum pumps and compressed to a
pressure of up to 200 bar. In this work, the leakage rates and recycling efficiency of the
system are investigated, crucial parameters for the performance of the recycling system.
The study aims to evaluate the effectiveness of the recycling system in maintaining gas
purity and minimizing gas consumption, thereby significantly reducing operating costs.
Consequently, enabling long extreme ultraviolet operation in the order of weeks, necessary
for ultra-narrow bandwidth direct frequency comb spectroscopic needs, which would not
be possible without a gas recycling system.

Zusammenfassung

Die Verwendung von Edelgasen ist fiir die Erzeugung eines extrem ultravioletten Ire-
quenzkamms mittels der Generation von hohen Harmonischen bei hoher Wiederholrate
unerlisslich. Die hohen Kosten und die begrenzte Verfiigbarkeit von Edelgasen haben
zur Entwicklung eines Edelgas-Recycling-Systems mit geschlossenem Kreislauf gefiihrt.
Bei diesem System wird das Zielgas durch eine typisch 20-100 pm groffe Diise in den
Laserfokus injiziert, anschliefend von Vakuumpumpen aufgefangen und auf einen Druck
von bis zu 200 bar komprimiert. In dieser Arbeit werden die Leckraten und die Re-
cyclingeffizienz des Systems untersucht, entscheidende Parameter fiir die Leistung des
Recyclingsystems. Die Studie zielt darauf ab, die Effektivitat des Recyclingsystems
bei der Aufrechterhaltung der Gasreinheit und der Minimierung des Gasverbrauchs zu
bewerten und dadurch die Betriebskosten erheblich zu senken. Dies ermoglicht einen
langen Betrieb im extremen Ultraviolettbereich in der GroBenordnung von Wochen, der
fiir direkte Frequenzkamm-Spektroskopie mit extrem schmaler Bandbreite erforderlich
ist und ohne ein Gasrecyclingsystem nicht moglich wiére.
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1 Introduction

1.1 XUV Spectroscopy

The Standard Model of particle physics [1] describes fundamental interactions to an
exceptional degree. Nonetheless, it cannot explain the imbalance between matter and
antimatter [2], as well as the existence of dark matter [3] and dark energy [4]. Until now,
the Standard Model cannot be unified with the theory of general relativity [5]. This
provides strong motivation to search for physics beyond the Standard Model.

The high dimensionalities of string theory suggest that the fundamental constants vary
in space and time [6], such as the proton-to-electron mass ratio p = my,/m, and the fine
structure constant « = e?/(4mweghc), which describes the strength of the electromagnetic
interaction. These fundamental parameters in atomic, molecular and optical physics can
be measured by atomic clocks. Dirac’s theory of the hydrogen atom shows that atoms are
dependent on «, which enables atomic spectroscopy the detection of a possible variation
in the fine structure constant a. For this reason, the search for atomic systems with the
highest discrepancy on « dependency is of interest. Due to relativistic effects, the highly
charged ions HCI sensitivity is expected to be two orders of magnitude higher compared
to neutral or single charged atom systems. An optical atomic clock based on a HCI has
recently been demonstrated by S. King et al. [7]. With many ultra-narrow transitions of
HCI lying in the X-ray and extreme ultraviolet (XUV) region, a coherent light source
in these specific regimes is necessary. One approach to achieve this is the upconversion
of laser radiation from optical or near-infrared (NIR) wavelengths by high harmonic
generation (HHG). This technique allows an XUV frequency comb to be produced by
stabilizing the repetition rate and the carrier-envelope phase of the NIR comb, enabling
direct frequency comb spectroscopy in the XUV regime [8-10].

In our laboratory, we aim to perform precision spectroscopy of HCI. For this pur-
pose, HCI are produced in an electron beam ion trap (EBIT) [11] and sympathetically
cooled in a superconducting Paul trap (CryPTex-SC) [12]. An XUV frequency comb,
built by J. Nauta [8, 10], is required to enable XUV transition in HCIs. In this way, the
HCI state can be read out using quantum logic spectroscopy [13]. An overview is shown
in Fig. 1.1. The XUV frequency comb is based on the interaction of a high-intensity NIR
frequency comb with a dense gas jet for the generation of phase-coherent high harmonics

(HH) [14].
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Figure 1.1: Schematic overview of the XUV frequency comb connected to CryPTex-SC
for spectroscopy of HCls. The pulses of the frequency comb are further amplified in an
enhancement cavity to produce an XUV frequency comb.

1.2 Gas Recycling

The upconversion from NIR to XUV wavelengths via HHG is a well-established method
for spectroscopy pump-probe and frequency measurements in the XUV regime. However,
the process typically requires the use of noble gases such as xenon, neon, argon or krypton
due to their high ionization potential. This can result in high costs and waste, particularly
as the demand for noble gases in various industries continues to rise. In healthcare, noble
gases are used in asthma treatments [15], anesthesia and as a contrast agent for medical
imaging [16]. Argon is commonly used in welding and cutting processes to create an
inert atmosphere that prevents oxidation and contamination of the metal being welded or
cut [17]. Helium is used as a cooling agent in cryogenics, superconductivity, and nuclear
magnetic resonance imaging due to its low boiling point and high thermal conductivity
[18]. Noble gases also find applications in dark matter searches [19]. Furthermore, the
availability of some noble gases such as xenon (abundancy of 0.09 ppb in the atmosphere
[20]), is limited due to their rarity in the atmosphere.

Due to the higher demand and the resulting higher costs of noble gases, HHG op-
eration necessitates a gas recycling system to enable a continuous supply of gas for
spectroscopy needs. A few groups already implemented such systems for HHG (21, 22].
However, these systems have had limitations, such as a maximum pressure of 10 bar [21]
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or an inability to operate in a continuous closed-loop [22]. To address these issues, we
developed a closed-loop noble gas recycling system that enables continuous operation and
compression of gas up to a pressure of 200 bar, which facilitates refilling of gas bottles
and switching between gas species [23-25].

This work investigates the leakage rates of the system to determine the recycling rate
of the closed-loop noble gas recycling system. In Chapter 2, the theoretical foundation
required to understand the recycling system is discussed. Next, an overview of the
experimental setup in Chapter 3 is provided. Chapter 4 focuses on the analysis of the
system. Last, a summary and outlook in Chapter 5 is provided.






2 Theoretical Background

This Chapter focuses on covering the theoretical concepts needed in this thesis. First, a
theoretical description of HHG is given. Second, plasma formation in gases is explained.
Third, the thermodynamic processes of gases are discussed to understand the gas recycling
process.

2.1 High Harmonic Generation

HHG is a highly nonlinear process in which photons of higher energy, the HH, are
generated from low-energy photons of a driving laser. HH inherit properties such as
temporal and spatial coherence, which makes it possible to generate laser light outside
the commercially available range of far infrared (IR) to mid-ultraviolet (UV). Since the
discovery of HHG, this has found many research applications, e.g., precision frequency
metrology [26] and applied microscopy [27]. In our case, HHG is applied to perform laser
spectroscopy of HCI. In HClIs, electrons are bound strongly to the nucleus due to the high
proton excess. This shifts electronic transitions to the XUV region, which necessitates
using HHG for spectroscopy. To get a complete picture of the HHG process, a quantum
mechanical model, the Lewenstein model, is required [28]. Nevertheless, a semi-classical
approach is sufficient in our case. This approach is also known as the three-step model
(28, 29], which will be described in Subsection 2.1.1. Further, phase-matching conditions
must be met between the driving laser and the harmonic laser field to make the HHG
process as efficient as possible, which is sketched in Subsection 2.1.2.

2.1.1 Three-Step Model

The three-step model is illustrated in Fig. 2.1.

1. Ionization: When hitting a gas target, the oscillating laser field (red) distorts the
Coulomb potential (blue) of the gas atoms such that the electron (green) can tunnel
through the Coulomb barrier. The free electron has a cycle-averaged quiver energy,
called ponderomotive energy

2
e’ 1 eak
Upuud e p_2 s (21)
2 - cegmew?
where e is the elementary charge, Ineax the peak driving laser intensity, g9 the
vacuum permittivity, w. the oscillating wave carrier frequency and electron mass

Me.
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2. Propagation: The oscillating laser field accelerates the free electron, where the laser
field is given by

E(t) = Epcos(wt). (2.2)

; is the instantaneous phase of the laser field. After half a laser cycle, the sign of
the electric field reverses, which leads to an acceleration of the electron back to the
parent ion. The position z and velocity v of the free electron can be described by
[30]

ek

2(p) = ;=5 (cos(pi) — cos() + ( — i) sin()), (2.3)
o) = 222 sin(y) - sin(p0). (2.4

For values of ¢; between 0 and 7/2, recollision can take place.

3. Recombination: Recombination of the electron with its parent ion occurs under the
emission of a high-energy photon . Applying Eq. 2.1 and 2.4 yields the kinetic
energy of the photon

E, =2 Upona(sin ¢ — sin ¢;)?. (2.5)

The maximum photon energy, called cutoff energy, is reached for ¢; = 0.31 and can
be graphically deduced [29] or numerically calculated [31] to

Ecutoff - 3-17Upond + Uion- (26)

The process of HHG can happen twice per laser cycle, generating a train of even shorter
pulses with a much higher energy than the energy from the driving laser field. In this
way, odd harmonics are produced when focusing on an isotropic medium.

2.1.2 Phase Matching of HHG

In HHG, the nonlinear medium is ionized as the HH are emitted. In this process, the
free electrons cause defocusing and phase mismatch, limiting the upconversion efficiency.
Here, two concepts are essential. For one, dispersion. As waves at different frequencies
can propagate at different velocities, they can get out of phase. The other concept is
focusing. Focusing initiates a geometrical phase slip, which varies for the harmonic field
and its driving polarization. To reach a highly efficient frequency conversion, the phase
front of the generated field needs to match the phase front of the driving laser field. An
illustration of the phase matching process is shown in Fig. 2.2. We can define the phase
mismatch between the wave vector of the driving laser field k; and the wave vector of
the ' harmonic k, as

Ak(Q) = qkl - kq, (27)
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2.

