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Photoinduced processes such as photoionization and photoexcitation in the vacuum ultra violet (VUV) en-
ergy range are considered important for the divertor region in nuclear fusion reactors and in interstellar space
because the cross sections (photoionization, photoexcitation) of these processes in relevant species (hydrogen,
helium, neon, argon, and biomolecules) become large in that energy range. Herein, a photoionization experiment
was conducted for the first time in the synchrotron light source UVSOR-III with VUV photon energies. The syn-
chrotron light source has the advantage of capability to change photon energy continuously over a wide range and
high beam repetition rates. These features allow the simulation of the divertor region and interstellar radiation
field to systematically investigate photoinduced processes. Using argon as the sample gas, plasma production was
evidenced by the detection of electron current in Langmuir probe measurements. Although an accurate evaluation
of the plasma parameters was challenging because of the large scatter of probe data, the possible ranges of plasma
parameters are discussed based on a 0 D model of photoionization plasmas [R.M. van der Horst et al., J. Phys.
D: Appl. Phys. 48, 285203 (2015)] and a newly proposed 1 D model in the steady state. Analysis result indicates
that plasma density is in the range of 10'° - 10" m~3. Additionally, the further development of experiments is
discussed for realizing higher plasma densities and for studying photoinduced processes in the divertor region in
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nuclear fusion reactors and interstellar plasma in terms of the chemical evolution of biomolecules.
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In nuclear fusion reactors, the densities of plasmas and
neutral hydrogen in the divertor region increase by more
than one order of magnitude compared with present-day
devices [1]. Simultaneously, photon emissions from plas-
mas in the confinement region (e.g., Bremsstrahlung) and
in the scrape-off layers (SOL) (line emissions from highly
charged ions introduced auxiliary to induce detachment)
increase over a wide wavelength range spanning the ex-
treme ultraviolet (EUV) to the visible and infrared range,
because of the higher plasma density required to sustain
nuclear fusion reactions. This situation is expected to
enhance interactions between hydrogen atoms/molecules,
auxiliary ions, and photons in the divertor region. These
interactions include the photoionization, photodissocia-
tion, and the photoexcitation (electronically, vibrationally,
and rotationally). While the effects of photoinduced pro-
cesses are negligible in modern-day fusion experiments,
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atomic/molecular processes, which play an important role
especially in the low-temperature range below ~10eV in
so-called detached plasmas [2, 3], will be altered in future
reactors because of an increase in number of photon.

Meanwhile, partially ionized plasmas exist in inter-
stellar space, where the ionization energy source is cos-
mic rays or the interstellar radiation field [4]. In this con-
text, photon-induced processes are crucial in the chemical
evolution of prebiotic molecules, which are considered to
be the origin of life in space [5, 6]. Furthermore, photoin-
duced processes are important in the earth’s ionosphere,
where solar radiation in the EUV-VUYV energy range in-
teract with oxygen and nitrogen gases to generate weakly
ionized plasmas. The collective phenomenon of plasmas
under the effects of magnetic and electric fields will exert
additional effects on divertor plasmas, the chemical evo-
Iution of biomolecules, and the ionosphere. Nevertheless,
the characteristics and roles of photoionized plasmas on
the divertor operation, the chemical evolutions are not yet
fully understood.
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Fig. 1 Schematic and a photo of the gas cell used for photoionization experiments at UVSOR-III.

Photoionization experiments have been conducted
mainly for the purpose of EUV lithography [7, 8]. The
light source, typically a xenon or tin plasma, involves ei-
ther applying an electric field via an electrode bias [7] or
evaporation via Nd:YAG laser pulse irradiation [8]. In that
case, however, the wavelength (photon energy) of the light
source is limited to the available spectra of the xenon or tin
plasmas.

In contrast, a synchrotron light source can continu-
ously change the wavelength of the light over a wide range,
encompassing the X-ray, EUV, VUY, visible, and infrared
ranges. In particular, the photoexcitation and photoioniza-
tion rate coefficients become large at several tens of eV
(100 to ~20 nm) for species relevant to nuclear fusion and
astrobiology, such as hydrogen, helium, neon, argon, car-
bon, nitrogen [9], and biomolecules [10]. However, this
energy range has not been investigated in detail experi-
mentally, particularly in terms of plasma, as collective phe-
nomena exhibited by charged particles. Meanwhile, the
development of gas cell reactor to study the photo-induced
process with the synchrotron light source will, therefore,
expand the research capability in this field significantly. In
these contexts, we are developing an experimental appara-
tus that can generate photoionized plasmas using the syn-
chrotron light source UVSOR-III in Institute for Molecular
Science, Japan [11].

