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Abstract. Volume production of H™ negative ions is mostly attributed to the dissociative attachment of electrons to ro-
vibrationally excited molecules. Apart from the main formation path for enriching the plasma with these molecules (i.e.
radiative decay of singlet states excited by collisions with energetic electrons, EV excitation), an additional formation
process refers to recombination of hydrogen atoms on the surface of materials which face the plasma. In this work, the
importance of the later process is evaluated by considering various materials. Pyrex, Stainless Steel, Highly Oriented
Pyrolytic Graphite (HOPG), and Yttrium, are sequentially tested in the ECR-driven H™ negative ion source ROSAE III.
This source is specially designed to promote as much as possible surface recombination only on the surface of the
specimen under test. Optical emission spectroscopy does prove a high degree of dissociation in this source. Furthermore,
electron and negative ion densities are measured by means of electrostatic probe and laser photodetachment, respectively.
The effectiveness of the above materials for the production of ro-vibrational states is thus evaluated indirectly, i.e. by
comparing the values of the produced negative ion densities, assuming H™ production through DA mainly. The results
suggest that, under the present conditions, the formation of ro-vibrational states is apparently dominated by process other
than surface recombination.

INTRODUCTION

The chamber walls of an ion source may have a catalytic effect on various elementary processes such as elastic
scattering of particles, adsorption, vibrational deactivation, dissociative and associative mechanisms. Recombination
of gas phase atoms is of particular importance in negative ion sources as it may recycle hydrogen atoms into
vibrationally excited molecules.! By this way, the density of molecules vibrationally excited at levels necessary for
enhanced dissociative attachment (DA) cross section [DA: Ha(v) + e(cold) = H3; > H™ + H] is increased and the
density of the atoms which can destroy negative ions through detachment processes is reduced.

The catalyticity of the surface depends on the interaction of the gas phase species with the atoms on the crystal
lattice of the surface and, on a bigger scale, the morphology of the surface. This catalyticity is quantified by the
recombination coefficient y which is defined as the ratio of the number of particles undergoing recombination to the
total number of particles that flow onto the surface per unit time. Therefore y assumes values from 0, for a non-
catalytic, to 1, for a fully catalytic surface.’

Atom recombination mechanisms include Eley-Rideal (ER), Langmuir-Hinshelwood (LH), and hot-atom (HA)
reactions. All of them require the earlier adsorption of an atom by the surface and lead to the formation of a
molecule, which is then released (desorbed) back into the gas phase.

Fifth International Symposium on Negative lons, Beams and Sources (NIBS 2016)
AIP Conf. Proc. 1869, 020011-1-020011-8; doi: 10.1063/1.4995717
Published by AIP Publishing. 978-0-7354-1549-2/$30.00

020011-1



The above mechanisms may be quantified through a thermal macroscopic recombination coefficient. This
coefficient, however, is the result of integration over the translational energy distribution of atoms and includes all
the components that correspond to each ro-vibrational state. In order to study the effect of wall recombination on the
vibrational kinetics, the state-specific recombination probability is needed.>* Such studies have been realized for
hydrogen at graphite and crystal metal surfaces, due to their relevance in plasma reactors for nuclear fusion™* and
interstellar chemistry”®. For a more complete review on the phenomena involving hydrogen atom recombination on
surfaces, the reader is referred to the work of Capitelli et al?, and the references therein.

This work attempts to investigate how the recombinative desorption, leading to the formation of vibrationally
excited molecules, may assist hydrogen negative ion (H") production in ECR plasmas. In order to study the effect of
various materials, the experiments should involve a practical sample size, i.e. small enough to reduce the cost. In this
case, the issue is how to differentiate the vibrational states formed on the surface of the sample from those formed
either on the chamber walls or in the volume of the plasma. To make this distinction, one of the formation paths
needs to become dominant against the other(s). In the case of recombinative desorption studies, the volume
production needs to be limited. This is the main concept of the present study, as depicted in Fig. 1. The goal is to
reduce the vibrational excitation in the bulk of the plasma and on the surface of the chamber walls, and increase as
much as possible the vibrational excitation on the surface of the material under test.

Pyrex
I
Plasma H; |
o/
/ Detectable with
/" Photodetachment

(cold)

Pyrex

e

(L-H) (E-R) (HA)

FIGURE 1. Concept of the source ROSAE III. The production of vibrationally excited molecules is limited as much as possible
to the recombinative desorption on the surface of the material under test. L-H, E-R, and HA refer to the Langmuir-Hinshelwood,
Eley-Rideal, and hot atom desorption mechanisms, respectively.

