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A linear, steady-state analytical model of the optogalvanic effect in a positive column on the 587.6-nm He

transition is presented. Absolute measurements of the optogalvanic effect in a positive column on the 587.6-nm He

transition are reported. The model and the experiment are found to agree over a substantial range of direct currents

and over a factor of 10 in column-radius-pressure product. This model relates the absolute magnitude of the

optogalvanic effect on one transition to a known ionization rate. The structure of this model should be useful in

determining ionization rates of electronically excited levels from optogalvanic measurements.

I. INTRODUCTION

The optogalvanic effect, reported in positive
column and hollow cathode discharges, ' is used

as a sensitive detection method in laser spec-
troscopy. Although the optogalvanic effect was
first observed over 50 years ago (see Ref. 2 for
a review of early work), the potential of the phe-

nomena as a detection method has been widely

recognized only recently. Trace element detec-
tion at the 0.1 ppb level is possible with optogal-
vanic detection. ' High-resolution spectroscopy
on single-photon transitions is performed using
Doppler-free intermodulated optogalvanic spec-
troscopy. 4 Doppler-free two-photon transitions
are also studied using optogalvanic detection. '

There is need for an improved theoretical under-

standing of the optogalvanic effect. An improved
theoretical understanding of the effect might

lead to improvements in the sensitivity of opto-
galvanic detection in trace element analysis and

in high-resolution Doppler-free spectroscopy.
The work of Smyth, Keller, and Crim, ' Pepper, '
and Zalewski, Keller, and Engleman, "are sig-
nificant steps in this direction.

Besides the hope of improvement in the sensi-
tivity of optogalvanic detection, there are other
motivations for this work. The magnitude of the

optogalvanic effect is dependent on the magnitude

of the ionization rates of levels whose populations

are perturbed by the laser. The model described
in this paper successfully relates, for one transi-
tion, the absolute magnitude of the optogalvanic
effect to a known ionization rate. It should be
possible to study other transitions and use the
absolute magnitude of the optogalvanic effect to
determine ionization rates of electronically
excited levels.

The positive column discharge is not in local
thermodynamic equilibrium and is therefore best

described by rate equations. A perturbation to
the column, such as the optogalvanic effect, must

also be described by rate equations. ' Unfortu-

nately, one rarely knows a sufficient number of
cross sections to completely solve the problem.
This paper describes a new approach to a rate-
equation description of the optogalvanic effect.
The rate-equation problem is split into two parts.
The first part involves solving the rate equations

exactly for a few levels whose populations are
greatly perturbed by the laser. The solution is
expressed as an ionization efficiency, the number

of excess ion-electron pairs produced per ab-
sorbed photon. The second part of the problem
involves describing the electrical response of

the plasma to a small perturbation in the total ion

production rate. The second part of the problem
is solved by a linear, steady-state perturbation
analysis of the key rate equation or equations
which describe the plasma. The solution can be

expressed as a collection efficiency, the number
of excess electrons which flow through the ballast
resistor per excess ion-electron pair produced in

the plasma. The dynamic resistance of the column

plays an important role in the linear analysis of

the key rate equation(s). The dynamic resistance
is difficult to calculate from first principles but is
trivial to measure. Each transition has a unique

ionization efficiency, but the collection efficiency
is a property of the plasma. The quantum effi-
ciency of the optogalvanic effect is the product of

the ionization efficiency and the collection effi-
ciency.

The model is tested by studying a single He

transition involving only levels with well under-
stood kinetics and well known reaction rates.
Measurements of the absolute magnitude of the

optogalvanic effect per absorbed photon are re-
ported over a range of experimental parameters.
The experimental parameters which are varied
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include the laser intensity, column radius,
column pressure, direct current in the column,
and ballast resistor. The model agrees with the
current dependence of the optogalvanic effect and

the absolute magnitude of the effect over a wide
range of RP (the product of column radius and
column pressure)

II. He KINETICS AND THE IONIZATION EFFICIENCY

He He&

He(2.4)