This letter presents a first attempt to generate pho-
toionized plasma using the UVSOR-III synchrotron light
source in the VUV energy range.

The BL7B beamline of UVSOR-III was used to gen-
erate light in the range of 30 - 500 nm (2.5 - 41eV). The
beam was collimated to a diameter of approximately 1 mm
at the center of the vacuum irradiation chamber. A gas cell
was installed inside the irradiation chamber to maintain a
high pressure of sample gas while maintaining good vac-
uum condition in the beamline (107¢ - 1077 Pa).

Figure 1 shows the gas cell used in the experiments.
The length of the gas cell along the beam axis is 300 mm.
The length of the cell is made as long as possible to in-
crease interaction volume between the gas and beam. The
inner cell diameter was 16 mm. The beam from BL7B is
injected into the cell through a hole at the front end (¢
2mm and 60 mm length). The beam was dumped at the

end of the gas cell after undergoing multiple reflections
from carbon-coated plates to avoid photoelectron emission
from the stainless-steel cell wall.

A copper electrode (6 mm diameter) was inserted into
the gas cell and biased to +/—20V to measure the probe
current of the plasmas through a choice of resistors. The
bias voltage was applied using dry cell batteries to avoid
electrical noise from a power supply. The gas was fed to
the cell through an input terminal at the top of the cell.
The gas flow rate was controlled by a needle valve. The
maximum pressure inside the gas cell was of the order of
1 Pa while the pressure in the irradiation chamber outside
the gas cell and upstream along the beam line were kept
at values of the order of 10~* and 1077 Pa, respectively.
Argon (with ionization potential 14.5eV) was introduced
as the sample gas.

An off-axis silver-coated parabolic mirror was in-
stalled at the front end of the gas cell and used to col-
lect the emission from the gas. The beam from the BL7B
passes through a 3-mm-diameter hole at the mirror center
so that the mirror collected the emission along the beam
axis but outside the beam. The parabolic mirror focused
the collected emission onto an optical fiber, which was
connected to the outside of the vacuum chamber via a vac-
uum feedthrough and to a spectrometer (Acton Research
Corporation, SpectraPro-300i; 0.3 m focal length; CCD:
PyLoN 400BRX-UV-LF).

The photon flux of the BL7B was measured with
a photodiode (AXUV100G, OptoDiode Corporation) in-
stalled at the end of the gas cell, with replacement of the
beam dump during the measurements. Figure 2 shows
the photon flux detected using the photodiode for differ-
ent gratings of the beam line. Prior to the experiments, we
tested gas cells with different hole sizes for their photon-
flux throughput. We found that the photon flux decreased
significantly for hole diameters less than 2 mm. This may
be due to an interference of the beam by the inner hole sur-
face. The hole configuration (diameter and length) selected
in this study was a compromise between the conductance
of the gas cell and photon-flux throughput. The through-
put of the photon flux in the present gas cell is estimated
to be between 10° and 10'° photons/s in the VUV range as
shown in Fig. 2.
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Table 1 Parameters of photoionization experiments in various devices. o pi, N, Epuises Apeam» Epn» and nj®* denote the photoionization
cross section, neutral atom density, beam-pulse energy, beam cross section, photon energy, and maximum electron density
obtained using Eq. (2), respectively. *Estimated for 1 ms pulse. **Estimated from [8].

Repetition Pulse Beam Apeam 2 oas =3 max (-3
rate (Hz) | duration | radius (m?) Eputse Epn(eV) | opi(m?) | pressure ma(m) e m™)
(Pa)

ASML [7] 150 ns
ILE [8] 10 10 ns

UVSOR

(BL7B, G2) 90M <1ns 1 mm

UVSOR 0.24~2.

90M <1ns 1 mm 3.1x10%

(BL1U) : 4t

13
107

-
o
N
T

-
o_n
T

-
o
©
T

Photon flux [photons/sec]
>
B

N
(=]
3
T
|

-
o
~

U N S S S N S S S S S S S S AN S S S

0 100 200 300 400 500
Wavelength [nm]

Fig. 2 Photon-flux throughput measured at the end of the gas
cell in the beamline BL7B with different gratings.

