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X-ray gas attenuators are used in high-energy synchrotron beamlines as high-
pass filters to reduce the incident power on downstream optical elements. The
absorption of the X-ray beam ionizes and heats up the gas, creating plasma
around the beam path and hence temperature and density gradients between the
center and the walls of the attenuator vessel. The objective of this work is to
demonstrate experimentally the generation of plasma by the X-ray beam and
to investigate its spatial distribution by measuring some of its parameters,
simultaneously with the X-ray power absorption. The gases used in this study
were argon and krypton between 13 and 530 mbar. The distribution of the 2p
excited states of both gases was measured using optical emission spectroscopy,
and the density of argon metastable atoms in the 1ss state was deduced using
tunable laser absorption spectroscopy. The amount of power absorbed was
measured using calorimetry and X-ray transmission. The results showed a
plasma confined around the X-ray beam path, its size determined mainly by the
spatial dimensions of the X-ray beam and not by the absorbed power or the gas
pressure. In addition, the X-ray absorption showed a hot central region at a
temperature varying between 400 and 1100 K, depending on the incident beam
power and on the gas used. The results show that the plasma generated by the
X-ray beam plays an essential role in the X-ray absorption. Therefore, plasma
processes must be taken into account in the design and modeling of gas
attenuators.

1. Introduction

One of the main limiting factors of the design and operation
of X-ray synchrotron beamlines is the heat load on the first
crystal of the silicon double-crystal monochromator (DCM)
used in most synchrotron beamlines. The spectrum of the
white beam, the X-ray beam emitted by the source, spans
several keV of photon energy and can carry hundreds of watts
per square millimeter (Biasci et al., 2001). Most of this power is
absorbed in the surface of the first crystal of the DCM, heating
it up and inducing thermal deformations. These deformations
destroy the necessary parallelism between the DCM surfaces
and lead to a decrease in the transmitted photon flux. While
active cooling systems based on liquid nitrogen and engi-
neered cooling geometries are able to limit the deformations
within a given range of heat loads, the deformations still
appear if the heat load range is exceeded (Chumakov et al.,
2004; Zhang et al., 2013).

A possible way to reduce the heat load in the DCM while
maintaining a high photon flux is the use of attenuators. An
attenuator is based on the Beer-Lamber law, according to
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which the transmission of a photon beam passing through any
material is determined by its absorption cross section,

I(E) = I(E) exp [ — o(E) pz]. M

where o(F) is the cross section at energy F, p is the material
density and z is the thickness of the material. Because of the
energy dependence of o, the low-energy photons are absorbed
more efficiently than the high-energy ones; the choice of the
material changes the absolute value of the cross section and
the position of the absorption edges. However, the general
trend remains. Therefore, a beamline operating at the high-
energy end of the white-beam spectrum could use an
attenuator placed between the white-beam source and the
monochromator as a high-pass filter to reduce the flux of low-
energy photons and the total incident power in the mono-
chromator, all without significantly reducing the flux of high-
energy photons transmitted afterwards by the mono-
chromator. Traditionally, solid attenuators have been used
because of their simplicity and well defined absorption prop-
erties, but they also have a maximum power absorption range
given by the physical properties of the material used, and even
below that limit they may experience damage during the
operation cycles at which they are exposed. In addition, the
absorption ratio is given by the material and thickness of the
attenuator and cannot be changed. A newer alternative is gas
attenuators, in which a vessel filled with a gas, usually argon or
krypton, is placed in the beam path. The advantages are an
adjustable absorption ratio by changing the vessel pressure
and therefore density, the absence of a maximum operation
temperature and a relaxed cooling requirement limited to the
walls of the vessel. However, the heating of the gas following
the power absorption, localized around the X-ray beam path,
results in temperature and density gradients between the
X-ray beam path and the walls of the attenuator vessel. As a
consequence of the decrease in density, the absorption is
reduced with respect to that expected from the initial density.
This effect has already been observed in the gas attenuators
used at the ESRF (European Synchrotron Radiation Facility)
at the ID17 and ID15 beamlines (Requardt et al., 2013;
Hernandez, 2010). Other gas attenuators, like that at the
LCLS-I (Linear Coherent Light Source I) (Ryutov et al,
2009), do not show this effect due to the small average power,
but it is expected to appear in the upgraded LCLS-II (Feng et
al., 2016).

The absorption of the X-rays by the gas triggers a cascade of
processes that must be taken into account to understand and
predict the mentioned X-ray absorption. Initially, a fraction of
the incident photons will be absorbed in the gas by Compton
scattering, Rayleigh scattering and photoionization, the latter
immediately followed by fluorescent and Auger decay. This
results in the generation of a cascade of fast electrons that
interact with the surrounding gas, exciting and ionizing atoms
in their path as they lose their kinetic energy. The fast elec-
trons also lose energy by elastic collisions, leading to the
heating of the gas by the transfer of their kinetic energy from
the electrons to the neutral species of the gas. As this process
occurs, the electrons diffuse towards the walls of the

attenuator and, if their energy is low enough, recombine with
ions in the volume of the gas. At the same time, the excited
species generated in the process will decay emitting photons
in the VUV and visible range. Further reactions, like the
formation of the molecular ion Ar) and its subsequent
recombination (Petrov & Ferreira, 1999), act as a heat source,
increasing the temperature of the gas and changing the local
density.

If the number of free electrons is large enough, the diffusion
and recombination of charged particles may play a relevant
role in the power transfer. However, to our knowledge,
previous experimental studies have considered only the
overall X-ray absorption and temperature of the gas
(Requardt et al., 2013; Hernandez, 2010) or the heat transfer
following the power absorption (Feng et al., 2016), but none of
them have attempted to measure or model the ionization and
recombination within the gas. The basic physics of the
attenuator may be similar to that encountered in electron-
beam (Aleksandrov et al, 2005; Elson & Rokni, 1996) or
extreme ultraviolet plasmas (Beckers et al., 2016), although
the specific differences with these sources, like the coupling
between photon absorption and gas density or the pressure
range of operation, call for a specific study on the attenuator
plasma.

