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1. Introduction

In view of the optical life-time of highly delicate and expen-
sive multilayer mirrors in extreme ultraviolet (EUV) photo-
lithography tools, characterization of the plasma induced by 
photoionization of a low pressure background gas by EUV 
photons is essential. To the end of shrinking semi-conductor 
structures, industry strives to apply photolithography with 
shorter and shorter wavelengths. Currently, the era of EUV 
lithography at 13.5 nm has begun and the transition into this 
era has already been discussed extensively in many publica-
tions starting in the late nineties [1]. Besides a whole new 
technology was to be developed to produce this EUV light, 
it is the technological necessity to operate the full tool in a 
low pressure background gas (0.5–15 Pa) rather than in 
high vacuum conditions, that recently introduced additional 

challenges. Due to the relatively large photoionization cross 
sections of the operational gases (i.e. argon or hydrogen) at 
the used wavelength of 13.5 nm [2–6], EUV induced plasma 
is created everywhere the beam travels in the tool, as first 
reported by Van der Velden et al [7, 8]. Background reason for 
industrial carefulness and the urge to fundamentally under-
stand and reveal this exotic type of plasma, is the expected 
interaction of the induced plasma with the set of highly deli-
cate multilayer mirrors (and other sensitive surfaces) and the 
unknown long term impact on operational processes. The 
expected interaction is due to the creation of a plasma sheath 
and consequently of high electric fields accelerating positive 
ions towards the surface. The resulting continuous ion bom-
bardment may impact performance on time scales in the same 
order as the tool’s specified lifetime, i.e. 5–10 years. In space, 
plasmas induced by photo-ionization are often referred to as 
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Abstract
We monitored—in the pressure range: 0.5–15 Pa—the electron temperature in decaying 
plasmas induced in argon gas by pulsed irradiation with extreme ultraviolet (EUV) photons 
with wavelengths closely around 13.5 nm. For this purpose, temporal measurements of the 
space-averaged and electric field weighted electron density after pulsed EUV irradiation are 
combined with an ambipolar diffusion model of the plasma. Results demonstrate that electrons 
are thermalized to room temperature before the plasma has fully expanded to the chamber 
walls for pressures of 3 Pa and higher. At pressures below 3 Pa, the electron temperature 
was found to be up to 0.1 eV above room temperature which is explained by the fact that 
plasma expansion is too quick for the electrons to fully thermalize. The comparison between 
plasma expansion duration towards a surface, plasma decay at a surface and time needed for 
thermalization and cooling of electrons is essential for designers of EUV lithography tools and 
EUV sources since the temperature of electrons dictates many fundamental physical processes.
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diffuse ionized gas (DIG) or warm ionized medium. In these 
cases, photons with a broad energy range from soft x-rays to 
VUV irradiated by stars, supernovae, etc, ionize interstellar 
clouds of gas, mainly hydrogen. These plasmas have been 
observed in all directions through the Milky Way [9] and have 
been subject to investigation for a long period. Research into 
these phenomena in space has been limited to optical exper-
imental studies [10–12] and numerical simulations [13–16]. 
However, direct detection of electrons and their density and 
temperature is impossible in space and therefore the experi-
ments presented in this work might be of interest to the astro-
physical community as well.

Although multi-photon ionization of low pressure gases 
by means of irradiation with intense laser pulses has been 
researched on laboratory scales [17, 18], it was not until a 
decade ago—and at those times driven by industrial needs—
that fundamental research on single-photon ionization of gases 
by photons in the EUV range started. Computer simulations 
and first experiments using Langmuir probes were performed 
by Van der Velden et al to determine one of the most important 
parameters, i.e. the electron density, to describe EUV induced 
plasmas in lithography tool conditions [7, 8]. In the view of 
experimentally determining densities of free electrons in the 
induced plasma, those authors concluded that Langmuir probes 
were not feasible, at least for this specific purpose. In reaction 
to that, van der Horst et al [19, 20] were in 2014 the first to 
introduce the utilization of a non-invasive technique based on 
microwave cavity resonance spectroscopy (MCRS) where the 
EUV induced plasma was created on the axis of a cylindrical 
resonant cavity. Although MCRS has been applied success-
fully to several other types of plasma configurations and plasma 
sources as well [21–27] and has demonstrated its feasibility to 
be a sensitive diagnostics for EUV induced plasmas [19, 20], 
the technique delivered solely information about the spatially 
averaged density of free electrons in the plasma, rather than 
information about the spatial distribution of electrons and about 
another important plasma parameter: the electron temperature.

