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As a continuation of earlier work,'"! the nature of ionization in a photo-resonant cesium plasma is
further studied: 1) The optical pumping spectral region active for ionization is elucidated. 2) The
properties of the plasma electron gas are determined. 3) Molecular as well as atomic cesium ions are

detected in the plasma by the mass-spectrometer technique

[8J and the ratio of the ions under various

experimental conditions is measured. 4) The dynamics of the development and decay of plasma is
measured separately for molecular and atomic ions. Some conclusions are drawn concerning the

nature of processes in such a plasma.

Inour preceding communication'*’ we described a
method of obtaining a cesium plasma of a new ‘‘photo-
resonant’’ type. This method consisted of optical pump-
ing, i.e., exposing neutral cesium vapor predominantly
to resonant radiation from an external arc-discharge
plasma also in cesium vapor. The investigated plasma
was produced in a glass detector filled with neutral
cesium vapor and equipped with suitable probes. The
detector was placed inside the free cavity of a glass
Dewar-like discharge device. It was assumed that the
mechanism of the ionization and formation of the plasma,
observed in the detector in this case, corresponds to the
following two- step associative scheme with use of reson-
ant emission of cesium®?’: 1) Cs + hyg — Cs*, and
then 2) 2Cs* — Cs¥ — Cs; — e. Thus, such a plasma
should consist of molecular cesium ions. However, as
noted in‘*?, this conclusion calls for an exhaustive,
primarily direct mass-spectrometric, verification.

The present paper is devoted mainly to experimental
investigations aimed at determining the nature of the
ionization processes in such a plasma. In parallel, we
investigated further certain physical properties and de-
termined certain plasma parameters; the results of
these investigations are reported elsewhere'’.

We begin with the elucidation of a very important
question, namely which region of the spectrum of the
external discharge cesium plasma is decisive. To
answer this question, a light filter was placed between
the discharge plasma and the detector with the cesium

vapor; the spectral characteristic of the filter is shown
in Fig. 1. The filter has a very sharp transmission
boundary at A = X~ 5800 &, i.e., hv, = 2.1 eV, and
when A < A, its transparency is D = 0, while when
X > xo we have D~ 80% ~ const. When a powerful
discharge-current pulse is turned on in the radiation
source, current is produced in the detector; oscillo-
gram I in Fig. 2 is the ion component of this pulse as
measured by the double probe in the detector. When
this light filter is replaced by an ordinary transparent
glass plate (of the same dimension and in the same po-
sition), we obtain oscillogram II, which is perfectly
analogous to the preceding one. When the light filter is
subsequently replaced by an opaque screen, the result is
oscillogram III, which shows no trace of the probe cur-
rent.

Thus, only the cesium-spectrum region with
X > 5800 A is active in our case. When this radiation
enters the neutral cesium vapor, the only possible doub-
let transition is 6S, — 6P3/2,1/2 and is connected with
absorption of the resonant doublet with A = 8521 and
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FIG.2

8944 A. The excited Cs* atoms obtained in such a way
can cause subsequent ionization only by the aforemen-
tioned associative method, with formation of molecular
cesium ions; we know of no other ionization method
under these conditions. One can therefore assume that
our ideas concerning the primary mechanism of photo-
resonant ionization under these conditions are valid.

We now turn to a more detailed clarification of what
the plasma produced in the detector actually consists of.
A definite answer to this question is provided by the
typical probe characteristic shown in Fig. 3. It was ob-
tained with the aid of a very small and thin (20 p diam-
eter) single cylindrical probe placed on the detector
axis and equipped, to close the circuit, with two very
large counter probes located at the ends of the detector.
1t follows from this characteristic that our plasma is
non-isothermal and that it contains two groups of elec-
trons.