To clarify how this source configuration relatively amplifies vibrational heating through recombinative
desorption on the surface of the material under test, the vibrational excitation mechanisms have to be discussed.
Firstly, a simplified expression for the formation rate of vibrationally excited molecules in the volume of the plasma
through EV excitation is given by the equation’:

dn
dtv :KEV(Tvib’Te)nenHz €]
EV
where Kgv(Tyib,Te) is an effective rate coefficient that accounts for the vibrational distribution, T, is an effective
vibrational temperature, and T is the electron temperature. n. is the density of electrons and ny, is the total density
of molecules in their ground state. Secondly, the recombination rate of atoms on the chamber walls, is given by the
equation® (terms before parenthesis):
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dnv 1 v Ach}/H 1 n APy}/H,Py +As}/H,s ~ 1 n.v As]/H,s

— =-n —nyV = —
dt |y 4 70V, [ 4" v, 4 1 v,

2

where ny is the density of atoms, vy their thermal velocity, yu the probability of surface recombination on the
chamber walls, A, is the total area of the chamber walls, and V¢ is the volume of the source. When two different
materials are used for the interior of the chamber (here Pyrex and sample under test), as in the case of ROSAE III,
the nominator Acnyn is replaced to account for the two different contributions (Eq. (2), terms in parenthesis). Apy and
vu,py refer to the surface area and the recombination coefficient of the Pyrex, and A and yy s refer to the surface area
and the recombination coefficient of the sample under test.

Pyrex is a material (along with quartz) with a recombination coefficient that is greatly affected by the
temperature.'” By keeping the material below room temperature (water-cooled), the recombination coefficient is
reduced to the order of 10, while for typical plasma chamber temperatures (350-400 K) the recombination
coefficient might be in the order of 102, Metals like stainless steel have a recombination coefficient in the order of
107! or higher!!. By covering the chamber walls with Pyrex, the surface production of vibrational states is limited to
the surface of the material under test.

The ratio RRY related to the two sources of vibrational excitation, i.e. ratio of Eq. (2) to Eq. (1), is given by the
expression:

RD _ dnv/dt|1w _ nyVy AV
v dnv/dt|EV 4KEV (T:/ib’T'e)nenHz Vch
— I’IHVH APyj/H,Py + AsyH,s — nHVH Asj/H,s
4K, (Tvib 1, ) nny, Ve 4K, (Tvib T, ) nny, Ve

3)

In ROSAE 111, this ratio is increased in two different ways. Firstly, the volume of the plasma is kept as low as
possible, when compared with relevant ECR sources.'>!* Secondly, as a consequence of the low recombination
coefficient of the chamber walls (Pyrex), the atomic hydrogen density is increased.

EXPERIMENTAL SETUP

The experimental setup of the source ROSAE III is presented in Fig. 2. The source is driven by a network of 4
dipolar ECR sources.'* The power from a single microwave generator (up to 1.2 kW), is divided into four equal
parts and supplied to the ECR sources which are cooled with continuous flow of water.

A copper tube is welded over the cylindrical stainless steel chamber of the source. Water flows in the tube to
keep the temperature of the chamber wall to relatively low levels (bellow room temperature). The Pyrex that covers
the internal surface of the chamber is 5 mm thick and in direct contact with the chamber in order to improve thermal
contact. The internal height of Pyrex is 214 mm and its internal diameter is 152 mm. The pumping of the source is
realized with a turbo-molecular pump (50 I/s) adapted at the bottom of the source and the base pressure is in the
order of 10" Torr. The plasma is sustained in pure hydrogen in a pressure that is accurately monitored with a
Baratron pressure transducer.

The source ROSAE III is equipped with electrostatic probe, laser photodetachment, and optical emission
spectroscopy (UV-Visible) diagnostic techniques. Electrostatic probe measurements are realized with a commercial
automated acquisition system (SmartProbe, Scientific Systems). The tip of the probe is an L-bent tungsten wire 0.35
mm in diameter and with a total length of 15 mm. It is positioned 90 mm below the mid-plane of the ECR sources.
Electron densities and temperatures are obtained with a simple fitting procedure in the I-V curve of the probe'’,
while Electron Energy Distribution Functions (EEDFs) are obtained from the second derivative of the probe curve!'®.

For the photodetachment technique, a Q-switched Nd:YAG laser is used. For the decoupling of the AC
photodetachment signal, the capacitive decoupling circuit, presented in Fig. 2, is designed.!” An energy density of
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75 mJ/cm? ensures electron detachment from all H- ions in the irradiated volume and a probe DC bias +15 V above
plasma potential (about +10 V) ensures that all the photo-detached electrons are collected.

4 ECR Sources Monochromator
TRH1000

Electrostatic Probe
Acquisition System

L
g 1 Chamber Water
2y Il Cooling
A
<
g g\ Q-switched Nd:YAG
B & LASER Beam
(@)Y
47 Q !

5kQ T 1uF Collimator

| g‘wﬁ
74 mm

Substrate

Oscilloscope
FIGURE 2. The source ROSAE III and the installed diagnostics.