Figure 2.1: HHG: 1. The driving laser field (red) modifies the Coulomb potential (blue) of
the atom such that an electron (green) can tunnel out and is accelerated. 2. The oscillating
laser field accelerates the electron back to the atom. 3. The electron recombines with its
parent ion under the emission of a high-energy photon. Taken from [8].
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Figure 2.2: Schematic of the HHG phase-matching effect. Waves interfere constructively
in the case of phase-matching, where Ak =~ 0. The HHG yield is increasing, whereas for
non-phase-matched conditions, Ak # 0, the yield is low. Taken from [24].
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knowing that the phase velocity of the gth harmonic is v, = qwi/kq and the phase velocity
of the driving laser field is v; = wy/k1. Ak(g) usually changes slowly with frequency for
HHG in gases. Therefore, group velocity mismatch effects can often be neglected.

Using a Gaussian laser beam, four contributions to the phase mismatch take place, which
is given by the relation [32]

Ak = Ak + Ak + Ak, + Ak, (2.8)

Thereby, Ak, describes the wave vector mismatch due to the Gouy phase. Aky is the
wave vector mismatch induced by the dipole phase arising from the electron trajectory.
Ak, describes the neutral gas medium dispersion and Ak}, the dispersion of the generated
plasma. To generate a complete phase-matched harmonic signal, all four constituents
need to be compensated by each other for all positions within the nonlinear medium, for
all times t. Only the longitudinal component z along the optical axis will be considered
for simplicity. In the following, all four factors contributing to phase mismatching are
elucidated.

i) Akg - Gouy phase:
Propagating along the z direction, the Gaussian beam inherits a phase shift that
differs from the phase shift for a plane wave with the same optical frequency [33].
This phase shift is called Gouy phase and is given by

kyr?

PGouy (T, 2) = — tan (i) + W(z)’ (2.9)

where zp is the Rayleigh length and R(z) = z + z%/z the beam radius of curvature.
The resulting phase mismatch for the gth harmonic at the optical axis is

6¢Gouy (z )
0z

-_1 (2.10)

Ak, =
s =1 z—0 ZR

For z = 0 the Gouy phase contribution reaches a maximum. As a consequence,
adjusting the gas nozzle position with the laser focus allows fine-tuning the size
of the Gouy phase shift as well as fine-tuning Akg, since near the laser focus, the
Gouy phase contribution becomes rather small.

ii) Akq - Dipole phase:
The dipole phase induces the second contribution to the phase mismatch, resulting
from the electron trajectory. Taking the quasi-classical limit into account, each
electron trajectory gains an intensity-dependent dipole phase in the continuum,
which is given by [34]

1
¢](qa I) — qwctl - ES(pa tatl)’ (211)

where ¢ is the harmonic order, w. the laser angular frequency, ¢’ denoting the
duration of the electrons’ trajectory and S the quasi-classical action. Approximating
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Eq. 2.11 linearly with the space- and time-dependent intensity I(r, z,t) yields

0i(q, 1) = ao,i(q) — aj(@)I(r, 2, t). (2.12)
From there, we can derive the wave vector mismatch:

oI(r,z)
0z

Aky = —a;(q) (2.13)
Here, aj(q) is positive. For short trajectories, the proportionality constant is small
and can be neglected within the laser focus [35).

iii) Ak, - Neutral dispersion:
The third component is the wave vector mismatch as a consequence of neutral gas
dispersion, which is described by [36]

Akn = Q%P(l - 77)("0 — Ng + n2I)7 (214)

where P is the standard pressure, 7 denotes the jonization fraction, and ng, ng
the refractive indices of the gas medium for the fundamental laser and the ¢!
harmonic, respectively. ny is the intensity-dependent index of refraction.

iv) Ak, - Plasma dispersion:
The fourth contribution is the wave vector mismatch due to plasma dispersion.
Since the recombination of the freed electron with the parent ion has a small
probability, there are many free electrons. Thus, plasma is formed. Neglecting the
dispersion from the ions due to their large mass and higher resonance frequency,
the wave vector mismatch can be expressed as
We We

Akp = _Qf(nﬂ,el - nq,cl) ~ _qﬁ:p’nNare- (2'15)
N, is the atomic number density, ¢ the speed of light and 7. is the classical electron
radius. nge and nge are the plasma refractive indices.

To understand how phase-matching affects the HHG yield, the coherent sum over all
atoms in the nonlinear medium for each harmonic order g within the length of the
nonlinear medium Ly,eq has to be considered. The HHG yield S; can then be expressed
as [37]

412

S 2A2 abs
Lhals 71 + 4W2(Labs/Lcoh)2

[1 + exp (— Lme") — 2cos (WLmed) exp (— Limed )]
Labs L(‘oh 2Labs '

where A, describes the amplitude of the atomic response at the gth harmonic. Lg,s =
(op)~! is the absorption length, with o being the ionization cross-section and gas density

(2.16)
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p- Leon = m/Ak denotes the coherence length of the emitted radiation. If both, A, and
L.bs, are assumed to be constant over the generation volume. Equation 2.16 can be
rewritten in the absence of absorption L, = 0o as

AkL

Sy ox L2 .4 - sinc? (—med) . (2.17)
s

To gain at least half of the maximum yield of HHG, the coherence length should be

Leoh > 5Laps and the length of the nonlinear medium Lyeq > 3Laps [37].

2.1.3 Steady-State Plasma

XUV sources usually operate at low repetition rates frep < 100kHz [37]. However,
our frequency comb works at a significantly higher repetition rate of fio, = 100 MHz.
Balancing neutral and plasma dispersion becomes demanding at repetition rates above
frep > 10MHz [38]. The reason for this is steady-state plasma, which is generated by one
pulse. As the repetition rate is very high, the plasma can not be cleared before the next
pulse arrives and, thus, generates even more plasma [39]. Hence, a high-density plasma
is produced. This plasma is highly dispersive, which makes phase-matching impossible.
Thus, it requires shortening the time the ions stay in the interaction region to minimize
the steady-state ionization fraction 7sicaqy. Reducing steady-state plasma is beneficial
since it contributes to optical bistability and coupling to higher-order transverse modes
due to plasma lensing. This limits the intracavity focal intensity [39]. Another problem
is the phenomenon of intensity clamping, which arises from nonlinear effects, coming
from the dynamics of ionization on a single-pulse timescale [40].

One solution is to increase the velocity of the target gas. For this reason, the for-
mation dynamics of steady-state plasma have to be considered. The steady-state plasma
is mainly characterized by the laser pulse repetition period 7rep = 1/ frep. We define
two dimensionless parameters [38]: &ion = Tion/Trep and Eheam = Theam/Trep- Where &gy
describes the number of laser pulses that enter the gas jet during the time it takes an ion
to clear the ion-generation volume and &peam denotes the number of laser pulses during
the transit time of an atom through the laser beam volume. 7., marks the transit time
of an ion through the full-width at half-maximum (FWHM) of the intensity-dependent
ion-generation volume. Tyeam = OFwiM/Vgas, Where opwim is the FWHM of the intensity
profile. The translational gas velocity perpendicular to the laser propagation is specified

by
/ 5RT
. 2.1
Ugas Ma_vg ? ( 8)

where R denotes the universal gas constant, 7" is the gas backing temperature and My,
the weighted-average molar mass of the atomic gas mixture [39]. The gas velocity can be
increased by increasing the gas backing temperature, which makes an intra-cavity nozzle
at high temperatures necessary. Another possibility is to use gas mixtures. Seeding a

10
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heavy generator gas in a light carrier gas decreases M,,, and therefore increases the
gas velocity [39]. Usually, helium is chosen as the light carrier gas because of its light
mass and high ionization potential. Using a He:Xe 9:1 mixture increases the velocity
significantly (8, 23].

2.1.4 Pressure-induced Phase Matching

It is possible to compensate the neutral gas dispersion with the plasma dispersion as a
function of the ionization fraction 7 since they have opposite signs. The critical ionization
fraction describes the ionization fraction limit when both dispersions are compensated
[41]

. -1
/\éNare
Nerit = | ——— +1 . 2.19
Jerit (271_(”0 — nq) -+ ( )
Ideal phase matching conditions can only be realized for ionization fractions below the
critical value 7 < nerit, because of the negative phase mismatch Akg, neglecting the wave
vector mismatch induced by the dipole phase. The Gouy phase can be compensated
through the gas density, which allows alteration of the dispersion contribution. Equation

(2.8) can be described by

OAk, = OAk,
aP AP

mmw[ ]+A@=0. (2.20)

Here, the gas density is assumed to be linearly dependent on the pressure. The phase
matching pressure within the laser focus is given by [42]

i
27r2w(2)A(n0 —ng)(1 - 0/ Nexit)’

Prateh = Po (221)

where Py denotes the standard pressure Py = 101.3 kPa, A\g the central wavelength of the
driving laser field, wq the gaussian beam size and the plasma refractive index values ng
and ng = /1 — N/N.. N describes the free electron density and can be calculated by
ADK theory [43]. The critical density N. = gow?/e? is the density at which the plasma
frequency wyp, = \/Nee?/(meg) equals the laser frequency. At this density, the plasma
becomes opaque to electromagnetic waves of frequency w.

Since the phase matching pressure scales inversely with the square of the beam ra-
dius wy and inversely with the ionization fraction (Eq. 2.21), tight focusing requires large
pressures in the interaction region. As a consequence, gas consumption becomes very
high. Therefore, a gas recycling system is necessary in order to run measurements over
several weeks which is needed in our case.

11
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2.2 Model Conceptions of Gases

This section covers the behavior of gases at different pressures. First, the ideal gas is
discussed in case of low pressure. Next, high-pressure gases are described, where the
ideal gas model is not applicable. Last, leakage rates of gases are treated, where it has to
be differentiated between the ideal gas model and the real gas model.