In this work we have measured the spatial distribution of
the excited species of the gas by means of optical emission
spectroscopy (OES) and tunable laser absorption spectro-
scopy (TLAS), together with the X-ray and power absorption.
OES can provide the spatial distribution of excited atoms’
densities in the Ar(2p) and Kr(2p) excited states while TLAS
provides the density of Ar(lss) metastable atoms. The
measurements of the X-ray power absorption and transmis-
sion were performed using calorimeters and a DCM. Addi-
tionally, Langmuir probe measurements were made to obtain
a qualitative description of the electrical properties of the
plasma, the pressure range being too high to apply standard
probe theories. The objective is to demonstrate for the first
time the generation of plasma by the X-ray beam in the gas
attenuator and to determine its spatial distribution, tempera-
ture and excited-states concentration. The results relating gas
temperature, power absorption and plasma properties could
be used to validate theoretical models of X-ray gas attenua-
tors, which so far are based only on power absorption and heat
transfer by thermal conduction.

The rest of the paper is organized as follows: after this
introduction, the general setup of the beamline used in this
work is described in §2. In §3 the characterization methods
and their implementation are described in detail. The results
obtained for different cases and gas attenuators are presented,
analyzed and discussed in §4, before the conclusions which are
shown in the final section.

2. Beamline setup

The characterization of the X-ray generated plasma was
performed on the ID06 beamline of the ESRF. The beamline
setup used for both OES and TLAS is shown in Fig. 1. The
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Figure 1

Setup of the beamline for the optical and power absorption measurements.

X-ray source used was a U18 in-vacuum undulator (Chavanne
et al.,2011), with a tunable gap down to 6 mm. The smaller the
gap, the higher the total power of the white beam; for instance,
at 6 mm gap and 200 mA on the storage ring, the power
emitted through a 2mm x 2mm aperture is 770 W. The
aperture of the beam is controlled by the primary slits, placed
at the entrance of the beamline, that can shape the beam to
any size between 4 and 0.5 mm in the horizontal and vertical
dimensions; both dimensions can be regulated separately. The
gas attenuator is placed after the primary slits, flanked by
two calorimeters immediately upstream and downstream to
measure the beam power. Each calorimeter consists of a
2.17 kg copper block placed inside a vacuum chamber. The
block can be moved in and out of the beam path, blocking the
beam to measure its power or letting it pass to the next
beamline component. Further downstream there is a Cinel
DCM used to monochromatize the beam to any chosen energy
between 2.5 and 100 keV. The monochromatic beam intensity
is recorded by the beam intensity monitor, consisting of a
metallic foil on the beam path and a photodiode detecting the
scattered and fluorescence signal from the foil.

Two different gas attenuators were used in two experi-
mental campaigns. The first attenuator, used for the OES
measurements, had a gas chamber with a total length of 1.46 m
divided into two segments. The first segment was a six-way
cross of 18 mm diameter and 12.6 cm length, attached to the
second segment consisting of a 1 m-long water-cooled double-
wall cylinder of 12 mm inner diameter (Hernandez, 2010). The
second attenuator, used for the TLAS measurements, had a
total length of 50.8 cm, with the gas chamber consisting of two
six-way crosses of 18 mm diameter and 12.6 cm length sepa-
rated by a cylinder of the same length and diameter. Both gas
chambers were isolated from the vacuum of the beamline by
two beryllium foils (0.5 mm thickness) placed inside a water-
cooled copper frame. The gas pressure was recorded in both
cases with a MKS 920B piezoelectric gauge, with a measure-
ment range between 0.13 and 1333 mbar.

In addition to the optical diagnostics, the setup of which is
described in detail in the next section, a cylindrical Langmuir
probe was used in the first experimental campaign. It consisted
of a 15 mm-long tungsten cylinder of 0.5 mm diameter,
oriented parallel to the X-ray beam. The distance between the
X-ray beam and the probe can be adjusted, as long as the
probe does not touch the X-ray beam. If the probe touches the
beam, the absorption of the X-rays will be so intense that the
metal will melt in a few seconds. The probe was placed in the
upper flange of the six-way cross used in the first attenuator.
The typical pressure range of the attenuator prevents the use

Z

of standard theories for the interpretation of the data from the
probe, like the ABR or Laframboize ones (Allen et al., 1957,
Peterson & Talbot, 1970; Sudit & Woods, 1994; Chen, 2001),
which require a non-collisional sheath around the probe
(Rousseau et al., 2005). However, the Langmuir probe
measurements provide qualitative information on the plasma
in two ways. First, the shape of the I(V) curve at high pressure
will show whether there is plasma in the attenuator. Second,
measurements at lower gas pressure (and therefore lower
absorbed power), at which the standard theories are valid,
will provide the value of some plasma parameters (electron
temperature, plasma potential) that may be used to estimate
their values at a higher pressure.