The latter is tackled by developments presented in this 
contrib ution: we present by substantially developing the 

MCRS diagnostics for the first time measurements of the 
electron temperature in the decay phase of an EUV induced 
plasma. To achieve so, first, the technique is applied for longer 
time scales to monitor plasma dynamics after the plasma has 
expanded to the wall. Second, the MCRS diagnostics is com-
bined with an ambipolar diffusion model. Third, relevant time 
scales for plasma expansion, electron-neutral collisions and 
electron–electron collisions are compared explain the observed 
trends. In this contribution, we explore thermalization of elec-
trons during the decay of an EUV-induced plasma is presented.

2. Experimental configuration and method

The full experimental configuration consists of several parts 
(see figure  1) and has been discussed earlier in [19, 20]. 
Therefore, we suffice with only a brief description of the 
key features here and direct the reader to the references cited 
above.

The source chamber houses a pulsed Xenon-based dis-
charge produced plasma (DPP) EUV source, generating pulsed 
EUV radiation with a pulse duration of 100–200 ns, a repeti-
tion rate of 500 Hz and pulse energies to be varied between 1 
and 150 μJ per pulse (in-band: 10–20 nm) by using an attenu-
ation plate. This source is based on generating EUV radia-
tion by means of intense plasma heating due to the magnetic 
pinching effect. The operation principles and specifications of 
this source are extensively described by Bergmann et al [28]. 
The collector chamber houses a concentrically aligned set of 
elliptical and hyperbolic grazing incidence mirrors focussing 
the EUV light in the ‘intermediate focus (IF)’, located in the 
measurement chamber. The approximate radius of the EUV 
bundle in IF is Rbundle  =  2 mm. A spectral purity filter (SPF), 
transmitting radiation between 10 nm and 20 nm only, sepa-
rates the collector chamber and the measurement chamber and 
prevents irradiation of the measurement chamber by radia-
tion with wavelengths larger than 20 nm. The measurement 
chamber with an argon background pressure between 0.5 Pa 
and 15 Pa houses an aluminum cylindrical resonant cavity 

Figure 1. Schematic overview of the used experimental configuration with the source chamber, the collector chamber and the measurement 
chamber housing the resonant cavity for MCRS diagnostics and the EUV power sensor.
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with an inner radius of Rcav  =  33 mm and an inner height of 
20 mm which is aligned around the IF (see figure 2). Top and 
bottom lids of the cavity contain holes—13 mm in diameter—
for entrance and exit of the EUV light without irradiating any 
of the cavity walls. The latter to prevent photo-emission of 
electrons from the cavity wall material. Before, during and 
after an EUV pulse, the resonant frequency of an excited reso-
nant mode is monitored as a function of time. A power sensor, 
being extensively described in [19, 20] measures the energy 
per pulse. All measurements presented in this contribution 
have been performed using the same EUV pulse energy of 
(53  ±  3) μJ.

2.1. MCRS

Microwave Cavity Resonance Spectroscopy (MCRS) is based 
on the principle that the resonant frequency of an excited mode 
in a resonant cavity depends—among others—on the permit-
tivity of the medium inside this cavity. The permittivity on 
its turn is altered upon the creation of free electrons, making 
monitoring the response (in terms of resonant frequency) of the 
cavity to irradiation with EUV photons and subsequent ioniz-
ation events an ideal diagnostics for the creation and dynamics 
of free electrons in the cavity volume. I.e. the presence of free 
electrons shifts the resonant frequency of individual resonant 
modes excited inside the resonant cavity and the temporal 
shift in resonant frequency can be related directly to the space 
averaged (over the cavity volume) and local square electric 
field E(x) (of the resonant mode) weighted electron density �ne 
(for a more detailed derivation see [21–27]) by:

∭
∭

( ) ( )

( )
≡�n

n x E x x

E x x

d

d
e

cav
e

2 3

cav

2 3
 (1)

In the current work, the TM010 mode (see figure  3 for the 
mode’s electric field distribution in the z-direction) has been 
used with a resonant frequency around f  =  3.482 GHz.