2.2.1 ldeal Gas

In atmospheric conditions (<= 1013.25 mbar), the model conception of a "liquid” gas flow
is applicable, also known as continuum theory. The gas can be described by differential
changes in macroscopic quantities, such as velocity, density, pressure and temperature.
However, the description of the model fails if the gas is highly diluted, which is the case
in a vacuum environment. This is because the local mean values can depend on the
instantaneous state of individual molecules. To be able to describe this, a microscopic
observation is necessary.

The transition to a statistical approach makes it possible, despite the vast number
of molecules in a gas, to infer and calculate the macroscopic properties of the gas from
the microscopic states. This theory is known as kinetic theory [44]. Tt makes the following
basic assumptions:

e Atoms and molecules are point-like.

e Forces are exclusively transmitted during impacts.
« Impacts are elastic.

e Molecular disorder takes priority.

From these assumptions, it becomes clear that gases at low pressure can be described by
the ideal gas model, which neglects interactions between gas molecules. The ideal gas
law was first stated by E. Clapeyron [45] and is given by

PV = NkgT, (2.22)
where kg = 1.380649 x 10723 JK~! denotes the Boltzmann constant, P the pressure, V
the volume, 7" the temperature and N the number of particles. The relation between the
mass m,, of a gas particle and the molar mass M is

M = Np -m,, (2.23)

where Nj = 6.022140 76 x 10*> mol~! denotes the Avogadro constant. Further, the gas
constant can be described by

R= Ny - kg. (2.24)

12
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From Eq. 2.22 and 2.24 follows the ideal gas law for one mol of a gas

PV = RT. (2.25)

In kinetic theory, the mean free path is used to characterize different types of flow.
It is defined as

1
V2no ’

where n = N/V is the number of molecules per volume and o the collision cross-section.
For low-pressure gases, three types of flow can exist, viscous flow (6.0 x 10~ mbar cm),
molecular flow (1.3x10~? mbar cm) and Knudsen flow (1.3x10~2 mbar cm)[44]. Molecular
flow is predominant in the high - and ultra-high vacuum range. In these regimes, the
molecules can move freely without obstructing each other. This means that molecular
flow is only present when a particle’s mean free path length is much greater than the
diameter of the tube. The transition from viscous flow to molecular flow is the so-called
Knudsen flow. It prevails in the fine vacuum region, where the mean free path length is
approximately equal to the diameter of the tube.

A:

(2.26)

2.2.2 Real Gas

The ideal gas model is no longer applicable for high-pressure gases (> 1 bar). The reason
for this is the higher density of gases at high pressures. As a result, the interactions of
atoms must be addressed. The Van der Waals equation can model these real gases. It
extends the ideal gas law to take interactions between atoms of gas into account as well
as the finite size of the atoms. Let b be the molar volume of gas atoms in L mol . If we
want to account for the real gas volume, we need to replace the volume in the ideal gas
law 2.22 by Veorr = V' — nb. This leads to

P(V — nb) = nkgT. (2.27)

The second modification considers the interactions between molecules and corrects the
pressure in the ideal gas law. From Eq. 2.25 follows the pressure for one mole of a gas

RT
—-b

P= : (2.28)

3<

In the following, we assume that we have a container filled with gas. To consider the
attractive force between the molecules, we make the assumption that the net force on a
surface molecule, pulling it into a container, is proportional to the number density

nNA

C=V

(2.29)

13
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The force on the container walls is decreasing by a factor proportional to the square of
the density. Therefore, the pressure decreases by the factor [46]

2 2
Py , (N4 an
a a ( v ) V2 ( )
where a is the Van der Waals constant for a specific gas. The values for selected gases
for both constants, a and b, are shown in Table 2.1. Rewriting Eq. 2.28 yields

RT an?
n
Rewriting this formula gives the Van der Waals equation
2
(p 4 %) (V — nb) = nRT. (2.32)
Gas | a (L?mol™?) | b (Lmol™ ")
He 0.0346 0.0238
Ar 1.355 0.03201
Kr 2.325 0.0396
Xe 4.192 0.05156

Table 2.1: Van der Waals constants [47] for selected gases.

2.2.3 Modeling Gas Leakage Rates

A system filled with gas is never completely leak-tight under real conditions. For this
reason, it is important to keep the leakage rate ¢ low enough to not affect the final
pressure. Leakage rates are usually measured in units of mbar Ls~!. Another variant is
to describe the leakage rate in standard liters (SL) per hour. A standard liter describes
one liter of gas at atmospheric pressure (1013.25 mbar).

To compare leakage rates between different gas types, it must be taken into account
that different equations apply to viscous and molecular flow. For a viscous gas flow the
leakage rate can be compared by [44]

gA “ 1A = 4B 1B, (2.33)

where 7) denotes the dynamic viscosity constant and A and B are two different gases. As a
guideline, for leakage rates in the range of ¢ > 107" mbarLs ™! viscous flow is applicable
and for ¢ < 10~ " mbar Ls~! molecular flow. For leakage rates, where molecular flow is
applicable, the conversion between leakage rates between gas types is given by [44]

qa - VMy = g -/ Mg, (2.34)

14



2.2. Model Conceptions of Gases

where M is the molar mass. With these equations, we can compare leakage rates between
different gas species. In addition, the leakage rate is almost always dependent on the
pressure difference.

15






3 Experimental Setup

This chapter describes the experimental setup of the gas recycling system. First, a
brief overview of the femtosecond enhancement cavity (fSEC) is given. Second, the
differential pumping system, which is necessary to keep low pressures while gas is injected,
is presented. Third, the gas recycling system with its three compartments is described.

Differential TMPy
pumping system \ o

Figure 3.1: Overview of the vacuum chamber. The differential pumping system surrounds the
laser focus of the fsEC [48]. The laser beam is indicated in red. The vacuum chamber is
pumped by an additional turbomolecular pump (TMPy).

3.1 Femtosecond Enhancement Cavity

To reach intensities of about 10'* W cm ™2, sufficient to generate HH, the pulses that are
emitted from the amplified frequency comb laser have to be further enhanced. For this
reason, a fSEC was developed (8, 10|. First, the fSEC setup is treated and finally, the
limiting effect of mirror degradation is discussed.
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Chapter 3. Experimental Setup

3.1.1 fsEC Setup

In Fig. 3.1, an overview of the setup is shown. It consists mainly of five optical elements.
Since additional mirrors lead to increased NIR dispersion and scattering losses, a reduced
number of optical elements is beneficial. An astigmatism-compensated bow-tie cavity
was chosen because of its non-linear cavity design, which allows tight focusing (for more
information, see [10]). The pulses are coupled in by an input coupler (IC), then reflected
and focused at curved mirror 1 (CM1). Subsequently, reflected at a grating mirror (GM),
reflected and focused at CM2 and passing a piezo-driven flat cavity mirror (FPM) and
finally, back to the IC. The GM couples out the HH. For a repetition rate of 100 MHz,
the total path length of the cavity measures exactly 2.997 924 58 m, allowing consecutive
pulses to interfere constructively. To enhance the pulse train, all spectral components
have to be in resonance simultaneously. The envelopes of the overlapping pulses and the
underlying carrier need to interfere constructively. An overview of the optical elements
inside the main chamber is shown in Fig. 3.2. To stabilize the length of the cavity to the
comb repetition rate, the Pound-Drever-Hall method is applied. For this purpose, the
cavity reflected beam is used as the input for a feedback loop that corrects the cavity
length by adjusting the piezo mirror position.

Piezo
mirror

cavity transmitted
CM2

cavity reflected

outcoupled
alignment harmonics

monitor

from
oscillator

Figure 3.2: fsEC setup inside the main chamber. The cavity reflected beam is used to correct
the cavity length by adjusting the piezo mirror position, applying the Pound-Drever-Hall
method. Adapted from [8].
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3.1. Femtosecond Enhancement Cavity

3.1.2 Gas Injection System

The target gas for HHG is injected through a quartz nozzle with an inner diameter in
the range of 30 to 100 pm into the laser focus and caught by the differential pumping
system, as shown in Fig. 3.3. To inject the gas into the laser focus, a gas panel (GP)
was designed. It consists mainly of a pressure regulator to set the backing pressure for
the gas nozzle, a digital pressure gauge to monitor the pressure and a particle filter to
clean the target gas from contamination. An overview is shown in Fig. 3.6 a). A scroll
pump allows to remove the gas, confined at the GP, necessary when switching between
gas species.

Figure 3.3: Overview of the laser focus area. The gas is injected by a quartz nozzle into the
laser focus and caught by the differential pumping system. HH are coupled out by the GM.
Taken from [24], adapted from [8].

The XUV generation inside the fSEC is limited by the degradation of the cavity mirrors
and outcoupling optics. Residual molecules inside the vacuum chamber are present,
containing hydrocarbon chains. These chains can get cracked by XUV radiation and
secondary electron excitation, afterwards sticking to the mirror surfaces. For optics
exposed to XUV radiation, such as the grating mirror in our experiment, this leads
to a thin layer, degrading the optical properties [49]. The grating structure of the
output coupler is affected strongly by these thin films since the shallow grooves fill
with contamination, which deteriorates the GM structure. This results in a substan-
tial decrease in outcoupled harmonic yield compared to the maximum harmonic yield [38].
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Chapter 3. Experimental Setup

One solution to this problem is to prevent hydrocarbon molecules from coming too
close to optics. Ultra-high vacuum (UHV) conditions are essential for the reduction of
hydrocarbons. To make sure that after a long XUV operation time, the optics will not
degrade eventually even though the system is operated at good vacuum conditions, an
ozone injection system, shown in Fig. 3.4 has been installed to clean the optics inside
the fSEC [8]. Ozone can remove surface contaminants by oxidization [38]. Thereby,
high-purity oxygen from a bottle is fed into an ozone generator! with a pressure of about
200 mbar. The ozone generator produces about 2% ozone at a flow rate of 0.5 L min~!.
After passing the ozone generator, the ozone is filtered by an ozone-destroying catalyst?.
A needle valve regulates the flow. Four nozzles with a 400 pm diameter are located
inside the main chamber, pointing at the GM, CM2, IC and FPM. A scroll pump is
connected to the system to clear the ozone injection system from residual gases before
operation. The ozone present in the chamber can be monitored with a mass spectrometer.
Considering that the mass spectrometer is about 0.5m from the closest nozzle, the local
ozone concentration at the mirror surface might be higher than measured.

