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State-specific mobility of excited cadmium and calcium ions in a discharge plasma
measured by a tunable diode laser
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The state-specific drift velocity of Ca™ ions in the 32D;,, metastable state and of Cd”" in the 62P;,,
highly excited state in a helium glow-discharge plasma have been precisely measured by using a tunable
single-mode diode laser and the state-specific mobility of excited ions has been discussed. The results
show that the mobility of Ca™ ions in the metastable state is determined by momentum-loss collisions
and is almost identical with the value for Ca™ in the ground state. In the experiment with a thin cylin-
drical tube, the apparent value of the mobility is dependent on the diffusion in the radial direction. On
the other hand, the apparent mobility of Cd™ ions in the 62P; , state is much smaller than the calculat-
ed result for Cd* in the ground state, but the value increases significantly with Cd vapor density. This is
explained by the fact that Cd™ ions in the 6 ?P; , highly excited state decay quickly by the radiative pro-
cess and the apparent mobility of the Cd* ions in this state in the plasma is dependent not only on the
radiative lifetime but also on the excitation mechanisms for the state.

PACS number(s): 52.25.—b, 35.80.+s, 51.50.+v

I. INTRODUCTION

The drift velocity is an important measure of transport
properties of ions in plasma and is usually estimated from
mobility data provided by the drift-tube method. In the
drift-tube experiments, ions transport in an atmosphere
approximating an ideal of neutral and uniform gas with
uniform electric field applied, so that results obtained are
compared directly with theory and provide precise values
of ion mobility and collision cross section [1,2]. The ionic
drift velocity in plasma is defined, in the same way as in
neutral gas, as the average velocity of ions along electric
field applied through the plasma, however, the transport
properties of ions in plasma are complicated substantial-
ly.

Ion collisions in plasma are not only with ground-state
neutral atoms but also with metastable neutral atoms and
various kinds of charged particles involved in continuous
ionization, recombination, and excitation processes keep-
ing the stationary plasma. Among these, the elastic col-
lisions resulting in no change in the ionic internal state
can be accounted for by including corresponding collision
terms in the equation of macroscopic motion of the ion
species in the usual way as neutral atoms. However,
several types of collisions, such as charge-transfer and
excitation-transfer collisions, which change the internal
state of ions, play a very different role from simple
momentum-loss collisions. First, the cross sections for
these types of collisions are state dependent. Second,
these collisions together with internal transition or decay
of ions contribute to the kinetic property of the ion en-
semble in some complicated way. A single species of ion
has a number of excited states, which disappear in the
drift-tube experiments in the way of transport in neutral
atmosphere, and a state-specific treatment should be re-
quired in the consideration of the kinetic properties of
ions in plasma. Especially, the transport of ions in a
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short-lived highly excited state should be dependent
significantly on ionization and decay process rather than
momentum-loss collisions. Although ions in highly excit-
ed states contribute a negligible amount to the average
velocity of the ion species in the case of weakly ionized
plasma, their transport properties have special impor-
tance when light-emission characteristics, laser action,
and chemical processes in the plasma are investigated.

As well as these microscopic processes, the geometrical
shape of the plasma possibly affects the ion transport in
the case of the plasma confined in a relatively small en-
velope such as a thin discharge tube. In this case the ion
transport longitudinal to the applied electric field should
be perturbed by transverse diffusion and drift of ions fol-
lowed by deposition and recombination at the container
wall, which produce anisotropy or nonuniformity in the
plasma.

When the transport properties are considered for an
ion ensemble in a certain quantum state, all of the tran-
sient processes discussed above will contribute as if the
collisional loss of center-of-mass momentum is increased.
When the characteristic time of the population and decay
processes for the considered ion ensemble is shorter than
the duration of the drift motion of the ion ensemble due
to true momentum-loss collisions, the drift velocity and
apparent mobility should be smaller than the steady-state
values expected from the mobility data or collision cross
section. In this paper, the term ‘“apparent mobility” is
used for the drift velocity divided by the magnitude of the
applied electric field, when the ion transport is dependent
significantly on the transient phenomena discussed above.

In these respects, it is not simple to estimate the trans-
port properties of ions in plasma from mobility data
based on the drift-tube method. In fact, several authors
have reported the drift-velocity and mobility measure-
ments in He-Cd glow discharge for the purpose of study-
ing lasers and have shown results in significant disagree-
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ment with mobility data given by the drift-tube method
[3,4]. Although most of these measurements are indirect,
the results indicate the importance of the drift-velocity
measurement in a live plasma. After these reports, how-
ever, little experimental data have been obtained for live
discharge plasma because of technical difficulty.

Recently we have developed a technique for direct and
precise measurements of state-specific drift velocity of
ions in live discharge plasma, which is based on
Doppler-shift measurements of an ionic absorption line
by wusing counterpropagating laser beams from a
frequency-controlled diode laser. Two absorption spec-
tra, one redshifted and the other blueshifted due to ionic
drift motion, are obtained for a pair of counterpropagat-
ing laser beams by a single sweep of the laser frequency
through the ionic resonance line. The frequency
difference between these spectra is exactly twice the
Doppler shift due to drift motion in the direction of the
laser propagation. Basically in this laser-Doppler mea-
surement, the velocity distribution of ions in the direction
of the laser propagation is obtained via Doppler profile of
the ionic absorption line, so that it is not essential to as-
sume a shifted Maxwellian distribution of ion velocity.
Population density and ion temperature are obtained
simultaneously from the magnitude and width of the ab-
sorption spectra. A perturbation due to laser irradiation
on the plasma is very small, as is known from the opto-
galvanic effect. A similar optical method has been em-
ployed by Haese, Pan, and Oka for the drift-velocity mea-
surement of a molecular ion [5].

The laser-Doppler measurement of the drift velocity
has several special features. Only one species of ion in
one of the quantum states, either ground or excited, is
measured selectively in a complex mixture of different
kinds of ions by virtue of the monochromatic laser.
State-selective measurements of the drift velocity provide
information not only about kinetic properties but also
about effects of ionization, excitation, and relaxation pro-
cesses upon ion transport. The sensitivity of absorption
measurement is high by virtue of stable continuous-wave
operation of the diode laser, so that the technique can be
applied for ions in a highly excited state. A spatially
resolved measurement is possible for a plasma with di-
mensions larger than the diameter of the laser beam, and
spatial distributions of drift velocity, ion density, and ion
temperature provide information about anisotropy of the
plasma.