3. Diagnostics techniques
3.1. X-ray power absorption

Two different techniques were applied to measure the X-ray
power absorption: calorimetry and X-ray transmission at a
selected energy. With the calorimeters we measure the inci-
dent P,, and transmitted P,, power of the X-ray beam before
and after the attenuator; the total absorbed power is calcu-
lated from the difference between these two values: P, =
P;, — P,,. The transmission at a single energy is obtained with
the DCM and the intensity monitor, by measuring the trans-
mitted intensity with [I(E)] and without gas [I,(E)] at an
energy peak E of the X-ray spectrum. Then, the average gas
density along the beam path is calculated from these two
values by inverting the Beer—-Lambert law,

1 1y(E)
P = 5(E)Az log[l(z, E)} @

where o is the photon absorption cross section of the gas and
Az is the attenuator length. The values of the photon cross
sections are well known; in our case we have used the values
given by the NIST XCOM database (Saloman et al., 1988).
Both values (gas density and absorbed power) are related by
the integral of the absorbed spectrum, which reads

Py = f WE)1 - expl—o(E)pAzl}dE. ()
E

where [;(E) is the incident spectrum and E is the photon
energy. So, if the gas density and the incoming spectrum are
known, the power absorbed can be calculated analytically
applying equation (3); if the absorbed power and the incoming
spectrum are known, the gas density can be calculated by
inverting numerically the equation (3). In both cases knowl-
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edge of the incoming spectrum is required; in this work we
have obtained this from the synchrotron radiation simulation
program SRW (Chubar & Elleaume, 1998). An instance of the
simulated spectrum is shown in Fig. 2 together with the argon
cross section. If the incident power measured by the calori-
meters is different from the simulated one, the simulated
spectrum is rescaled so that the total power becomes equal to
the measured one. The rescaled spectrum is then used in the
power absorption calculations. With these precautions taken,
we should obtain the same results for gas density and
absorbed power with both methods. In practice, only the X-ray
transmission was measured for each experimental condition,
with their results being verified by the calorimeters for a few
cases. Because the measurement depends on having a suffi-
cient absorption at the chosen energy, namely a peak of the
incident X-ray spectra, the precision of the measurement
decreases when there is little X-ray absorption. In our case,
the measurements at lower pressure (and therefore lower
power absorption) will have a smaller precision than those
made at higher pressure. The results of the power absorption
and gas density shown in the results section correspond to
those obtained with X-ray transmission using the mono-
chromator.

In addition to the gas density and absorbed power, we can
also obtain an approximate value of the gas temperature along
the X-ray beam path from the transmission measurements.
The temperature of a gas is related to its density by the well
known ideal gas law: p = nRT/V. In principle, one could apply
this law to obtain the gas temperature from the gas density
and pressure. In practice, due to the temperature and density
gradients along the attenuator axis, the density obtained is
only the average value along the X-ray beam path, so that we
can only obtain an average of the inverse of the temperature,

v 1 1
(o) = (L) = cte (=) ~ Cte —, 4
RTg Tg (Tg>

10° F , |
Total 4 14
Photoionization --------
’3104 Compton scattering -~ 4 {2
£ Rayleigh scattering "
3 U18 spectrum ——— 10 2
L. .3 3
—10° | 2
.0 y =
: P
a 102 -------- ] =
& 1T z
g ) 4 2
Siwt b || AT
............................ .
10°
E (keV)
Figure 2

X-ray spectra from a U18 undulator at 6 mm gap passing through an
aperture of 2 mm x 2 mm at 30 m from the source, as calculated by SRW
(Chubar & Elleaume, 1998) (right-hand Y scale), and photoabsorption
cross section for argon, as given by the NIST XCOM database (Saloman
et al., 1988) (left-hand Y scale). Note that the higher total cross section is
at low energies and is virtually equal to that of the photoionization.

where R is the ideal gas constant, p is the measured gas
pressure, V is the volume over which we average (the volume
crossed by the X-ray beam) and Cte = pV//R is the propor-
tionality constant between the average density and the
average inverse temperature. Calculating the gas temperature
as (T,) ~ Cte(1/{p)) will result only in an approximation to
the real average value, which nevertheless will give us a
quantitative measure of the gas temperature along the X-ray
beam path.

3.2. Optical emission spectroscopy

OES is a non-invasive technique, based on the measure-
ment and analysis of the light emitted by the plasma, which
can provide information about the population distribution in
electronic, rotational or vibrational levels of atoms or mole-
cules. Depending on the transition studied, different infor-
mation can be obtained, like electron or gas temperature,
electron density or heavy species concentration (Aragén &
Aguilera, 2008; Belmonte et al., 2015). In our case we will
measure the spatial distribution of the plasma-induced light
emission [as shown by Alvarez er al. (2002)]. It requires only a
relatively simple setup consisting of a collimator to collect the
light from a parallel line of sight and an optical fiber to take
the collected light to the spectrometer. In addition, there is no
fine alignment required: when a spatial scan is performed, the
X-ray beam axis can be found as the symmetry axis of the
spatial profile.

To perform the OES measurement, two flanges of the gas
chamber were fit with fused silica windows, having a trans-
mission higher than 95% in the 200-1000 nm spectral range.
The light emitted by the plasma was collected by a 0.5 mm
collimator and directed to an optical fiber (Fig. 3) placed at
10 cm from the collimator. The optical fiber was equipped with
an autocollimating lens to ensure that only the light from a
parallel line of sight was collected. The fiber was connected to
an Avantes AVS-MC2000 spectrometer, which covers the 200
to 1000 nm spectral range, with a resolution of ~0.15 nm. The
collimator and fiber assembly were connected to a motorized
table, allowing for spatial scans on the vertical (for horizontal

a)

Gas absorber|

I o ] T‘\gg[limator

vy €z

> Optical fiber

Figure 3

(a) Schematic view of the optical setup for the OES measurements. The
light is collected from the region between dotted lines by a collimator of
0.5 mm diameter, and focused onto the entrance face of an optical fiber,
its other end connected to the spectrometer. The collimator is mounted
on a movable table so that it is possible to scan along the Y direction. The
X-ray beam crosses the attenuator in the Z direction and is represented
by the central red circle. The whole setup is placed around the
‘measurement position’ shown in Fig. 1(b). (b) Image of the plasma in
the gas attenuator as seen from the power facing the optical fiber.
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Table 1
Argon and krypton lines used to perform the spatial scans using OES,
corresponding to the most intense lines on the respective spectra.