Generally speaking, the detection limit of the MCRS tech-
nique is strongly connected to the quality factor Q, which is 
defined as the resonant frequency divided by the full with half 

max (FWHM) of the resonant peak in the frequency domain. 
For very high values of Q, the resonant peak is extremely 
narrow in the frequency domain. Consequently, very small 
deviations of the permittivity from its value in vacuum—and 
therefore also very small changes in electron density—can 
be detected resulting in an extremely low detection limit. 
However, a disadvantage of applying a high quality factor in 
MCRS is the poor temporal resolution, since the fundamental 
response time τmcrs of the cavity to changes in permittivity is 

connected to Q as: τ = π
Q

fmcrs . In conclusion, with respect 
to resolution in (changes in) electron density one should 
strive for a highest possible Q factor, while with respect to 
the highest possible time resolution, a low value for Q would 
be desirable. In that framework—and to be able to follow the 
short time scales in EUV induced plasmas—the Q factor has 
been kept, by purpose, as low as 166, giving a best possible 
time resolution of 15 ns. The corresponding detection limit 
for the cavity averaged electron density—as can be observed 
from figure 4—is 5  ×  1012 m−3.

3. MCRS plasma decay measurements

Van der Horst et al [19, 20] recently demonstrated the capability 
of MCRS to monitor the time-evolution of the space-averaged 

Figure 2. Schematics of the cylindrical resonant cavity containing two holes in top and bottom lids for entrance and exit of the EUV 
bundle. In the side walls of the cavity two antennas are mounted, one for excitation of the resonant mode, the other to monitor the cavity’s 
response to that.

Figure 3. Calculated values of the Ez-component of the applied 
resonant mode TM010. The z-direction is along the propagation 
velocity of the light in the EUV bundle (see figure 2) and the x- and 
y-direction are perpendicular to both the z-direction and each other.

Plasma Sources Sci. Technol. 25 (2016) 035010
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density of free electrons created inside a resonant cavity by 
irradiation of a low pressure background gas with pulsed EUV 
radiation. Figures 4(a) and (b) show the plasma creation and 
decay in argon gas in terms of measured electron density �ne 
at gas pressures ranging from 0.5 to 15 Pa and as a function 
of time after a pulse of EUV light was directed through the 
cavity. Note that—strictly speaking—time t  =  0 is defined 
as the moment on which the EUV emission intensity is at its 
maximum value. For all measurements the pulse energy of the 
EUV pulses and the repetition rate of the source were kept 
constant at (53  ±  3) μJ and 500 Hz respectively. As can be 
observed from these figures, lower values of the electron den-
sity are measured at lower gas pressures. Since these values as 
closer to the detection limit (5  ×  1012 m−3) the measurements 
at low pressures contain more noise.

In this section we first explain qualitatively the behaviour 
of the cavity averaged electron density—especially at pres-
sures above 2 Pa. In the next sections, we explore the influ-
ence of the gas pressure in a more quantitative fashion using 
an ambipolar diffusion model.

From the temporal evolution of the electron density, one 
can distinguish a plasma creation phase and two plasma decay 
phases. The two latter phases are denoted with ‘Phase I’ and 
‘Phase II’ respectively (see figure 5 for a pressure of 15 Pa). 
The creation of the plasma occurs at much shorter time scales 
not visible on the time scale in figure 5 and is not the scope of 
the current contribution.

From the start of the EUV pulse, the curves plotted in 
figures  4(a), (b) and 5 can be described physically as fol-
lows: During the plasma creation phase, the electron density 
increases suddenly within typical time scales of hundreds of 
nanoseconds primary due to the creation of electrons by pho-
toionization of the background gas and secondary followed by 
electron impact ionization which becomes more dominant at 
higher pressures. While the ions remain at room temperature, 
it is especially during this phase that the electrons have a high 
energy around 76 eV (hυ (@ 13.5 nm)—15.76 eV (ionization 
potential of argon)) and are strongly non-Maxwellian. On rel-
atively short time scales (estimated later in this manuscript), 
the electron energy distribution function (EEDF) becomes 