The first is a large group of slow electrons with a
Maxwellian distribution and a temperature Tg ~ 1800°K.
It is contained in the ‘‘trap’’ produced here by the
negatively charged glass detector with potential Vi,
~ —1.4 V. The strange appearance of such a group of
electrons is apparently connected'’’ with the numerous
acts of energy transfer in collisions of the second kind
between the photoexcited cesium atoms and the free
electrons produced by the associative ionization
(Cs* +e — Cs + e + &) and their subsequent
‘““Maxwellization’’ ®’ as a result of Coulomb electron-
electron interaction. The number of such collisions is
Ny = qHuenenz*l and is quite large under our conditions;
for example, in the typical case of electron density ng
= 10" cm™ and excited-atom density n¥ = 10" cm™, it
is larger by approximately four orders of magnitude
than the number of acts of direct associative ionization,
if the cross section of the latter is qu; = 7 x 107® cm®
and qpp = 5 X 107" cm®. Simultaneously, the time of
““Maxwellization’’ of these electrons 7, = a&*/*/nglnA
~ 1077 sec, turns out to be, as expected, smaller than
the time of energy transfer to these electrons (e
= (qrpuend) ™ & 107° sec.

The second group of faster electrons, the number of
which is approximately 1/40 of that in the first, cannot
have simultaneously a Maxwellian distribution. It is
probably simply a group of electrons with random direc-
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tion of motion to the cylindrical probe, which acquire in
similar collisions of the second kind an excitation en-
ergy & = eVg = 1.4 eV, but have not yet time to become
completely Maxwellized.

Thus, the resultant plasma turns out to be quite close
to the corresponding non-isothermal plasma[t":| with
very small electric field, produced in a short arc dis-
charge with a cathode potential jump V. = Vg, where
probe characteristics of a similar kind can be obtained.
On the other hand, the energy acquired by the electrons
from its sources after Maxwellization, flows in both
cases subsequently through identical and well known
channels.

Finally, in accordance with the indication made in'*?,
we proceed to a direct mass spectrometric analysis of
the composition of the ions in the investigated plasma.
We used a completely sealed glass time-of-flight labora-
tory mass spectrometer, developed and successfully
used by us in the pastm for a discharge cesium plasma,
with an electron multiplier at the output. The investiga-
ted detector, with appropriate probes, constituted a
single completely sealed system together with the mass
spectrometer. It was located inside the source of the
pumped radiation. The latter, as in'*’, was a powerful
pulsed arc discharge with an incandescent cathode in
cesium vapor and in a Dewar-like housing. This dis-
charge pulse had a sharply rectangular form of duration
t, = 1200 yusec (when we expected to obtain a quasi-
stationary state) and a repetition frequency ~ 1 sec™ .
The shutter passing the investigated ions from the de-
tector, where they were produced, into the drift space
of the mass spectrometer, could be connected, in adjus-
table fashion, at different instants of time both during
the time of the pulse and after its termination. This
made it possible to trace additionally the composition of
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the ions in the plasma both during the process of its
development and during its subsequent decay.

The plasma was investigated at the following cesium-
vapor pressures in the detector: p = 0.01 (I), 0.03 (II),
and 0.08 (III) mm Hg, and at different electron concen-
trations in the plasma: ng = 1 x 10*'=3 x 10" cm™.
ne was varied by changing the discharge current in the
external source, i.e., the radiation power.

A typical example of the mass spectrograms obtained
in this manner on the screen of the S1-17 oscilloscope
is shown in Fig. 4 for a photo-resonant plasma at
p = 0.08 mm Hg and ng = 7 x 10** cm™ for two instants of
time, 200 usec (a) and 1200 ysec (b) after turning on the
external discharge. We see the presence of two signals,
indicating the presence in our plasma of ions of two
types, the left-hand signal A, corresponding to atomic
cesium ions, and the right-hand A, to molecular ones;
sometimes even A; > A,. The ratio of the drift times
(wsec) of these ions is 48/35 = V2, and the ratio of their
signals A, /A, = y.nauz /y1nu;, where v is the coeffi-
cient of secondary ion-electron emission and n and u
are the concentration and velocity of the corresponding
ions. From the known published connection between the
values of y,; and v, it follows that y,/y, 2 1, and at
uz/u; = 0.7 we obtain A;/A; = n,/ny, i.e., the ratio A,/A,
is proportional to the ratio of the concentrations of these
ions ny/n;.