Ar Kr

Wavelength (nm) Transition Wavelength (nm) Transition
763.38 2pe — 1ss 758.60 2ps — 1sy
811.40 2py —> 1ss 760.09 2ps —> 1ss
842.46 2pg — 1sy 811.24 2py — 1ss
912.23 2p1o — 1ss 829.81 2p; — 1s4

line-of-sight) or horizontal (for vertical line-of-sight) direc-
tions, always perpendicular to the X-ray beam path.

The light emitted by the plasma on a particular emission
line is given by the spontaneous emission equation

1
£ =—n,A,, 5
a2 ®)
where A,, is the Einstein coefficient of the transition, n, is the
upper state density and ¢ is the emission intensity in photons
s~ sterad”'. Accordingly, the spatial variations of the emis-
sion intensity will be proportional to those of the upper state
density. However, the signal measured by the spectrometer is
not the local emissivity but its projection along the line of sight
of the collimator and optical fibre,
1(y) = [&(x, y) dx, 6)
L
where L is the length of the line of sight. Assuming azimuthal
symmetry of the emissivity, &(x, y) = e[(x* + y?)'*] = &(r), its
relation with the projected intensity can be expressed via the
Abel transform,

R
r
I@)ZZ/E(Y)W dr, (7)
y
which can be inverted analytically
[d1)
1 [dl 1
e(r) = —;/ & o )P dy. ©)

r

A number of methods exist to solve this inversion problem
numerically (Sainz et al., 2006; Pretzier, 1991) to obtain the
radial profile. The argon and krypton lines used in this work all
belong to the 2p-1s transitions (Table 1). They were found to
have sufficient intensity in all of the experimental cases.

3.3. Tunable laser absorption spectroscopy

TLAS is a technique in which the wavelength of a laser with
a narrow bandwidth (~MHz) is scanned around an atomic
transition within a range of a few GHz while the transmitted
signal is recorded by a photodiode. From the absorption
profile one can obtain the density of atoms in the lower state
of the line and the temperature of the gas. This method has
been used in the study of a variety of plasma sources, like
surfatron launchers (Hiibner ef al., 2013; Carbone et al., 2013),
microwave discharges (Latrasse et al, 2007), inductively
coupled plasmas (de Regt et al., 1996; Jonkers et al., 1999) or

dielectric barrier discharges (Leiweke & Ganguly, 2013). In
our case, we used a single laser source tuned to the 1ss — 2p5
transition of argon (772.38 nm) to deduce the radial distri-
bution of the 1s;5 metastable atoms and the gas temperature;
assuming thermal equilibrium, the temperature of the atoms
in the metastable will be equal to that of the gas.

The laser setup for the TLAS measurements (Fig. 4)
consisted of a diode laser (external cavity, Littrow configura-
tion, Toptica) tuned to the 772.38 nm (3.88 x 10° GHz) tran-
sition of Ar, with a mode-hop-free mode scanning range of
~20 GHz and a bandwidth of ~10 MHz. The laser beam is
split into three branches directed to a reference cell, to a
Fabry-Perot interferometer and to the gas attenuator
chamber. The reference cell consists of a low-pressure
(~1 mbar) glow discharge and it is used to set the laser
wavelength on the 1ss — 2p, transition. The Fabry-Perot
interferometer has a free spectral range of 0.375 GHz and it is
used to calibrate the frequency shift of the laser, when scan-
ning it. The beam directed to the attenuator is reflected on
a mirror mounted on a motorized support and can scan the
attenuator perpendicular to the X-ray beam, in the same way
as for the OES. A diaphragm reduces the laser beam size to
0.5 mm in diameter. All three branches are terminated with
photodiodes whose signals are simultaneously collected by
a digital oscilloscope. To obtain the absorption signal, the
background of the photodiodes 1, has to be subtracted from
the laser signal I g (X-ray off, no plasma and no absorption),
and the light emitted from the plasma I,,,, has to be
subtracted from the transmitted signal [, (X-ray on, with
plasma emission and absorption). The frequency-dependent
shapes of those four acquisitions are shown in Fig. 5 when the

pd2

pd3

Fabry-Perot
interferometer

Gas absorber

pdl ——7
reference

discharge

Mirror & laser

ol B displacement

diaphragm
| v
DFB I |
X
attenuator

. z
Figure 4

Schematic view of the optical setup for the TLAS measurements. The
emitted laser (DFB) is split into three branches and directed to a Fabry—
Perot spectrometer, to a reference cell discharge and to the gas
attenuator. The branch directed to the gas attenuator is reduced in
intensity and collimated to 0.5 mm diameter; it is also reflected by a
movable mirror to obtain spatial scans of the laser absorption. All three
branches are terminated by photodiodes (pd1, pd2 and pd3). The X-ray
beam crosses the attenuator in the Z direction and is represented by the
central red circle. The whole setup is placed around the ‘measurement
position’ in Fig. 1.
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laser frequency is scanned at 3.88 x 10° GHz. The absorption
signal is calculated as

1
K(U) — 10 o[[(v) back — 10g|: O(U)il. (9)
( ) plasma I(V)

The absorption of the laser beam is described by the Beer—

Lambert equation,
dI(v, x)

dx

where [ is the laser intensity in photons s m ™2, v is the laser
frequency, x is the position along the laser beam and k is the

local absorption coefficient. For an electronic transition like
that measured here, k can be written as (Sadeghi, 2004)

)\'2
k(v) = [nl i
8w 8

u

= —k(v,x)I(v, x), (10)

