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Laser Optogalvanic Detection of Molecular Ions
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This Letter reports the first optogalvanic detection of molecular ions (N,*, CO*). The
present results indicate a new optogalvanic mechanism involving direct alteration of ion
mobility by laser excitation, due to a difference in charge-exchange collision rates for
excited- vs ground-state ions. The technique provides a sensitive probe of ions in the
cathode dark space. Ion kinetic energies are obtained from Doppler shifts and internal

energy distributions from rotational line intensities.

PACS numbers: 35.80.+s, 34.70.*+c, 52.70.Kz

The detection and spectroscopic study of mo-
lecular positive ions is a subject of great inter-
est because of the importance of such species in
a variety of processes in plasmas, the upper
atmosphere, flames, and laser and radiation
chemisiry.! In this Letter we report on the appli-
cation of optogalvanic (OG) spectroscopy” to the
detection of positive molecular ions. In OG spec-
troscopy one monitors changes in the impedance
of an electric discharge due to optical excitation
of some constituent species. This method is a
valuable spectroscopic tool since the discharge
is both a source and a convenient detector for a
wide variety of atoms and molecules.®** However,
molecular ions have not (to our knowledge) pre-
viously been observed in an OG type of experi-
ment.® We propose a new OG mechanism that
involves direct modification of ion mobility by
laser excitation. The change in mobility is due
to a difference in the collisional properties of
ground- versus excited-state ions. The validity
of this mechanism is supported by studies of the
spatial, temporal, and pressure dependence of
the signal, The utility of laser OG spectroscopy
as a plasma diagnostic is demonstrated by our
determination of ion kinetic energies from
Doppler shifts and internal energy distributions
from rotational line intensities.

The experimental apparatus is rather simple.
We use a N,-laser -pumped tunable dye laser to
probe dc glow discharges containing molecular
species such as N, and CO. The short pulse dura-
tion of the laser (~5 nsec) allows analysis of the
temporal behavior of the OG signal. The dis-
charge is an abnormal glow with plane parallel
electrodes (25 mm diam, 12 mm apart) and gas
pressures in the 1 Torr range. The discharge
is in series with a 10-k{2 load resistor and the
de current is typically 7 mA, The voltage across
the discharge is monitored through a dc blocking
capacitor and processed with a boxcar averager,
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Figure 1 shows an OG spectrum of N," obtained
from a discharge in 1.0 Torr of pure nitrogen.
About 30 rotational transitions are observed as
the laser is tuned across the (0, 0) band of the
X%3,"-B%Z, * transition. The observed 2 to 1
intensity alternation is a consequence of nuclear-
spin degeneracy and the symmetry requirements
of homonuclear diatomic molecules, and indicates
that the OG signal is linear in the number of N,”
molecules excited by the laser. Spin-rotation
splitting (< 0.3 cm™)® is not clearly resolved
because of the laser linewidth (~0.3 cm™!).

Figure 2 shows the amplitude of the OG signal
versus distance between the laser beam and the
cathode surface (the laser beam is parallel to
the electrode surfaces). OG signals are obtained
only for laser excitation within the cathode sheath
region of the discharge (the cathode dark space).
This contrasts sharply with the spatial depen-
dence of laser-induced fluorescence (LIF) ob-
tained by monitoring B*3,*(v=0) ~X?%,"(v=1)
emission with the laser tuned to the (0, 0) band-
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FIG. 1. A laser optogalvanic (LOG) spectrum of N,*.
The laser excited individual rotational lines in the (0, 0)
band of the X?Z,*—~B%Z * transition.
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FIG. 2. The spatial dependence of laser optogalvanic
(LOG) signal and laser-induced fluorescence (LIF).
The LOG effect is localized to the cathode dark-space
region <4 mm from the cathode for this 1.0-Torr-
nitrogen discharge.

head. The LIF signal is approximately propor-
tional to the ground-state N,* density” and shows
that the N,* density is much larger (factor of
~50) in the negative glow region than in the cath-
ode sheath. The spatial sensitivity of OG detec-
tion thus complements that of LIF and optical
emission. In fact we obtain significantly better
(factor of 10) absolute sensitivity to ions in the
cathode sheath with OG detection than with LIF,

With short-pulse laser excitation, the OG
signal for the X?% " - B?Z, " transition of N,*
appears as a temporary increase in discharge
current (a voltage decrease) that occurs prompt-
ly after the laser pulse. The observed temporal
behavior is independent of the distance between
the laser beam and the cathode and is relatively
insensitive to discharge pressure. The width of
the current pulse is ~180 nsec full width at half
maximum for N, pressures below ~1 Torr and
decreases slowly with increasing N, pressure
(~100 nsec at 8 Torr). The OG current pulse
contains a charge equivalent to a substantial
fraction (~50%) of the number of ions excited by
the laser. In order to make this comparison,
the N, " density (~5x10° cm ™) was estimated
from the measured current density and known
drift velocity,® and the fraction of ions excited
by the laser was estimated from known partition
functions and observed saturation behavior. The
OG signal was observed to be linear in laser

intensity up to ~100 kW c¢m ™2 where saturation
began to occur (sublinear intensity dependence).

We have also obtained OG spectra due to laser
excitation of CO™ in carbon monoxide discharges.
In these experiments, the pulsed dye laser was
tuned across the (0, 0) band of the X2%* — A%l
transition of CO”, A temporary (<1 usec)? in-
crease in discharge current occurs promptly
after the laser pulse, and the effect is again
localized to laser excitation within the cathode
sheath.

