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Excitation of Balmer lines in low-current discharges of hydrogen and deuterium
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Measurements have been made of electron-impact ionization and excitation of Balmer lines in low-

current, steady-state discharges of hydrogen and deuterium. Results were obtained from spatial scans of
H lines for E/N ranging from 250 Td to 10 kTd. Here E is the electric field, N is the gas density, and 1

Td=10 ' V m . Ionization and excitation coefficients versus E/N are presented for E/N between 250
and 1800 Td, and Nd (where d denotes the gap length) between 2.3X10 and 1.7X10 ' m . Excitation
coefficients obtained for H and D are placed on an absolute scale using a standard tungsten lamp cali-
brated against the blackbody radiation standard. The ionization coefficients are compared with previous
experimental and theoretical data, while the excitation coefficients are compared with the calculated
values.

PACS number(s): 52.20.Fs, 52.25.Rv

I. INTRODUCTION

Studies of hydrogen discharges are of great importance
since hydrogen is often used in the plasma processing of
materials, e.g., the deposition and etching of semiconduc-
tors used in microelectronics [1]. The need to increase
our knowledge of elementary collision processes involv-
ing electrons, atoms, and ions in discharges in H2 and in
mixtures of hydrogen and different hydrocarbons has re-
cently increased because of the role of hydrogen in dia-
mond deposition [2]. Studies of electron behavior in H2
discharges at moderate and high E/N values are impor-
tant for fusion research, particularly for studies of pro-
cesses during the startup of tokamak devices [3].

Although the hydrogen discharge is of great interest
from physical and technological points of view, we still
lack some important information on the behavior of vari-
ous particles, electrons, ions, and neutrals in H2
discharges. The recent transient and steady-state spec-
troscopic data obtained in low-current [4] and in glow
[5,6] hydrogen discharges were used to determine the on-
set of the effect of heavy particles on excitation with in-
creasing E/N. These data, and compilation of the cross
sections by Phelps [7], gave valuable information on the
significance of the heavy particle excitation and ioniza-
tion, on the type of energy distribution of atomic and
molecular ions and neutrals, on the role that the cathode
surface plays in providing the discharge with additional
flux of fast particles going away from the cathode, and on
the kinetics of electrons. The data have shown that col-
lisions involving heavy particles are important even at
E/N = 1000 Td.

Knowledge of electron behavior in high electric field
and low pressures, such as used in this experiment, is im-
portant because of the cathode fall region at the glow
discharges. After crossing the region of high electric field
of the cathode fall, electrons enter the negative glow
where their collisions with H2 are the main source of ions
and radicals. The energy and the total flux of electrons
entering the glow region determine the rate of subsequent

processes that can lead to surface etching, deposition, etc.
Therefore, data such as electron ionization and excitation
rate coefficients at different and high E/N are essential
for understanding the steady-state and transient behavior
of glow discharges.

The electron motion was treated theoretically at low
E/N using Boltzmann calculations [8—10] and at high
E/N using Monte Carlo techniques [11]. Nonequilibri-
um kinetics of electrons was also studied by using the
moment technique for the solution of the nonequilibrium
Boltzmann equation [12,13]. While the cross sections for
electron excitation of H have been measured by several
authors and/or determined by using the swarm tech-
nique, there are significant discrepancies even in the low-
energy region [14]. There have been numerous experi-
mental determinations of swarm parameters at low E/N,
including excitation coefficients [15],and only a few stud-
ies of excitation of Balmer emission at high E/N for hy-
drogen [4] and deuterium [16]. And there are no absolute
measurements of excitation coefficients at high E/N for
these gases.

