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1. Introduction

Plasma is widely studied in various fields of research. 
However, plasma induced by EUV radiation, which is a 
unique kind of plasma since it is created without the need of 
any discharge, is scarcely investigated. These EUV-induced 
plasmas in hydrogen gas, in the context of EUV lithography, 
are the topic of this paper.

In the current generation lithography tools EUV radiation at 
13.5 nm is used instead of UV radiation at 193 nm. Due to the 
absorption of high energetic EUV photons by the background 
gas (0.1–30 Pa) in the scanner and subsequent photoioniz-
ation of it, plasma is created everywhere the beam travels. The 
induced plasma is referred to as EUV-induced plasma. The 
long term impact of such a plasma on the highly delicate and 
expensive optics, such as the multilayer mirrors or the reticle, 
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Abstract
Plasmas induced by EUV radiation are unique since they are created without the need of any 
discharge. Moreover, it is essential to characterize these plasmas to understand and predict 
their long term impact on highly delicate optics in EUV lithography tools. In this paper we 
study plasmas induced by 13.5 nm EUV radiation in hydrogen gas. The electron density is 
measured temporally resolved using a non-invasive technique known as microwave cavity 
resonance spectroscopy. The influence of the EUV pulse energy and gas pressure on the 
temporal evolution of the electron density has been explored over a parameter range relevant 
for industry.

Our experimental results show that the maximum electron density is in the order of  
1014 m−3 and depends linearly on the EUV pulse energy. Furthermore, the maximum electron 
density depends quadratically on the pressure; the linear term is caused by photoionization 
and the quadratic term by subsequent electron impact ionization. The decay of the plasma 
is governed by ambipolar diffusion and, hence, becomes slower at elevated pressures. 
Similarities and differences of the same processes in argon are highlighted in this paper.
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in lithography tools is of main interest for the semiconductor 
industry [1]. In order to control and understand this impact, 
fundamental knowledge of EUV-induced plasma is essential.

Outside EUV lithography, EUV-induced plasma is also 
studied in the context of astrophysics. Bartnik et al studied the 
spectrally resolved optical emission of EUV-induced plasmas 
in helium and neon in the context of plasma formation in 
space [2–5].

Recently, Dolgov et al presented an experimental set-up 
to study EUV-induced processes (e.g. carbon cleaning and 
ion sputtering) on multilayer mirrors [6]. In order to char-
acterize EUV-induced plasma, these authors used Langmuir 
probes. Previously, Van der Velden et al [1, 7] studied the 
fundamental properties of EUV-induced plasma and its effect 
on the optical elements using numerical calculations. These 
authors also performed experiments to determine the electron 
density and the electron temperature using Langmuir probes. 
However, it was concluded in this study that Langmuir probes 
were not feasible to determine these parameters. Recently, we 
reported for the first time non-intrusive measurements of the 
electron density in an EUV-induced plasma in argon using a 
method known as microwave cavity resonance spectroscopy 
[8]. Moreover, in [9] we explored the influence of gas pres-
sure and EUV pulse energy on the temporal evolution of the 
electron density in EUV-induced plasma in argon gas. While 
previously EUV lithography tools operated in low pressure 
argon gas, modern tools operate in low pressure hydrogen gas. 
Meaning that studying EUV-induced plasmas in hydrogen gas 
is the first step in understanding its impact on real tools. The 
current manuscript is part of a duo paper. In this part we focus 
on the experimental characterization of EUV-induced plasmas 
in hydrogen, while the second part focuses on modelling 
EUV-induced plasma in argon and hydrogen (see part II of 
this paper). The obtained experimental results are a first step 
to understanding EUV-induced plasmas in an applicational 
relevant configuration (similar gas and pressure). The knowl-
edge previously obtained from experiments in argon [9] are 
used to interpret the experiments in hydrogen.

The goal of the research is to answer the following ques-
tions: How does the electron density in an EUV-induced 

hydrogen plasma depend on the gas pressure and EUV pulse 
energy? And how do these observations relate to experiments 
previously performed in argon?