X Xu

The choice of a transition involving only levels
with well understood kinetics for this study is
essential. The He discharge is one of the most
thoroughly studied discharge systems (for exam-
ple, see Ref. 10 and extensive bibliography), and

He radiative decay rates are also very accurately
known xi The He 2sP 3sD transition is ideal be-
cause of its convenient wavelength 587.6 nm, and

because most of the kinetics of the 3'D level, " '5

the 2'P level, " and other nearby levels' ' are
known. Although electron-impact ionization
cross sections for the 2'P and 3'D levels have not
been measured they can be neglected. The elec-
tron density in this study is typically 3 && 10" cm '
or less, and the average electron thermal veloc-
ity is approximately 3 &&10' cm/sec or less.
Electron-impact ionization is neglected because
the cross section must be10 "cm' or more before
the resultant rate is comparable to the associa-
tive ionization rate of the 3'D. Reasonable esti-.
mates, based on hydrogen calculations, of the
electron-impact ionization cross section of the
2'P and 3'D levels are less than or equal to 10 '
cm'." The rates of important radiative and col-
lisional decay channels of the 3'D and 2'P levels
are summarized in Fig. 1.""

The ionization efficiency of the 2'P-3'D transi-
tion can be determined by inspection of Fig. 1.
It is apparent from Fig. 1 that the dominant decay
channel of an atom in the 3'D level is spontaneous
decay at 58V.6 nm. It is also apparent that the
dominant channel producing an ion-electron pair
is associative ionization. Associative ionization
refers to the production of a He molecular ion
and a free electron by a two-body collision be-
tween a ground-state He atom and an excited He
atom in a state above the 3s levels. Suppose that
a dye laser irradiating the discharge is tuned to
58V.6 nm; some He atoms in the 2'P level absorb
laser photons and are elevated to the O'D level.
If the laser intensity is far below saturation it is
apparent that the efficiency of ionization per ab-
sorbed photon is approximately the ratio of the
associative ionization rate a to the spontaneous
radiative decay rate A. Net absorption of a
photon is measured by the attenuation of the
laser beam, hence the efficiency of ionization
is unchanged as the laser intensity is increased

I0.2)

FIG. 1. Su~~ary of spontaneous radiative rates and

collisional rates of reactions involving the 33D level.
The numbers enclosed in parentheses are rates in units
of 106 sec . Collisional processes are indicated by a
symbol for the collision partner preceding ihe rate.
The collisional rates are for a discharge with 1.0 Torr
of He, with an electron concentration of 1.7 x10 cm 3,

and with an electron temperature of 6.5 eV.

to the saturation intensity or higher. If an atom
absorbs a photon and is subsequently stimulated

by the laser beam to emit radiation, no attenua-
tion of the laser beam is detected. The ioniza-
tion efficiency a/A is 0.033 at 1.0 Torr. By
modeling and measuring the optogalvanic re-
sponse per absorbed photon it is possible to avoid

any calculation or measurement of the production
rate of He atoms in the 2'P level.

The expression for the ionization efficiency is
particularly simple in the case of the 2'P-3'D
transition. In a more general case described in

the Appendix the ionization efficiency is deter-
mined by a set of coupled rate equations. Qther
ionizing reactions cauld be important for other
levels. If electron-impact ionization is import-
ant, the electron density and temperature must
be measured to relate the ionization efficiency
to an ionization cross section. If metastable
collisions are important, the metastable density
must be measured to relate the ionization effi-
ciency to an ionization cross section. Time-
resolved spectroscopic measurementsof total
decay rates and collisional transfer rates will
usually be necessary. "" Nevertheless, the
optogalvanic effect should be useful in kinetics
studies because it provides a convenient and sen-
sitive means of measuring small perturbations
to the ion density.

It should be noted that the ionization efficiency
can be negative as well as positive. ' A negative
optogalvanic effect is observed in Ne when the
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metastable population is depleted by pumping a

level which can radiate to the ground state. The

metastable population limits ion production

through two-step electron-impact ionization.

The overall efficiency of the optogalvanic effect
in this case is often comparable to the efficiency

when fast associative ionization or chemionization

channels are open.