] 8u 4 ). (11)
8

Here, A, is the Einstein coefficient of the transition, ¢(v) is
the normalized line profile, and #; and g; (i = u for the upper
and i = 1 for the lower states) are the i level density and
degeneracy, respectively. The first and second terms inside the
brackets account for the absorption and stimulated emission,
respectively (Sadeghi, 2004). Under our plasma conditions, ,,
the density of 1ss metastable atoms, is expected to be much
larger than n, and therefore the stimulated emission can be
neglected and the absorption coefficient simplified,
2

k) = ) 2 4, 40 (12)
Since n,(x) is a function of position, the measured absorption
for each frequency and beam position is the integral along the
line of sight,

I(v,0,y)
I(v, L, y)]
L

_M o / (. y) () d, (13)

K(v,y) = log[

8t g

where L is the length of the plasma at the measured position.
The integral over the line shapes gives

a)0.9 T T T T T
™ AR AR A A AR AARARDT

. t (ms)
Figure 5

S(y) = /K(v,y)dv

S 8u 4

-5 / / nE e drd. (14)

—oc0 0

The line-shape integral is equal to one, giving the simplified
expression

L

[

=2 / (e, y) d, (15)

0

S(y) = —&A
T 8

which relates the integral value over the line shape at each
position to the projected metastable density along the line of
sight, with the constant C depending on the specific transition
[1.36 x 107 s m™ > for the studied 1s5 — 2p, transition (Hiibner
et al., 2013)]. If, as in the OES case, one assumes that the
metastable density nj(x,y) has azimuthal symmetry, it is
possible to apply equations (7) and (8) to obtain its value as a
function of the radial position n,(r).

The line shape of the absorption signal is determined by
several broadening mechanisms: natural, Stark, Doppler and
van der Waals broadening. Following Palomares et al. (2010)
and Konjevic et al. (2002), the natural absorption broadening
contributes only around 6 MHz, so it can be neglected here.
The full width at half-maximum (FWHM) of the Stark
broadening of the argon 772.38 nm line is given by Konjevic et
al. (2002),

Avg[GHz] = 3.4 x 107 n_ [em ™), (16)

which can become important for electron densities higher than
10" cm ™. The Doppler broadening, due to the thermal
movement of the atoms, has a Gaussian profile with a FWHM
of

Avp [Hz] = 7.6 x 107 v (T,/M)'"”, 17)

k(v)
o
o

0.05

f (GHz)

(a) Intensity of recorded signals for obtaining the absorption profile as a function of time (while the laser frequency is continuously shifted): background,
plasma signal (both with laser off), laser (laser on, X-ray off) and absorption (laser on, X-ray on). The Fabry-Perot signal (FP) provides the frequency
shift during the laser scan. (b) Absorption spectrum after transformation to the frequency scale.
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where T, is in K, M is the atomic mass in a.m.u. and v is the
photon frequency in Hz. This mechanism becomes dominant
at low electron density and low (<10 mbar) pressure. The
remaining contribution is the van der Waals broadening due to
collisions of the metastable (absorber) atoms with other
neutral atoms. It has a Lorentzian profile with a FWHM of
(Hiibner et al., 2013)

Av,gy [Hz] = Kp(300/T,)"", (18)

where the temperature 7, is in Kelvin and p is the pressure in
mbar. K is a transition-dependent constant, which for the
measured transition (Hiibner et al., 2013) has a value of 1.6 x
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10”. So, at p 22 100 mbar, assuming n, < 10 em™3, the natural
and Stark broadenings can be neglected and the absorption
profile has a Voigt shape (Belostotskiy et al., 2010), with its
Gaussian component being Avp and its Lorentzian compo-
nent equal to Avgy.

4. Results and discussion
4.1. Power absorption

The results of the power absorption, calculated from the
X-ray transmission measurements [equations (2) and (3) in
§3.1], are shown in Figs. 6(a) and 6(b), plotted versus the gas
pressure. The data from the two experimental campaigns are
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Results obtained from the X-ray absorption measurements: total absorbed power (a and b), fraction of absorbed power (c and d) and average gas
temperature (e and f) as a function of gas pressure. The results for each experimental campaign are shown separately: parts (@), (¢) and (e) correspond to
the OES setup (1.46 m length of attenuator) where argon and krypton were used, and parts (b), (d) and (f) correspond to the TLAS setup (50.8 m length
of attenuator) where only argon was used. The keys shown in the two top plots of each column indicate the X-ray beam size, undulator gap (related to the

spectrum), X-ray beam power and, for plots (a), (c) and (e), the gas used.
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shown separately to simplify their interpretation. Fig. 6(a)
shows the results for the OES setup, in which both argon and
krypton were used, and where the attenuator length was
1.46 m. Fig. 6(b) shows the results for the TLAS setup, using
only argon and where the attenuator length was 0.5 m. The
difference in the scale of the absorbed power results from the
longer attenuator on the OES setup than in the TLAS one.
Apart from this, the first observation that can be made is the
general increase of the absorption with the gas pressure, for
each given set of X-ray beam properties (spectrum, size and
power). This is something expected, since an increase in
pressure means an increase in density and in, according to the
Beer-Lambert law, the X-ray absorption rate. Also, in Fig. 6(a)
we can see that, owing to its higher cross section, krypton
absorbs more than argon. The change in the trend observed
for krypton at 550 mbar and 770 W of (nominal) input power
is due to the variations on the actual input power. The input
power may be reduced to 80% of the nominal value because of
the decrease in the synchrotron current, which is refilled
periodically. To account for the effect of the changes of the
input power, the fraction of the absorbed power is shown in
Figs. 6(c) and 6(d) for the first and second experimental
campaigns, respectively. The fraction of the absorbed power
increases with the gas pressure, without exceptions. Another
observation is that the absorbed fraction is higher for lower
input power, although the total absorbed power is still lower.
The reason for this is that, as the input power increases, so
does the heating of the gas. This results in an increase in the
temperature and a decrease in the density and in the
absorption ratio.