The probe electrode surface was positioned 4 mm
away from the beam axis, and current was measured by
applying a bias voltage with a 12-kQ resistor. For this
measurement, the zeroth-order light produced using the G2
grating of the beam line was introduced into the gas cell.
The probe current is plotted in Fig. 3 for three cases: with-
out argon gas and the beam, without argon gas and with
the beam, and with argon gas and the beam, respectively.
Due to the very low current the scatter of the data is signif-
icant. There is also oscillation of approximately +0.01 pA
around O pA for all cases. Nevertheless, a clear negative
current is observed under the positive bias in the case with
argon and the beam, while in the other two cases, no clear
change is noted against the voltage scan within the scatter.
As discussed below, we expect the ion saturation current to
be undetectable in the present experiments because of the
very low degree of ionization of argon gas. Therefore, we
corrected the offset of the current under the negative bias
such that the averaged current at the zero bias voltage be-
comes zero. In the case of with argon gas and the beam,
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Fig. 3 Probe current as a function of bias voltage for three cases:
without Ar and beam (black), without Ar and with beam
(red), with Ar and beam (blue). The probe surface is lo-
cated 4 mm away from the beam axis.

the maximum negative current under the positive bias is ap-
proximately 0.03 pA. This value is interpreted as electron
saturation current, I,. Due to the large scatter in data, it
was difficult to evaluate the electron temperature from the
Fig. 3. Below, instead, we discuss the range of the plasma
parameters for the present experiments in terms of the pho-
toionization process.

The maximum plasma density produced by photoion-
ization can be estimated using the 0 D model proposed in
Ref. [7],

Max — UpinaEpulse (1)
¢ AbeamEph '

where 0 p;, 4, Epuises Apeams and Ep, are the photoioniza-
tion cross section, neutral atom density, beam pulse energy,
the beam cross section, and photon energy, respectively.
The parameters of the BL7B are listed in Table 1 together
with those from AMSL [7] and ILE [8]. Equation (1) gives

n"* ~ 2.4 x 10" m~3 for BL7B.
Equation (1) has been derived for maximum density
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that can be achieved transiently during or after the beam
pulse. In AMSL and ILE, the pulse duration (of the order
of 10 - 100 ns) and repetition rate (10 - 500 Hz) of the light
source depend on the duty cycle of the plasma production
in the light source. Considering the lifetime (confinement
time) of the photoionized plasmas (typically of the order
of several hundred microseconds [7], the light source is
insufficient to sustain the plasma in the steady state, and
therefore only transient phenomena can be studied. How-
ever, the radiation fields in nuclear fusion reactors and in
space are in the steady state. Furthermore, the repetition
rate of the beam in UVSOR-III is 90.1 MHz (with each
beam pulse lasting less than 1 ns), which makes it possible
to sustain the plasma in the steady state, taking into account
the lifetime of the plasma as mentioned above. In this case,
a steady-state 1 D transport model along the beam axis can
be described as

pe () = 8 p — NNV recs )

where n;, n,, v;, and (ov),.. respectively denote the ion den-
sity, electron density, ion flow speed along the beam axis,
and recombination-rate coefficient of the ion. §, is the
photoionization source, described as

Sp(@) = 6% (-Tpn(2) = Tpn(O)opin exp (=0 pinaz)
(3)

where z represents the coordinate along the beam axis
(with z = 0 corresponding to the point of entry of the beam
in the gas cell) and I'p;(z) = I'pn(0) exp (—o-,,inaz) is the
photon flux (photons/m’s) along the beam axis. Integrat-
ing Eq. (3) from z = 0 to L, with L being the length of the
gas cell, we obtain

th(o)o-pinaL th(o)o-pinaL A
ni = n, ~ = =, 4
2¢, 2 x 10* T;

where A is the mass of the gas species in atomic mass
units and c is the ion-sound speed. We assumed the quasi-
neutrality condition (n; ~ n.) and the Bohm condition at
both ends of the gas cell wall. The recombination term,
evaluated to be very small compared with the other terms,
is neglected.

