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The evolution of electron density, electron temperature, and population of excited states is measured in

a cesium afterglow (pressure range 10 3-2 X 10 2 torr). These are compared with the predictions of a
coHisiona1-radiative model. For electron densities between 10" and 10" cm ' and electron temperatures
in the range 700-2000 K, the recombination coef6cient is found to be in good agreement with

theoretical values. It is proportional to T, with y = 4.2 +0.4. The model is shown also to predict
accurately the evolution of the electron temperature and excited-state populations. In the late afterglow

a change in the ambipolar-ddtusion coef6cient is observed and is interpreted to be due to a change in
the majority ion.

I. INTRODUCTION

In a previous paper, ' it mas shown that the mea-
sured steady-state parameters of cesium vapor
ionized by means of an electrical discharge are
correctly predicted by a so-called coQisional-
radiative (CR} model, when account is taken of
the proper atomic processes. For a given neutral
density, the parameters considered are the elec-
tron density and temperature, the electric field
sustaining the discharge, and the population of
excited cesium atoms.

Under transient conditions the model indicates
departures from local thermodynamic equilibrium
(LTE) generally larger than those predicted for an
active discharge and, consequently, the results
given by the model are more sensitive to a proper
choice of atomic rate coefficients. Thus compari-
son between experimental and computed data in an
afterglow period mill be even more fruitful than
comparison under steady-state conditions. With

only a fern exceptions, "which concern helium,
such comparisons in aftergloms have been limited
to the electron-ion recombination coefficient a,
when a collisional-radiative process is supposed
to be dominant. For cesium, in spite of much
experimental work, ' ' the kinetic processes of the
afterglow are poorly understood and the measured
values of a present a large spread. For cesium
pressures lower than 10 ' torr, ~ agrees mithin
an order of magnitude with the computed values of
the collisional-radiative recombination coefficient.
Homever, oming to a lack of precision in the re-
ported results and the narrom range of experi-
mental conditions, no conclusive comparison with
theory mas heretofore possible.

It is the purpose of this work to present an ex-
tended comparison between the predictions of a
collisional-radiative model and experimental re-

suits obtained in a cesium afterglom, in the pres-
sure range 10 '-2x10 ' torr. In viem of the
strong dependence of the computed results on the
electron concentration &, and particularly on the
electron temperature T„very precise measure-
ments of these parameters mere achieved. In pre-
vious experiments T, has often only been estimated
or measured by probe techniques, which lead to
rather large uncertainties. In this work a tech-
nique believed to be highly reliable (based on the
radiative recombination spectrum) was used and
the range of temperatures previously expl. ored mas
extended down to temperatures as lom as 700'K. A
microwave heating system enables us to vary
selectively T, and thus to obtain a precise deter-
mination of the dependence of the atomic processes
on this parameter.

In See. II of this article me yresent briefly the
most important features of the collisional-radia-
tive model that has been used. In Sec. III we
describe the experimental apparatus and the diag-
nostic techniques. Section IV is devoted to experi-
mental results and a comparison with theory.

II. COLLISIONAL-RADIATIVE MODEL

The model used in this mork has been presented
in previous articles. "' Vfe consider an ionized
cesium vapor composed of Cs' ions, electrons,
and excited cesium atoms (48 levels are consi-
dered) The cont. inuity equations for each excited
state (density s~) and for free electrons (density
s,) are written

~ =s n~p'+ Q s, g'p' +Q s,A qp+n2~Pp'
0 esp e&p

-np s, Ep'"+ Zp'",' +
Ovsp q gp
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(2)
' =n, Qn+~""-n', Q Kp"'+P~,

P

where K are the rate coefficients for inelastic
collisions with electrons: K~"", ionization from
levelP; Kp'",', excitation fromP to q; K~"', re-
combination on level P by three-body collision
(&P' -n, ). A are the spontaneous-emission co-
efficients and P the radiative recombination co-
efficients. To take into account the reabsorption
of resonance lines, we have multiplied the corre-
sponding A. coefficients by a transparency factor,
which is, for our experimental conditions, equal
to 10

The energy balance of the free electrons is
written

Independent
parameters

Set of equations Computed
to be solved parameters

Steady state ne(or Te~&
dna
dt
—-=0

dTe
dt

~dn p
dt

e {orne~

Power input

Quasi-steady-state n1,n~, T~

(T, and n&)