In the work presented here we have studied the elec-
tron behavior at high E/N, between 250 Td and 10 kTd.
The results of the measurements of excitation and ioniza-
tion coefficients versus E/N~ 1800 Td, are presented.
The analysis is restricted to uniform electric fields, so that
data can be compared with Boltzrnann calculations. At
the lower values of E/N, electrons quickly reach equilib-
rium with the gas and electric field. At higher ranges of
E/N, electron behavior is a function of Nd. The electron
energy and the rates for electron excitation and ioniza-
tion change as the electron moves across the gap. The
measured excitation coefficients and their comparisons
with calculations are good tests of the applicability of
different model calculations at different E/N and of the
cross sections used in these calculations. Our experimen-
tal data on excitation and ionization coefficients are also
of interest for studies of collisional quenching of excited
states, the effect of electrons backscattered from the
anode, and the significance of the nonequilibrium region
near the anode [17].
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FIG. 1. Experimental setup; PM is the photomultiplier.

The experimental setup is shown in Fig. 1. The elec-
tron drift tube for high-voltage and low-current
discharges, on the left-hand side of the Paschen
minimum, has been described already [18]. It consists of
two parallel-plate electrodes, 80 mm in diameter and at
distance 36 mm, enclosed in a tightly fitted quartz tube.
The cathode was made of stainless steel, and the anode of
vacuum-grade, sintered graphite. The reason for choos-
ing graphite is its much lower electron backscattering
coeScient [19]. Experimental data were obtained at the
Nd values and discharge voltages shown on the Pashen
curves for H2 and Dz (Fig. 2). Such a simple design en-
abled us to run discharges at currents between 1 and
10pA, for which the discharge voltage is nearly indepen-
dent of current, e.g., the space-charge distortion of the
electric field can be neglected. The low-current diffuse
discharge, for the discharge currents in our experiment,
can be oscillatory at higher pressures [20], and those os-
cillations set the lower limit for E/N in the experiment.
Outside the oscillation region the discharge was made
stable by using a 0.5—1-MQ resistor in series to the
discharge gap. The discharge current was measured us-
ing an electrometer. The pressure was between 0.15 and
2 Torr and measured with the capacitance manometer.

The light emitted from the H2 discharge was detected
through two quartz windows on the vacuum chamber us-
ing two sets of photon-counting chains. Each chain con-
sists of a collimator, i.e., sets of parallel slits separated by
20 mm, a monochromator, and a photomultiplier. One
set was at a fixed position, detecting the light from the re-
gion 5 mm from the anode. The spatial resolution at full
width at half maximum (FWHM) was 0.5 mm. This opti-
cal system was used to measure the absolute values of the
excitation coefficients. The other optical system was
placed on the table, moved by a stepper motor, and used
to measure the spatial scans of Balmer lines, e.g. , ioniza-
tion coefficients. The spectral resolution of both systems
was around 2 nm.

The absolute calibration of the quantum efficiency of
the detection system, used for the measurements of the
excitation coefficients, was done using a standard
tungsten strip lamp which was calibrated against the ra-
diation from the blackbody radiation standard. Only ra-
diation emitted from the central portion of the filament
was allowed to reach the detector. The quartz window
was placed between lamp and detector during the calibra-
tion procedure. Calibration of the system for the wave-
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FIG. 2. Discharge voltage vs Nd, where N is the gas density
and d is the distance between electrodes (Paschen curves) for
hydrogen and deuterium. The results are for the graphite
cathode and the stainless-steel anode.

length region 550—800 nm was done with the lamp
operating at two different temperatures, 1400 and 1700
K. The light intensity was measured with and without an
interference filter and with different neutral density filters
for two temperatures of the lamp, to reduce the signal
and avoid the saturation of the detector. We made seven
different measurements of the quantum efficiency and the
different sets of data agree well, the maximum deviation
from the mean value for wavelengths around 650 nm be-
ing 10%, which is the overall uncertainty of absolute cali-
bration.

III. RESULTS AND DISCUSSIONS

In this section we present the results of our measure-
ments of ionization and excitation coefficients for Balmer
a lines of hydrogen and deuterium. We compare our ex-
perimental results with previously published and unpub-
lished data.