HI. THE COLLECTION EFFICIENCY

i =E(n, E) . (2)

The function G is composed of an ion production
term minus an ion loss term in units of ions per
sec and N is the total number of ions in the plas-
ma. Both terms are dependent on the electron
concentration n and E/P. The sustaining direct
current i is determined by the external circuit;
hence Eqs. (1) and (2) determine n and E during
steady-state operation. This is a convenient
framework because n and E/p are two param-
eters which completely characterize a discharge.

The collection efficiency is determined by a
linear, steady-state perturbation analysis of the

most important rate equation(s) which describe
the plasma. The single most important rate
equation is the rate equation for ions. The ion

rate equation plays a key role in very early
positive column models, " as well as very recent
work ao

It is assumed that the magnitude of the optogal-

vanic effect is linear per absorbed photon. This

assumption is reasonable because the laser pro-
duces at most a few percent change in the dis-
charge current. Substantial experimental data

support this assumption, the optogalvanic effect
on the 2'P-O'D transition saturates with the ab-

sorption as the laser power is increased. The

model will not treat the dependence of the opto-

galvanic effect on the spatial distribution of ab-

sorbed photons. The optogalvanic response per
absorbed photon is observed to be 10 to 20/q

larger when the laser is focused on the column

axis than it is when the laser uniformly illumi-

nates the column. This spatially averaged model

is a good approximation.
In the following discussion the electron concen-

tration on axis n and the axial electric field E
are treated as independent variables. The column

radius R and the pressure P are fixed parameters.
Most models of the positive column can be cast in

a mathematical framework which involves two

key equations: the ion rate equation

dlV
G(n, E)=0=-

dt '

and the direct current equation

BF BF~i=—~n+ —m.
an aE

(4)

The external circuit provides the necessary addi-

tional constraint

Zai=- lm, (5)

where Z is the ballast resistance plus the power

supply impedance and l is the length of the col-
umn. If the cathode fall is not independent of

current it is desirable to include in Z additional

dynamic resistance due to the cathode fall.
Equations (3), (4), and (5}are solved to yield

a BF l aG aF l BG aF4i=-—Q —— +
A an Z an BE Z BE Bn.

' (6)

It is desirable to simplify Eq. (6) by using Eqs.
(1) and (2) to evaluate the total derivative of the

direct current with respect to the electric field

di BF BF BG BG.
dE= aE an aE an

'

This total derivative is closely related to the dy-

namic resistance of the column

dV di—=l
di dE '

where V is the column voltage. Equation (6}is
simplified as

(8)

It is essential to note that no assumptions about

the dominant ion production mechanism, the

dominant ion loss mechanism, or the dominant

metastable loss mechanism are necessary to
derive Eq. (9). Much of the dependence of the

optogalvanic response per absorbed photon on

the sustaining direct current is due to the dynam-

ic resistance of the column which is a strong
function of current. The dynamic resistance of

the column is an easily measured parameter
which can be used to relate the optogalvanic re-
sponse per absorbed photon to the kinetics

Explicit expressions for G and F are given in the

next section.
The laser produces excess ion-electron pairs

when it is tuned to the 587.6-nm He transition.
The excess ion-electron pairs perturb n and E;
hence

aG aG a dN—an+ —bS+ —Q =0=—,
an BE A dt '

where a/A is the previously defined ionization

efficiency and Q is the total number of photons

absorbed per unit time. The current is also per-
turbed; hence
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of the levels perturbed by the laser. Assump-
tions about the dominant mechanisms in the
column are required to evaluate the remaining
partial derivatives in Eq. (9).

The model of the optogalvanic effect described
in this section is a very simple model and several
improvements can be suggested. The metastable
density could be introduced as an additional in-
dependent variable with an additional rate equa-
tion. This would be essential if the laser directly
depleted the metastables by pumping a level which
can radiate to the ground state. The atomic ion
density and molecular ion density could be intro-
duced as separate independent variables with
separate rate equations. The introduction of
additional independent variables with additional
rate equations will not change the role played by
the dynamic resistance. The role played by the
dynamic resistance is determined by the assump-
tion that the plasma responds linearly to the per-
turbation.