Maxwellian due to electron–electron collisions and the elec-
tron temperature starts to decrease due to electron-neutral col-
lisions. Also, on these short time scales, a certain fraction of 
the fast electrons escapes towards the wall due to which an 
electric field is created pointing from the centre of the dis-
charge to the cavity wall, confining electrons and accelerating 
positive ions towards the wall. In the first phase of the decay, 
i.e. ‘Phase I’, there is a rapid decrease in electron density 
with typical time scales of hundreds of microseconds. The 
observed decrease is not exponential—but faster—for which 
the reason is twofold:

 (i) From the beginning of this phase—typically on time 
scales in the order of the inverse plasma ion frequency—
ions start to be dragged along with the expanding electron 
cloud, i.e. ions and electrons start expanding outwards 
jointly. This alters the electron density distribution and 
also the extent (scaling with the square of the local elec-
tric field of the excited resonant mode (see figure 3)) to 
which these electrons are sampled by MCRS.

Figure 4. �ne inside the resonant cavity as a function of time after a pulse of EUV light was directed through the cavity for background gas 
pressures of (a) 0.5 Pa to 3 Pa and (b) 3 Pa to 15 Pa. Pulse energy for all measurements was (53  ±  3) μJ and repetition rate of the source 
was 500 Hz.

Figure 5. �ne inside the resonant cavity as a function of time after 
a pulse of EUV light was directed through the cavity. Pulse energy 
was (53  ±  3) μJ, gas pressure was 15 Pa and repetition rate of the 
source was 500 Hz.

Plasma Sources Sci. Technol. 25 (2016) 035010
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 (ii) During the expansion phase, the electron temperature is 
not constant but decreases due to cooling.

At the beginning of ‘Phase II’, later in this manuscript indi-
cated as ‘onset time Phase II’, the plasma has fully expanded 
to the cavity’s walls and—in relative sense—a steady state 
spatial electron density distribution is developed. From this 
moment onwards, the joint transport of plasma species (elec-
trons and positive ions) towards the cavity’s walls is governed 
by ambipolar diffusion while—once at the wall—these spe-
cies are subject to wall recombination. Note that the pres-
sure and plasma densities applied here are sufficiently low 
to safely neglect (three-body) recombination processes in the 
cavity volume [20]. As can be seen in ‘phase II’ in figure 5, 
ambipolar diffusion at constant electron temperature followed 
by wall recombination of plasma species is—as one would 
expect—indeed governed by an exponential decay of the 
plasma density. It is the aforementioned ‘Phase II’ that is key 
in the current contribution and during which we are interested 
in the temperature of free electrons.

4. Ambipolar diffusion model

In order to derive the electron temperature in the decaying 
EUV induced plasmas, the experimentally determined elec-
tron density curves (see figure 4) are used in concert with the 
model discussed in this section. With ambipolar diffusion 
towards the wall and consequently followed by wall recombi-
nation being the only relevant loss channel for electrons and 
no significant electron production sources on these time scales 
[20], one expects the electron density to decrease exponen-
tially as:

( ) ( ) ⎜ ⎟
⎛
⎝

⎞
⎠= −

Λ
n t n

D
t0 expe e

a
2 (2)

with Λ the typical diffusion length for cylindrical geometry as 
introduced by [29]

⎜ ⎟⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

π
Λ
= +

L R

1 2.405
,

2

2 2

 (3)

and Da the ambipolar diffusion coefficient given by:

µ µ
µ µ

=
+
+

D
D D

,a
i e e i

i e
 (4)

with μi and μe the ion- and electron mobility respectively and 
Di and De the diffusion coefficients for ions and electrons 
respectively. Applying the Einstein relations µ=D k Ti,e i,e B i,e 
(with kB the Boltzmann constant and Ti and Te the ion and 
electron temperature respectively) and realizing that the elec-
tron mobility is much larger than the ion mobility (μe � μi), 
equation (4) can be rewritten to:

( )µ= +� �D T T .a i i e (5)

Here, �Ti and �Te are the ion and electron temperatures respectively 
being expressed in units of electron volt (eV). �Ti is assumed 
to equal room temperature, while the argon ion mobility is 

given by ( )µ µ=
pi i

0 105

 [30] with µ = × −1.5 10i
0 4 m2 (V s)−1  

[31]. Here, p is the gas pressure in units of Pa. Note that the 
derivation and equations  above are valid only if local elec-
tron and ion densities are equal ( ≈n ne i), i.e. at high values of 
induced plasma densities. However, for lower induced plasma 
densities—for instance at lower pressures—the initial escape 
of electrons may introduce a local positive space charge suf-
ficiently significant for the ambipolar diffusion coefficient to 
be corrected as derived in [32]. However, for typical plasma 
densities and chamber geometries as observed and used in 
this work, the Debye length is much smaller than the plasma 
size and therefore the influence of space charge can safely be 
neglected.