In this paper, we report details of the laser-Doppler
measurement of drift velocity. We investigate first the
state-specific drift velocity and mobility derived from the
laser-Doppler measurement and clarify their relation to
the ionization, excitation, and decay mechanisms accord-
ing to the nature of the ionic state considered and to the
plasma parameters. We report drift-velocity measure-
ments of Cat and Cd™ ions in their excited states in a
positive column of He glow discharge using Al,Ga,_,As
lasers. In the case of the Ca™ ion, a metastable 3D, ,
state is measured, and resulting values of state-specific
mobility are in good agreement with the steady-state mo-
bility reported in several articles. Radial distributions of
drift velocity, ion density, and ion temperature are mea-

sured for He-Ca discharge tubes of several different diam-
eters, and the effect of radial diffusion upon ion transport
is studied. The result shows the apparent mobility devi-
ates from the steady-state value with the decrease of the
tube diameter. In the case of the Cd* ion, a highly excit-
ed 62P;,, state is measured, and the apparent state-
specific mobility changes significantly according to a
change in discharge condition being affected strongly by
ionization and excitation mechanisms.

II. LASER MEASUREMENT
OF DRIFT VELOCITY

A. Principle of measurement

An absorption line of ions in their thermal motion is
broadened inhomogeneously due to the Doppler effect
and shows a Gaussian profile when its homogeneous
width Av, is small, i.e., (Av, /vy)* <<kpT;/m;c?, where
ve» T;, and m; are ionic resonance frequency, tempera-
ture, and mass, and kp and ¢ the Boltzmann constant and
the light velocity, respectively. In the case of the ions
drifting collectively with a mean velocity v, along an
external electric field applied as shown in Fig. 1(a), the
central frequency of the ionic absorption line is shifted
from the ionic resonance frequency by vy(v,/c)cosb,
where 6 is an angle between directions of the ionic drift
motion and the light propagation. When the ionic ab-
sorption line is measured simultaneously with laser beams
propagating in the same and opposite directions to the
ionic drift motion, i.e., 6=0 and m, one redshifted and
one blueshifted spectra are observed, and the frequency
difference Av between centers of these absorption spectra
gives the drift velocity, as shown in Fig. 1(b), by
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FIG. 1. (a) Ions in thermal motion drift in the +z direction;
and (b) absorption spectra measured by laser beams propagating
in opposite directions.
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In addition to the drift velocity, the population density n;
and the ion temperature 7, can be measured from the

peak value K, and the spectral width Avj of the absorp-
tion spectra, respectively [6].

B. Interpretation of experimental data

According to state-selective nature and spatial resolu-
tion, the laser measurement of the drift velocity provides
useful information not only about the transport property
but also indirectly about mechanisms of ionization, exci-
tation, and relaxation. We will discuss in the following
how these mechanisms are concerned with the drift-
velocity measurement.

1. Drift velocity and mobility in general definition

The drift velocity is defined as the average velocity of
ions, or the velocity of the center of mass of the ion
cloud, along a uniform electric field applied throughout
the gas or plasma in which ions transport. In general, the
drift velocity is determined as a balance of the accelera-
tion by the electric field E and the loss of the center-of-
mass velocity v, due to collisions, and the equation of
center-of-mass motion of the ion cloud is given by

dvc.m‘
dt

where g is the electric charge of the ion and I', corre-
sponds to the rate that the center-of-mass velocity or
momentum is lost by collisions per unit time and its re-
ciprocal gives the mean free time 7,. After an accelera-
tion time #, the ion cloud initially at rest gets the center-
of-mass velocity v

my =qE—T .mpv,,, , (2)

c.m.?

qE
m;T,

r.:

[1—e 7], (3)

Vem =

along the applied electric field. The steady-state value of
V.m gives usual drift velocity v,,

—_9E
= 4
Vg IFc (4)

and mobility u,

(5)

which is the factor of proportionality between the
steady-state drift velocity v, and applied electric field E.

The collision rate ", describes purely kinetic phenome-
na. In the case of ion transport in a neutral and uniform
gas, I', is determined by ion collisions with gaseous
atoms and dependent on the averaged thermal velocity.
Following the calculation given originally by Langevin
cited in Ref. [7] and denoting the collision rate in this
case as I',,,, one can obtain

m
FC:FC”:%m—I—{-G;n—G<Uc)<v’)nG , (6)
where mg is the mass of gaseous atoms, o, is the col-
lision cross section with neutral atoms, v, is the relative
velocity between atoms and the ion, ng is the atomic pop-
ulation density, and the angular bracket represents the
thermal average. The quantity v, is proportional to
[T(mg+m;)/mgm;]'/? at a gas temperature T. In the
case of the ion drifting in a gas mixture, the sum of I,
for every neutral species gives the overall collision rate.
These general descriptions of drift velocity and mobili-
ty can apply in the case of ion transport in plasma so far
as the collisions are considered to be elastic and result in
no change in the internal state of ions. A modification of
the equation of ionic center-of-mass motion, Eq. (2), is re-
quired in order to account for the collisions with charged
particles which exhibit their drift motion along the exter-
nal electric field. Although a rigorous treatment of this
effect requires some detailed analysis of the microscopic
collision process between charged particles, a modified
equation of macroscopic motion of ions may be written in
an approximated form by

v m
Mgy

=qE—2rckml{vc.m.~vdk} ’ M
k

where Va, is the drift velocity of the species labeled by k
and ', represents the rate of momentum loss due to col-

lision with the species. It should be noted that, because
the ion ensemble is considered, we include the effect of
the resonant charge-exchange collision of an ion with its
parent neutral atom into the rate of momentum loss, in-
stead of treating it by separate decay and ionization pro-
cesses.