IV. THE POSITIVE COLUMN MODEL

The model of the He positive column used in
this work is closely related to the Tonks and
Langmuir" 'free fall" model with modifications
suggested by the work of Cherrington. The
essential features of the positive column model
are the following:

(1) the Debye length is much less than the
column radius,

(2) diffusion is the dominant metastable loss
process,

(3) ion production is dominated by two-step
electron impact ionization,

(4) ion loss is dominated by wall losses.
Assumption (1) implies that the electron and ion

concentrations are essentially equal in the plasma.
This assumption does not hold in the sheath, the
boundary of the plasma. The axial electron con-
centration n will be used in place of the axial ion
concentration.

Metastable He atoms play a key role in ion pro-
duction. Assumption (2} implies that the meta-
stable concentration is approximately linear
with electron concentration and with sustaining
direct current. This assumption constrains the
model to low currents. At high currents the
metastable population saturates due to destruc-
tion by electron collisions (superelastic and ion-
izing) and due to collisions between pairs of meta-
stables. It is essential in the experiments to be
compared with this model that data be collected
at low currents where the metastable population
is not saturated. There are a substantial num-
ber of studies of metastable populations as a
function of current which can be used to define

the desired range of currents as a function of
RP. ~ The metastable diffusion coefficient,
the metastable electron-impact ionization cross
section, " the metastable electron-impact super-
elastic collision cross section, " and the meta-
stable-metastable destruction cross section"
are all well known. This information is also
useful in defining the desired range of currents
where the metastable population is proportional
to the current.

Assumption (3) together with assumption (2)
imply that the ion production rate is proportional
to 4. Several processes, which involve meta-
stables, can be included in two-step electron-
impact ionization. The rate of ion production
due to direct electron-impact ionization of meta-
stables, collisions between pairs of metastables,
and indirect electron-impact ionization of myta-
stables would all be proportional ton' if the metasta-
ble population is not saturated. Indirect electron-
impact ionization of metastables includes electron-
impact excitation of a metastable to a level which
can associatively ionize or autoionize. The im-
portance of two-step electron-impact ionization
in the rare-gas positive column has been known
for some time 2~ Recently Cherrington derived
a very successful positive column scaling law
using two-step ionization as the dominant ion
production mechanism. "

Assumption (4}, that wall losses dominate bulk
recombination in the positive column, was
recognized by Schottky. He described the pro-
cess in terms of ambipolar diffusion. ' Tonks
and Langmuir presented a more general descrip-
tion of the ion motion to the wall. Their treat-
ment applies for small values of Rp where the ion
mean free path is larger than the column radius.
Their treatment agrees with the Schottky model
when the ion mean free path is smaller than the
column radius. The data presented in this paper
cover values of Rp from 0.05 to 0.5 cm Torr.
The ion mean free path is smaller than the' column
radius over this range of Rp, and hence it would
appear that ambipolar diffusion would best des-
cribe the ion wall current. This, however, is
not the case. Bickerton and von Engel concluded
that the ion wall current is best described by the
Tonks and Langmuir free fall model in this range
of Rp in the He positive column. " They based
their conclusion on measurements of the electron
temperature as a function of RP. They reasoned
that this is a consequence of the large radial
electric field which results from the relatively
high electron temperature always found in rare
gases. This. imparts to the iona a motion which
is strongly directed towards the tube wall, so
that their drift velocity is not a small fraction of
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their random thermal velocityP' The Schottky

model assumed that the ion motion is isothermal
i,on drift.

It is possible using assumption (1) through (4)
to write more explicit expressions for E and G

as defined in the previous section. The electron
mobility is two orders of magnitude higher than

the ion mobility, hence the sustaining direct
current is carried by the electrons. The sustain-
ing direct current is

improvements can be suggested. The effect of

ion-atom collisions in retarding the ion motion

toward the wall could be included. Single-step
electron-impact ionization could be included.