Optical emission spectroscopy is carried out, at the same height with the probe measurements, with a
monochromator (THR 1000) having 1 m focal length. Collimated light is led into the monochromator by an optical
fiber. The spectroscopic system is calibrated in terms of relative spectral intensity with a quartz-tungsten-halogen
lamp.

The spectroscopy is applied for the determination of the dissociation degree. The spectra in this case have to be
interpreted by using a simple collisional-radiative model (also known as corona model) that was developed by
Lavrov et al.'® This model calculates the ratio of the first two atomic lines of Balmer series (H, and Hg) to the Q1
line of the 2-2 band of the Fulcher-a band system (F(2-2)Q1). The central wavelengths of the H,, Hp, and F(2-2)Q1
lines in air are 656.283 nm, 486.134 nm, and 622.481 nm, respectively. The ratio of the atomic to the molecular line

is given by the equation:
Ly 1 ([(HVH])KE (1) + K (T35) “
Liooa)on U(Tg ) Ag;flfﬁlKgm (tht;lf )

where 1n(T,) is a function that reflects the dependence of F(2-2)Q1 line intensity on the molecular translational
temperature, [H]/[H2] is the ratio of atomic to molecular density, A;‘}ll is the probability of the
d3H{1,V:2,J:1 —>a32g,V:2,J:1 radiative transition, and 7, is the radiative lifetime of the d3H{],\F2,J:1 state. KZ;E ,

Kggsﬁ , and K4 ?'are the rate coefficients of the direct excitation of ground state atoms to the n=3 (a) and n=4 (B)
electronic states, the dissociative excitation of ground molecules to the same states, and the excitation of ground
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state molecules (X12g,v=O,J=1) to the d’ IT;,,v=2,J=1 triplet state, respectively. These values have been reported as a
function of the effective temperature of the high energy tail of the EEDF.!® The degree of dissociation (D) is
eventually calculated from the equation:

I LV L[ 1N

[H]+2[H,] " [H]/[H,]+2

)

RESULTS AND DISCUSSION

For the present study, five materials are chosen; i.e. Pyrex, stainless steel, Highly Oriented Pyrolytic Graphite
(HOPG), tantalum, and yttrium. Pyrex is used as a control material since its surface recombination coefficient can be
adjusted by temperature'® and be kept in very low levels. Stainless Steel (SS) is very interesting as it is the most
common chamber material. Tantalum has been mentioned as a material that can enhance negative ion production'®.
Finally, yttrium is a material with considerably lower work function (3.1 eV instead of ~4.5 eV for the other
materials) which might affect the production in different ways (e.g. direct surface ionization).

The source ROSAE III is here operated at 5 mTorr of pure hydrogen and is supplied with 1 kW of microwave
power, equally divided into the four ECR sources. A typical EEDF is presented in Fig. 3. The hot electron effective
temperature, which is important for spectroscopy diagnostic, is practically the same for all the materials tested (i.e.
9.51 eV, 9.57 eV, 9.28 eV, and 9.45 eV for HOPG, SS, tantalum, and yttrium, respectively). The density of the hot
electrons is in the order of 4x10-® cm for all the samples.

T T T
0
. o Experimental EEDF
10° F ecold=0:77 % 10" cm = = Cold electron Population E
=181 eV + + + +Hot electron Population
A — Bi-Maxwellian Distribution
g 5 mTorr - 250 W/source
_'> 10°F E
]
~
E e n,, =3.72x10°cm’
M 0L : T, =945V |
83| 3 \
\
\
\
106 1 1 1
0 10 20 30 40

Energy (eV)

FIGURE 3. EEDF in the source ROSAE III when the internal surface of the chamber is covered with Pyrex.
Power is 250 W/ECR source and pressure is 5 mTorr.

The temperature of the gas, can be determined from the rotational temperature which is measured from the
Fulcher-a band. The diagnostic technique is described in detail by lordanova.?’ Briefly, the rotational temperature is

determined by the slop of the Boltzmann plot of 1n(k4IFu22Q/SJ' J") versus B, J'(J+1), where A is the emitted

wavelength, Iru22q are the intensities of the lines of the 2-2Q band of the Fulcher-a system, Sy is the line strength,
By is the rotational constant of the excited state, and J' is the rotational level.

The spectrum of the Fulcher-a band (as was measured under similar to the present experimental conditions) and
the corresponding Boltzmann plot are both presented in Fig. 4. The estimated rotational temperature is 839 K.
However, in low pressure plasmas, the translational and the rotational temperatures are not equal. According to
Tordanova? the translational temperature is twice as high as the rotational one and, thus, in our case around 1700 K.
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FIGURE 4. Boltzmann plot for the determination of the rotational temperature from the 2-2Q band of the Fulcher-o system. The
inset presents the corresponding spectrum. This specific measurement has been realized previously under similar to the present

experimental conditions.