2. State-specific drift velocity
and mobility in plasma

In the case of the laser-Doppler measurement, the drift
velocity of ions in a specific quantum state |j) is con-
sidered, and population and decay processes of the state
must be taken into account in addition to purely kinetic
phenomena described in the equation of ionic center-of-
mass motion. Consider ions in the state |j) populated
through (j —1)-step transitions via ionic states |i)
(i=1,...,j—1) after ionization, and let ¢; be the dura-
tion that the ions spent in each state |i ). The multistep
transitions between ionic states considered here are tran-
sitions such as optical cascade transition and electronic
stepwise transition. Assume that the drift velocity is
measured instantaneously, at a moment ¢; after the state
|j ) is populated by means of the laser-Doppler measure-
ment of an absorption line due to transition between the
state |j) and an ionic state |e ). The transition cascade
makes the acceleration time finite, and the resultant drift
velocity does not exhibit its steady-state value. If the
same rate of momentum loss, I",, is assumed for all of the
ionic states involved, the acceleration time ¢, in Eq. (3) is
given simply by the total duration of the transition cas-
cade as
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j
L=t , (8)
i=1

since the acceleration by the electric field is independent
of the state of the ion. For the state-specific ensemble of
ions, the distributions of ¢; and ¢; are given by the proba-
bility density

Vil

pi(t[):YIe ’ i=11"~yj ’ (9)

where v, is the relaxation rate of the state |i ), including
collisional transfer and other decay mechanisms, and is
equal to the reciprocal of the effective lifetime 7; of the
state. For further detailed discussion, let us write y; as

Vim Aty T (10)

where A; and y,. are the rates of spontaneous and col-
lisional decay of the state |i ), respectively, and Y is the

rate of decay due to geometrical shape of the plasma,
such as diffusion and drift in the direction transverse to
the applied electric field. The last term y, has an effect

when the transport of ions in a long-lived state is con-
sidered in a confined plasma. Equation (9) stands even
when a portion of ions branches off the transition cascade
considered. The center-of-mass velocity of the ion in the
state |j) averaged over distribution of the acceleration
time gives the state-specific drift velocity v,(j) as

. o o gqE
vd(]):fo '”fo m‘{,I‘C

J vl
XTI(ye ''dt)
i=1

J
_—.Fczti

i=1

1—exp

T
j Vi !
r )= — _rr 11
=T, |1 il;Il 74T, , (11)

where v, is the steady-state drift velocity given by Eq. (4).
This result indicates that the effect of population and de-
cay processes on the drift motion of the ion ensemble in
the state |j) can be reduced into the equation of center-
of-mass motion, Eq. (2), by replacing the usual collision
rate I', with the effective collision rate I'.,(j). In this
sense, the state-specific ensemble of ions exhibits a
steady-state motion which is very different from the usual
kinetic steady state. In Eq. (11), the second term of
I'..(j) represents such corrections due to population and
decay processes of the ionic state |j ).

Since the state-specific drift velocity in Eq. (11) is pro-
portional to the applied electric field E, one can define an
apparent mobility of the state-specific ensemble of ions by
the factor of proportionality

()= va(j)
E mlrce(j)

g _ T

c

r.mt’

(12)

although it does not describe a steady state in the usual
sense. The differences between the steady-state and the

state-specific or apparent values are given by

Yi
yi+rc

—uli vy —Uy(j) J
poply) BT . (13)

u Vd i=1

So far, we assumed the state-independent collision rate
I'.. The expression of v,(j) can be generalized by using
state-dependent collision rates I', of the state |i) as

oy «® © qE J 1 _rciti
= e i Sl . 1_
va(J) fo 0 my 2, Fc,[ e ]
J
Xexp |— 3 Tt
k=it1 ¥
/ vy
XII(y,e dt) . (14)

=1

The state-specific drift velocity and apparent mobility
approximate the steady-state values in the case in which
at least one of the y;’s considered in Eq. (11) is much
smaller than I',, or equivalently one of the states |i ) has
lifetime longer than the collisional mean free time 7., and
steady-state condition is nearly achieved. These condi-
tions apply for cases where the state |j) is the ionic
ground or metastable state or where |j ) is populated by a
stepwise excitation through the ionic ground or metasta-
ble state. The state-specific drift velocity and apparent
mobility in these cases are given by the effective collision
rate

~

1
FCe(j) rC

(15)

By contrast, the idea of the state-specific drift velocity
and apparent mobility is quite different from the usual
concept of drift velocity and mobility when all of the
states |i) (i=1,...,j) are short-lived states and y,’s are
as large as I',. In this case the transport of ions in the
state |j ) is transient at all conditions and gives v,(j) and
p(j) smaller than the steady-state values.

In the case where all of the y,’s are much larger than
I"., the effective collision rate is given approximately by

=iri, (16)

and the state-specific drift velocity and apparent mobility
are determined by the sum of lifetimes of ionic states in-
volved in the transition cascade. These conditions apply
to the case where the state |j) is a highly excited state
populated by a transition cascade via upper ionic states of
short lifetime.

In the special case where the state |j) is populated by
a direct ionization from a parent neutral atom, by Pen-
ning collision, for example, the effective collision rate is
given by

C()=T.+v;, (17)

and the state-specific drift velocity and apparent mobility
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are determined by the lifetime of the ionic state con-
sidered.

In an actual plasma, a specified ionic state |j) may be
populated by one or several of the ways classified above
according to the condition of the plasma, and the laser
measurement of drift velocity serves as a useful technique
to study excitation and decay mechanisms of the ionic
state. Even in the case where the state |j ) has several in-
dependent ways of excitation with different excitation
times, they can be separated, in principle, by means of
numerical deconvolution of the Doppler profile into each
Gaussian component of different central frequency.
Feasibility of such deconvolution depends on the signal
quality of the laser-Doppler measurement and the de-
tailed knowledge about the line-shape function including
hyperfine sublevels, isotope shifts, and so on.

As well as the population and decay mechanisms dis-
cussed above, the geometrical shape of the plasma has an
effect on the transport property of long-lived ions when
the plasma is confined in a relatively small envelope such
as a thin discharge tube. In this case, the transverse
diffusion and drift of ions followed by deposition and
recombination at the container wall contribute to the de-
cay rate y; of the state-specific ensemble of ions as in Eq.
(10). As an example, for a positive column of a glow
discharge in a thin cylindrical tube of inner radius R, the
rate ¥, is determined by the ambipolar diffusion in the
radial direction and succeeding deposition or recombina-
tion of ions at the tube wall. Provided that the center-
of-mass velocity of ions is lost completely at the collisions
with the tube wall, a simple calculation gives

2

Da
, (18)

Ya™ Pc

2.405

R

where D, is the ambipolar diffusion coeflicient reduced to
1 torr at the experimental temperature and p is the gas
pressure.