In order to eventually obtain the value of the electron 
temper ature �Te, the curves in figure  4 in the domain where 
ambipolar diffusion dominates (i.e. as denoted as ‘Phase II’ in 
figure 5) are fitted with an exponential function. From this fit, 
a typical decay time scale τ is obtained which must equate the 

typical ambipolar time scale expressed as Λ D
2

a. With known Λ 
(here 5.8 mm) one can easily calculate Da and subsequently—
via equation (5)—the value of �Te.

5. Results and discussion

Figure 6 shows the determined values for the electron temper-
ature. From this figure, it can immediately be concluded that, 
within the error bars, this temperature equals room temper-
ature (denoted with the dashed line) for pressures of 3 Pa and 
higher. This means that after the initiation of the EUV induced 
plasma, the electrons cool down within several hundreds of 
microsecond to room temperature. At pressures below 3 Pa, 
the found temperatures are slightly (up to ~0.1 eV) higher than 
room temperature.

In order to gain more insight in the physics behind the ele-
vated electron temperatures at gas pressures below 3 Pa, we 
compare three relevant time scales with one another:

 (I) the onset time for phase II (table 1) during which the 
plasma decays through ambipolar diffusion of plasma 
species to the wall followed by wall recombination,

Figure 6. Electron temperature during the plasma decay phase 
(Phase II) as a function of gas pressure.

Plasma Sources Sci. Technol. 25 (2016) 035010
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 (II) the electron-neutral collisional time scale (figure 7(a)) 
providing information about electron cooling, and

 (III) the electron–electron collisional time scale providing 
information about Maxwellisation of the EEDF (figure 
7(b)).

The electron-neutral collisional time τea, is calculated from:

τ
σ

=
n

m

k T

1
ea

a ea

e

B e
 (6)

with me the mass of an electron, na the gas density and σea the 
electron temperature dependent cross section for electron-neu-
tral collisions. τea is calculated for four values of the electron 
temperature, i.e. 76 eV (the maximum energy electrons can 
have after photoionization with 13.5 nm EUV photons), 10 eV, 
1 eV and 0.1 eV. Comparing with the onset time for ‘Phase II’ 
in figure 7(a), one observes that τea (35–50 ns) is more than 
two orders of magnitude shorter for electron temperatures 
of 76 eV and 10 eV while τea is several times shorter at 1 eV 
and comparable with the onset time for ‘Phase II’ at 0.1 eV. 
Apparently, the electrons cool down to values below 1 eV very 

quickly, after which the cooling rate becomes increasingly 
longer for lower temperatures and becomes comparable to 
the onset time for ‘Phase II’. This—as can be observed from 
figure  7(a)—applies to the low pressure case. At pressures 
above 3 Pa one can see that even at electron temper atures 
of 0.1 eV, τea is sufficiently short to promote further cooling 
towards room temperature before ‘Phase II’ sets in.

Another time scale that needs to be considered is the 
electron–electron collisional time scale τee, which can be  
estimated by [33]:

( )/ /
τ

π ε
ξ

=
m k T

e n

6 2

ln
,ee

3 2
0
2

e B e
3 2

4
e

 (7)

with

( ) /
ξ

πε
=

k T

n e

12 0 B e
3 2

e
3 (8)

For reasonable estimates of τee, the value of �ne must be chosen 
wisely and therefore we consider two limit situations.

First, the situation shortly after the EUV pulse has created 
the plasma. At this moment, the induced plasma has the same 
size as the EUV bundle (in the cavity). Hence, to obtain the 
local plasma density �ne

max in the center at this moment, the 
measured cavity averaged electron density �ne shortly after the 

EUV pulse should be multiplied by a factor ≈ 272R
Rcav

2

bundle
2  

(see equation (1)). For several relevant values of the gas pres-
sure, the experimentally determined value for �ne

max is sum-
marized together with the onset time for Phase II in table 1.