A. Spatial scans and ionization coefBcients

Emission intensities of H normalized to the discharge
current as a function of the position from cathode to
anode at three different E/N values are shown in Fig. 3.
Drastic changes in the spatial variation as E/N changes
can be noticed. At E/N (2 kTd the optical signal in-
creases exponentially with distance; the distance from the
cathode at which the signal starts to behave like this is in-

creasing as E/N increases. This is due to the fact that an
electron has to travel larger distances before it reaches
equilibrium with the electric field and gas, and excitation
in heavy-particle collisions becomes more and more
significant. At E/N near 2 kTd and Nd values of
2.5X10 m, the exponential growth can be identified
only at a short distance from the anode. It is between 1

and 2 kTd that equilibrium behavior of electrons exists
together with heavy-particle excitation in a certain por-
tion of the gap. The exponential dependence of the opti-
cal signal is evidence of a spatially independent electron
ionization coefficient and exponential growth of the elec-
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FIG. 3. Spatial variation of Balmer a radiation normalized
to discharge current at 300 Td, 2 kTd, and 10 kTd.

FIG. 4. Spatial ionization coefficients for hydrogen vs E!N:
solid curve, Boltzmann calculations [8]; open circles, Rose [23];
solid triangles, Folkard and Haydon [24]; open triangles,
present results.

tron current density.
At E/N )2 kTd the H, emission near the cathode is

dominant and, as can be seen from Fig. 3, at 10 kTd it far
exceeds the electron excitation at the anode. Recently,
significant work has been done to explain the origin of
the strong cathode signal [4]. Petrovic et al. [4] have
presented a new mechanism for producing H in the
cathode vicinity in which the heavy-particle excitations
and the cathode surface play a crucial role. As for elec-
tron behavior at the anode at very high E/N, different
models [12,13] and experiments [21] agree that the elec-
tron energy distribution can be approximated by that of
the energetic electron beam(s) generated at the cathode
and passing the gap with very few collisions. The experi-
rnental analysis of the behavior of electrons is difficult be-
cause of heavy-particle excitation and the strong presence
of backscattered electrons from the anode and their wide
energy distribution [19,22].

For E/N lower than 2 kTd the signal can be approxi-
mated by a single exponential function, from a point in
the gap to the anode position. This, together with the
good agreement between the observed exponential
growth of H emission and the growth expected from
previously published results for the ionization
coefficients, can be regarded as evidence of electrons be-
ing in equilibrium at the anode and of the negligible effect
of backscattered electrons.

The spatial ionization coefficients as a function of
E/N, for E/N &1800 Td, were derived from the ex-
ponential growth of H intensity and are shown in Fig. 4.
Present results are indicated by open triangles; the solid
curve shows the Boltzmann calculations of Buckmann
and Phelps [8]. The same comparison was made with
two sets of previous experimental measurements by Rose
[23], given by open circles, and by Folkard and Haydon
[24], shown by solid triangles. In both of these experi-
ments the measurements of ionization coefficients were
made at voltages below breakdown, by measuring the
discharge current while changing the electrode separa-
tion and voltage proportionally (thus keeping E/N con-
stant). The results of calculations [8] and the measure-
ments of Rose [23] are considerably higher than ours at

higher E/N. Similar findings at higher E/N, that spec-
troscopic data give lower ionization coefficients than
current data, have been reported for nitrogen [25] and ar-
gon [26]. Our measurements are in better agreement
with the data of Folkard and Haydon [24]. These au-
thors have shown that the previous concept [23] of none-
quilibrium distance from the cathode do, where electron
multiplication is zero, and the equilibrium region for
z & do is unsatisfactory at high E/N. From the slope of
the Gosseries plots (plots that relate the reciprocals of
currents at two different electrode separations), they have
found values of ionization coefficients. From the point of
departure from linearity of Gosseries plots, they have
determined the nonequilibriurn distance from the cathode
do, where ionization coefficients are changing with posi-
tion. An examination of the plots shows that for
E/N (750 Td, do is well defined and that Nd0 is much
smaller than the maximum Nd, at which the breakdown
will occur. Above 750 Td, do is increasing rapidly, ' the
ionization coefficients are then functions of the electrode
separation and cannot be obtained from simple analysis
of current measurements using the equilibrium current
growth equation for d )do. The agreement between our
results and those from Ref. [24] suggests that two
different analyses can lead to the same results if particu-
lar care has been taken in the treatment of current data.
The fair agreement between different types of measure-
ments is an indication that the effect of backscattered
electrons from the anode onto the ionization in the anode
vicinity can be neglected for E!N & 2 kTd.