3.2 Differential Pumping System

To generate HH, a vacuum environment is required since XUV radiation is extensively
absorbed by air. Additionally, a strong decrease of hydrocarbon abundance, due to
UHV conditions, prevents the optics from mirror degradation [38]. The MC will have a
direct connection to CryPTex-SC [12], where a pressure of 10~!* mbar is required. Since
the target gas is injected at a pressure of about 10 bar, efficient differential pumping is
required to bridge the pressure gap. Another difficulty arises from the HHG efficiency,
which is highly dependent on the density of the target gas. Mixing the HHG target gas
with a much lighter gas, such as helium, increases the velocity of the gas, as described in
Subsection 2.1.3. Consequently, multiple interactions of a single atom of the target gas
with the laser pulses can be avoided. However, the pressure needs to match the factor
equal to the mixing ratio of these two gases. By using a 9:1 He:Xe mixing ratio, a backing
pressure of about 90 bar is necessary to achieve a xenon partial pressure of 10 bar. This
indicates that a large amount of gas must be injected into the vacuum chamber, which
deteriorates the vacuum and requires high pumping power.

For this reason, a differential pumping system was built, shown in Fig. 3.5, consisting of
three stages surrounding the cavity focus [8, 48, 50]. Thin, conical-shaped walls space
the three stages to maximize the pumping speed. Each stage is connected to a separate
turbomolecular pump (TMP). Where the pumping speeds for the first, second and third
stage are TMP;: 300Ls~!', TMP5: 440Ls~ ! and TMP3: 1300 Ls™ !, respectively. All of
the pumps possess a magnetic bearing for reduced vibrations.

'Ozotech Poseidon 220
2CARULITE 200
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3.2. Differential Pumping System

TMP1

RGA

PO,
FR, AGj
03 ¢ l
generator
“PRs

0GC, Vi3 P05

FR,

Figure 3.4: Overview of the ozone injection setup. The fsEC setup is shown inside the MC.
The differential pumping system is surrounding the laser focus. The light comes through the
IC and goes to the first CM. Afterwards, the light is reflected at the GM, where the HH are
coupled out. After passing the GM, the pulses pass CM2, next to the piezo-driven flat cavity
mirror and finally to the IC again, where the pulses interfere with the next pulse emitted
from the laser source. The ozone system is depicted on the outside of the MC. A regulated
flow from an oxygen bottle is fed into an ozone generator. The amount of the ozone mixture
is regulated (flow regulator: FR) by a needle valve (NV). Residual ozone is removed by an
ozone catalyst (OC) before the outlet.
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Chapter 3. Experimental Setup

TMP3

Figure 3.5: a) overview of the differential pumping system. The three pump stages, spaced
by conical-shaped walls, increase the pumping efficiency. b) close-up of the lower part of the
differential pumping system. The pumping system surrounds the laser focus. The target gas
for HHG is injected through the nozzle below the laser focus. Adapted from [8].

As a compromise between undisturbed cavity mode and the highest gas pressure, we
placed a gas nozzle at about 100 pm at a vertical distance. To adjust the gas nozzle
position, the lower part of the pumping system is mounted on a translation stage. This
stage can be moved in steps of 30 nm by five pico-motors in the zyz directions, as well
as in the Az and Oy direction. A skimmer can capture a large amount of the emerging
vertical gas jet in the first stage at a vertical distance of 0.5 mm from the nozzle. The
second stage was built symmetrically, enclosing the nozzle and supporting the skimmer.
Due to space constraints, the third stage was built asymmetrically. The laser enters and
exits the interaction region through holes in the second and third stage, as shown in Fig.
3.5 b).

3.3 Gas Recycling Setup

Generating HH inside the enhancement cavity requires a continuous supply of gas.
Frequently, xenon is used as a target gas because of its low ionization potential. The
need for a high flow rate in high-repetition-rate systems makes this very costly in the
order of several thousand euro per day. As long operation times are needed to collect
enough statistics for spectroscopy measurements, a gas recycling system was built [23].
The whole setup is depicted in Fig. 3.6. It consists of three main compartments: a low
pressure system (LPS), a compressor station (CS) and a high pressure system (HPS).
It allows compressing gas up to 200 bar. A list of the components used in the setup is
shown in Table 3.1.
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3.3. Gas Recycling Setup

Figure 3.6: In a), an overview of the gas flow in the system is shown. The gas recycling setup
is divided into mainly three compartments: LPS: low-pressure system (0 — 1 barabs), CS:
compressor station, HPS: high-pressure system (max. 200 bar), GP: gas panel (max. 200 bar).
The main compartments are labeled as follows: turbo-molecular pump (TMP), fore-vacuum
pump (FP), diaphragm pump (DP), storage/buffer tank (T), filter (F), compressor (C),
residual gas analyzer (RGA), pressure outlet (PO), pressure regulator (PR), analog/digital
pressure gauge (AG/DG), valve (V), main vacuum chamber (MC). The compressors are
driven by the compressed air supply (CAS) of the institute. In b), c), d) and e) photographs
of the LPS, CS, HPS and GP are shown, respectively.
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Table 3.1: Components used in the gas recycling setup.

Vacuum pumps and compressors Filters, gauges, detectors
Abbr. | Company | Type Abbr. Company Type
TPo | Leybold h?:(l;)ovtfm;;é)o Fo Agilent scl;zﬁi;ﬁ;ig%%
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3.3. Gas Recycling Setup

3.3.1 Low Pressure System

In the LPS, the gas is mainly purified from possible contaminants, which are inside the
MC. Therefore, the gas caught by the differential pumping system is led to one of the
fore-vacuum pumps FPy 1, depending on the valve settings Vo_3. To recycle all of the gas,
which is inside the MC, TMPy can be added as an additional pump by opening Vg2 3
and closing Vj. Recycling the gas with the differential pumping system only, the valves
Vi_3 are opened and Vj is closed. To direct the gas further into the LPS, it requires
opening valves Vi 35. It consists of two filters (Fy ;) and a 20 L tank (Tp). After passing
the first fore-vacuum pump (FP;), it is possible to either lead the gas out of the system
through exhaust ports (PO 2) or to confine the gas in the LPS. The gas passes through
a particle filter (Fy) and an adsorption trap (F;), which filters water and oil (for more
information, see Subsection 3.3.4). Thereafter, the cleaned gas can be stored in T. To
put the system into operation or to compensate for losses, a gas bottle is connected to
the LPS via Vo, which allows filling the system with gas. Opening Vi, allows directing
gas towards the CS. The total volume of the LPS is about 22.2L. AGgy_2 and DG4_¢
monitor the LPS pressure. Since DGg is not working properly, especially for pressures
in the range of 0 mbar, a camera records the pressure at AGy. The images of AGq are
converted to pressure values with a python script.

3.3.2 Compressor Station

A gas pressure between 5 and 50 bar is required for phase matching the HHG process,
which makes gas compression necessary. Therefore, the CS? is used to compress the gas,
consisting of a diaphragm pump (DPy), a tank (T;) and two compressors Cq ;. The DP
has Viton seals, with a specified leaking rate of 1 x 1073 mbar Ls~!, allowing to boost
the pressure by roughly 4 bar. The compressed air supply of the institute drives the
compressors. The pressure of the compressors can be regulated by PRy . After the
gas leaves the DP, which is used as an input booster for the CS, it is directed into the
two-stage piston compressor Cy, where the gas reaches a pressure of up to 10 bar. The
gas is then stored in a 2L tank T;. DGg is employed to monitor the pressure at T} and
DGy to record the pressure at DPy. C; compresses the gas further to a pressure of up
to 200 bar. To avoid contamination of the gas, the compressors are sealed with oil-free
graphite seals. However, the microscopic gap due to the movement of the pistons inside
the cylinder might not be entirely air sealed, which can lead to gas leaks. Additionally,
the compressors must be operated at low frequencies (< 1Hz) to avoid premature wear
to friction. Because of the leak-affected compressors, a path was implemented to skip
both compressors by opening V12 and closing Vi3, "Vkipc” The gas can then be led
directly towards the HPS, depicted by the blue line in Fig. 3.6 a). One limitation is DP
since it needs 150 — 200 mbar to provide enough pressure for Cj.

YHD-tech, custom model
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3.3.3 High Pressure System

When the gas enters the HPS, it is cleaned by the particle filter Fa, followed by the
activated carbon filter F3. Opening Vg allows storing gas in a 75 cm? tank Ty. Ty serves
as a buffer to prevent the piston impacts of the compressors from being transmitted to
the gas nozzle. It is also possible to lead the gas out of the system through Vig. DGg
and AGs are monitoring the pressure at the HPS.

The GP is used to lead the gas through a pressure regulator, which allows setting
the backing pressure for the gas nozzle. It is also possible to inject the gas directly from
a gas bottle towards the nozzle.

3.3.4 Components Used
Pressure Gauges

To characterize the efficiency of the recycling system, it is crucial to read out the pressure
at various instances via pressure gauges. In view of the fact that the pressure changes
by multiple orders of magnitude throughout one cycle, four different types of pressure
gauges are used, which are listed in Table 3.1.

Here, DGg_g produce a digital signal, whereas DG7_j9 generate an output current
between 4 and 20mA, depending on the pressure. Since the latter gives out an analog
signal, the analog-to-digital converter (ADC) units need to be converted into pressure
units. For this reason, a converter box has been built. More details can be found in
[25]. This box includes four input plugs, four independent voltage sources providing the
gauges with the required voltage of 12V and a 4-channel; 4 to 20mA ADC converter
shield connected to an Arduino-Nano board.