The spectral lines used for the determination of the dissociation degree is presented in Fig. 5. The degree of
dissociation, calculated here from the ratio between the Balmer-a line and the line of Fulcher-a band, is 57%, while
the one calculated from the ratio between the Balmer-f line and the molecular line is 62%. These dissociation
degrees correspond to nu/nmp ratios of 2.6 and 3.3, respectively. The used spectroscopic method becomes very
sensitive to changes of the spectral line ratios when the density ratio nu/nm> becomes as high as the above values,
which explains the difference between the two calculated degrees. Based on this result, the first requirement of this
study, i.e. the presence of an important atomic density that can potentially recombine on the surface under test, is

achieved.
©  Experimetnal spectrum 2500  © Experimental Spectrum 4 30F o Experimental spectrum b
8000 - . B .
Gaussian fit .,';at".‘\_ (a) Gaussian fit g& (b) Gaussian fit o (C)
b Q@ 25k 4
H 2000t H F (2-2)Q,
6000 | o .
~ Intensity = Intensity = B 20 F Intensity = 1
? 1500 2308.7 b 28.9
~ 15 F B
3‘4000
= 1000
§ 2000 o ]
S| 500 5
0 == = 0
1 1 1 1 1 1 1 1 1 1 1 1
656.20 656.25 65630 656.35 486.05 486.10 486.15 486.20 622,40 622.45 622.50 622.55
Wavelength (nm) Wavelength (nm) Wavelength (nm)

FIGURE 5. Spectral lines used for the determination of the degree of dissociation in ROSAE III.

The measured densities and temperatures of the cold electrons for different materials, are presented in Fig. 6.
According to Fig. 6b, the electron temperature appears quite similar for all materials. According to Fig. 6a, the
electron density for Pyrex, SS, HOPG, and tantalum, slightly varies in the range 6-7 x 10° cm™. On the contrary, the
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electron density for yttrium rises at about 9 x 10° cm?, i.e. ~40% higher than the density observed for the rest
8l

materials, possibly due to the lower work function of yttrium.
61
4
2+
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Pyrex HOPG Tantalum Yttrium Pyrex HOPG Tantalum Yttrium

—
w
T

Cold Electron Density (cm™)

Cold Electron Temperature (eV)

e
IS

FIGURE 6. Cold electron (a) densities and (b) temperatures for the different materials tested here.

The negative ion densities and the ny./ne ratios are presented in Fig. 7. According to Fig. 7a, SS and yttrium may
be considered as better materials in terms of H™ ion production (~70% increase in the case of yttrium), although one
should keep in mind the tolerance of the photodetachment technique, i.e. around 20%.2! Even if we attribute the
observed increase in the absolute H™ density to physical mechanisms, ignoring the measurement tolerance, Fig. 7b
unveils a parallel increase in the electron density, since the ny./n. ratios do not deviate as much as the H™ densities
for the different materials. Especially in the case of yttrium, this may happen due to the lower work function, which
leads to secondary electron emission as mentioned above. Thus, any classification of the present materials in respect
to the enhancement of the vibrationally excited molecules should be judicious.

x10° 3.0
(a) - (®)
3r a 25+ -
‘e
o
2 ~20F -
& o
) 'g 1.5 F i
A | & |
8 ©
~ L 1ot -
o 1k u =
E &
=
§0 | 0.5F .
Z L
0 0.0
Pyrex HOPG Tantalum Yttrium Pyrex HOPG  Tantalum  Yttrium

FIGURE 7. (a) Negative ion density and (b) nu-/ne ratio for the different materials tested here.
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CONCLUSIONS

In the present work, five different materials were used in a specially designed H™ negative ion source for testing
their efficiency in terms of recombinative desorption and subsequent formation of vibrationally excited molecules,
which are a prerequisite for H™ production via dissociative attachment. High dissociation degrees were achieved,
providing thus adequate precursors for recombinative desorption studies. To the extent that any variation of the
negative ion density (as measured by means of photodetachment) mirrors changes of the vibrationally excited
molecule densities (considering the dissociative attachment as dominant process for H™ production), stainless steel
and yttrium appeared to be competitive materials for enhanced recombinative desorption. Despite that, for focusing
better on the recombinative desorption mechanisms, variable parameters (e.g. the work function of each material)
and further diagnostics, should be considered. Towards this direction, our group is currently studying the vibrational
excitation of an unexcited (absence of plasma) atomic gas in contact with different surfaces, limiting hence the
production of vibrational states solely to recombinative desorption. In this case, vibrationally excited molecules are
probed by means of induced fluorescence and absorption diagnostics. However, these diagnostics are conducted in
the VUV spectral range and synchrotron radiation facilities are used by our group in short scheduled periods. The
results will thus be reported in due course.
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