The corresponding temperatures [Figs. 6(e) and 6(f)],
calculated from equation (4), do not follow a clear trend,
having cases where the temperature increases with the pres-
sure and cases where it decreases. There are two possible
reason for this behaviour. First, as we increase the pressure,
both the heating and the cooling increase, and the balance
between them is complex enough to not follow a constant
trend. For example, an increase in pressure could increase
the heat transfer by convection. Second, the temperatures
obtained are not a local values but an average one, and
therefore do not reveal anything about the local values or the
axial temperature profile along the beam path, which could
impact the average temperature in different ways. In addition,
the impact of the experimental error is much larger in the
calculation of the temperature than in the power absorption:
an approximately constant error of 10 W in the power
absorption becomes an error of 50 K at 400 mbar and of more
than 100 K at 100 mbar. This may explain the deviation from
the trend of the points at 100 mbar in Fig. 6(f). However, it
is unlikely to cause the lack of a trend in Fig. 6(¢), where the
attenuator is longer and the absorption signal stronger.
Rather, this lack of a trend indicates the changes in the
balance of heating and cooling processes and the error in
neglecting the temperature gradients across the attenuator
length. Precisely because of the shorter length of the
attenuator of the second campaign (Fig. 6f), the temperatures
obtained in that case should be more representative of

the average temperature than those of the first campaign
(Fig. 6e).

4.2. Langmuir probe

Langmuir probe measurements were performed at gas
pressures between 0.67 and 533 mbar for krypton and between
1.33 and 533 mbar for argon, at positions between 3 and
15 mm from the X-ray beam axis (coincident with the
attenuator axis). At lower pressures the X-ray absorption and
subsequent gas ionization was so low that the current collected
by the probe was too weak to be analysed. A sample of the
curves obtained is shown in Fig. 7 for different pressures of
argon. The fact that gas acts as a conductor and not as an
insulator is a first indicator of the presence of plasma. The
curves show a standard I(V) characteristic: a small ionic
current for negative polarity of the probe and a strong elec-
tronic current for the positive polarity. The curves are plotted
with respect to the ground potential and not to the plasma
potential: there is no externally applied electric field, and
therefore the plasma potential is only a few volts above the
ground potential. The amplitude of the electronic branch
increases with the pressure, indicating a higher electron
density which is induced by the higher X-ray power absorp-
tion.

Besides this qualitative analysis, we have performed a
detailed analysis of the curves obtained at lower pressure
(1.33 mbar) following the Laframboise theory (Sudit &
Woods, 1994). Fig. 8 presents the electron density and the
electron temperature as a function of radial position (the
starting position corresponds to 5 mm). The electron
temperature is below 1 eV and decreases as the distance from
the X-ray beam increases. The electron density, of the order of
3 x 10" m™?, also decreases far from the X-ray beam. The
corresponding Debye (screening) length, given by Ap =
leoksT./(n.g2)]"?, is ~043mm in all of the positions
considered. Hence, the Debye length being smaller than the
attenuator radius (12 mm) demonstrates that the gas can be
considered a plasma and that the free charges created behave
collectively. The plasma potential measured by the probe
follows the same trend as the electron temperature and
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Figure 7

Current-voltage curves taken with the Langmuir probe at 10 mm from
the attenuator axis, with an X-ray beam of 2 mm x 2 mm size and 6 mm
gap in the U18 undulator (~770 W input power), for different pressures
of argon.
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2.2 1 1

Figure 8

Electron density (continuous line, left-hand Y scale) and temperature
(dotted line, right-hand Y scale) measured by the Langmuir probe as a
function of distance to the X-ray beam axis, for a gas pressure of
1.33 mbar of argon and an X-ray beam of 2 mm x 2 mm and 6 mm gap in
the undulator.

density, with values of ~5.1 V and ~4.7V at 4.5 mm and
16 mm, respectively, from the attenuator’s axis. The power
absorption at this gas pressure (1.33 mbar) was too low to be
measured by either the calorimeter or the monochromator.
However, assuming that the temperature of the gas remained
at 300 K, one can calculate the total power absorption from

Normalized intensity

Figure 9

Scan of the OES signal intensity along the vertical direction (Y), for
400 mbar argon, 6 mm gap in the undulator and a variable beam size
(shown in the legend). The channel intensities have been normalized to
its maximum value and averaged to simplify the comparison.
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the corresponding gas density; this is equal to 4.1 W (over
770 W of incident power). At higher gas pressure, the power
absorption is higher, and so must be the amount of ionization
in the gas. One could expect then that in these cases plasma is
also formed in the attenuator, the specific electron density
depending not only on the direct ionization but also on the
balance between diffusion, recombination and ionization.

To obtain reliable values of the electron density, it would be
possible to use alternative methods adapted to this pressure
range, like microwave interferometry (Deline et al, 2007),
Thompson scattering (Palomares et al., 2010) or microwave
cavity resonance spectroscopy (Beckers et al., 2016).

4.3. OES results

The main objective of the OES scans is to determine the
radial profile of the plasma generated by the X-ray beam,
assuming it has the same profile as that of the excited atoms in
the 2p states of the gas. The first step is to verify whether the
optical system can capture variations on the size of the active
plasma region. A set of three scans with asymmetric beam
profiles (x/y = 4/1, 2/2 and 1/4 mm) were recorded with argon
at 400 mbar. For each scan, the four spectral lines listed in
Table 1 were recorded simultaneously. The results are shown
in Fig. 9, in which we can appreciate that the spatial profile
becomes narrower when we reduce the beam size. The FWHM
of the profiles in the Y direction (see Fig. 3) are 1.9, 2.6 and
4.6 mm for the 1, 2 and 4 mm of beam size along the Y axis,
respectively. This demonstrates that the setup has enough
spatial resolution to capture the variations in the plasma size,
and that the active plasma region is effectively confined
around the X-ray beam.