The mass spectrometric analysis of the composition
of the ions in the cesium plasma has led to the following
unexpected results:

A. In the case of a discharge cesium plasma, where
impact ionization of a stepwise character should pre-
dominate (Cs + e — Cs* + e, followed by Cs* +e — Cs”
+ 2e),”J there was observed, instead of the expected
atomic composition of the ions under the corresponding
conditions, the presence of a rather noticeable amount
of molecular cesium ions'®’. We attribute their appear-
ance to the secondary process of ion conversion in ac-
cordance with the scheme Cs* + 2Cs — Cs; + Cs, similar
to the well known scheme in the case of a plasma in
inert gases™’.

B. In the case of a photoresonant cesium plasma,
where associative ionization should prevail (see above)
we observed instead of the expected purely molecular
composition of the ions under the corresponding condi-
tions, the presence of a rather noticeable amount of
atomic cesium ions; we shall now proceed to consider
the peculiarities and the possible nature of this strange
phenomenon.

Figure 5 shows the result of the determination of the
ratios of the signals at the output of the instrument
A;/A, = ny/n;, where n; + n; = ng, obtained at the end of
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a pulse of duration 1200 usec. This ratio was deter-
mined as a function of ngy (probe measurements) at the
indicated values of p (curve I-III, respectively). The
course of this dependence A;/A, = f(ng, p) is character-
ized by a sharp decrease of A,/A, with increasing g,
and by a sharp rise with increasing p. Outwardly this
dependence is quite similar to that obtained by us for
the case of a discharge cesium plasma'®’ , but in fact the
two have nothing in common.

Of very great importance for the understanding of
the nature of the phenomena in a photoresonant plasma
are the results of separate investigations, in terms of
the masses A, and A,, of the evolution of the plasma
after an abrupt turning on of the discharge-current
pulse in the external irradiation source, and the process
of plasma decay after an abrupt turning off of this cur-
rent pulse. The results of such measurements are
shown in Fig. 6 for the case p = 0.01 and 0.08 mm Hg.
Here curves 1 and 2 pertain to the case of the concen-
tration, respectively, of the atomic and molecular ions
of cesium in the evolution of the plasma, and curves
1’ and 2’ correspond to the same ions in the decay of the
plasma. The data of these interesting figures lead us to
the following conclusions:

1. During the course of evolution of the plasma, the
concentration of the molecular ions is established rela-
tively rapidly, and subsequently remains unchanged; the
establishment time 7, (~300—600 usec) increases with
increasing cesium-vapor pressure. Since the resonant
radiation entering the detector from the outside is
strongly absorbed in its near-wall region, producing
there a noticeable associative ionization'’ , it can be
assumed that the time 7, is connected with subsequent
diffusion of both this radiation and of the charges ob-
tained here in the interior of our detector.

2. Unlike the preceding case, the concentration of the
atomic cesium ions, experiencing at the very start of the
pulse a certain still inexplicable irregularity, increases
subsequently much more slowly (the establishment time
is 71 > T2), especially at increased pressures, and fre-
quently reaches a value even larger than the concentra-
tion of the molecular ions. We see also that the growth
of curve 1 can occur against the background of a con-
stant curve 2, and the initial irregularity on the former
is not reflected in any way in the latter; one can there-
fore probably assume that the nature of formation of
the atomic ions has a character independent of the mole-
cular ions, although this conclusion is, naturally, not yet
final.