DG7_10 use a piezo-resistive ceramic sensor. The basic concept of a piezo-resistive
sensor is to use the change in the electrical resistance of a material when stretched to
measure the pressure. Ceramic is used because it is a material with high elasticity, corro-
sion resistance, wear resistance, impact, vibration resistance and good thermal stability
characteristics. The ceramic pressure sensor mainly comprises a ceramic ring, a ceramic
diaphragm and a ceramic cover plate. The ceramic diaphragm acts as a sensitive elastic
body. A thick film process technology is used on the diaphragm to form a Wheatstone
bridge as the sensor circuit. The Wheatstone bridge is a device for measuring electrical
resistances. The bridge generates a linear output signal proportional to the pressure.

Filter

To reduce possible oil and water contamination in the system, five filters are used. In
our experiment three filter types are used, which will be introduced in the following.
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diffusion

particle motion fiber
interception particle
impaction

Figure 3.7: Working principle of a HEPA filter. The process of particle separation can be
carried out in three different ways: diffusion, interception and impaction.

e High-efficiency particulate absorbing (HEPA) filter:
HEPA filters remove particles with a diameter smaller than 1pm. They are
composed of a mat of arbitrarily arranged fibers consisting of polypropylene or
fiberglass. Fp is such a HEPA filter. The process of particle separation can be
carried out in three different ways, which are also shown in Fig. 3.7:

— Diffusion: Small particles with a size below 0.1 pm do not follow the gas flow
line and collide with the molecules around. Thus, they collide with the filter
fibers, where they keep sticking. The dynamics are comparable to Brownian
motion.

— Interception: Particles following the flow of gas cling to the fiber if they are
close enough. Particles above 0.4 pm are caught by this process.

— Impaction: Bigger particles (above 0.4 um) do not follow the gas flow because
of their inertness. Therefore, they collide with the fiber and adhere to it.

o Adsorption trap filter:
An adsorption trap filter, such as Fy, is typically filled with zeolith. This material
has pores with a diameter similar to the size of small molecules. Polar molecules
get stuck in the zeolite zones because of cations inside the material and cannot
leave the filter. Atoms, such as noble gases, are small enough to enter and exit the
filter. In addition, the filter can be cleaned and regenerated by baking it out.

o Activated carbon filter:
Activated carbon is processed in such a way that carbon develops low-volume pores.
As a result, the surface area increases, which benefits the availability of adsorption
or chemical reactions. Within this surface, contaminants can be trapped. F3 is
such an activated carbon filter.
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Residual Gas Analyzer

A residual gas analyzer (RGA) monitors low levels of residual gas, which remain in the
vacuum chamber after the pump-down. Thus, it can be employed to measure if the target
gas is being recycled as well as if there are leaks in the system.

For our RGA, the principle of quadrupole mass spectrometry is used. Figure 3.8 shows
an overview. This has the advantage of monitoring several gas-phase species in real-time.
An RGA consists of a sensor, an interface box and a controller. In the sensor, a beam of
ions is produced by electron impact ionization from a hot cathode. The extracted ion
beam is directed into a quadrupole separation system with four rod-shaped electrodes.
The cross sections of the four rods form the circles of curvature of a hyperbola so that the
surrounding electric field is approximately hyperbolic. Two opposite rods each have the
same potential, namely a direct voltage and a superimposed, high-frequency alternating
voltage. This superposition of voltages generates the electric field ¢ [51]:

2 _y2

2 ?
2rg

¢=(U+V-coswt) - (3.1)
where U is a DC voltage and V - coswt an AC voltage. The deflection from the trajectory
of electrically charged particles is only possible according to their mass-to-charge ratio
m/q because the attraction of the particles is proportional to their charge, but the
oppositely acting inertia is proportional to their mass. The mass number of the ions,
which are passing the separation system, have to fulfill the following condition [52]:

m Vv

~

M= — 3.2
q 14.438 - f2 .72 (3.2)

where V' denotes the high-frequency amplitude, 7y the radius of the quadrupole rods, ¢
the charge and f high-frequency. As a consequence of this linear dependence, a mass
spectrum with linear mass scale by simultaneous and proportional change of U and V is
obtained.

After leaving the separating system, the ions hit the ion catcher (a Faraday cup). lons
hitting the detector are neutralized by electrons from the ion catcher. As the actual
measurement signal, the corresponding electrically amplified current is displayed as "ion
current”.

Compressor

To recompress the target gas, two compressors are implemented in our system. An
overview of the working principle is shown in Fig. 3.9. Two valves inside the compressor
cylinder prevent the gas from flowing backwards. If the pressure before the compressor
Pin is larger than the pressure inside the cylinder pcy, the inlet valve Vj, opens because of
this pressure gradient. On the contrary, the outlet valve V4 closes because pci < pout,
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Figure 3.8: Working principle of a RGA. First, the electrons are emitted by a hot filament
and collide afterwards with the incoming molecules and atoms forming ions, as shown in A.
An electrostatic lens, shown in B, transports the charged particles to the quadrupole mass
filter. There, the ions are separated according to their m/q ratio, as indicated in C. Lastly,
the ions are detected by a Faraday cup, shown in D.

while the piston moves to the upper position. After the piston reaches its upper limit, the
movement reverses and the confined gas inside the cylinder compresses. This increasing
pc1 leads to closing Vi, and opening V,u. The confined gas is directed out of the
compressor and the process can be repeated. The piston movement can be regulated by
the CAS.
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Figure 3.9: Schematic overview of C;. The output pressure po, of the compressor can be
regulated by the CAS, shown in dark blue. The pressure inside the cylinder pc; is depicted
in the green shaded area. Two valves at the inlet V;, and outlet V,,; prevent the gas from
flowing backwards. If gas enters the compressor, Vot opens while Vq,; is closed and the
piston moves upwards. The piston reverses the movement after reaching the upper position,
therefore compressing the confined gas in the cylinder until the pressure inside the cylinder
pc1 matches poyt. Because of the increasing pressure inside the cylinder, Vo, opens and Vi,
closes. In this way, the gas is led out of the compressor. The leakage rates are indicated with

"q". Adapted from [24].
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4 Analysis

In this chapter, the leakage rates of the different parts of the system are quantified.
Furthermore, the efficiency of the gas recycling system is evaluated by recycling argon
and krypton.

4.1 Leakage Characterization

For characterizing the leakage rates of the system, it is crucial to know the inner volumes
as accurately as possible. A summary of the volumes for the different parts in our system
is given in Tab. 4.1. With these volumes, the leakage rates of the different parts of the
system can be calculated by

AP
Ea
where V is the volume of the closed system, AP the difference between internal and
external pressure and At the time interval. Connections based on KF!-flanges are
implemented, which have a leakage rate in the order of 1 x 102 mbar Ls~! corresponding
to a leakage rate of 1.89 x 1076 SL d ! in the LPS, which is negligible if all connections are
properly made. To measure the leakage rate of the HPS, the system is filled with helium
at a pressure of about 11 bar. In this measurement, the valves V7 99 are closed. The
pressure decrease is monitored with DGg. After six days of measurement, no significant
pressure decline could be measured. For this reason, the leakage rate of the HPS is
assumed to be negligible. Filling the GP with gas and closing the valves Va;_23 allowed us
to measure the leakage rate of the GP. Similarly, the pressure decline was not significant.
Thus, the leakage of the GP is negligible. In addition, the LPS, HPS and GP were
leak-tested with a helium leak tester?.

q=V (4.1)

The only part of our system contributing significantly to the leakage rates is the CS. In
Subsection 4.1.1, the leakage of both compressors is characterized and in Subsection 4.1.2
the leakage rate of the DPy.

4.1.1 Leakage Compressors

To evaluate the losses in the CS, helium, argon and krypton are compressed to a pressure
of about 190 bar. For this purpose, the valves Vi5_17 are opened. After the system

Klein-Flansch
2PFEIFFER VACUUM QualyTest™ Dry
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Part Volume (L]
LPS + T, 22.2

Cy cylinder capacity 0.32

T 2.04

C; cylinder capacity 0.101

To 0.075

C; outlet to V7 (except F2,3) 0.04

Fo 0.02

I3 0.101

GP 0.02

DP, 13.835-107%

Table 4.1: Estimated volumes for the different parts in the gas recycling system. Adapted
from [24].

reaches a pressure of 200 bar, V4 15 are closed. Thus, the compressed air supply of the
compressors is cut. The pressure is monitored using DGg and DGy, as shown in Figure
4.1. In a), b) and ¢), the pressure at DGy is depicted. For helium and argon, the pressure
decreases rapidly until a pressure of 158 bar is reached. This specific pressure is reached
for krypton at 149 bar. Subsequently, the pressure decrease reduces significantly.

Since the compressor position can not be fixed to one specific point, a likely explana-
tion for the rapid pressure decrease, in the beginning, could be that the compressor is
moving to the upper position, which causes gas expansion and reduces pressure in the
cylinder, shown in Fig. 3.9. The inlet valve is entirely closed on account of the pressure
gradient. However, the outlet valve is not closed completely and is, therefore, leaky.
Since the atomic size of helium is significantly smaller, by a factor of ~ 3, than argon
and krypton, the backflow rate for helium is larger than for argon and krypton. The
rapid decrease in pressure lasts until the compressor’s outlet pressure is the same as
inside the cylinder. Shortly before the outlet valve opens up completely, it becomes very
leaky, which explains the even higher leakage rate shortly before the kink. After the
valve is opened up completely, the leakage rate is dominated by the graphite sealing
at the compressor. Important to note that the first pressure drop is not an actual leak
since the gas is flowing backwards into the cylinder volume and does not escape the system.