2. Experimental set-up

The experimental set-up (see figure  1(a)) consists of three 
chambers, the source chamber, the collector chamber and the 
measurement chamber. Experimental details will be discussed 
below.

2.1. EUV source

The used xenon-based discharge produced plasma EUV 
source [10] is located in the source chamber. This source pro-
duces pulsed EUV radiation with a pulse duration of about  
150 ns and a repetition rate of 500 Hz. The radiation is col-
lected by the collector, which is a set of water-cooled rotation-
ally symmetric multi-shell grazing incidence mirrors, located in 
the collector chamber. These mirrors focus the radiation from 
the EUV source (first focal point) to the so-called intermediate 
focus (IF) in the measurement chamber. The EUV beam has 
a waist, which is measured with EUV sensitive foil, of 4 mm 
and a divergence of 10° in IF. The collector and measurement 
chamber are differentially pumped with an aperture of 4 mm; 
when the source is in operation the pressure in the collector 
chamber is 0.1 Pa, while the base pressure in the measurement 
chamber is 10−4 Pa. An SPF (spectral purity filter), which trans-
mits between 10–20 nm, is placed in front of the aperture.

2.2. Measurement chamber

The measurement chamber contains all diagnostics. The main 
diagnostic used was microwave cavity resonance spectr-
oscopy (MCRS) to measure the electron density. In order to 
determine the EUV power, a temperature sensor was installed 
(as already discussed in [9]). Furthermore, the temporal shape 
of the EUV pulse was determined from the secondary electron 
emission from a copper disk.

Figure 1. (a) Schematic drawing of the experimental set-up. A xenon-pinch discharge generates the EUV radiation. This radiation is 
focused by the collector in the intermediate focus (IF). The cavity is placed in IF. The hydrogen pressure in the measurement vessel is 
controlled by a needle valve [9]. (b) Drawing of the microwave cavity with an indication of the EUV beam [8].

J. Phys. D: Appl. Phys. 49 (2016) 145203



R M van der Horst et al

3

The spectrally integrated EUV power was determined 
with a temperature sensor. Since this method is extensively 
discussed in [9], we only discuss the key concepts here. 
The sensor consists of a copper disk (diameter of 25.4 mm 
and thickness of 1 mm) and a temperature transducer with a 
repeatability of  ±1°. If the sensor is exposed to EUV radia-
tion, its temperature will increase. After the exposure, the 
sensors cools down to room temperature. The heat loss coef-
ficients are determined during the cooling phase. Using these 
loss coefficients, the EUV power can be determined from the 
temperature increase during exposure. The error in the power 
measurements is estimated at 5% [9].

In order to measure the temporal shape of the EUV pulse, 
the temperature sensor is replaced by a copper disk which is 
connected to ground via a 50 Ω-resistor. An oscilloscope is 
used to measure the time resolved voltage over the resistor. The 
EUV radiation induces a current due to the photoelectric effect, 
which depends linearly on the intensity of incident radiation 
[11]. Hence, the temporal shape of the EUV pulse is repre-
sented by the temporal evolution of the voltage over the resistor.

2.3. MCRS set-up

The electron density is measured with a non-intrusive method 
known as microwave cavity resonance spectroscopy (MCRS). 
The method has already been extensively applied to study 
various types of plasmas in other publications [8, 9, 12–17]. 
Since MCRS is described in detail in these publications, we 
suffice with a brief summary here. In MCRS measurements 
the resonant frequency of a (cylindrical) resonant cavity, 
which depends o.a. on the electron density in the cavity, is 
monitored. The electron density can be calculated from the 
shift ω∆  in the resonant frequency [9]:

n
m

e

2
e

e 0
2

2

0
¯ ε ω

ω
ω= ∆ (1)

with me the electron mass, e the elementary charge and 0ω  and 
ω the resonant frequencies without and with plasma, respec-
tively. It should be noted that MCRS gives the average elec-
tron density weighted by the square of the local electric field 
of the excited resonant mode E r( )

→ →  [9]:

n
n r E r r

E r r

d

d
.e

cavity e
2

cavity
2

¯
( ) ( )

( )

∫

∫
=

→ → →

→ → (2)