III. EXPERIMENTAL SETUP
A. Frequency-controlled diode laser

Al ,Ga,;_,As lasers used in this experiment were
Mitsubishi ML3401 lasers operating on a single longitu-
dinal mode with a spectral width of several tens of MHz
(full width at half maximum). A precise control of the
laser frequency was achieved by means of stabilization of
diode temperature and injection current [8,9]. Typical
values of temperature and current stability obtained were
better than 1073 K and 1 uA, respectively, which result
in frequency fluctuation less than 1 MHz with a small fre-
quency drift of several megahertz per minute in ordinary
room-temperature operation. A ramp voltage, applied to
the temperature stabilization electronics, sweeps the laser
frequency over 10 GHz preserving the short-term stabili-
ty. Typical rate of the frequency sweep is ~35 MHz/s in
this experiment. The temperature change of the laser
diode is a useful measure of the swept frequency, being
proportional to the frequency difference with a ratio of
about 20 GHz/K; values were measured for each diode

sample by using a Fabry-Pérot resonator of 2-GHz free
spectral range. A change in the diode temperature is
measured by a small thermistor as its resistance change
which is converted to an output voltage by using a bridge
circuit. A frequency shift of ionic resonance lines down
to about 10 MHz can be resolved adopting the frequency
control scheme of the diode laser. The resolution is
much better than the Doppler width of a single resonance
line and provides the feasibility of deconvolution of the
Doppler profile into each Gaussian component in high
accuracy. The linearity of the frequency scanning was
confirmed by observing the hyperfine spectra of the Cs-
D, line at 852.1 nm using Al, Ga,_, As lasers of the same

type.
B. Experimental arrangement

The experimental arrangement is shown in Fig. 2. The
beam from a tunable single-mode Al ,Ga,_,As laser
diode was circularly polarized and divided into two
beams by a polarizing beam splitter. After each beam
was propagated in opposite directions through a positive
column, the absorption of the laser was measured by
separate detecting systems. In order to improve the
signal-to-noise ratio the laser beam was chopped and a
lock-in detection was employed.

For the measurement of the drift velocity of Ca™ ions,
a discharge tube made of quartz was set in a furnace and
heated to a specified temperature. An additional close-
fitting cylindrical tube made of alumina with a length of
14 cm was inserted in the discharge tube. The length of
the alumina tube almost fit the uniformly heated area of
the furnace. Alumina tubes with various inner diameters
2R were used to change the diameter of the positive
column. Grains of Ca with a size of less than 1 mm were
placed in the alumina tube uniformly over the full length.
As the Ca tended to react with the wall material, uniform
placement of the grains was necessary to achieve a uni-
form vapor density of Ca over the length of the alumina
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FIG. 2. Experimental arrangement.
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tube. A constant Ca vapor pressure of 0.44 torr [10] was
obtained during about 7 h at a gas temperature of 750 °C.
After operation of the discharge for 5 h, the tube was
cleaned and new grains of Ca were inserted. When the
Ca vapor pressure was less than 0.1 torr at a gas tempera-
ture of less than 650°C, the population density of the
32D, , state of Ca™ ions was too low to measure the ab-
sorption with a good signal-to-noise ratio. For this
reason, the experiments for Ca were made at gas temper-
atures around 750°C.

The drift velocity of Cd™ ions was measured with a
discharge tube whose structure was almost the same as
those generally used for He-Cd lasers [11] and inner di-
ameter was 3.5 mm. A Cd reservoir or condenser was
placed at the end of the positive column. The Cd
evaporated from the reservoir was distributed uniformly
over the positive column due to cataphoresis [12]. The
experiments were made at temperatures around 250°C
and a helium pressure of 4.5 torr and the Cd vapor pres-
sures pgcq Were around 1073 torr [10], which are the ac-
tual conditions used for He-Cd lasers. One insertion of
Cd grains kept the vapor pressure stable during a few ex-
periments.

In both the Ca and Cd experiments, a buffer gas of
helium was kept flowing slowly along the tube axis. It
was confirmed that the flow speed was small enough not
to disturb the ion drift. The experiments were made at
helium gas pressures less than 25 torr. The ionic states
used for observations of the drift velocity were 32Dy, for
Ca™ and 6%P,,, for Cd*, whose resonance wavelengths
were 849.8 and 838.9 nm, respectively. One of the
reasons why these ionic states were selected in the experi-
ment is that the resonance wavelengths just fit the
Al,Ga,_,As diode laser. Another important reason is
that the 32D;,, state is the metastable state of Ca™
whereas, in contrast, the 62P;,, is the highly excited
state of Cd". Because the electric field strength is sensi-
tively dependent on the atomic density of the vapor [13],
the axial electric field in the positive column was simul-
taneously measured using electric probes inserted in the
plasma. In the experiment with wider diameter tubes,
the gas temperature in the plasma was also measured by
insertion of a thermocouple covered with a glass sleeve.

IV. RESULTS AND DISCUSSIONS

As described above, the absorption spectra were mea-
sured with laser beams propagating in opposite direc-
tions. The drift velocity was calculated from the frequen-
cy difference between zero crossing points of the third-
order differential curves of the spectra with respect to fre-
quency, processed by a computer, and the state-specific
mobility was estimated from the measured electric field.

A. Ca®t

The experimental result of the absorption spectra is
shown in Fig. 3. The shape, which is very close to a sin-
gle Gaussian profile, results from the facts that natural
Ca has a nearly single isotope and Ca™ ions in the 32D,
state drift with one velocity component. The drift veloci-
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FIG. 3. The experimental result of the absorption spectra of
Ca™ ions in the 32D;,, state measured by laser beams propaga-
ting in opposite directions. The experiment was made under the
condition of tube inner diameter 2R of 11 mm, helium gas pres-
sure pg of 18 torr, discharge current I of 160 mA, and Ca* tem-
perature T; of 750°C.

ty is simply obtained from the frequency difference be-
tween two absorption spectra by using Eq. (1).