~dn

dt

d~T p
dt np

dna
dt

TABLE I. Comparison of the three solutions of the
model.

dW, d(2n, kT ) dW, dW,
dt dt el. cd. dt

dW, dW,
(3)

Quasi-steady-state n l,n~ »~ .Tg

(n& only)

dna
dt dn

dt

dTe
dt

where the terms on the right-hand side represent,
respectively, the contributions of elastic collisions
with atoms and ions, "the inelastic collisions with
atoms, and losses due to radiative recombination
and diffusion. Writing

d t dt rec. dt deaf.

and assuming that the electrons lost by diffusion
have the mean energy ', kT„Eq. -(3) can be written

3 dn. 3 dT.-kT, + -kn,
rec.

independent parameters, the first derivatives of
n, and T, are deduced from Eqs. (2) and (3'), Eq.
(1}being set equal to zero.

These two approximations are referred to as
cases II and III in Table I." We shall see later
that they may be used to predict the evolution of
various parameters for two different regimes of
the afterglow. The validity of such approximations
is related to the respective values of the relaxa-
tion frequencies of n„T„and m&, as discussed by
McWhirter and Hearn. "

III. APPARATUS AND DIAGNOSTIC TECHNIQUES

It should be noted that, under the assumption made
for the energy of the electrons lost by diffusion,
the energy-balance equation (3') does not contain
any diffusion term.

The system of equations (1), (2), and (3') can be
used to compute the values of n„T„and n~ in a
steady-state regime, as was done in Ref. 1. In
such a case each of the equations of the system is
set equal to zero. For the case of a decaying plas-
ma it is possible, making some approximations,
to avoid solving a system of differential equations.
(a) If T, and n~ remain in quasiequilibrium with n, ,
that is to say, if Eqs. (1) and (3) are set equal to
zero, Eq. (2) gives dn, /dt, from which the re-
combination coefficient is calculated":

1 dn,
rec.

(b) On the other hand, if we consider n, and T, as

HEATED
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FIG. 1. Experimental cell (scale &).

The experimental setup and the diagnostic tech-
niques have previously been described in det il. '
The cell (Fig. 1) is a cylindrical glass tube (6 cm
diameter} which has been outgased (10 ' torr
residual pressure) and sealed after introducing
cesium. It is placed in an oven and the cesium
pressure is controlled by regulating the tempera-
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ture of an oil bath surrounding an appendix which
contains liquid cesium. A current pulse of about
2.5-msec duration is applied between two elec-
trodes, a heated cathode (900'C} and a cold anode,
made of two coaxial molybdenum disks separated
by 18 cm.

The electron density is measured using a free-
space microwave interferometer (X=4 mm). A

sensitivity of a few thousandths of a degree phase
shift is achieved, corresponding to an electron
density of about 10' cm '.

The electron temperature T, is deduced from the
spectrum of radiative recombination on the 6I'
level. This method, . which has been described by
Agnew, "consists of plotting log[)PI()).)j vs 1/A. ,
where X is the wavelength and I the intensity of
radiation; the curve obtained is a straight line
with a slope proportional to T, '. This method
gives results more reliable than those given by
probe techniques. It is less sensitive to departure
from LTE than the other optical methods, which
are based on measurement of line intensities. The
precision is estimated to be a few tens of degrees.

The populations of various excited states are
deduced from absolute-line-intensity measure-
ments. The absolute intensities are obtained by
comparing the emitted light with that of a standard
source. The appropriate Einstein coefficients"
are taken from theoretical data of Stone" and
Warner, "and from the experimental values of
Agnew and Summers, "and Gridneva and Kasabov. "

The measurements of electron density, electron
temperature, and population of excited states are
made in a plane equidistant from cathode and
anode, along a diameter; consequently, the Abel
inversion method is used on the recombination
spectrum and line intensities' to deduce the values
of n„T„and n~ on the axis of the tube.