To show that the rapid pressure drop, in the beginning, comes not from an actual
leak, the exact measurement as in Fig. 4.1 was repeated with helium one time, including
T9 and one time, excluding T by opening and closing Vg, respectively. Thus, the volume
of this closed system is increased by 75cm?. In Fig. 4.2, the results of this measurement
are shown. From the starting pressures, the pressure change due to the piston movement
can be calculated according to the ideal gas law in Eq. 2.22. The dashed line indicates
the piston position, where 100 % means that the piston was at the lowest position and
moved its complete travel range during rapid pressure drop. This pressure marks the
maximum pressure drop. As our measured maximum drop is at a piston travel range of
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Figure 4.1: Leakage rate of the CS for helium, argon and krypton. Note the different
timescales. a), b) and c) are showing the leakage rates of C;, which were monitored at the
HPS with DGy, while d), e) and f) depict the leakage rates of Cy at Ty with DGg. The
pressure in a), b) and c) drops very drastically in the beginning until a certain pressure is
reached (He: 158 bar, Ar: 158 bar, Kr: 149 bar). Adapted from [24].
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about 55 %, the rapid pressure drop can be explained through the piston movement.

e with T,
190 ———final pressure with T,
—— without T»

180 - ——— final pressure without T,
rrrrrrrr piston position, with T,
170 - piston position, without T,
< 160 -
3 DA 0 % N
g
5 150 - 56.4 %
7}
g
2140 -
v 100 %
130 A

. V 100%

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
time (h)

Figure 4.2: Rapid pressure drop comparison between different volumes for helium. In green,
T2 was included and in blue excluded. The final pressure is fitted linearly. From the starting
pressures of both measurements (with Ty and without T3), the maximal possible pressure
change due to the piston movement is calculated according to Eq. 2.22 and shown in the
dashed purple (orange) line for the measurement including (excluding) T2. The piston position
is indicated with a dashed line. Here, 100 % means that the piston is at its upper position.
The rapid pressure drop can be explained through a piston movement by 54 % (56.4 %) of
the possible travel range.

Figure 4.1 a), b) and c) yield the leakage rate for C;. Since the first rapid decrease in pres-
sure is not an actual leak, the linear decrease after the kink is the characterizing leakage
rate for Cy. For helium, argon and krypton, this rate is ge, 1 = 6.1 x 10 2mbarLs !,
qAr, c1 = 7.3 X 103 mbarLs™! and gkr, c1 = 1.4 X 1073 mbar Ls™!, respectively. On the
contrary, Fig. 4.1 d), e) and f) give the leakage rate for Cy. The leakage rates for helium,
argon and krypton are gpe, co = 5.1 X 10"*mbarLs™!, GAr, co = 5.5 X 104 mbar Ls™!
and gk, co = 4.6 x 10" mbar Ls~!, respectively.

To characterize the recycling performance for argon and krypton at 55 bar, the measure-
ment was repeated for both gases at this specific pressure. For argon, the leakage at C; is
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4.1. Leakage Characterization

Part Gas species Leakage rate at 200 bar (mbarLs~!) Leakage rate at 55 (mbarLs ')

Cp He 5.1x 1071 not measured (yet)
Co Ar 5.5x 1071 2.2x 1071
Co Kr 4.6 x 1071 1.3x 101
Cy He 6.1 x 1072 not measured (yet)
Ci Ar 7.3x107? 9.3 x107?
Cy Kr 1.4x 1073 3.5x1073

Table 4.2: Summary of the leakage rates of Cy; for different pressures and gas species.

gAr, C1, 55bar = 9.3 X 103 mbar Ls~! and for krypton QKr, C1, 55bar = 3.9 X 10 3 mbarLs 1.
For Cy the leakage is given by gar, co, 55bar = 2.2 X 10~*mbarLs~! and GKr, C0, 55bar =
1.3 x 10~*mbar Ls~!. Important to note is that the pressure at DGg was set to 5.8 bar
for the argon measurement and krypton at 7.8 bar. These pressures are also applied in
the gas recycling measurements in Subsection 4.3.1 and 4.3.2. A summary of the leakage
rates for the compressors at different pressures and gas species is shown in Tab. 4.2.

In Fig. 4.1, pressure fluctuations can be seen. For this reason, a temperature measurement
was performed simultaneously. Figure 4.3 shows a close-up of Fig. 4.1 ¢) from the point
on where the pressure drops slowly. At DGg, the temperature was measured by a sensor?
glued to the pipe. In Fig. 4.3 a), the temperature is shown. The peaks in pressure,
shown in Fig. 4.3 b), correspond to the peaks in temperature. To show that the pressure
fluctuation corresponds to temperature fluctuation, the pressure can be temperature
corrected using the ideal gas law 2.22. For high-pressure gases (>> 1 bar), the real gas
model should be applied. Since it made no significant difference in the correction of
pressure fluctuations, the ideal gas law was used for simplicity. Assuming that we have a
constant volume V and number of particles N, yields the following expression

Pcorrected = Pmeasured - (-T : (Tmeasured - Tmean)), (4-2)

where Tiean is the averaged temperature over the course of the measurement and
x = 0.95517bar°C~! is a correction factor. Figure 4.3 ¢) shows the corrected pressure,
using Eq. 4.2. The correction factor was determined by fitting these pressure values with
a linear fit and minimizing the standard deviation between the corrected pressure and
the linear fit.

4.1.2 Leakage Diaphragm Pump

Another vital part of the CS is DPy. Characterizing the leakage of DPg allows us to
quantify the losses. For this reason, a setup for measuring the leakage rate was built,
shown in Fig. 4.4. It consists of DPy, a DG and a vacuum pump (VP). The inlet of
DPy is sealed with a blind plug. The outlet of DPg is pumped by a VP. With a helium
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Figure 4.3: Leakage measurement of the CS, shown in b), with a simultaneous temperature
measurement, shown in a). The fluctuations in pressure correspond to temperature fluctuations.
In c), the pressure is corrected by these temperature fluctuations according to Eq. 4.2.
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4.1. Leakage Characterization

DG
DP, VP

Figure 4.4: Setup for the leakage rate measurement of DPg. The outlet of DPy is pumped
through a vacuum pump (VP). A digital pressure gauge (DG) monitors the pressure.

leak tester! we made sure that there is no leak between DPy and VP. After the pressure
at DG shows a value < 1 mbar, the valve in front of the VP is closed such that the VP
is not pumping DP( anymore. The DG monitors the pressure increase in air, leaking
through DPy. The measurement was performed one time by switching DPy off and
starting the measurement and one time by switching it on and starting the measurement,
shown in green in Fig. 4.5. The leakage rate for both states can be determined with
the help of a linear fit. Hereby, only the range around 150 mbar was fitted, because
150 mbar is the specified final pressure for DPg. For the off-switched DPy, the leakage rate
is gof = 1.83x 10~ 2 mbar Ls~! and for the on-switched DPy, gon = 1.69 x 10~2 mbar Ls ™.

To improve the leakage rate, every sealing was covered with vacuum-compatible sil-
icon grease®. The exact measurement was repeated with this improved DPy. The results
are shown in blue in Fig. 4.5. The leakage rate for the off-switched state is qoff, improved =
1.45x 10~ 2 mbar L's~! and for the on-switched state on, improved = 1.01 X 10 2mbarLs™ 1.
The improved version in the on-switched state is, therefore better with a factor of 1.7
and for the off-switched state, 1.3. A summary of the measured leakage rates is shown in
Tab. 4.3.

State Mode Leakage rate (mbarLs 1)
On  Without silicon grease 1.69 x 102
Off  Without silicon grease 1.83 x 1072
On With silicon grease 1.01 x 1072
Off With silicon grease 1.45 x 1072

Table 4.3: Summary of the leakage rates of DPy.

"PFEIFFER VACUUM QualyTest™ Dry
SDOW CORNING high vacuum grease
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Figure 4.5: Leakage rate of DP( with and without silicon grease. The leakage rate for DP
is shown in green. Sealing DP( with silicon grease and rubber improves the leakage rate,
which is shown in blue. The rates were measured for the off-switched state, dashed line, and
on-switched state, continuous line. A slower pressure rise indicates a reduced leakage rate.

4.2 Nozzle Consumption

An essential parameter for the characterization of the total gas recycling efficiency is the
nozzle consumption, which describes the amount of gas that flows through the nozzle in
a certain time interval. The nozzle consumption varies greatly, depending on different
factors such as the diameter of the nozzle, the gas species and the gas pressure. The
larger the diameter, the greater the consumption. Another factor is the pressure at which
the nozzle is operated. This so-called backing pressure can be regulated through PRs.
The higher the backing pressure, the greater the nozzle consumption. These factors are
further investigated in Subsections 4.2.1 and 4.2.2.

38



4.2. Nozzle Consumption

4.2.1 Consumption for various Nozzle Sizes

To compare the nozzle consumption for three different nozzle diameters, the different
nozzles are introduced in the following. The first nozzle, "nozzle 1”7, had visible black
spots on the surface, presumably caused by the high intensity of the laser. With a
microscope ®, nozzle 1 was further investigated. The results are shown in Fig. 4.6. Three
main observations can be drawn from this. One, the black spots, which were also visible
to the eye can also be seen on a microscope scale, see Fig. 4.6 b). Two, the diameter of
nozzle 1 is approximately d; = 28 pm, see Fig. 4.6 ¢). Three, light from a source placed
below the nozzle cannot pass through the aperture without interference. These findings
suggest that the gas flow is unintentionally affected.

(a) Side view. (b) Side view. (c) Top view.

Figure 4.6: Microscope pictures of nozzle 1. a) shows the side profile. In b) a close-up of a)
is shown, where the black spots are visible. c) depicts the top view of nozzle 1. From c), the
diameter could be determined to approximately d; = 28 pm.

Because nozzle 1 seems unsuitable for further use, two other nozzles were investigated
under the microscope. The so-called "nozzle 2” is depicted in Fig. 4.7. With the
microscope, it was possible to determine the diameter of the nozzle to do = 40 pm.
Nozzle 2 is now implemented in our gas recycling system and used in the gas recycling
measurements in Section 4.3.

SKEYENCE VHX-7000
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0.040 mm

(a) Top view. (b) Top view. (c) Top view.

Figure 4.7: Microscope pictures of nozzle 2. In a) nozzle is shown from the top. The nozzle is
glued in an aluminum mount. The inner diameter of nozzle two is approximately do = 40 pm
(b)). In c) inner and outer diameters of nozzle 2 can be seen.