The aluminium microwave cavity, which has an inner 
radius of 33 mm and an inner height of 20 mm, is positioned 
around the intermediate focus. In order for the EUV beam 
to pass through the cavity, holes of 13 mm are drilled in the 
top and bottom plates. Inside the cavity, two copper antennas 
are mounted to the side walls opposite to each other; these 
antennas are not subject to EUV irradiation. One of the 
antennas is connected to a microwave generator (Stanford 
Research Systems SG386) to excite the TM010-mode at 
3.496 74 0.000 04±  GHz. The other antenna is connected to a 
microwave detector (Hittite HMC602LP4), which has a time 
resolution of 10 ns. The output of the detector is recorded by 
a transient recorder (Spectrum M3i.4121-exp). The resonant 

frequency is determined by sweeping the frequency of the 
microwave generator over a predefined range and measuring 
the response of the detector using the transient recorder.  
At every point in time, the response is fitted as a function of the 
frequency with a (two component) Fourier series. The meas-
urements are performed with in-house developed software.  
In [8] it was shown that the time resolution of the MCRS 
set-up is 17 ns and that the error in the square-electric-field-
weighted average electron density is less than 30% with a 
detection limit of 2 1012×  m−3.

3. Results

3.1. Gas pressure

The square-electric-field-weighted average electron density 
(ne¯ ) is measured as a function of time for various hydrogen 
pressures in the range from 0.5 to 15 Pa. Figures 2 and 3 show 
the results for an EUV pulse energy of 44 μJ on short and long 
time scales respectively in order to show both the relatively 
fast increase of the electron density and the slower decay. 
These results show that ne¯  increases with pressure above 1 Pa, 
while below 1 Pa the electron density appears to be indepen-
dent of pressure. The maximum ne¯  is reached almost immedi-
ately after the EUV pulse. Furthermore, the results show that 
the decay time increases if the pressure increases. The signal-
to-noise ratio becomes very small below 1013 m−3, since the 
detection limit of our diagnostics (∼1012 m−3) is approached.

The maximum square-electric-field-weighted average 
electron density (ne

max¯ ) as a function of pressure is plotted 
in figure  4. A quadratic fit could be nicely fitted through 
the experimental data points, as will be explained in sec-
tion  4.1. The quadratic fit has the following expression: 
¯ ( ) ( ) ( )= ± × + ± × + ± ×n p p3 4 10 5 4 10 1.8 0.6 10e

max 11 2 12 13.

3.2. EUV pulse energy

The maximum square-electric-field-weighted average elec-
tron density is measured as a function of the EUV pulse 

Figure 2. Square-electric-field-weighted average electron density 
as a function of time for various hydrogen pressures during and 
shortly after plasma ignition. The black dashed line shows the EUV 
intensity. The EUV pulse energy is ( ±44 2) μJ.

J. Phys. D: Appl. Phys. 49 (2016) 145203
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energy as well. The results at a pressure of 4.6 Pa are shown in 
figure 5. The data could be nicely fitted with a linear fit with 
an intercept fixed at zero (no photons, no photoionization): 
n E1.1 0.2 10e

max 12
EUV¯ ( )= ± × .

4. Discussion and interpretation

The square-electric-field-weighted average electron den-
sity has been measured as a function of hydrogen pressure 
and EUV pulse energy. In this section, the relevant physical 
processes governing EUV-induced hydrogen plasma will be 
discussed and the obtained results will be compared to experi-
ments performed in argon [9].

4.1. Influence of gas pressure on the maximum electron 
density

First, the creation of the EUV-induced plasma in hydrogen 
is discussed. As already discussed in detail in our previous 

publication [9], the temporal evolution of ne¯  is governed by 
the following production and loss processes:

 (i) Production due to photoionization
 (ii) Production due to electron impact ionization
 (iii) Loss of initial high energy electrons L fe

 (iv) Apparent loss due to averaging Lav

 (v) Loss due to recombination L rec

Next, these processes are described briefly.