The effects of gas heating in the positive column

could be included. These improvements and the

improvements suggested at the end of the pre-
ceding section are desirable but not necessary
to model the optogalvanic effect on the 2'P-O'D

transition.

i =F(&,E)= enpEvR'2h~, (10}
V. EXPERIMENTAL

BE BG u7. . '~2—= eR p,E sol
Bs Bs jSp

(12}

This ratio is equal to the ratio of the sustaining
direct current to the ion wall curxent.

The model of the positive column described in

this section is a very simple model and several

where e is the electron charge, p is the electron
mobility, and h, is a constant defined by Tonks

and Langmuir which relates the average and
axial electron concentration. ' The ion rate
equation contains a production term proportional
to N2, and a loss term proportional to N which is
the ion wall current. The ion rate equation is

G(s, E)=g(E)n' s(2h-r Jm, )'~22vEIs. a.

=0=-de
dt

(11)

The function g(E}contains electron-impact rates
which are functions of E/P, the metastable diffu-

sion eoeffieient, other collision rates, and fixed
parameters like R and P. It wi11 not be necessary
to specify the exact form of g(E) The p.arameter
k is Boltzman's constant, T, is the electron tem-
perature, and m~ is the ion mass. The constant
s„defined by Tonks and Langmuir, was calcu-
lated for positive columns with uniform produc-
tion (so =0.638}and with ion production propor-
tional to the electron density (s, =O.VV2). ' The

value of s, for ion production with a spatial de-
pendence described by the square of the lowest-
order diffusion mode is calculated to be 1.0.
The details of this calculation will not be pre-
sented; as an approximation, the value so=0.77

will be used in this work. Although a Maxwell-

Boltzmaon distribution for calculating electron-
used in the derivation of the ion wall current, it
should be emphasized that this model of the opto-
galvanic effect does not require a Maxwell-
Boltzman distribution for calculating electron-
impact excitation or ionization rates. The elec-
tron-impact rates and the parameter kT, in the
ion wall current are functions of E/P.

The remaining partial derivatives in Eq. (9)
are now evaluated as

Two discharge tubes were used in this experi-
mental investigation. Both tubes are pyrex with

tungsten-uranium glass electrical feedthroughs;

they are coupled to a diffusion pump station

through a glass to metal transition and a packless
high vacuum valve. The tubes are operated as
sealed discharge tubes. The first tube has a
common cathode with several columns of differ-
ent radius and separate anodes. The cathode is
a neon sign cathode. The second tube has a
0.25-cm column radius and a large concentric
aluminum cathode from a He-Ne laser. The

magnitude of the optogalvanic effect in the posi-
tive column was not influenced by the cathode

design. Both tubes were cleaned by extensive

baking and by repeatedly running a high-current

He discharge followed by evacuation of the tube.

Ultimate vacuums attained are less than or equal

to 10 ' Torr. The appearance of clean He emis-
sion spectra eoineides with a strong optogalvanic

effect. Ultra-high-purity He (99.999%) is used

in this work. All pressure measurements are
performed with a capacitance manometex.

An actively stabilized single frequency dye

laser is used in this work. The laser bandwidth

(1 MHz} is a small fraction of the Doppler width

(2 6Hz). The laser beam is directed down the

axis of the positive column, it illuminates the

column almost uniformly. All laser power and

absorption measurements are performed with a
calibrated thermopile. Measurements of the

change in current caused by the laser are per-
formed by monitoring the voltage across part of
the ballast resitor with a calibrated lock-in
amplifier.

The analytical model. of the oytogalvanie effect
described in this paper is a steady-state model.
In the experimental work the laser is chopped at
a sufficiently low frequency (90 Hz) to ensure
that a steady-state discharge is established
during a small fraction of the on and off period
of the chopping cycle. It is straightforward to
test this assumption experimentaQy.