The third nozzle, "nozzle 3”, is shown in Fig. 4.8. On a micrometer scale, it was possible
to see that nozzle 3 has a broken tip, see Fig. 4.8a),b). The diameter of nozzle 3 is
approximately d3 = 100 pm. With a broken tip, it is unclear how gas flows into the
differential pump system. It would be possible that the gas is divergent and is not
entering the first stage correctly. Therefore, nozzle 3 was not implemented for the gas
recycling measurements in Section 4.3.

0.092 mm

(a) Side view. (b) Side view. (c¢) Top view.

Figure 4.8: Microscope pictures of nozzle 3. In a), nozzle 3 is shown from the side. At the
tip of the nozzle, a part is broken off. This can be seen in a close-up in b). In c), the inner
and outer diameter of nozzle 3 is shown.

The nozzle consumption was measured to compare the performances of the three different
nozzle sizes. For this purpose, T was filled with argon to 100 bar. This can be achieved
by opening the valves V1o 11,13,16-18,20. After Ty is filled up, Vi7 is closed again and valve
Va3 towards the gas nozzle is opened. Therefore, the nozzle consumes a defined volume of
Ty and one meter of a 1/8” tube. With PR3, the backing pressure is regulated to 20 bar.
Due to this constant output rate, the flow rate remains the same. Therefore, a linear
decrease at Ty is expected as long as the pressure at Ty remains significantly higher than
at the nozzle. The nozzle consumption was measured for the three different nozzle sizes
at 20 bar backing pressure. The result is shown in Fig. 4.2.1. The consumption of nozzle
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4.2. Nozzle Consumption

1 to 3 are quc, 1 = 2.46mbarLs ™!, gy, 2 = 2.50mbar Ls ™! and gy, 3 = 64.29 mbar Ls ™!,
respectively. As expected, qnc, 1 < Qyc, 2 < Ay, 3-
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Figure 4.9: Nozzle consumption for three different nozzle sizes at a backing pressure of 20 bar.
In a), nozzle 1 consumption with a diameter of d; = 28 ym. In b), the nozzle 2 consumption
is shown with a diameter of d2 = 40 pm. In c), nozzle 3 with a diameter of 100 pm was used.
Note the different timescale in c).

4.2.2 Consumption for different Gases

The nozzle consumption was measured again at a backing pressure of 10 bar, which is
the pressure used in the gas recycling measurements in Section 4.3. This time, the nozzle
consumption of nozzle 2 was measured for argon and krypton, as shown in Fig. 4.10.
The nozzle consumption for argon hereby is qnc, ar = 1.48 mbar Ls~! and for krypton
Une, kr = 0.89 mbar Ls~!. This means that the nozzle consumption for krypton is lower
than for argon. The molecular weight of gas seems to be the decisive factor for a different
gas consumption since all other quantities in the measurement such as temperature and
backing pressure are assumed to be equal. As argon is ~ 2 times lighter than krypton,
less energy by a factor of ~ 1.5 is required to accelerate it to the same gas velocity, see
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Eq. 2.18. This means that less gas would need to be supplied through the nozzle per unit
of time to achieve the same mass flow rate as krypton. Therefore, the nozzle consumption
for argon is lower by a factor of 1.66 than for krypton, which is close to the gas velocity
factor. A summary of the different nozzle consumption measurements is shown in Tab.
4.4.
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Figure 4.10: Nozzle 2 consumption for argon and krypton at a backing pressure of 10 bar. In
a) Tz was filled with argon. In b) Ty was filled with krypton. Note the different timescales.
The nozzle consumption for argon is higher by a factor of ~ 1.66 than for krypton.

Nozzle Size (nm) Gas species Backing pressure (bar) Consumption (mbarLs™ 1)

1 28 Argon 20 2.46
2 40 Argon 20 2.50
3 100 Argon 20 64.29
2 40 Argon 10 1.48
2 40 Krypton 10 0.89

Table 4.4: Summary of the nozzle consumption measurements for different gas species, nozzle
sizes and backing pressures.
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4.3 Gas Recycling

To assess the recycling efficiency of the system, gas recycling measurements were per-
formed over several days. Due to costs and availability, argon and krypton were used in
these measurements. To remove the gas from previous use, the system needs to be flushed
and pumped with the target before starting gas recycling measurements to decrease air
and water contamination.

After cleaning the system, it is filled with gas by opening Vi 11,13-18.20,21,23- The
gas is compressed in the CS by regulating the CAS with PR; and PRy. The gas recycling
measurements for argon and krypton were carried out with a backing pressure of 10 bar.
This pressure was set through PR3 and monitoring the pressure at DGyg. The backing
pressure was limited due to the use of the mass spectrometer, which requires a vacuum
environment below 1 x 10~° mbar. The pressure at T was set to about 8 bar. Figure
4.11 shows an overview of how the valves are set in the following measurements. The
red line indicates the gas flow. Because DGg was not working correctly, especially for
low pressures, AGs was used to monitor the pressure at the LPS. For this purpose, a
camera imaged the gauge and with software, the images were converted to pressure values.

The recycling efficiency was investigated for two gas species and two different pres-
sures at the CS outlet. Subsection 4.3.1 discusses the recycling rate for argon at a
pressure of 55 bar and Subsection 4.3.2 examines the same measurement for krypton. In
Subsection 4.3.3, argon is recycled at a pressure of 100 bar. Additionally, a recycling
comparison with all TMPs and only using the differential pumping system is discussed.

4.3.1 Recycling Argon at 55 bar

For a first measurement, argon was recycled and the output pressure of the CS was set
to ~ 55 bar. The recycling performance is shown in Fig. 4.12. The CS outlet and the
backing pressure at the nozzle are staying constant over time, as shown in Fig. 4.12
b). However, the pressure at the LPS declines over time, Fig. 4.12 a). This decline
was fitted linearly since the LPS is supplied with a constant nozzle backing pressure.
The fit yields a leakage rate of 3.7 x 1072 mbar Ls~!, corresponding to a consumption of
3.15SLd L. This indicates that the system needs to be refilled every three days with
~ 9SL of gas to ensure a continuous gas supply. Because the nozzle consumption at
10 bar backing pressure is ~ 130SLd ™!, a recycling rate of ~ 98 % is achieved. In Fig.
4.12 c¢), the partial pressures inside the main chamber are shown. Water contamination
is very low, in the order of 10~ mbar, since F; filters water out of the system. The
partial pressure of argon stays constant at the order of 10~° mbar over time. At the end
of the measurement, the nitrogen level concentration in the chamber rises slightly. This
could be due to a small leak in the system over time due to the vibration of pumps. The
number of hydrocarbons C, Hy,, 9 stays constant throughout the measurement.
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Figure 4.11: Gas flow chart used for the measurements in Fig. 4.12 and Fig. 4.13, where all
TMPs are recycling the gas. The gas flow in these measurements is indicated in red. Bars in
valves denote closed valves. Valves with no bars are opened.
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Figure 4.12: Recycling argon at ~ 55 bar with a backing pressure of ~ 10 bar. The system
empties after about five days. In a), the pressure at the LPS is shown. A linear fit yields the
leakage rate of the total gas recycling system. The pressure at HPS (blue) and GP (green)
stays constant, shown in b). In c), the residual gas partial pressures in the MC are shown.
The contamination level stays low. Nitrogen is rising slightly at the end of the measurement,
indicating that air slowly leaks into the system.

4.3.2 Recycling Krypton at 55 bar

The exact measurement as in Subsection 4.3.1 was performed for krypton again. The
result is shown in Fig. 4.13. The leakage rate of the system is shown in Fig. 4.13 a) and
consists of two regimes i) time < 29 hours and ii) time > 29 hours. Linear fits yield leakage
rates of 8.0 x 102 mbar Ls ! and 2.0 x 10"2 mbar Ls™! corresponding to a consumption
of 6.82SLd ! and 1.71 SL.d ! for the first and second regime, respectively. With a nozzle
consumption of ~ 76 SLd~! this yields a recycling rate of ~ 91 % and ~ 98 % for regime
i) and ii), respectively. Similar regimes were found at DG7 and the compressor frequency
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of Cyp, see Fig. 4.14. The compressor beat frequency is shown in blue and the decreasing
pressure at the LPS in orange. In regime i), the compressor beat frequency is about 3.6
beats per hour. This low beat frequency causes gas and therefore pressure, to build up
between the LPS and the compressor. If the compressor beats, the pressure at the LPS
decreases rapidly and subsequently increases again due to the pressure build-up. This
explains the comparably strong pressure oscillations at the beginning of the measurement.
Nonetheless, an explanation for the rapid pressure decrease in the beginning is unclear and
needs to be further investigated. Figure 4.14 shows the dependency of the compressor beat
frequency on the pressure decrease at the LPS, which was measured simultaneously with
the measurement in Fig. 4.3.2. The beat frequency correlates directly with the pressure
value. The higher the pressure, the lower the compressor beat frequency, which is shown
in the two close-ups of the pressure. The minima correspond to one compressor beat. For
pressures under 150 mbar, the compressor beat frequency increases significantly. Due to
the compressor wear at such high frequencies, it is not possible to operate the gas recycling
system at a pressure below 150 mbar at the LPS. That is why the gas recycling mea-
surements were stopped at the time, where the LPS reached a pressure of about 150 mbar.

Figure 4.13 b) shows that the CS outlet is roughly staying constant while the backing
pressure decreases over time. As the CS outlet pressure is staying constant, a likely
explanation for the decreasing backing pressure is that PR3 is not reliable for long-term
operation. In Fig. 4.13 c), the partial pressure of krypton is decreasing due to the
decreasing backing pressure in b). Another observation is the increase of nitrogen by 46 %
and oxygen concentration in the chamber. Air seems to be coming into the system. One
possibility is that KF-connections slowly loosened over the course of the measurement
series (first, argon at 100 bar was measured (23|, then argon at 55 bar and finally, krypton
at 55 bar without tightening the connections). The water and hydrocarbon contamination
stays constant at the order of 1 x 107'® mbar and 1 x 10~ mbar, respectively.
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Figure 4.13: Recycling krypton at approximately 55 bar with a backing pressure of 10 bar.
The measurement lasted for a bit more than nine days. The pressure at LPS drops linearly,
shown in a), yielding the leaking rate of the system. In b), the pressure at the HPS (blue) and
GP (green) is shown. The backing pressure is decreasing over time. In c), the residual gases
in the MC are depicted. The amount of krypton decreases slowly over time, which could be
due to the decreasing nozzle backing pressure. Nitrogen and oxygen are rising significantly,
indicating a leak.
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Figure 4.14: Compressor beat frequency dependence on the pressure decrease at the LPS.
The higher the pressure, shown in orange, the lower the compressor beat frequency, shown in
blue. The black dashed line indicates the boundary, where another Gaussian filter was used
for the compressor beat frequency analysis.