 • Production due to photoionization. The first produc-
tion process is production of electrons by absorption of 
EUV photons γ and subsequent ionization Ppi. Basically 
three processes may occur when a photon is absorbed 
by a hydrogen molecule: single photoionization (equa-
tion (3)), dissociative photoionization (equation (4)) and 
double photoionization (equation (5)):

XH e H2 2→ ( )γ+ +− + (3)

H e H e H H2 2→ →γ+ + + +− +∗ − ∗ + (4)

H 2e H 2e 2H ,2 2
2→ →γ+ + +− + − + (5)

  where X denotes the ground state; the single ionization 
energy of hydrogen is 15.4 eV [18], while the double ioniz-
ation energy is 47–48 eV [19]. The cross section at 92 eV 
are 4.8 10 24× −  m2, 1.0 10 24× −  m2 and 2.8 10 25× −  m2  
respectively [19–21]. The first reaction contributes to 
about 81% of the ionization events, the second to about 
15% and the third to about 5% (for a photon of 92 eV), 
meaning that on average 1.05 electrons are generated 
per absorbed photon. Hence, mainly the H2

+ ion will be 
created. However, this ion is rapidly converted to H3

+ in 
collision with H2 (H2

+  +  H2  →  H3
+  +  H) within a micro-

second [22–24]. This means that the dominant ion in a 
hydrogen plasma will be H3

+. Due to momentum conser-
vation, almost all excess energy (77 eV for equation (3)) 

Figure 3. Square-electric-field-weighted average electron density 
as a function of time for various hydrogen pressures at longer time 
scales. The energy of the EUV pulse is ( ±44 2) μJ.

Figure 4. Maximum n̄e as a function of gas pressure for an EUV 
pulse energy of ( ±44 2) μJ. The expression of the quadratic fit is 
¯ ( ) ( ) ( )= ± × + ± × + ± ×n p p3 4 10 5 4 10 1.8 0.6 10e

max 11 2 12 13.

Figure 5. Maximum n̄e as a function of EUV pulse energy at a 
pressure of 4.6 Pa. The fit has a slope of ( )± ×1.1 0.2 1012 m−3 μJ−1  
and the intercept was fixed at zero.

J. Phys. D: Appl. Phys. 49 (2016) 145203
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is transferred to the electrons, while the ions remain at 
roughly room temperature.

 • Production due to electron impact ionization. The 
second production process is production of electrons by 
electron impact ionization Pei:

Xe H 2e H2 2    →     ( )+ +− − + (6)

e H 2e H H ,2    →    + + +− − + (7)

  with cross section  at 77 eV of 8.7 10 21× −  m2 and 
7.5 10 21× −  m2 respectively [25]. Hence, the first reaction 
contributes to 92% and the second to 8% of the ionization 
events.

 • Loss of high energy electrons. The initial high energy 
electrons generated by photoionization escape from 
the centre of the cavity to the wall, leaving the positive 
ions behind. As a result a potential difference is induced 
between the plasma and the cavity wall, confining the 
remaining electrons. In [9] we estimated the charge 
density needed to confine the plasma using a model of a 
coaxial cable. The square-electric-field-weighted average 
space charge needed to confine the electrons was found to 
be 6 1012×  m−3. Since the average ion charge is 1.05, this 
corresponds to an ne¯  of 6 1012×  m−3, as to be measured 
with the MCRS method. This means that, opposite to the 
argon case [9], the loss term due to fast electrons cannot 
be neglected in the case of hydrogen since the typical ne¯  in 
EUV-induced hydrogen plasma is 1014 m−3 here. Hence, 
the measured maximum ne¯  will always be underestimated 
by a constant value of about 6 1012×  m−3.

 • Apparent loss due to averaging. The second loss 
process—which is an apparent one—is related to the 
square-electric-field-weighted averaging Lav. In the case 
of argon, we showed that during the first microsecond ne¯  
was constant, meaning that the apparent loss due to aver-
aging could be neglected [9]. The expansion of plasma in 
hydrogen gas is much faster than in argon because of the 
lower ion inertia, which is why ne¯  cannot be considered 
constant during the first μs as was the case in argon gas. 
Since the expansion speed of plasma in hydrogen gas 
is less than 10 times faster than in argon gas [23, 26],  
it is assumed that the effect of averaging is still negligible 
during the first 100 ms. Hence, if ne

max¯  occurs at time 
scales shorter than 100 ns after EUV irradiation, this 
value has not been influenced by averaging.