To understand our proposed mechanism by
which ion excitation produces an OG signal, con-
sider the basic physical processes occurring in
the cathode sheath region where the OG effect is
observed. The cathode sheath is a region of posi-
tive space charge. Positive ions are the prin-
cipal current carriers, and the ion mobility is
limited by symmetric charge-exchange collisions.
For ground-electronic-state N, at ~1 eV, the
cross section for symmetric charge exchange'®
with ground-state neutral N, is ~50 A.2 The
mean free path (~6x107% ¢m at 1 Torr) is much
smaller than the cathode sheath thickness (~0.3
cm at 1 Torr). Thus there are many (~50)
charge-exchange collisions during the transit
of N,* across the cathode sheath,

Excited-state ions are expected to have a
smaller charge-exchange cross section than
ground-state ions for collisions with ground-
state neutrals because the transfer of a single
valence electron from the neutral molecule to
the excited ion would produce an excited neutral
molecule and a ground-state ion, thus breaking
the energy resonance condition.!' Excited ions
therefore have an increased mobility, consistent
with our observation that laser excitation of the
ions leads to an increase in discharge current
(or equivalently a decrease in voltage). The
specificity of the OG signal to the cathode sheath
region follows from the fact that positive ions
are significant current carriers only in this por-
tion of the discharge. Our experimental observa-
tions for N, agree quantitatively with the abso-
lute amplitude and time dependence of the cur-
rent change predicted by our model, provided
that the excited ions do not undergo charge ex-
change within their 60-nsec (Ref. 6) lifetime,

As a further test of the proposed mechanism
of OG signal generation, we examined the pres-
sure dependence of the N, OG signal obtained in
discharges of pure nitrogen and 5% N, in He.
The signal dramatically declines for partial
pressures of N, below ~100 mTorr. This cor-
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responds to the point where the mean time be<
tween charge-exchange collisions of ground-state
ions is larger than the radiative lifetime of ex-
cited ions (60 nsec).® These observations sup-
port our proposed mechanism since the decay

of the excited ions in a time much less than the
time between ground-state collisions would pre-
clude an effective change in mobility.?

We have used OG detection as a plasma diag-
nostic to obtain ion kinetic energies in the cath-
ode sheath from observations of Doppler broad-
ening. Figure 3 shows a portion of the OG spec-
trum of N, (X2 ,* ~ B?2, ") taken with the laser
beam parallel (upper curve) and perpendicular
(lower curve) to the dc electric field in a 1.0-
Torr-nitrogen discharge. The linewidth (~0,6
cm™! full width at half maximum) observed with
the laser propagating perpendicular to the dc
electric field is principally due to the laser line-
width (~0.3 cm™!) and unresolved spin-rotation
splitting (~0.2 em™). The spectrum recorded
with the laser propagating parallel to the dc elec-
tric field shows additional broadening due to
directed ion motion toward the cathode.™

For N, * the Doppler shift is related to kinetic
energy (E,) in directed motion towards the
cathode by 6p ~(0.2 cm™) [E, (eV)]Y2% The ob-
served broadening corresponds to a distribution
of kinetic energies in the range 0-6 eV with an
average value of 2.2+ 0.7 eV for a 1-Torr-N,
discharge. The kinetic energy distribution ob-
tained in this way is an average over the cathode
sheath region. The electric field varies approxi-
mately linearly' across the cathode sheath with
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FIG. 3. Line shapes obtained with the laser propa-
gating parallel (upper curve) and perpendicular (lower
curve) to the de electric field in a 1.0-Torr-nitrogen
discharge. There is additional broadening for K | E
due to ion motion towards the cathode.

1848

an average value of =700 V/cm for our discharge
at 1 Torr N,; this, combined with the charge-
exchange mean free path' (6 x10™ c¢m at 1 Torr),
yields an expected mean energy of ~4 eV, Our
result (2,2+ 0.7 eV) is between this figure and

the value from direct drift-velocity measure-
ments® (=1.2 eV).

The rotational energy distribution can be ob-
tained from analysis of the rotational line inten-
sities. The OG spectrum of N,* shown in Fig. 1
is accurately described by a Boltzmann distribu-
tion of ground-state ions with 7',,,=840+20 K,
This rotational temperature corresponds to an
energy (0.07 eV) much smaller than the average
ion kinetic energy (~2 eV) yet substantially hotter
than the ambient gas kinetic temperature T
=310 K. The lack of equilibrium between the
ion rotational and translational energies is due
to the fact that the symmetric charge-exchange
process involves relatively little angular mo-
mentum transfer.!®

Our OG spectra show no evidence of vibra-
tionally excited ions. We believe that this re-
flects a relatively cold vibrational temperature
T, <0.2 eV for N,*, However, the relative in-
tensity of vibrational bands observed in OG ion
spectroscopy need not follow the vibrational
population distribution because of a dependence
of charge-exchange cross section on vibrational
quantum number,'®

In conclusion, we have extended optogalvanic
spectroscopy to the detection of molecular ions
and presented evidence for a new detection mech-
anism involving direct alteration of ion mobility
by laser excitation. The technique provides a
sensitive probe of the cathode dark-space region
of glow discharges and.thus complements other
optical methods such as laser-induced fluores-
cence and optical emission spectroscopy. We
have used optogalvanic spectroscopy as a plas-
ma diagnostic to obtain internal and kinetic ener-
gy distributions for ions in the cathode sheath,
Such information is basic to an understanding of
plasma-surface interactions.'’
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