3. The rates of decay of the plasma relative to the
atomic and molecular ions separately (8. and g,) are
qualitatively approximately the same; for example, the
half life for both curves at p = 0.01 mm Hg is approxi-
mateyl 200 ysec, and at p = 0.08 mm Hg it is approxi-
mately 600 usec, i.e., it increases with increasing
pressure. This circumstance is obviously connected
with the fact that the plasma decay observed in the reg-
ion adjacent to the entrance into the drift space of the
mass spectrometer is determined mainly not by the
volume recombination, but by the diffusion of the ions
to all the walls, the surface of which is quite large here.
In this case, unlike the recombination coefficients of
these ions, which differ by approximately two orders of
magnitude'®?, their diffusion coefficients D, or, accord-
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ingly the mobilities u, differ much less—only by 2—4
times'®!; moreover, the relations D 1/p and u, >
are confirmed here. The conclusion drawn in'*! that a
predominant role is played by volume recombination of
the molecular ions, is connected with the different ex-
perimental conditions, namely much larger p = 0.3 mm
Hg, tp = 300 usec, and the presence of only a small
probe in the volume of the instrument; all this should
contribute to the obtained tendency.

4. The time evolution of the ionic component of the
probe current of the plasma I (t), has shown by meas-

urements during the course of evolution and decay of the
plasma, reflects well the sum of each pair of curves
A;(t) and A,(t) in Fig. 6. However, the similar relations
usually determined in the corresponding plasma investi-
gations contain relatively little information, when it is
assumed that the plasma contains ions of several types;
in this case the use of the mass-spectrometric analysis
becomes vital.

Thus, the data presented here point to a large number
of interesting features of such a currentless and mag-
netless cesium plasma with a very noticeable charge
density, > 10" cm™. At the same time, whereas the
question of the nature of formation of molecular ions in
a photoresonant plasma is more or less clear, if one
bears in mind associative ionization, the same cannot be
said as yet concerning atomic ions. In this connection,
one can indicate tentatively, for example, the following
two extreme possibilities whereby the latter can be
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produced: 1) dissociation of molecular ions by electron
impact: Csz + e — Cs’ + Cs + e and 2) ionization of
photoexcited cesium atoms likewise by electron impact
Cs* + e — Cs* + 2e. However, arguing against the first
possibility are, as it were, the considerations advanced
above; experiments lead, purely qualitatively, also to
some preliminary evidence favoring the second possi-
bility. For a conclusive solution of this problem we are
still lacking many data, primarily the values of the
effective cross sections of the indicated processes;
this will be the subject of future work.

TN. Morgulis, Yu. Korchevol, and A. Prozhonskif,

Zh. Eksp. Teor. Fiz. 53, 417 (1967) [Sov. Phys.-JETP
26, 279 (1968)].

2H. Witting and P. Gyftopoulos, J. Appl. Phys. 36,
1328 (1965).

3D. Pollock and A. Jensen, J. Appl. Phys. 36, 3184
(1965).

*N. Morgulis and A. Prozhonskii, Zh. Tekh. Fiz., in
press.

®N. Morgulis and Yu. Korchevol, and D. Dudko, Zh.
Tekh. Fiz. 38, 1060 (1968) [Sov. Phys.-Tech. Phys. 13,
803 (1968)].

8N. Morgulis and Yu. Korchevoi, ZhETF Pis. Red. 8,
313 (1968) [JETP Lett. 8, 192 (1968)]. N. Morgulis, Yu.
Korchevol, and D. Dudko, Coll. of Papers delivered at
Ninth Internat. Conf. on Phenomena in Ionized Gases,
Bucharest, 1969, p. 12; Ukr. Fiz. Zh. 14, 2083 (1969).

"N. Morgulis, Yu. Korchevoi, and V. Lukashenko,
Ukr. Fiz. Zh. 12, 1362 (1967).

8 B. Smirnov, Atomnye stolknoveniya i élementarnye
protsessy v plazme (Atomic Collisions and Elementary
Processes in a Plasma), Atomizdat, 1968, p. 326.

°J. Hammer and B. Aubrey, Phys. Rev. 141, 146
(1966).

1., Chanin and R. Steen, Phys. Rev. 132, 2554 (1963).

Translated by J. G. Adashko
228