The results, as a function of radial position, are shown
in Fig. 4. The radial profile of the absorption coefficient
agreed well with the zeroth-order Bessel function which
is shown by the solid curve in Fig. 4. The peak absorp-
tion coefficient is 0.009 cm™! and the density of the
32D, ,, state at the center of the bore is estimated to be
3.9% 10 cm™? with the value of the probability of the
spontaneous emission [14]. The absorption coefficient is
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FIG. 4. Drift velocity, absorption coefficient, and tempera-
ture of Ca™ ions in the 32D, ,, state as a function of radial dis-
tance measured from the roughly estimated tube center. The
solid curve indicates the zeroth-order Bessel function. The ex-
periment was made under the condition of 2R of 11 mm, I of
120 mA, and ps of 9 torr.
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high enough to measure the absorption profile in good
signal-to-noise ratio. The drift velocity and the ion tem-
perature remained almost constant with change in radial
position. Similar results were obtained at the low gas
pressure of 1 torr. These results verified that the plasma
in this condition was described by Schottky’s theory and
that ambipolar diffusion determined the radial movement
of the particles. The same measurement was made with a
quartz tube instead of the alumina tube. Though the
quartz is more reactive than alumina with Ca, the numer-
ical values obtained here are quite the same as those
shown in Fig. 4. The collision with the quartz wall simul-
taneously causes a loss of a Ca™ ion due to a chemical re-
action and a loss of its momentum. As the Ca grains are
placed over the length of the inner tube, the loss of Ca is
balanced with an evaporation from the grains and the
Ca™ density is kept constant in the plasma. The rate of
the momentum loss by the collision with the wall is in-
dependent of the wall material and the change in material
of the tube does not affect the movement of the ion aver-
aged over the plasma length. If the experiment is made
with the discharge tube used for Cd where the ion dis-
tributes due to cataphoresis, the result may be changed.

The experimental results also showed that the absorp-
tion coefficient, which is proportional to the population
density of an ionic state, was linearly dependent on the
discharge current and the helium pressure. This indicat-
ed that the Ca™ ion in the 32D, state was mainly excit-
ed from neutral Ca atoms by a single-step electron col-
lision under these experimental conditions. The gas tem-
perature measured by the thermocouple agreed with the
ion temperature estimated from the Doppler width at all
of the experimental conditions.

The mobilities of the Ca™ ion in the 32D, ,, state es-
timated from Eq. (12) are plotted in Fig. 5 as a function
of helium pressure. The ion temperature at a pressure of
18 torr for every tube of different inner diameter was kept
constant at 750°C by control of the input power to the
furnace. Measurements were also made as a function of
the input power to the furnace. The mobility decreased
slightly with temperature. It shows, as discussed in a fol-
lowing section, that at the temperatures measured the
Ca’ ion transport is affected by the collision with Ca
neutral atoms in addition to the collision with He atoms.

B. Ccd*

The experimental results for Cd* are shown in Figs. 6
and 7. A gas temperature of the positive column was
kept constant and the Cd vapor pressure was of the order
of 1073 torr at the reservoir temperature used in this ex-
periment.

For the case of Cd™, the effective width of the mea-
sured absorption line profile was nearly 1.2 GHz which
was much larger than the Doppler width calculated for a
single line of Cd*. One of the reasons is that a spectrum
of Cd* is a superposition of frequency-shifted lines due
to several isotopes. Another reason is that ions in the
6P, ,, state can be excited by several processes and as a
result have different drift-velocity components due to
different mobilities as described in a following section.
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FIG. 5. Mobility of Ca* ions in the 32D;,, state as a func-
tion of helium gas pressure at various values of 2R. In the ex-
periment I was 160 mA and T; at 18 torr was kept constant at
750°C. The vapor pressure of Ca was estimated to be 0.44 torr.
The data obtained at diameters of 16 and 6 mm are plotted at a
pressure of 0.5 torr higher than that used in the experiment in
order to indicate clearly on the graph the values of mobility at
different diameters. The lines A4, B, and C show fitted curves
(see text).

Since the frequency shift estimated from the drift velocity
is smaller than the width of the absorption profile, it is
difficult to separately observe peaks based on different
drift velocities in the absorption profile, and, however,
the effective width of the absorption profile becomes
larger than the width of a single line. Under these condi-
tions each component of drift velocity can be separately
estimated by means of the deconvolution of the absorp-
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FIG. 6. Drift velocity v,(j) and population density n(j) of
Cd* ions in the 62P;,, state and axial electric field E as func-
tions of Cd reservoir temperature obtained with the tube of di-
ameter 3.5 mm.
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FIG. 7. Mobility u(j) of Cd* ions in the 6*P;,, state as a
function of Cd reservoir temperature. The quantities u(j),,
u(j)., and u(j), indicate mobilities calculated for different dom-
inant processes in the excitation mechanism for the 6 2P; , state
(see text). The values u(j), and u(j). are shown by broken lines;
u(j)s is much larger than other results and is printed outside the
graph.

tion line profile which is the superposition of line shapes.
But in this paper the deconvolution was not performed
because of the poor signal-to-noise ratio of the absorption
signal and lack of detailed knowledge about the line-
shape function based on the isotope shift of Cd". The
former is due to the low ion density in the highly excited
state. The drift velocity of Cd™ shown in Fig. 6 was es-
timated, therefore, from the shift of the frequency at a
peak of the measured absorption profile and the value in-
dicates the average of drift velocities due to the different
excitation processes under the consideration that each
isotope has the same drift velocity.

The drift velocity and the mobility were dramatically
increased with the temperature of the reservoir. The
population density of the 6 %P, ,, state of Cd* shown in
Fig. 6 [curve n(j)] has a maximum at a temperature of
about 230°C. The electric field measured (curve E) shows
a significant decrease with increase in temperature from
200 to 300°C. Results similar to ours for both the popu-
lation density of the upper state of Cd™ in the laser tran-
sition and the electric field have been reported in previous
works analyzing the excitation mechanism of the He-Cd
laser [15-17]. The temperature dependences of the drift
velocity and the mobility are considerably different from
the results measured for Ca. The discussions in Refs.
[15-17] suggest that the higher-energy states of Cd ™" are
excited by a complicated scheme that mixes many pro-
cesses; the excitation mechanism and therefore the
effective collision rate I, (j) are considerably affected by
the discharge conditions, and the apparent mobility of
the Cd* ions in the 62P;,, state varies with the changes
in the discharge conditions as discussed in the following.