The next step is to study the azimuthal symmetry of the
plasma region with a square-shaped X-ray beam. To this end,
two scans, one horizontal and one vertical, were taken using a
2mm x 2 mm beam and a gas pressure of 400 mbar argon,
with a gap in the undulator of 10 mm (~270 W input power).
These scans are shown in Fig. 10, together with their respective
emissivities calculated by Abel transform. Both scans have a
similar profile around the center, with more intense wings in
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Measured projection (a) and reconstructed emissivity (b) as a function of the lateral position (Y) and radial position (R), respectively, for scans in the
horizontal and vertical direction. Gas pressure: 400 mbar argon; undulator gap: 10 mm; beam size: 2 mm x 2 mm. The signal of the four different
channels has been normalized to the same maximum value and averaged. The gray area represents the area illuminated by the X-ray beam. Note that in

this region both horizontal and vertical profiles match.
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the horizontal than in the vertical. However, this difference
might be the effect of a difference in the stray light, due to a
difference in the cross section of the attenuator. In the hori-
zontal scan, it was a cylinder of 12 mm radius with a flange
only in the vertical side, while in the vertical scan it was a
18 mm-radius six-way cross section with flanges in both sides.
The difference in the stray light will be less important around
the center, where the light comes mainly from the plasma itself
and where both scans and their respective Abel transforms
coincide. Therefore, we can conclude that the plasma shows a
similar profile in the horizontal and vertical directions. While
this alone is not enough to demonstrate the azimuthal
symmetry (and the validity of the Abel transform), it can be
justified by the diffusion of electrons and other particles.
Although the diffusion is small enough to keep the plasma
confined around the X-ray beam, even a small amount could
smooth the corners of a square-shaped beam, making the
approximation of azimuthal symmetry reasonable. In addition,
the results of the Abel transform will be used to study only the
overall size of the plasma region, not the details of its distri-
bution.

Now we can compare the size of the plasma region as a
function of the gas pressure, type and X-ray beam properties
(size, power and spectrum). Fig. 11 shows the FWHM of the
plasma region for argon (66-550 mbar) and krypton (13—
550 mbar) for two X-ray beam configurations each. It was
possible to make measurements at lower pressure with
krypton than argon because of its higher X-ray absorption and
light emission; at lower pressure there is less absorption and
therefore not enough signal. We can see that between 50 and
550 mbar the size of the plasma region does not change with
pressure, which means that diffusion is already slow enough
to keep the plasma confined around the X-ray beam. The
changes in the FWHM with pressure are of the same magni-
tude as the estimated error of its value. Only the size of the
X-ray beam determines the size of the plasma. One must
decrease further the pressure of the gas (point at 13 mbar
krypton) for the diffusion to increase enough to enlarge the
size of the plasma region.

We can also compare, still in Fig. 11, the plasma size as a
function of the X-ray power and spectrum. For argon, the two
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measurement series were made with the same beam size and
different gap (therefore different power), resulting in almost
identical active region sizes. Only when changing the beam
size, as was done in the two series with krypton, does the size
of the active region change. As for the difference between
different gases, when using krypton the active region is smaller
than for argon, for the same gas pressure and beam size. This
is because krypton has a larger electron-impact cross section
[~1.5 times that of argon for ionization and excitation colli-
sions (LXCat, 2015)], resulting in a more effective slow-down
of energetic electrons issued from photoionization and Auger
decay, and a decrease of the region where the ions and excited
species are produced.

4.4. TLAS results

For the TLAS, the experimental conditions were: argon
pressures of 100, 200, 300 and 400 mbar; 6, 8 and 10 mm gap in
the undulator; beam sizes of 1 mm x 1 mm and 2 mm X 2 mm.
For all gas pressures and X-ray beam properties the absorp-
tion measurements were performed at steps of 0.5 mm around
the X-ray beam axis and with larger steps (1 mm and 2 mm) in
the regions where the absorption signal became weaker. The
transmission (laser on, X-ray off) and absorption (laser on,
X-ray on) measurements were taken for every position, while
the plasma and background signals were constant for all the
points and were taken only once for each operating condition.
The absorption signal is then calculated using equation (9),
and then fitted to a Voigt function using the Gaussian and
Lorentzian components in equations (17) and (18), with the
gas temperature, assumed homogeneous inside the diagnostic
volume, as the free parameter.

Fig. 12 shows the fits for 100 and 300 mbar pressure at the
center and at 4.5 mm from the X-ray beam axis, determined as
the position at which the metastable state density reaches its
maximum value. The signal becomes much smaller at this
distance from the center, so that the noise becomes more
important and the quality of the fit decreases. This can also be
noted in Fig. 13, where the metastable density obtained from
equation (15) and the gas temperature obtained from the fit
are shown. The metastable density is higher at the center and
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FWHM of the projected profile (a) and the reconstructed emissivity (b) as a function of the pressure for different gases and beam parameters. The
plotted value is the average of the FWHM from each of the four channels used.
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decreases monotonically towards the wall of the attenuator, as
could be expected. However, the temperature has nonphysical
oscillations and a much larger statistical error in the region
where the metastable density is low; this is due to a poor fit
arising from weak and noisy absorption signals. As a conse-
quence, the only meaningful temperature results are those
obtained around the X-ray beam axis, where the fit quality is
better and the relative noise lower. This means that, while we
can compare the complete metastable density profile obtained
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Figure 13

Metastable (1ss) density projection (continuous line) and fit temperature
(dotted line) of the absorption profile as a function of the measurement
position for the case of 100 mbar of argon, 6 mm-gap undulator and 2 mm
x 2mm X-ray beam size. The density profiled was obtained using a
smoothing spline between the points. The oscillations in the fit
temperature are due to the small and noisy absorption signal far from
the center, resulting in large noise and a poor fit.

from the TLAS, only a central temperature can be obtained
from it.