Second, at longer time scales the electron have cooled 
down significantly due to collisions with neutrals and the 
plasma as a whole has expanded towards the wall. Because 
of the very short time scales of 35–50 ns for τea at 76 eV 
and 10 eV (see figure 7(a)), only τee values for low electron 
temper atures (1 eV and 0.1 eV) are relevant and also the value 
of �ne must be calculated for situations where the plasma has 
already expanded. In the limit case we use for the calcul-
ations the value of �ne averaged over the full cavity at the start 

Table 1. The local electron density �ne
max just after the EUV pulse 

has been directed through the cavity, the onset time for Phase II and 
the averaged electron density �ne

PhaseII at the beginning of Phase II for 
several relevant values of the gas pressure.

Gas  
pressure (Pa)

�ne
max  

(1017 m−3)
Onset time 
‘Phase II’ (μs)

�ne
PhaseII  

(1015 m−3)

0.5 0.20  ±  0.02 7  ±  5 0.029  ±  0.003
1 0.32  ±  0.03 10  ±  5 0.037  ±  0.004
2 0.68  ±  0.07 85  ±  20 0.027  ±  0.003
3 1.1  ±  0.1 130  ±  20 0.045  ±  0.005
5 2.1  ±  0.2 175  ±  50 0.16  ±  0.02
7 3.0  ±  0.3 270  ±  50 0.26  ±  0.03
10 4.5  ±  0.5 320  ±  50 0.49  ±  0.05
15 9.1  ±  0.9 350  ±  50 1.0  ±  0.1

Figure 7. Onset time of ‘Phase II’ for several values of the background pressure compared to (a) the typical time scale for electron-neutral 
collisions, with σea (76 eV)  =  × −5.9 10 20 m−2 [20] σea (10 eV)  =  × −1.2 10 19 m−2 [34] and σea (1 eV)  =  σea (0.1 eV)  =  × −1 10 20 m−2 [34] 
and b) the typical time scale for electron–electron collisions where the values of τee (black symbols, solid lines) have been calculated using 
the �ne

max data in table 1 and the values of τ*ee have been calculated using the �ne
PhaseII data in table 1.
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of Phase II. The used measurement data are summarized in 
table  1 as well. Figure  7(b) shows—besides the onset time 
for Phase II—the value of τee as a function of gas pressure for 
the relevant values of the electron temperature (where �ne

max 
is used). For 1 eV and 0.1 eV, τ*ee has been calculated at the 
beginning of Phase II (where �ne

Phase II is used).
In conclusion, just after the EUV pulse created the plasma, 

the plasma is confined within the volume of the EUV bundle 
and the energy of the electrons (at instance non-Maxwellian) 
is high (76 eV). At very short time scales (~50 ns), the temper-
ature of the electrons decreases to values below 1 eV. As can 
be seen from figure 7(a), especially at low values of the gas 
pressure, typical times for electron cooling (τea) become in the 
same order as the onset time for Phase II which explains the 
observed electron temperatures above room temperature in 
the order of 0.1 eV. As can be seen in figure 7(b), for pres sures 
above 3 Pa, the typical time scales for electron–electron col-
lisions are always significantly below the onset time for Phase 
II justifying the assumption of a Maxwellian EEDF during 
application of the ambipolar diffusion model.

6. Conclusion

The temperature of electrons in a plasma induced by irra-
diation of the argon background gas with EUV photons and 
decaying in a cylindrical resonant cavity has been estimated 
from temporally resolved measurements of the electrons den-
sity measured with microwave cavity resonance spectr oscopy 
in concert with an ambipolar diffusion model. Electron 
temper atures close to room temperature have been found at 
pres sures of 3 Pa and above, while at pressures below 3 Pa 
the electron temperature appeared slightly higher with values 
up to 0.1 eV. Reason for this behaviour of that electrons do 
not have sufficient time to thermalize before the plasma has 
expanded to the wall. The full plasma dynamics and the com-
parison between plasma expansion duration towards a surface, 
plasma decay at a surface and the time needed for thermaliza-
tion and cooling of electrons is essential for designers of EUV 
lithography tools and EUV sources since the electron temper-
ature dictates many fundamental physical processes, i.e. the 
energy of ions impinging the surface depends significantly 
on the electron temperature. Parameters to alter the involved 
physical processes are for instance gas pressure, repetition 
rate, pulse energy and type of gas.
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