An amplitude-controlled microwave generator is
used to heat selectively the electrons. " The
source is an X-band klystron working either in the
dc or pulse regime (5 W maximum power). A wave
guide which terminates in an open-ended metallic
cylinder surrounding the discharge tube connects
the source to the ionized vapor. The distribution
in the plasma of the microwave electric field
cannot be calculated in such a configuration. When
heating is applied, T, is therefore measured and
found uniform around the region of observation.
As shown in Fig. 2, the rise time of the electron
temperature is short in comparison to the charac-
teristic decay time of the afterglow. The tempera-
ture T, may be deduced, as indicated previously,
from the measurement of the continuum. However,
this method becomes rather imprecise at low elec-
ron density because the emitted light is weak.
Under these circumstances the increase of the
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FIG. 2. Decay of electron temperature during the
afterglow and influence of a microwave heating pulse
(P~ =2.10-2 torr).

IV. EXPERIMENTAL RESULTS

Before comparing the predictions of the CR
model with the experimental data in the early
afterglow, we will first consider the diffusion
processes in the late afterglow.
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FIG. 3. Decay of electron density during the afterglow
for pressures of 10 2 torr (a) and 2.5x 10 3 torr (b).

electron temperature from T, to T,& is deduced
from the lowering of the intensity I of the light
emitted by very high excited levels (14 E, for
example) according to

I /f (Z /T )3I e&gllt)()/r gg-1I q)

where E& is the ionization energy of the upper
state of the transition. This method is obviously
limited to the determination of those fast varia-
tions of the electron temperature where the change
of electron density is negligible.
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A. Diffusion Processes in the Late Afterglow

In the pressure range we have investigated (10 '
& Pc, & 2X 10 ' torr) the electron-density-decay
curves (Fig. 3) are characterized in the late after-
glow (n, & 10" cm ') by two exponential parts
separated by a transition region. Independent of
the pressure, the transition region corresponds to
an electron density between 10" and 10"cm '.
The time constants r, and &, of the two exponential
decays are approximately in the ratio 2:1.

An exponential decay of the electron density
during the afterglow is generally characteristic of
a regime controlled by ambipolar diffusion (for the
electron densities considered here). If this inter-
pretation seems valid for the very late afterglow
(n, &10"cm ') where logn, varies linearly with time
over almost two orders of magnitude of 'n„ it may
be contested for the first part of the late afterglow
(10"«, &10" cm '). For a further check we have
measured the change of the electron-decay time
constant ~ when a microwave pulse heats the elec-
trons. In a regime governed by ambipolar diffu-
sion, T is related to the electron temperature
according to

1 D, Dg T~—= —'= —' 1+ —'
A A Tq

where D, and D; are the ambipolar and the ion
diffusion coefficients, A the diffusion length, and

T& the ion temperature. Thus 7 changes to 7&

when, as a result of heating, T, increases to T,„:
T Ti+ TeH

TH Tg+T~

On the assumption that T& was equal to the oven
temperature, it was checked experimentally that
this relation is verified when n, & 10"cm ' [in the
transition region r is defined as n, (dn, /dt) '). It
is concluded that the whole late afterglow is con-
trolled by ambipolar diffusion. We shall see in
Sec. IV B that the "time constant" T of the early
afterglow is affected quite differently by a heating
pulse.

In Fig. 4, the ratios Pcgr (r = v., and r, ) are
plotted as a function of cesium pressure. These
ratios are observed to be independent of the pres-
sure and equal, respectively, to 5 and 11 torr sec '
(D, »Pc, are equal to, respectively, 14 and
33 torrcm'sec '). These results indicate that,
in the pressure range investigated, no diffusion
cooling is present, supporting the assumption
made in Eq. (3'); i.e., the electrons lost by diffu-
sion have a mean energy which does not differ
significantly from & kT, .

From the constant ratios Pc, /r, and Pc, /r,
we deduce the reduced mobilities p'yp and g»of the

B. Collisional-Radiative Processes in the Early

Afterglow

We now compare the measured values of some
parameters of the early afterglow with those de-
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FIG. 4. Pc, /7 vs pressure for the first exponential de-
cay of electron density (a) and for the second (b).

iona present in the afterglow:

tt» „=(2.1&&10') —,cm'V 'sec ',, P. A

1,8

where the diffusion length is equal to 1.74 cm and
the gas temperature T, is assumed to be equal to
the oven temperature (610 K). We obtain p„
=0.08 cm'V 'sec ' and p2p 0.18 cm'V 'sec '.