The dynamic resistance of the column was
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VI. COMPARISON OF EXPERIMENT AND MODEL

The model of the optogalvanic effect described
in the preceding sections predicts that the signal
current is given as

2yT )&/2 ~

&i =-—Q eR pE/0. 77l,

dV t'dV.—.
(
—..z).di I di (13}

Experimental measurements of the dynamic re-
sistance of the column dV/di are presented in

measured at frequencies above and below the
laser chopping frequency of 90 Hz. A very-low-
frequency measurement of the dynamic resistance
is performed with two digital voltmeters. One
digital voltmeter is used to measure the discharge
tube voltage and the second is used to measure
the ballast resistor voltage while the power supply
voltage is varied by hand. A second-120-Hz
measurement is performed using the power sup-
ply ripple voltage and two oscilloscopes to mea-
sure the ripple voltage on the tube and ballast
resistor. The dynamic resistance measurements
at very-low-frequency and at 120 H, are in agree-
ment. Additional low-frequency measurements
are made with plasma probes at each end of the
column, these measurements confirmed that the
cathode fall is current independent. The large
negative dynamic resistance of the discharge
tube is due to the positive column. Axial elec-
tric-field measurements are made with plasma
probes at each end of the column.

Figs. 2(a} through 6(a) as plots of d-V/di versus
i for fixed R and fixed p. Experimental measure-
ments of the magnitude of the optogalvanic effect
are presented in Figs. 2(b} through 6(b} as plots
of the quantum efficiency di/(eQ) versus (d-V/di)/
(dV/di+2). The quantum efficiency is measured
over a range of sustaining direct current at fixed
ballast resistance and over a range of ballast
resistance at fixed sustaining direct current.
The measurements of the optogalvanic response
are usually reproducible to 15/p, even using
different discharge tubes with the same column
radius, pressure, and sustaining direct current.

The model predicts that data points for the
optogalvanic effect should lie on a line which
intercepts the origin and which has a slope of
(a/A)RpE/0. 77l(2ffT, /mP'~*. The predictions of
the model are presented as solid lines on the
data plots. In the model predictions, the asso-
ciative ionization rate a is 2.4~106~p sec '
(where P is in Torr)"; the EinsteinA is 7.06 X 10'
sec ' (Ref. 11); the electron mobility p is V.5
&&10'/P cm /(volt sec) (again p is in Torr)"; and l
is 13.5 cm. Measurements of the axial electric
field E for each value of RP are used. The elec-
tron temperature T, for each value of RP is taken
from Bickerton and von Engel. " Both E/p and
kT, are weakly dependent on current and strongly
dependent on RP. The weak and (similar} current
dependences are ignored. The ion mass m~ is
taken as the mass of the He molecular ion because
molecular ions are produced in the associative
ionization process which perturbs the discharge.
This step is justified by introducing the atomic ion
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FIG. 2. (a) Dytmmic resistance measurements at very low frequency for an Rp of 0.05 cm Torr. The symbol x repre-
sents a measurement across the entire discharge tube. The symbol 0 represents a measurement across only the posi-
tive column. (b) Measurements of the magnitude of the optogalvanic effect for an Rp of 0.05 cm Torr. The vertical axis
can also be read as a quantum efficiency in %. The square symbols represent measurements over a range of sustaining
direct current with a fixed ballast resistance. These measurements start at high current in the lower left corner of
the plot. The diamond symbols represent measurements over a range of ball'ast resistance with a fixed sustaining dir-
ect current. These measurements start at high ballast resistance in the lower left corner of the plot. The solid line
represents the predictton of the model. The estimated accuracy of the model is +25%.
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FIG. 3. Dyrmmic resistance measurements at very low frequency for an Rp of 0.10 cm To». (b) Measurements of the
magnitude of the optogalvanic effect for an Rp of 0.10 cm Torr.

density and molecular ion density as separate in-
dependent variables with separate rate equations.
The details of this simple calculation are omitted.