4.3.3 Recycling Argon at 100 bar

It is also possible to recycle the target gas with the differential pumping system only,
excluding the exhaust of the MC, by closing valve V and opening Vs. This set of valves
was employed from the beginning of the measurement until ~ 160 h, as indicated by the
grey dashed line in Fig. 4.15. After the grey line, the valves were set as in the previous
measurements, recycling with all TMPs. While generating HH, ozone is injected into
the MC and TMPy is flushed with nitrogen. Since we aim to recycle only the target gas,
switching between these two recycling modes is beneficial. No significant difference in the
leaking rates between the full recycling mode and the differential pumping mode can be
determined, which is due to the significantly lower gas volume by a factor of ~ 1000 in
TMPy. As the main loss in our system is the CS, higher pressures lead to an increased
leakage rate. The system had to be refilled, as indicated with "R”, approximately every
two days with 14 SL of argon to guarantee a continuous flow of gas. To refill the system,
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the valves Vg 1y are closed and Vg 19 are opened. After the LPS reaches a pressure
near 1 bar, Vi is closed again and V; is opened to ensure that the gas is not flowing
backwards. After the pressure values, monitored at AGy and AG; are similar, the system
can be refilled again, until a pressure of 1bar is reached at AG;. Fitting the linear
decrease at the LPS in Fig. 4.15 a), yields a leaking rate of ~ 7.9 x 102 mbarLs ™!,
which corresponds to a loss of ~ 6.8 SL.d~!. Since different end pressures are present at
the LPS, the linear fits are not comparable to one another. With a nozzle consumption
of ~ 130SLd !, this signifies a recycling rate of ~ 95%. Figure 4.15 b), shows that
the CS outlet pressure decreases slowly over time as well as the backing pressure at the
nozzle. With a decrease in the backing pressure, the argon partial pressure decreases
as well, as shown in Fig. 4.15 ¢). The partial pressures of hydrocarbons, nitrogen and
oxygen are roughly staying constant. The water contamination, which was high in the
beginning because the measurement was started approximately three hours after the
MC was closed after construction work, reduces significantly in the two first days of the
measurement, indicating that the adsorption trap filter in the system works well. To
quantify this further, 60 h after the beginning of the measurement, the filter approaches
the asymptotic limit. With 50 SL of gas in the system and a consumption of 130 SLd~!,
this corresponds to 6.5 filter runs until the filter is at its limit and water contamination
in the order of 1 x 10~ '% mbar is present. The reason for the high water contamination
at the beginning of the measurement was the chamber opening four hours before starting
the recycling measurement. A summary of the different gas recycling measurements is
given in Tab. 4.5.

Gas species  CS outlet pressure (bar) Leakage rate (mbarLs~') Recycling rate (%)

Argon 55 3.7x1072 98
Krypton 55 2.0 x 1072 98
Argon 105 7.9x 1072 95

Table 4.5: Summary of the different gas recycling measurements.

49



Chapter 4. Analysis

a) T x  AG, data

1.2 4 : ~——— 8.8E-2 mbarlL/s

: ~—— 7.7E-2 mbarL/s

1.0 R R R & ~— 7.5E-2 mbarL/s

H ‘ ' = 7.7E-2 mbarlL/s
S 0381 §
o ) {
2 i
§ oo :
=3 1
]
0.4 1 :
]
0.2 '

b) 10.6 -
© DG, data =
S 1051 104 2
[ <
3 =
wn w
] )
Y 100 | v
Q o

c)

—~ 107° 4
o
o
g 1076 4
g
a 1077 5
g
e 1078
S
S 1079 -
[=8

10-]0 4

time (h)

Figure 4.15: Recycling argon with approximately 105 bar. The backing pressure for the nozzle
was set to 10 bar. In a), the pressure at the LPS is shown. The system was refilled, as
indicated with "R", every two days to ensure a continuous operation with ~ 20 SL of argon.
In b), the pressure at the HPS (in blue) and gas nozzle (in green) is shown. They decrease
over time. c) The argon partial pressure decreases as well since the backing pressure decreases.
The water contamination in the system reduces significantly, because of the employed filters.
The amount of hydrocarbons, nitrogen and oxygen is roughly staying constant. Two recycling
modes were applied in this measurement. First, recycling with TMP,_3, and after 160 h, as
indicated by the grey dashed line, recycling with all TMPs. Adapted from [24].
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5 Conclusion and Outlook

A closed-loop noble gas recycling system was commissioned to ensure continuous opera-
tion for high repetition rate HHG, enabling long spectroscopy measurements within the
XUV region in the order of weeks. The target gas is injected close to the laser focus by a
40 pm nozzle and caught by a differential pumping system, avoiding multiple interactions
of a single atom of the target gas with the laser pulses. The gas is cleaned by several
filters, compressed up to a pressure of 200 bar and then injected back into the vacuum
chamber.

Characterization of the leakage in the closed-loop system showed that the main leak
comes from the compressor station, where the leakage rate of its compressor components
was further investigated. Sealing the diaphragm pump with silicon grease and rubber
improved the incoming air leakage from 1.69 x 10~2 mbarLs ! to 1.01 x 10 2 mbarLs .
A new diaphragm pump with a specified helium leakage rate of 6 x 1079 mbar Ls~! will
be installed soon. This will probably improve the gas recycling efficiency significantly
since the compressors, which are the major loss source, can be skipped if the gas needs
to be recompressed to a few bar only.

The amount of gas that flows through the nozzle over a time period is a crucial parameter
to describe the gas recycling rate. The nozzle consumption was measured for three
different nozzle diameters and different backing pressures. For a backing pressure of
10 bar and argon as a target gas, this measurement yielded a consumption of about 130 SL
per day. Using krypton as a target gas, the 40 pm diameter nozzle consumed about 80 SL
per day.

With a recycling rate of ~ 98 % and at a compression up to 55 bar, the measurement ran
continuously without refill for nine days (five days) for krypton (argon). Recycling argon
with a pressure of ~ 100 bar increased the leakage rate slightly and required filling the
system every two days with ~ 20 SL of gas. The nozzle backing pressure was set to 10 bar.
The water contamination stayed below 2 x 10~ mbar throughout the measurement, while
nitrogen and oxygen increased, probably because of a leak. This system efficiently saves
more than 127 SL of argon per day. Recycling krypton saves 74 SL per day. This recycling
rate allows for saving costs of several thousand euros per day using xenon as a target gas.
It was shown that the system can run in two recycling modes: recycling the gas with all
turbomolecular pumps and recycling the gas with the differential pumping system only.
The system runs in continuous closed-loop operation. Depending on the pressure set at
the compressor station outlet, it requires filling the noble gas recycling system with a
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defined amount of gas every two to nine days.

The nozzle backing pressure was limited by using the mass spectrometer, which re-
quires operation in a vacuum environment below 10~°mbar. Since the injection of
gas deteriorates the vacuum conditions, the backing pressure set in the gas recycling
measurements was limited to ~ 10 bar. However, the nozzle can be operated at higher
backing pressure (> 10 bar) without using the mass spectrometer to ensure continuous
phase-matched XUV frequency comb operation.

To test the closed-loop noble gas recycling system even further, the efficiency of XUV
light generation together with the gas recycling system will be probed. As ozone is
injected into the chamber to prevent the mirrors from degradation, it is interesting how
this injection affects the gas recycling performance and will be tested soon.
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Acronyms

ADC analog-to-digital converter. 26

ADK Ammosov-Delone-Krainov. 11

AG analog pressure gauge. 23

C compressor. 23

CAS compressed air supply. 23, 29, 30, 43

CM curved mirror. 18, 20, 21

CryPTex-SC superconduction Paul trap. 1, 2, 20

CS compressor station. 22, 23, 25, 31, 33, 35, 36, 43, 46,
48, 49

DG digital pressure gauge. 23, 35, 37

DP diaphragm pump. 23, 25

EBIT electron beam ion trap. 1

F filter. 23

FP fore-vacuum pump. 23

FPM piezo-driven flat cavity mirror. 18, 20

FR flow regulator. 21

fsEC femtosecond enhancement cavity. 17-21

FWHM full-width at half-maximum. 10

GM grating mirror. 18-21

GP gas panel. 19, 23, 26, 31, 45, 47

HCI highly charged ion. 1, 2, 5

HEPA high-efficiency particulate absorbing. 27

HH high harmonics. 1, 5, 6, 17-22, 48

HHG high harmonic generation. 1, 2, 5-10, 19, 20, 22, 25,
51

HPS high-pressure system. 22, 23, 25, 26, 31, 33, 45, 47,
50

IC input coupler. 18, 20, 21

IR infrared. 5

LPS low-pressure system. 22, 23, 25, 31, 43, 45-50

MC main chamber. 20, 21, 23, 25, 45, 47-49

NIR near-infrared. 1, 2, 18

NV needle valve. 21

(0]@; ozone catalyst. 21

PO pressure outlet. 23



Acronyms
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PR
RGA
SL

T
T™MP
UHV
Uuv

VP
XUV

pressure regulator. 23

residual gas analyzer. 23, 28, 29

standard liter. 14

storage/buffer tank. 23

turbomolecular pump. 17, 20, 23, 43, 44, 48
ultra-high vacuum. 20

ultraviolet. 5

valve. 23

vacuum pump. 35, 37

extreme ultraviolet. 1, 2, 5, 10, 19, 20, 51, 52
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