Figure 4 plots electron densities predicted by the 0D
(Eq.(1)) and 1D (Eq. (4)) models using the BL7B beam
photon flux shown in Fig. 2. Dashed curves represent den-
sities at the probe position, 4 mm away from the beam
axis. Because, in the present situation, the electron mean
free path is comparable with the gas cell radius, the ra-
dial profile is given by the volume effect, «« 772, ie.,
Meprobe = TeMepeam- The density displays a local maxi-
mum near 20 eV and decays toward higher photon energy.
Furthermore, the density becomes smaller than the local
maximum by more than one order of magnitude in the en-
ergy range of more than 26 eV. This decrease is due to sig-
nificant reductions in the photon flux and photoionization

10'2 [.OD model _/~\

1D model
10"

= AN
E 10" Vi N
& 4'mm away from Y
the beam axis AR
10° | Nt N
108 L
10 20 30 40 50

Photon energy [eV]

Fig. 4 Electron density predicted by the 0D (Eq. (1), indicated
by solid blue curves) and 1 D (Eq. (4), denoted by solid
red curves) models as a function of photon energy. This
is calculated using the photon flux of the beam in BL7B.
Dashed curves represent density at the probe position,
4 mm away from the beam axis.

cross section [12] over this energy range. Therefore, the
main contributions of the photon energy to the produced
plasma density occur between 14.5 and 26 eV. Because the
portion of photon energy in excess of the photoionization
potential (14.5eV) is imparted to electrons, the electron
energy of the plasma ranges from 0.03eV (a lower limit
determined by the ambient temperature) to 11.5eV. The
actual Te value should be set to some value within this en-
ergy range through the relaxation process and should not
exceed this range by much. The electron density is esti-
mated from the probe measurement as

4l
T eSuvme

&)

where e, S, and vy, are the elementary charge, probe sur-
face area, and electron thermal velocity, respectively. If we
consider the aforementioned energy value as the electron
temperature, as an example, Eq. (5) gives n, = 2.3 x 10'!,
1.2x 10", 4.0 x 10'°, 1.7 x 10'°, and 1.2 x 10" m~3 for
0.03,0.1, 1.0, 5.5, and 11.5 eV, respectively. The obtained
density values are close to the model predictions within ex-
perimental uncertainty for Te ranging from 0.03 to 1.0eV;
however, these values deviate substantially from the model
predictions for Te = 5.5 and 11.5eV. Although an accurate
evaluation of the electron temperature and a more detailed
investigation of the plasma characteristics remain, which
will be conducted in the future, the present results suggest
that the electron density is in the range of 10'° - 10'! m=3.

In the present experiments, we do not observe clear Ar
spectra with the used optical system even if the exposure
time was increased up to 150s. This is attributed to very
low Ar emission in the present experiments. Further, we
estimated that the photon flux of Ar emission received at
optics in the present gas cell is 6-7 orders of magnitudes
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smaller than that in a nuclear fusion experiment device
such as in Large Helical Device (LHD), where Ar spec-
tra are measured routinely with an exposure time of 0.1 s.
Therefore, increasing the exposure time by four orders of
magnitude in the present experiments is insufficient to de-
tect the spectra. (Details of the analysis will be presented
elsewhere.)

A further development of the system may consider us-
ing the BL1U undulator beam line of UVSOR-III. The
photon flux of BL1U is greater than that of BL7B by sev-
eral orders of magnitude; therefore, a much higher plasma
density is expected from the former, as shown in Table 1.
Table 1 also indicates that the photoionization cross sec-
tion, o p;, is substantially larger in UVSOR-III than in other
devices. This is due to the ability to select the optimal pho-
ton energy (wavelength) in UVSOR-III, which maximizes
0 pi. Thus, substantial light emission from the gas will be
available for spectral analysis. Additionally, the gas com-
position will be changed to include others such as neon,
hydrogen, and also nitrogen and carbon monoxide to study
photoinduced processes in biomolecules.

In summary, we made a first attempt at producing pho-
toionized plasmas with the synchrotron light source in the
VUV photon energy range using the BL7B beam line of
UVSOR-III. As a first step, we used argon as the sam-
ple gas. The detection of electron current in the Langmuir
probe measurement confirmed plasma production by pho-
toionization. In terms of the plasma production process
via photoionization, the probe current corresponds to an
electron density of the order of 10'° to 10" m=3. These re-
sults demonstrate the capability of producing photoionized

plasma in UVSOR-III in the VUV energy range. Addi-
tionally, in the future research, the system will be further
developed using the undulator beam line BL1U to increase
the plasma density for a more accurate evaluation of the
plasma parameters and for the study of photoinduced pro-
cesses in the divertor region of nuclear fusion reactors and
in interstellar space in the context of astrobiology.
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