C. Analysis of mobility

1. Ca® in metastable state

The 32D, , state of Ca™ is the metastable state and is
mainly excited by an electronic collision. Therefore the
momentum-loss collision rate I', is usually larger than
the decay rate y; and the apparent state-specific mobility

of ions in the 32D, , state is given by Egs. (12) and (15)
or equivalently given by Eq. (5). The experimental results
of the mobility shown in Fig. 5 are again plotted in Fig. 8
on a logarithmic scale. The results in Fig. 8 approxi-
mately converge to a straight line with a slope of —1 at
pressures above 10 torr. It seems that the momentum-
loss collision only with helium is dominant at these pres-
sures and its collision rate I',, given by Eq. (6) is denoted
by I',, - The cross section for this momentum-loss col-
lision, {0 g, is estimated to be 3X 10~ '* cm? from the
slope of the straight line. The geometrical cross section
m(ryge. +7c,)’, Where ry, and rc, are the atomic radii of
helium and calcium, respectively, calculated from the
published data for the radii [18] is 3.4 X 10~ % cm?, which
is in good agreement with the value obtained here. Curve
A in Fig. 5 is the same as the straight line in Fig. 8 and
indicates the mobility calculated with a cross section
(0 ) of 3X 10715 cm? for the case of collisions only
with helium.

At pressure lower than 10 torr in Fig. 8, the mobility
does not fit the line with a slope of —1. At these pres-
sures the effect on the mobility of collision with Ca atoms
must be considered, because the Ca vapor pressure can-
not be ignored in comparison with the He pressure. In
this case the momentum-loss collisions with both He and
Ca atoms are included in Eq. (6) and I", is given by
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FIG. 8. Mobility of Ca* ions in the 32D;,, state shown in
Fig. 5 is plotted on a logarithmic scale. The experimental data
obtained at higher pressures fit a straight line with a slope of
-1
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where T, is the rate that the Ca™ ion in the 32D, ,,
state loses its momentum by collisions with neutral Ca
atoms such as elastic collision and resonant charge-
exchange collision. The mobilities are calculated with
various values of the cross section {o,c,) for collision
with calcium at the cross section (o ,y.) of fixed value
3X 1071 cm?. Curve B in Fig. 5 is the best fit to the ex-
perimental results obtained with tubes of inner diameter
11 and 16 mm. From the best fit the cross section
(0 pca) is estimated to be 9.0X 10~ !5 cm? which is larger
than the geometrical cross section m(rg,+rc,)* of
5.5X1071% ¢cm? [18]. This difference may be explained
with the consideration that the value of (o ,c,? obtained
here is affected by both cross sections for elastic collisions
and resonant charge-exchange collisions.

If it is assumed that the cross sections (o ,py.) and
{0 uca) Obtained here for the 32D, ,, metastable state of
Cat jons are equal to the cross sections for the ionic
ground state, mobilities of Ca™ ions in the ground state
in pure helium gas, pgye, and in pure calcium gas, poc,,
under the condition of 760 torr and 300 K, are estimated
to be 20 and 2.7 cm?/V's, respectively. These values can-
not be compared with experimental results, because data
for Ca™ ions have not been published previously. How-
ever, values of pgy. and poco, can be estimated to be 22
and 2.0 cm?/V's, respectively, from a series of the pub-
lished data for the mobility of other ions with different
mass numbers [2,19,20] and agree well with the state-
specific mobilities estimated here.

At pressures lower than 3 torr, the experimental error
is rather large because of poor signal-to-noise ratio due to
the small absorption coefficient. However, the result
shows that the apparent mobility decreases with decrease
in the tube diameter. This is caused by the momentum
loss of the ion on collision with the wall after it has
diffused to the wall in the radial direction. Under this
condition ¥ ; =~Y,; is comparable to I';, and the apparent
mobility should be calculated from Egs. (10) and (17) by
including the term y,; due to diffusion, in addition to
I’ ue and T',c,. Curve Cin Fig. 5 shows the calculated
fit to the experimental results obtained for the tube of di-
ameter 3 mm, from which the best-fit estimate for the

diffusion coefficient D, of Ca™ is 3.0X10* cm?s™ 'torr..

In the calculation, for simplicity, the total gas pressure is
used as pg in Eq. (18). If it is assumed that D, is propor-
tional to T''/2, D, at 1 torr and 300 K is 1.6 X 10> cm?/s.
The mobility calculated for tubes for larger diameter, 11
and 16 mm, taking the y,; term into account in addition
to I',, is the same as the result shown by curve B in Fig.
5. As vy,; is proportional to R =2, the effect of Vg on the
mobility for the tubes of wider bore can be ignored in
comparison with the effect of T ,,.

In our experiments with Ca, the mobility is found to be
independent of the discharge current. Throughout the
present experiment the discharge current was less than
200 mA and the density of the charged particles was es-
timated to be around 10'2 cm 3. This density is too low
for the charged particles to have a measurable effect on
the mobility through momentum-loss collisions under
these experimental conditions.

2. Cd* in highly excited state

The mobility of Cd™" ions in the 6%P,,, excited state
should be considered from Eq. (12) and the excitation and
the decay processes become important in addition to the
momentum-loss collision. Under this condition Cd vapor
pressure is very low and the rate of collisions with parent
Cd atoms, such as elastic and resonant charge-exchange
collisions, is neglected in comparison with the rate of
elastic collisions with He atoms. It has been confirmed
that Cd™ ions in the upper and lower states of the laser
transition are excited mainly by stepwise electron col-
lisions and Penning collisions rather than by direct elec-
tron collision [15-17]. The excitation mechanisms of
Cd™* in other excited states have not been discussed in de-
tail previously. An analysis of the excitation probability
for the 6 2P, , state is more complicated than that for the
states of the laser transition, because the 6 >P5 , state can
also be excited by the radiative cascade from higher excit-
ed states of Cd" which are ionized by a charge-transfer
collision with helium ions (hereafter we call this process a
charge transfer followed by cascade), besides being excit-
ed by stepwise electron collision, Penning collision, and
direct electron collision. It is necessary to estimate quan-
titatively the probability of each process in order to dis-
cuss the apparent state-specific mobility of Cd™* ions in
the 6 2P, , state measured here as shown in Fig. 7.