The uncertainty of our data is +7%, which is inferior
to the technique applied by Folkard and Haydon. Yet
our technique is much easier to implement, and can be
applied even in the case of nonequilibriurn, provided that
the emission lines which are not excited by heavy parti-
cles are used [25] and the electron distribution function is
known. Under these circumstances effective electron
multiplication can be obtained and used to verify the ion-
ization cross sections at energies which are usually not
probed by swarm techniques, i.e., above 20 eV.
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B. Excitation coefBcients 1021

R =Q(A)Aan' J dV, (2)

where 0 is the solid angle subtended by the detector of
the discharge volume d V; Q(A, ) is the quantum efficiency
of the detection system, e.g., the number of counted
pulses per each photon emitted at wavelength k; V is the
volume of the discharge from which the radiation can be
detected; and Az is the transition probability for the
transition between states with n =3 and 2.

Finally, using Eqs. (1) and (2) the relation between exci-
tation coefficients and measured optical signal and local
current density is

a eR (z)

Q(A, )Nj(z) J dv
1+

No
(3)

where No= A */k is a quenching density, i.e., the densi-

ty at which half of the excited states are collisionally
quenched.

The current density at the position where light was
detected, i.e., 5 mm from the anode, was calculated from
the measured steady-state discharge current and our mea-
sured ionization coefficients (see Fig. 4). Here we have
assumed that the discharge current is equal to the elec-
tron current at the anode.

The quantum efficiency of the optical system and solid
angle of the detector were found to be 2.6X10 and
2.3 X 10 srad, respectively. The branching ratio
A */Az =2.2 was obtained from the published transition
probabilities [28]. From the values of the transition prob-
abilities [30] it can be seen that the Balmer emissions are
mainly determined by the transitions from (ns) and (nd)
states to lower p states, while (np) states predominantly
decay into the ground state. Therefore, Balmer radiation
is contributing through cascades to Lyman radiation, but
the contribution of cascades to Balmer emission is negli-
gible.

The spatial excitation coefficient for a certain excited
state is defined as a ratio of the rate coefficient to the con-
vective drift velocity. It can be regarded as the number
of excitation events per unit distance in the field direction
per electron leaving the cathode, normalized to gas densi-
ty. The experimental procedure for measuring the excita-
tion coefficients has been discussed in detail [27]. The
Balmer a excitation coefficients a/N at each E/N were
determined by using the continuity equation in which the
excitation by ions and neutrals was neglected:

n'e( A*+Nk )

j,(z)N

where n * is the density of excited H atoms with n =3,
A* is the radiative transition probability of the n =3
state, j,(z) is the local electron current density, z is the
distance from the cathode, and k is the rate coefficient
for the collisional quenching of the excited state n =3.
The factor R that relates the emitted light and the mea-
sured steady-state signal at the position z is
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FIG. 5. Spatial excitation coefficients for 300 and 1750 Td.
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FIG. 6. Spatial excitation coefficients vs E/N for hydrogen

(solid circles) and deuterium (open triangles). The solid line

represents the results of Boltzmann calculations [8].

There are several published rate coefficients [29] for
collisional quenching of H with a large spread of results.
The excitation coefficients shown in Figs. 5 and 6 were
obtained using quenching rate coefficients from Lewis
and Williams [29], who measured A'/k~ =No and re-
ported the value of 4.3X10 m . The spatial scans of
the Balmer a radiation of Fig. 3 can be placed on the ab-
solute scale of the excitation coefficients by normalizing
the extrapolated optical signal at the anode to previous
measurements or calculations of electron excitation
coefficients for H . This is another way of calibrating the
detector, e.g. , of obtaining the ratio
A '/(0/4~)Q (A, ) VAa in Eq. (3). The results are shown
in Fig. 5, where we first converted the anode signal per
unit current, at 300 Td, to the calculated excitation
coefficient at the same E/N [8], and then used the same
conversion factor to place the spatial variation of H at
1750 Td on the absolute scale.