 • Loss due to recombination. Since the time needed for 
the plasma to reach the wall (radius of 33 mm) is even 
longer than the previously mentioned 100 ns, losses due 
to wall recombination L rec are consequently negligible at 
time scales shorter than 100 ns.

The typical time scales are summarized in table 1. During 
the first 100 ns after EUV irradiation, the (apparent) loss pro-
cesses due to averaging and recombination are negligible. 
Hence, only production processes and loss of high energy 
electrons need to be taken into account.

Figure 2 shows that the maximum ne¯  does not vary with 
pressure below 1 Pa. This means that there should be a 

pressure independent source of electrons, which could for 
instance be secondary electrons generated from nearby walls 
by the photoelectric effect.

The maximum ne¯  (ne
max¯ ) is reached before 100 ns, meaning 

that the rate equation  for the electron density includes the 
production processes and the loss of high energy electrons 
only. It was derived in [9] that the production of electrons by 
photoionization and subsequent electron impact ionization in 
argon is given by:

n
n E

A E
k n t

1.2
1

1

2
.e

max pi a EUV

EUV ph
ei a m⎜ ⎟

⎡
⎣⎢

⎛
⎝

⎞
⎠
⎤
⎦⎥

σ
τ= + − (8)

where piσ  is the photoionization cross section, na is the back-
ground density, AEUV is the cross section of the EUV beam, 
Eph is the photon energy, τ is the duration of the EUV pulse, 
tmax is the time at which the maximum ne¯  is reached, kei is 
the electron impact ionization rate and EEUV is the EUV pulse 
energy. This equation  also hold for hydrogen, if the factor 
1.2, which is the average number of electrons generated per 
absorbed photon in argon, is replaced by the corresponding 
factor in hydrogen, which is 1.05. Above, it was concluded 
that also a pressure independent production term P EEUV( ) 
and the loss of high energy electrons L fe need to be taken into 
account. Hence, the maximum electron density is:

⎜ ⎟
⎛
⎝
⎜

⎛
⎝

⎞
⎠
⎞
⎠
⎟n

n I

E
k n t

P E L

1.05
1

1

2

,

me
max pi gas 0

ph
ei gas

EUV fe

¯

( )

σ τ
τ= + −

+ −
 

(9)

The maximum ne¯  should quadratically depend on the pres-
sure, which is close to what is observed in the experiments; 
a quadratic function could be fitted through the experimental 
data points (see figure 4). It should be noted that the quadratic 
increase of the maximum electron density with pressure is 
limited, since the maximum contribution by electron impact 
ionization is limited to about 5 ionizations, i.e. the initial elec-
tron energy after photoionization divided by the ionization 
energy of hydrogen, per initially absorbed photon.

The constant term ((1.8 0.6 1013)± ×  m−3) of the quadratic 
fit in figure 4 is related to the loss of high energy electrons L fe 
and the pressure independent source P EEUV( ). Since the sum 
of both processes is positive, the source is dominant. In the 
argon case [9], the constant contribution—which should be 
in the same order of magnitude—to the maximum ne¯  was not 
observed, since it was negligible compared to ne

max¯  (1015 m−3). 
However, since the maximum ne¯  in hydrogen is significantly 
lower, this contribution is more pronounced in hydrogen.

Table 1. Characteristic time scales for various processes in EUV-
induced plasmas in hydrogen.

Process Typical time scale

EUV pulse length 100 ns
Post EUV ionization time 0.1–1 μs
Time to reach wall 1–10 μs
Total decay time 1–100 μs
Time between EUV pulses 2 ms