One of the excitation mechanisms to the 62P;,, state
of Cd* may be Penning collisions with He atoms in
higher excited states and Cd atoms. The rate of Penning
collisions P is given by (o ,v, )n{ngce Where o, is the
cross section, nfj, is the sum of the population densities
of the He excited states whose energies are higher than
that of the 6 2P; , state of Cd™ and ngcy is the Cd vapor
density.

The charge transfer followed by cascade is probably as
effective as the Penning excitation. In the case of the
charge transfer followed by cascade the 62P;,, state is
populated by a one- or two-cascade transition after the
62F, 82D, and 9 2S states of Cd™ ions are ionized by the
charge-transfer collision with a helium ground-state ion
[21]. The excitation rate of the charge transfer followed
by cascade C to the 6%P, , is given by (o v, )nfingcaq,
where o is the cross section, i, is the population densi-
ty of helium ions in the ground state, and q is the branch-
ing ratio of the cascade transition from the 6 2F 82D, or
928 state to the 62P;,, state. Other excitation mecha-
nisms are thought to be direct and stepwise excitations by
electron collision whose rates D and S are given by
(O oqV. YN ngeg and (o, Yn.ndy, respectively, where
0.4 and o, are the cross sections for the collision, v, is
the electron velocity, and n &, is the population density of
Cd™ ions in the ground state.

It is worthwhile to estimate these excitation rates’
dependence on Cd vapor density in order to analyze the
change in mobility shown in Fig. 7. Table I reports the
calculated P, C, S, and D values in addition to the plasma
parameters at different temperatures. The plasma param-
eters and the particle densities listed in Table I are in-
ferred from the data measured by using the same type of
discharge tube as ours [13,22,23]. The result that the
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TABLE 1. Plasma parameters; average electron energy V, (eV), and densities ngcq, #e, 1&g, 7 1ie, and
nfe (10'2 cm™3) and excitation rates populating the 62P;,, state of Cd*; Penning collision P, charge
transfer followed by cascade collision C, stepwise electron collision S, and direct electron collision D
(10"* em™3s™!) at different temperatures T (°C). R, and R, are the rates for Penning and charge
transfer followed by cascade excitations, respectively, at 7=195°C.

T ngea v, n, ndy N n e P (o} S D
195 5 5.7 0.9 0.2 0.70 2.5 Rpo R, 7 0.19
205 10 5.6 0.9 0.4 0.50 1.8 1'4RP0 1.4R, 14 0.34
237 50 4.7 1.2 1.1 0.05 0.3 I.ZRPO 0.7R 30 0.72
250 100 4.4 1.3 1.3 0.01 0.1 0.8R 0 0.3R,g 30 0.95

values of nf, and n}, decrease with increase in tempera-
ture is caused by the fact that the electric field E and the
average electron energy ¥V, must decrease with increase
in Cd vapor density in order to keep a discharge current
constant, because inelastic collisions of electrons with Cd
atoms of low ionization energy occur more frequently as
the Cd atom density increases.

The rate coefficients (o ,v,) and (o .v,) are almost in-
dependent of the reservoir temperature, but there are no
numerical data on the cross sections o, and o, to the
state. Therefore the excitation rates P and C are shown
in Table I only as a dependence on temperature. It is
difficult to determine which excitation rate P or C is
larger. The values of P and C decrease further with in-
crease in vapor density at temperatures higher than
250°C.

The rate coefficient of the direct and stepwise electron-
ic collisions { o ,,v, ) and o, ) are strongly dependent
on average electron energy and therefore on temperature.
These rates listed in Table I are calculated with the con-
sideration that the threshold energy ¥V, for the direct ex-
citation from the neutral ground state to the 6 %P5, state
is 21 eV, the threshold energy V; for the stepwise excita-
tion from the ionic ground state is 12 eV, and the elec-
tron velocity distribution is Maxwellian. The cross sec-
tion for the stepwise excitation o, to the 6P, , state is
roughly estimated to be 3 X 10717 cm? from the facts that
the electronic collision cross section for an optical al-
lowed transition is proportional to an oscillator strength
[18] and the value of o, to the 52P; , state is equal to
2.5X 1071 cm? [24].

The cross section for the direct excitation o,; to the
62P; , state is 4X 107! cm? which is larger than that to
the other highly excited state of Cd™ [25,26]. However,
the threshold energy V;, for the 62P;, state is much
larger than the average electron energy and the rate
coefficient for the direct electron collision {o,v,) is
smaller by three orders of magnitude than {o,wv,) for
stepwise collision. It is thus reasonable to ignore the ex-
citation by direct electron collision in comparison with
the excitation by stepwise electron collision, even if ngcq
is larger by one or two orders of magnitude than ngd.
Therefore the direct electron collision cannot be a dom-
inant excitation process. The numerical calculation as
shown in Table I indicates that the Penning and the
charge-transfer followed by cascade excitation rates for
the 6 2P3 ,2 state, P, and C, become maximum at tempera-

tures around 215 °C which are lower by about 40°C than
a temperature at which the stepwise excitation rate S be-
comes maximum. It is apparent that the excitation rates
are considerably dependent on plasma parameters under
the experimental condition of the Cd vapor density and
the percentage of the excitation due to the stepwise elec-
tron collision increases with the temperature. A similar
change in excitation mechanism has been shown for the
upper level of a He-Cd laser transition [16].