The first value may be compared with those
measured by Dandurand and Holt' (0.066) in an
afterglow, by Chanin and Steen" (0.075), Lee and
Mahan '(0.12), and Popescu and Niculescu (0.14)
in a drift tube, and with the theoretical estimation
by Sheldon" (0.036-0.088) for the mobility of the
Cs' ion in its parent vapor. The second value
may be compared with the mobilities measured by
Chanin and Steen, "Lee and Mahan" (0.2), and
Popescu and Niculescu" (0.30), which are gener-
ally attributed to Cs, ' ions in the absence of mass-
spectroscopic identification. In spite of the large
spread of those results we tentatively conclude
that Cs' is the majority ion when n&10" cm ',
while Cs, ' ions are predominant when n, & 10"
cm ', for the pressure range we have investi-
gated. We have not found a simple mechanism able
to interpret this change in the identity of the ma-
jority ion. Our observations are to be compared to
those of Morgulis and Korchevoi, "who have mea-
sured, with a mass spectrometer, an increase of
the Cs, '/Cs+ ratio when the electron density in an
active discharge is lowered.

In the rest of this paper our interest is only
concerned with the electron density range where
recombination effects are significant with respect
to diffusion losses (n, & 10" cm ').
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' = —Ir(n„T,)ngcI+D, (T,)V n, , (4)

where n is the recombination coefficient and S an
electron source term. %e shall neglect the source
term because reactions involving electrons, such
as

Cs*+e- Cs'+2e,

are taken into account in the collisional-radiative
recombination mechanism; those involving neutral
particles, such as

Cs*+Cs-Cs, '+e or Cs*+Cs*-Cs,'+e,
may be neglected because of the low density of the
excited atoms in the appropriate states during the
afterglow and the cross sections of these process-
es." Because of electric neutrality Eq. (4) be-
comes

~+/
e a e ~= —0%~+D V 8 (4')

duced from the CR model. This comparison is
first carried out on the electron-ion -recombination
coefficient, then extended to the evolution of elec-
ron temperature and population of excited states.
This would therefore provide a relatively com-
plete test of the model.

l. ItecombinationCoeff, icient

The evolution of electron density in an afterglow
may be described by the following equation, as-
suming only one ionic species is present:

better than the experimental uncertainties has
been observed.

The three-body recombination coefficient
K(K= I/rn) has been plotted as a function of T, for
two pressures (Fig. 5). It is seen that K is inde-
pendent of pressure and proportional to T, ""'.
This temperature dependence is in good agreement
with the theoretical predictions concerning colli-
sional-radiative recombination"'" ' (T,"in
the electron-density and temperature range of our
experiment). The absolute value of K agrees also
with the theoretical ones: they are about 50%
lower than the results of Sayer and Pascale" and
a factor 2 lower than the values of Mansbach and
Keck."

The recombination coefficients found in this work
are slightly lower than those deduced by Wada and
Knechtli" from electron-density balance in a
steady-state thermal plasma. Good agreement is
observed with the recombination coefficient mea-
sured by Hammer and Aubrey" using a Cs' beam.
It is interesting to compare our results with those
obtained by Aleskovskii' using, as we did, an
afterglow technique. The large discrepancy ob-
served (a factor of 5 to 10) may be explained by an
inaccuracy in his electron-temperature measure-
ment. Ale skovskii used both radiative- recombina-
tion-spectrum and probe techniques. The recom-
bination continuum has been interpreted using the
data of Mohler and Boeckner"; the resulting
temperatures have to be lowered in view of the

It is possible to compare the measured electron
density decay with a numerical solution of Eq.
(4'), where oI is expressed as a analytical function
of n, and T,." A more simple and direct way,
which will be used here, is to assume that the
electron spatial distribution is never far from the
Bessel function J, and, therefore, write Eq. (4')
as

dn, , n,= —ASg ——'
dt Tg)

(4 II)

~D is a characteristic time constant for ambipolar
diffusion which is a function of T, (i.e., a function
of time during the afterglow):

To=-,' T,(1+T,/TI), (5)

where 7, is the time constant of the first exponen-
tial decay (see above). Using equations (4") and
(5) we have deduced the values of n from the elec-
tron-density-decay curves. The results obtained
by this simplified method have been compared
with those deduced frozn the analytical solution of
the partial derivative equation (4'), in which n has
been expressed as a=~,T,":an agreement