The central temperature is taken as the average of the five
central points, and the error as the difference between the
maximum and the minimum temperature within those points.
The results calculated this way are shown in Fig. 14 together
with the temperatures obtained from the X-ray absorption
measurements. We can see that in general the TLAS
temperatures are lower than those obtained from the X-ray
absorption. While the difference between both techniques
may be equal or smaller than the estimated error, the fact
that the temperature is systematically lower in the TLAS
measurement points to some systematic error. There are
several factors that might affect the fit of the Ar(lss)
absorption profile, like uncertainties in the van der Waals
broadening coefficient or a non-negligible Stark broadening.
A contribution of the latter to the line broadening would lead
to a corresponding smaller van der Waals broadening, when
the total Lorentzian component remains constant, and an
increase of the resulting gas temperature. However, to
perform this procedure, knowledge of the electron density and
temperature is required.

To obtain the radial profile of the metastable density, we
need first to verify whether the system has enough spatial
resolution. As in the OES, we measured the absorption profile
for two beam sizes, 1 mm X 1 mm and 2 mm X 2 mm for
identical gas pressure (100 mbar) and undulator gap (6 mm).
The results of the normalized measured projection and
corresponding metastable density profile are shown in Fig. 15.
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Comparison of the gas (argon) temperatures obtained by X-ray transmission (full lines) and those obtained from the average of the three central
temperatures on each scan by TLAS (dotted lines), with beam sizes of 1 mm x 1 mm (a) and 2 mm x 2 mm (b). The separation has been made for clarity
on the plots. The error bar to the left of the point corresponds to the error in the X-ray transmission measurement; the error bar to the right corresponds
to the error in the TLAS. Only one error bar is shown for each pressure.

The two beam sizes yield very different profiles, which means
that the system has sufficient spatial resolution to resolve the
difference. In comparison, the profiles obtained for the same
beam properties and different gas pressure (Fig. 16) are almost
identical within the X-ray beam region, with the higher-pres-
sure case showing a more rapid drop of the metastable density
far from that region. A probable reason for this is that, as the
particle density increases, the metastable mobility decreases

and the quenching by three-body reaction involving two
ground-state atoms increases (Belostotskiy et al, 2011), with
the result that the metastable atoms decay before reaching far
from the central region.

As in the OES case, the FWHM of the metastable density
and projected profiles do not change significantly with pres-
sure or beam power, but only with beam size (Fig. 17). The
reason for this is the same as before: even in the lower-pres-
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Figure 15
Metastable projection normalized profile as a function of the lateral position (&) and reconstructed metastable density profile as a function of the radial
coordinate (b) for beam sizes of 1 mm X 1 mm and 2 mm x 2 mm and 6 mm undulator gap. The gas pressure was 100 mbar in both cases. The gray areas
indicate the size of the X-ray beam: dark gray for 1 mm x 1 mm and light gray for 2 mm x 2 mm.
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sure case, the gas density is high enough to prevent fast
electrons diffusing far away from the X-ray beam and to
prevent metastable atoms diffusing within their lifetime from
the place where they are born. This was true in the OES case
where the observed emission was from 2p states, which decay
rapidly to 1s states. In the case of the monitored 1ss metastable
atoms, they are destroyed by electron-impact transfer to the
1s, resonant level (Carbone et al, 2015) and by three-body
collisions with ground-state Ar atoms (Belostotskiy et al.,
2011). The confinement of these long-lived metastable atoms
indicates that their diffusion will not be a significant
mechanism of the energy transfer towards the walls of the
attenuator. The power transferred to the Ar(lss) state will
mainly be released via the radiative decay of either the Ar(1ls,)
resonant state (at 105 nm) or the Ar; excimer (~126 nm)
formed by three-body collisions. Both of these types of
vacuum ultraviolet radiation end on the attenuator walls,
heating them.

5. Conclusions

In this work we have performed, to our knowledge for the first
time, the diagnosis of the plasma formed on an X-ray gas
attenuator. Plasma generation is confirmed by Langmuir
probe measurements at the plasma edge, that show an electron
density of the order of 3 x 10® cm ™ and a plasma potential of
around 5 V. These results were obtained for a relatively low
pressure (1.33 mbar) corresponding to low absorbed power
(4 W); one would expect that higher pressures will lead to
higher power absorption and therefore to higher electron
densities. The spatial distribution of the excited species was
monitored using OES (2p states of Ar and Kr) and TLAS
[Ar(lss) metastable state], and showed a plasma confined
around the X-ray beam area for the pressure range between
50 and 500 mbar. The confinement region did not depend on
the gas pressure (within the given range) or on the X-ray beam
power, only on the size of the X-ray beam. This shows that
diffusion of particles is limited by collisions to a distance
smaller than the X-ray beam size (1-2mm). The gas
temperature in the central region is found to be from 400 to
1100 K, depending on the power and properties of the incident

X-ray beam. The increase in temperature leads to a decrease
in gas density; as a consequence, the X-ray absorption cannot
be simply calculated from the initial gas density. This is in
agreement with previous studies on the X-ray absorption of
gas attenuators, in which a density lower than the initial one
was found.

The generation of plasma by the X-ray beam in the gas
attenuator has been demonstrated, indicating that a large
number of processes must be taken into account to fully
explain the X-ray absorption by the gas. In particular, the
energy transfer from the absorbed photons to the walls of the
attenuator might happen not only by heat transfer but also by
light emission from excited states and by diffusion of plasma
species (electrons, ions and excited states). In this work we
have shown that diffusion of particles is greatly limited in the
given pressure range, and therefore the energy transfer may
be reduced to heat conduction and light emission. These
phenomena, together with a detailed balance of the ionization
and recombination in the plasma volume, should be taken into
account in any theoretical model of a gas attenuator. The data
presented in this paper could also be used to validate such
a model.
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