J. Phys. D: Appl. Phys. 49 (2016) 145203
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The linear part of the quadric fit in figure 4 is related to pho-
toionization and has a coefficient of 5 4 1012( )± ×  m−3 Pa−1.  
To convert the measured coefficient to a coefficient with is valid 
for the electron density in the centre of the cavity, a spatial dis-
tribution of the electron density is assumed; it is assumed that 
this distribution is a square with a width equal to the diam-
eter of the EUV beam, i.e. 4 mm. Since the mode of the reso-
nance cavity is known (TM010-mode), ne¯  is converted to an 
electron density in the centre of the cavity using equation (2). 
This results in a linear coefficient of 4.7 1014×  m−3 Pa−1,  
which is valid in the centre of the cavity. These coefficients 
correspond to the linear term in equation (9):

n E

A E p

1.05 1
,t

pi a EUV

EUV ph
α

σ
= (10)

which is rewritten using the ideal gas law to:

E

A E k T

1.05
,t

pi EUV

EUV ph B g
α

σ
= (11)

where p is the gas pressure, kB is the Boltzmann constant 
and Tg is the gas temperature. Since the cross section, photon 
energy and EUV pulse energy depend on the wavelength of 
the photon λ, the previous equation needs to be rewritten to:

E

k T A hc

1.05

/
d ,t

0

pi EUV

B g EUV

( ) ( )
∫α

σ λ λ
λ

λ=
∞

 (12)

To calculate this coefficient theoretically, the total photoioniz-
ation cross section  and the spectrally resolved EUV pulse 
energy are needed. The cross sections are taken from [19–21]. 
The relative spectrum of the EUV source as used here was 
measured by Kieft [27]. To obtain the spectrum of the light 
irradiating the gas inside the cavity, the spectrum of the EUV 
source is multiplied by the transmission of the collector and 
the used SPF filter. The resulting relative spectrum was then 
calibrated with a wavelength integrated pulse energy measure-
ment of the EUV source (here 44 2( )±  μJ per pulse). This 
results in a theoretical linear coefficient of 1 1015×  m−3 Pa−1,  
which corresponds well with the experimental value 
(4.7 1014×  m−3 Pa−1).

The quadratic term is related to electron impact ionization. 
Since the cross section for this process is highly dependent on 
the electron energy, which is an unknown parameter during the 
first 100 ns, it is not possible to give a reasonable theoretical 
estimate of the coefficient. However, using equation  (9) the 
average electron impact ionization rate kei¯  can be estimated 
from the experimentally obtained quadratic coefficient. This 
yields a rate k 10ei

16¯ ≈ −  m3 s−1, which is a reasonable rate for an 
electron temperature of a few electronvolts (10−18–10−15m3 s−1  
between 2–7 eV) [25].

In conclusion, during the first 100 ns the loss of fast elec-
trons cannot be neglected in hydrogen. The maximum elec-
tron density depends quadratically on the gas pressure. In the 
quadratic fit describing the pressure dependence of the max-
imum ne¯ , the constant term is most probably due to secondary 
electrons and the loss of fast electrons, the linear term is due 
to photoionization and the quadratic term is due to electron 
impact ionization.

4.2. Influence of EUV pulse energy on the maximum electron 
density

The maximum ne¯  as a function of EUV pulse energy was 
studied as well (figure 5). As expected (equation (9)), the 
maximum ne¯  depends linearly on the EUV pulse energy. The 
slope of a linear fit through the experimental data points is 
(1.1 0.2 1012)± ×  m−3 μJ−1.

4.3. Decay of EUV-induced plasma

At a certain moment, typically 100 ns after EUV irradia-
tion, loss processes start to dominate and the plasma starts 
to decay (figure 3). As mentioned before, due to the escape 
of initial electrons generated by photoionization, a potential 
difference is induced between the plasma and the wall. The 
potential difference causes an ambipolar flow [28]. First, the 
plasma expands towards the cavity walls. During this period 
the electron density as measured with MCRS decreases, due 
to the decrease in the weighting factor of the MCRS tech-
nique closer to the wall (lower electric field of the excited 
mode closer to the walls). This, however, does not imply that 
the total number of electrons also decreases. The speed of the 
expansion to the wall is typically limited by the ion acoustic 
speed ( k T m/B e i), which is about = −v 2000 20 000 m s−1 for 
an electron temperature of 0.1–10 eV [29]. Thus, after about 
2–20 μs the plasma has reached the wall of the cavity. From 
this moment on, the electrons and ions recombine at the wall, 
meaning that the decay is governed by ambipolar diffusion 
and subsequent wall recombination. The typical time scale of 
this process is [30]:

R H D

2.405 1
,

a

2 2 1

⎜ ⎟ ⎜ ⎟
⎡

⎣
⎢
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎤

⎦
⎥τ

π
= +

−

 (13)

with R and H the radius and height of the cavity and Da the 
ambipolar diffusion coefficient. Equation (13) is only valid if 
an ambipolar equilibrium has been established. The ambipolar 
diffusion coefficient depends on the ion mobility iµ , the elec-
tron temperature Tê and ion temperature Tî (in eV):

D T T ,a i e i( ˆ ˆ )µ= + (14)

Since the ion mobility decreases with pressure [31], the decay 
time increases with pressure. This explains the observation 
that the plasma decays slower at elevated pressures.

Volume recombination due to two- or three-body recombi-
nation can be neglected, since the typical time scales for these 
processes (10 μs [32]) is much slower than the observed decay 
times (tens of microseconds).

4.4. Comparison of EUV-induced plasma in argon and 
hydrogen

The physical processes governing EUV-induced plasmas in 
argon and hydrogen are very similar. However, due to the dif-
ferent properties of both gases the measured ne¯  and time scales 
are very different.
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The production due to photoionization is 5 4 1012( )± ×  
m−3 Pa−1 in hydrogen, which is about a factor 24 lower than 
the value found from experiments in argon [9] (corrected for 
the difference in EUV pulse energy). This, however, is what 
one should expect, considering that the photoionization cross 
section is a factor 23 lower [19–21, 33].

The slope of ne
max¯  as a function of the EUV pulse energy in 

hydrogen is a factor 17 4±  lower than in the case of argon [9], 
which is less pronounced than expected from the lower pho-
toionization cross section (factor 23). The reason for the dis-
crepancy is most probably the fact that the EUV pulse energy 
was measured differently during this measurement campaign. 
Instead of the temperature sensor described in section 2, the 
EUV pulse energy was determined from the discolouration of 
an EUV sensitive foil. This method is less accurate than the 
temperature sensor.

The observed decay times of the induced plasma in 
hydrogen gas are a factor 7–10 faster than the decay times 
observed in argon gas [9]. This is also what is expected from 
the difference in ion mobility (factor 7.3 [23, 26]).

5. Conclusions

The electron density is studied in pulsed EUV-induced 
plasmas in hydrogen. It was found that the maximum square-
electric-field-weighted average electron density increases 
quadratically with hydrogen pressure, which is expected from 
theoretical considerations and which is also observed in the 
case of argon [9]. The linear part of the quadratic dependence 
is due to photoionization, while the quadratic term is due to 
subsequent electron impact ionization. The experimental 
values correspond well with theoretical estimations, which 
means that the theoretical model yields accurate predictions of 
the maximum electron density. Furthermore, the experiments 
showed that ne¯  depends linearly on the EUV pulse energy. 
This is also expected from theory and what is observed in the 
case of argon. The decay of ne¯  is governed by ambipolar dif-
fusion and subsequent wall recombination. At elevated pres-
sures, the decay time becomes longer because of the decrease 
in ion mobility.

Previously, similar experiments have been conducted 
in EUV-induced plasmas in argon [9]. In both argon and 
hydrogen, similar dependencies have been found, meaning 
that the physical processes governing EUV-induced plasma 
are also similar. However, the measured electron densities in 
argon were significantly higher than in hydrogen due to the 
higher photoionization cross section. Furthermore, the time 
scale of plasma decay is longer in argon than in hydrogen 
(factor 10) due to the increased ion mobility (factor 7)

Although the impact of EUV-induced plasma on multilayer 
mirrors (MLMs) or the reticle cannot be fully assessed yet, 
some trends can be deduced from the obtained results. With 
increasing pressure and EUV pulse energy, the electron den-
sity and consequently the ion density increases. This will result 
in a larger impact of the EUV-induced plasma on the optical 
elements. In order to assess the full impact, the influence of 

the MLMs or the reticle on the EUV-induced plasma and vice 
versa need to be studied as well.
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