Absolute values of the excitation coefficients for H
and D versus E/N, obtained after the quantum
efficiency and geometry of the experiment used in Eq. (3)
were independently determined, are shown in Fig. 6. The
results for hydrogen are shown as solid circles, while the
deuterium data are represented by open triangles. The
Boltzmann calculations of the excitation coefficients for
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hydrogen [8] are shown with a solid line. The agreement
between experiment and calculations is good except for
the lowest value of E/N, where experimental results are
much lower than theoretical results. A possible reason
for these discrepancies might be the occurrence of small
current oscillations [20] at pressures over 2 Torr, which
may lead to an error in current readings. The excitation
coefficients for deuterium were obtained using the same
quenching density as for hydrogen. We have used the
same values for the ionization coefficients, since it was
shown that they are not different for the two gases at
high E/N [23]; we also used the same procedure for
determining the current at 5 mm from the anode as we
did for hydrogen. The results are close but systematically
lower for deuterium than for hydrogen in the E/N region
investigated, similar to Boltzmann calculations of a/N
for D [9] for E/N & 650 Td.

The procedure described for obtaining excitation
coefficients at high E/N has been questioned by Blevin
and co-workers [17,30]. Two issues have been raised: the

no nequilibrium close to the anode which makes it
difficult to connect the measurement of the electron flux
at the anode and the flux away from the anode, and the
additional ionization due to backscattering electrons
which also affects the determination of local electron den-
sity. While these arguments are fully justified in general,
we have shown that for the specific conditions of our ex-
periment they do not affect our results. Blevin and co-
workers showed that ionization frequency is independent
of the position close to the metallic boundary for Nz at
800 Td. Thus exponential growth of the electron flux can
be extrapolated to the anode [18]. There were no such
studies performed for hydrogen. From the sufficiently ac-
curate approximation of the exponential growth to the
anode, we may conclude that for the range of E/N for
which the coefficients were determined, the width of the
nonequilibrium anode region is small. Low energies of
electrons being in equilibrium at the anode are an addi-
tional argument that the effect of backscattered electrons
is small.

IV. SUMMARY

We have shown that optical data can be used for deter-
minations of electron ionization and excitation
coefficients. Spatial scans of optical emission can provide

interesting and useful information on the behavior of
electrons and heavy particles in gas discharges. The opti-
cal signals can be placed on the absolute scale of the exci-
tation coefficients, and then used as a test of different
models and theories of the ionization and excitation of
the electron and heavy particles. When combined, for ex-

ample, with Monte Carlo calculations of the spatial exci-
tation rate coefficients, the data that we have presented
can reveal important processes involving electron back-
scattering from different anode materials, excitation and
ionization by ions and neutrals, reflection of heavy parti-
cles from the cathode, and formation of fast neutral
particles —all very relevant and important processes for
glow discharges, with a developed cathode sheath.

Spatial scans of H have shown the exponential growth
of emission versus distance toward the anode, from some
point in the gap, and if E/N &2000 Td. The ionization
coefficients obtained from such data agree well with the
data of Folkard and Haydon [24]. Above 2 kTd and
Nd & 2.7X10 m, excitation by heavy particles becomes
dominant and then the study of electron kinetics is no
longer possible. Our measurements of the optical emis-
sion at high but uniform electric field are certainly less
complex than the studies of high current discharge and
therefore modeling the spatial scans of H is a first step
toward better understanding of electron and heavy-
particle kinetics in glow discharges. Our excitation
coefficients of H for 250&E/N &1800 Td agree well

with the calculated values [9].
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