If the excitation for the 6 2P, , state of Cd™ ions is en-
sured to be 100% by Penning collision process, ions in
the 62P,,, state are directly excited from the neutral
ground state of Cd atoms and the effective collision rate

I'., is given by Eq. (17) The probability 4; of the radia-
tive decay of the 62P; , is 8 X107 s~! [27] At the pres-
sure and tube radius used in this experiment, the col-
lisional decay rate v ; and the decay rate by diffusion y,;
can be neglected in Eq. (10) in comparison with 4; The
quantity of I,y is calculated to be about 0.2 X 1071 “la
4.5 torr and 500 K, when (o, is assumed to be
3X 107" cm?, as calculated from the atomic radii [18].
Therefore T, (j) is equal to 8.2X 107 s~ ! which is mainly
determined by the radiative decay rate and the quantity
of the apparent mobility is different from the mobility in
the usual sense obtained at the steady state. For the case
of 100% Penning excitation, the apparent mobility at 4.5
torr and 500 K, denoted by u(j),, is estimated to be 100
cm?/V s by usmg Eq. (12).

Next if it is assumed that Cd* ions in the 62P; , state
are excited at 100%, for example, from the 6%F state by
charge transfer followed by cascade, 1/T,(j) is approxi-
mately given by Eq. (16) to be 40 ns Wthh is the sum of
the radiative lifetimes of the 6 2F, , (24 ns), of the 62D5 ,,
(4 ns), and of the 62P; , state (12 ns) [27]. Then, the ap-
parent mobiliby for 100% charge transfer followed by
cascade, denoted by u(j),, is estimated to be 340
cm?/Vs. When the 6 %P5, state is populated by charge
transfer followed by cascade through the 82D, or
9 2Sl ,2 State, the apparent mobility is calculated to be 210
or 290 cm?/V's, respectively. These values are slightly
dependent on the initial Cd*t state populated by the
charge-transfer collision with helium ions. In the above
estimation of u(j), and u(j)., the calculated radiative
transition probabilities [27] are used, because there are no
experimental data of transition probabilities for the
higher excited states of Cd™*.

When the ion in the 6P, , state is assumed to be ex-
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cited from the ground state of Cdt by the process of
stepwise electron collision, ", (j) is equal to the collision
rate of the ion in the ground state, I,z =0.2X 10" s},
as shown by Eq. (15). Under this condition, the mobility
u(j)s, which is equivalent to the usual definition of mobil-
ity for the ground-state Cd™ ion in helium, is calculated
to be 4300 cm?/V's. The value of u(j), corresponds to a
mobility of 20 cm?/V's at 760 torr and 300 K. Even if
ions drift with different velocity components due to
different mobilities such as u(j), and u(j);, it is difficult,
as described in the preceding section, to separately ob-
serve each component of drift velocity in the absorption
profile.

The estimated values of u(j), and u(j). are plotted as
the broken lines in Fig. 7. The value of u(j), is outside
the range of the graph, but the experimental results obvi-
ously show that at high temperatures the mobility ap-
proaches the value of u(j),. The temperature dependence
of the average value of the apparent state-specific mobili-
ties measured from the experiments is interpreted by the
hypothesis that, for the 62P;,, state in Cd*, excitations
by Penning collision and charge transfer followed by cas-
cade are dominant at lower temperatures whereas the ex-
citation by stepwise electron collisions becomes the main
process at higher temperatures. The change of the popu-
lation density in the 6 2P, ,» state as shown in Fig. 6 sug-
gests the change in excitation or destruction mechanism
as temperature increases and this hypothesis can roughly
explain the approximate change of the density. It is real-
ized from the numerical calculation of the excitation
rates as shown in Table I that this hypothesis may be
correct when both rate coefficients of the Penning col-
lision {o,v,) and the charge transfer followed by cas-
cade {o.v,)q are of the order of 107" cm’/s. These
values are very reasonable in comparison with the experi-
mental results obtained for other states [21,28,29]. In
this case the excitation rates of Penning collision and
charge transfer followed by cascade at temperature of
195°C in Table I, R, and R, are estimated to be several
tens of 10'3 cm™3s™!. The temperature dependence of
the average value of apparent mobility shown in Fig. 7 is
roughly explained by the change in excitation mecha-
nisms due to the change in the vapor density.

V. CONCLUSION

The state-specific drift velocity and the apparent mo-
bility of Cd* and Ca™ ions in an excited state in the posi-
tive column of a helium dc discharge have been precisely
measured under various conditions. The drift velocity
was directly obtained from the shift of the resonance fre-
quency due to the Doppler effect by using a tunable and

stable diode laser. For the case of Ca™ ions in the 32D, ,
metastable state, the apparent state-specific mobility de-
creases not only with the helium density but also with the
calcium density, since the vapor pressure is close to the
helium pressure at the temperature used. From the result
the cross sections of the momentum-loss collisions with
helium and calcium have been estimated. These values
are almost the same as the cross sections calculated from
the atomic radii. The mobilities at 760 torr and 300 K
calculated from the value of the cross section estimated
in the present experiment are in good agreement with
values predicted from data for other ions in the ground
state, which are usually obtained from drift-tube experi-
ments. It has been confirmed that the mobility of ions in
the metastable state measured by using a tube of larger
diameter was not affected by excitation and decay pro-
cesses. When a tube of narrow diameter was used in the
experiment, however, the apparent mobility was affected
by the radial diffusion of the ions. The ambipolar
diffusion coefficient could then be roughly estimated from
the value of mobility for a particular diameter of the
tube.

It has been shown from the experimental results that
the average of the apparent state-specific mobilities of
Cd" ions in the 6P, , state increases considerably with
the reservoir temperature. This dependence can be ex-
plained by the change in the excitation mechanism, i.e.,
at lower temperatures the ions in the 6%P,,, state are
mainly excited by Penning collisions with helium atoms
in highly excited states in addition to charge transfer fol-
lowed by cascade, whereas at higher temperatures the
stepwise electron collisions from the ionic ground state
become the dominant process in the excitation mecha-
nism. It is concluded from these results that the drift ve-
locity and the mobility of an excited-state ion with a life-
time of less than 100 ns are significantly dependent on the
excitation and the decay processes and their values are
different from values corresponding to the usual
definition for the ground-state ion.

The spectroscopic method using a diode laser also pro-
vides a means of obtaining precise measurements of the
ion temperature in a plasma. In addition to studies of the
effects of charged-particle collisions on mobility, it is also
of interest to measure ion temperature distributions in
various types of discharge plasmas. These measurements
will give important information on the movement of par-
ticles in plasmas.
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