10+ g I I [
I I I I I I

v o

EXPERIMENT ~S
700 800 9001000 1200 1400 1600 2000 2500 3000
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FIG. 5. Three-body recombination coefficient K vs
electron temperature. Theoretical data by Curry, Ref.
9 (C); Mansbach and Keck, Ref. 30 (M); Sayer and Pa-
scale, Ref. 10 (S). Experimental results by Wada and
Knechtli, Ref. 31 (0); Ha~~er and Aubrey, Ref. 32 (+);
Aleskovskii, Ref. 6, for Pc, =1.5x10 torr (Q) and

Pc, =5x10 torr (V); and present results for Pc, =
=2x10 2 torr (x) and 10 2 torr ().
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more recent results of Agnew. " Measurements
by a probe technique are known often to overesti-
mate the electron temperature. "" An overesti-
mation of about 500'K, as observed in a stationary
discharge, ' could explain the discrepancies be-
tween our data and those of Aleskovskii.

A confirmation of our results was obtained by
varying T, using controlled microwave heating of
the electrons. This increase of T, induces a
change in the experimental value of 7, which then
becomes 7„The. ratio 7's/7' can also be predicted
from Eqs. (4") and (5), since

1 dn, 1 ~ 2T)= —= —K(T,) rP, —s, dt ~ ' ' 7',(T +T~)

7„/r has been calculated (Fig. 6) for K= (2.4
x 10 ")T,", as deduced from our experimental
results (curve e}; for K= (3X 10 ')T»', as given
by the theoretical model of Sayer and Pascale"
(curve m), and for K values multiplied (curve m }
and divided (curve m') by a factor of 2; for the
cases of the regime of pure diffusion (K=0) and
that of pure collisional-radiative recombination
(r, = ~) (curves d and r).

Except for n, &2x10" cm ', where the heating
is probably inhomogeneous because n, greatly
exceeds the cutoff density for the microwave fre-

I
(

I

1.5—

quency used, the measured ratios vs/r are, with-
in error bars, in good agreement with those cal-
culated using the experimental K values (curve e).

Z. Relation between Electron Temperature and
Electron Density

On Fig. 7 we compare the variation of T, as a
function of electron density during the afterglow
with that predict by the model. On this figure,
curves a and b represent the relations T, =f(s,}
computed, respectively, for steady-state and
quasi-steady-state conditions referred to in Table
I as cases I and II.

Point A corresponds to the experimental condi-
tions before turning off the discharge current. The
position of this point, close to curve a, confirms
the validity of the model to represent the steady-
state conditions. ' This indicates also that the
pulse duration (2.5 msec) is sufficiently long, for
our pressure conditions (0.02 torr), to reach the
steady- state regime.

The other experimental points corresponds to
the afterglow period. From point B down to the
lowest electron densities there is excellent agree-
ment between experimental results and the com-
puted curve b, which shows that the quasista-
tionary approximation gives a very good represen-
tation of the decay of the electron temperature.

Between points A and B the electron temperature
changes rapidly without any significant variation
of the electron density. During this short period
(about 100 +sec) of the very early afterglow, T, is
not in quasiequilibrium with the electron density
(case III of Table I).
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FIG. 6. Ratios of the slopes of the curves 1ogn, =f(t)
with and without heating (Pc, =2x10 ~ torr). Measured
ratios (x) are compared to those calculated (see text).

ne (cm )

FIG. 7. Relation between electron temperature and
density during the afterglow. Curve a has been com-
puted for the steady-state conditions and curve b for the
quasi-steady-state conditions. The crosses correspond
to the experimental data.



3018 SAYER, JEANNE T, LOZINGOT, AND BERLANDE
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FIG. S. Decay of the population of the 5D level, de-
duced from the intensity of the 6S-5D transition (spon-
taneous emission coefficient given by Sayer et al, . Ref.
37).
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3. Population of Excited States

For comparison of theory and experiment we
have chosen to consider the evolution of the popula-
tion of atoms in certain excited states during the
first part of the afterglow, and the departure from
LTE of the excited + levels in the later afterglow.