There are a number of simplifying assumptions
in the derivation of Eq. (13). These assumptions
lead one to expect that Eq. (13) should agree with
the data to 25% at best. There are also uncer-
tainties associated with each measured parameter
in Eq. (13). The associative ionization rate has
an uncertainty of 11%," the electron mobility
has an uncertainty of at least 10%,"and the elec-
tron temperatures have uncertainties of at least
10%. There are errors (&20%) associated with
the fact that the electron temperature measure-
ments and the optogalvanic measurements were
not made under identical conditions. The agree-
ment of the model with the current dependence
and with the absolute magnitude of the optogal-
vanic effect is satisfactory over a factor of 10 in
RP. Attempts to fit the data using Schottky's ex-

pression for the ion wall current (ambipolar dif-
fusion) result in satisfactory agreement over a
much smaller range of Rp, 0.20-0.25 cm Torr.
Agreement of the model and the experiment on
the current dependence of the optogalvanic effect
supports the hypothesis that associative ionization
of the 3'D is the dominant process producing the
effect rather than electron impact ionization of
the 33D or 2'P levels.

The quantum efficiency of the optogalvanic
effect on the 587.6-nm He transition is observed
to be relatively insensitive to pressure. This
occurs because the pressure dependence of the
associative ionization rate cancels the pressure
dependence of the electron mobility. This ob-
servation has important implications for Doppler-
free optogalvanic spectroscopy. It is essential
to perform Doppler-free spectroscopy at a small
fraction of a Torr to minimize pressure broad-
ening.

80
X64-
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f = 56-46 V/Cm l.2
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fV0
0.4
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0 0.4 0.8 I.2

7(kG)
I I 8

208, I I8, 58, 29

2.0

FIG. 4. Dynamic resistance measurements for an Rp of 0.20 cm Torr. The symbol X represents a measurement at
very low frequency; the symbol+ represents a measurement at 120 Hz. (b) Measurements of the magnitude of the o&
togalvanic effect for an Rp of 0.20 cm Torr.
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FIG. 5. (a) Dynamic resistance measurements for an Rp of 0.25 cm Torr. (b) Measurements of the magnitude of the
optogalvanic effect for an Rp of 0.25 cm. Torr.

VII. CONCLUSION

A linear, steady-state, analytical model on the
optogalvanic effect on the 587.6-nm He transition
is presented. Experimental results for the opto-
galvanic effect on the 587.6-nm He transition are
presented. The experimental results and the
model agree on the current dependence and on
the absolute magnitude of the optogalvanic effect
over a factor of 10 in RP. Substantially more
sophisticated models of the positive column are
possible, and these positive column models
could be used within the mathematical framework
of the model of the optogalvanic effect. It should
be possible to generalize the model of the opto-
galvanic effect for other transitions in He, and
for other gases. The structure of this model
should be useful in determining ionization rates
of electronically excited levels from optogalvanic
measurements.
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APPENDIX

The ionization efficiency for a general two-level
system composed of an upper level 'M" and a
lower level "l" is determined by the rate equa-
tions
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FIG. 6. Dynamic resistance measurements for an Rp of 0.50 cm Torr. (b) Measurements of the magnitude of the
optogalvanic effect for an Rp of 0.50 cm Torr.
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The parameters P„and P, are production terms
for the upper and lower level. , respectively; y„
and y, axe the sums of the rates of all decay
channels for the upper and lower level, respec-
tively; o is the absorption cross section; g,/g„
is the ratio of level degeneracies; I is the laser
intensity; hv is the photon energy; and A is the
spontaneous radiative decay rate from u to l.
The populations n„and n, have steady-state
values pJ'r„and P,/r„respectively, for zero
laser intensity. Let y', be the sum of the rates
of all decay channels of the lower level which
produce an ion-electron pair directly or indir-

ectly. Let y„' be the sum of the rates of all decay
channels of the upper level, except for decay to
l, which produce an ion-electron pair directly
or indirectly. The ionization efficiency or the
number of excess ion-electron pairs produced per
absorbed photon is

[(n„-p„/r„)r~ + (n, —P~/r, }r[]/[(n,.-n„g~/ggoI/Qp)]

=rJ'r„[(r-„&)/-r„]r',/r, . (AS)

The right-hand side of (AS) is determined by
solving (Al} and (A2} for steady-state values of
n„and n, as a function of I and substituting into
the left-hand side of (AS). This expression for
the ionization efficiency holds for intensities less
than, equal to, and greater than the saturation
intensity.
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