The early afterglow includes the period corre-
sponding to the fast decay of the electron tempera-
ture (from A to B on Fig. 't). In this case approxi-
mation III of Table I, that is, n, and T, considered
as independent parameters, has been used to cal-
culate the decay of the excited-state populations.
Experimentally three types of decay curves have
been observed, as illustrated by Figs. 8, 9, and
10, which correspond to levels 5D, 11', and 8S,

respectively.
The population of level 5D, which may be con-

sidered as a "low" level (ionization energy E,
= 2.1 eV, excitation energy 1.8 eV), decreases very
rapidly, in agreement with theory (Fig. 8). During
the discharge this level is mainly populated by
direct excitation from the ground state or by a
two-step process involving the 6J' state. There-
fore the excitation efficiency, which depends
strongly on electron temperature, decreases
rapidly at the very beginning of the afterglow.

Level 11' is closely coupled with free electrons
(E, =0.1 eV}. Thus, the population of this level
is close to that given by the Saha-Boltzmann
equation (i.e., proportional to n', T, '@e ~ t' ~).

During the very beginning of the afterglow the fast
decay of T, leads to an increase of the population.
The population reaches a maximum at t =100 @sec
in the afterglow, which roughly corresponds to
point B of Fig. V, and then decreases under the
predominant influence of electron-density decay.

Level 8S (E, =0.9 eV) is an "intermediate" level,
the population of which is proportional to
P n,'T, ' 'e ~ &, where p characterizes the de-
parture from LTE. This factor, which is larger
than 1 during the discharge, becomes very rapidly
lower than 1 during the early afterglow (first tens
of microseconds). Its variation is then slowed
down and the influence of T, and n, on the popula-
tion becomes successively preponderant, as in the
case of 11' level. Therefore the decay curve
presents both a relative minimum and a relative
maximum (Fig. 10).

It is seen on Fig. 11 that the highest & levels
(n & 12) are in LTE with the electron gas, as was
assumed in the model. " The lower I" levels are

I I

Pc =2X10 torr

o Measurements—

+ Model

10—

I I I I

0.1 0.2 0.3 0.4 0.5

t (ms}

5
0

I I I I I

0.1 0.2 0.3 0.4 0.5

t{ms}

FIG. 9. Decay of the population of the 11E level, de-
duced from the intensity of the 5D-11E' transition (A
value of Agnew and Summers, Ref. 14).

FIG. 10. Decay of the population of the SS level, de-
duced from the intensity of the 6P-SS transition (A
value of Stone Ref. 16).
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FIG. 11. Population of nE.levels (5 —n —16) as a func-
tion of ionization energy. Pc, =2x10 2 torr, n =2x10
cm, and T =700 K. LTE conditions, dashed line;
model, solid line; experiment, crosses. We have used
A&D „zvalues of Stone (Ref. 16) extrapolated for the
highest terms of the series.

underpopulated with respect to the LTE predic-
tions; their populations fit well to the values
computed with the model, even at low electron
densities, for which the departure from LTE
reaches several orders of magnitude. This de-
parture increases when the electron density de-
creases, as shown in Fig. 12, where the popula-
tion ratio of levels 5& and 16' is plotted.

V. CONCLUSION

The study of the early cesium afterglow (10"
&n, & 10"cm ') in the pressure range 10 ' to
2&10 ' torr, using precise optical diagnostics,
has indicated that a collisional-radiative model
is able to predict with very good accuracy not only
the electron-Cs'-ion recombination coefficient,
but also the relation between electron density and
electron temperature during their decay, and the
evolution of excited-state populations. The resi-
dual differences between experimental data and
computed results (which appear in Figs. 8-10) are,

ne(cm 3)

FIG. 12. Ratio of the population of the 5F and the 16F
levels (Pc, ——2x 10 torr).

in our opinion, of the order of the precision which
can be obtained with such a model. For this rea-
son, we did not try to improve the quality of the
agreement by varying some of the atomic param-
eters (inelastic electron-atom cross sections)
used in the model, as was done by Johnson and
Hinnov' for helium. The agreement is sufficiently
good to enable one to deduce, for example, elec-
tron density and temperature from line intensity
measurements, even when the populations of the
various excited states deviate from LTE by sever-
al orders of magnitude.

Measurements of the three-body recombination
coefficient K yielded a dependence of E upon T, of
the form T&, where y = —4.2+0.4, confirming
theoretical prediction in a relatively wide range of
electron temperature, 700-2000'K.
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