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A pulsed helium-discharge plasma was found to have two peaks in the temporal development of
its emission line intensities. At these peaks the population densities of the n D state (n =3,4,...)
were measured. For the first peak, the populations were found to be proportional to n ~%, while
the second peak showed an exp[—E (n)/kT,] dependence. These distributions are identified with
plasma in its ionizing and recombining phases, respectively. On the basis of a collisional-radiative
model calculation, the transition from the ionizing phase to the recombining phase is demonstrat-
ed. This report is the first experimental demonstration of the n ~® distribution in the ionizing
phase for conditions when the conventional criterion would indicate thermal populations. It is
suggested that the apparent decrease in the emission line intensities of high-n members of series
lines, or “the transparency window” that is observed in dense plasmas, may be attributed to this

characteristic of ionizing plasma.

I. INTRODUCTION

Emission properties of a plasma are determined from
the population density distribution over the excited
states (including continuum states) of atoms and ions in
the plasma. These populations are determined as a re-
sult of various atomic processes (electron collisions and
radiative transitions) taking place in the plasma, and
their dependence on the plasma parameters are compli-
cated. According to the collisional-radiative model (CR
model),"> however, the population density N (n) of level
n is simply given as a sum of the two terms, i.e., the one
proportional to the ion density N, in the next ionized
stage z and another proportional to the ground-state
atom or ion density N (1) of this ionization stage.

N(n)=ro(n)Z(n)N,n,+r(n)[Z(n)/Z(1)]N (1)
=Ny(n)+N(n), (1)

where n, is the electron density and the Saha-Boltzmann
coefficient is
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Here, g(n) and g, are the statistical weights of level n
and ion z, respectively, m is the electron mass, and E (n)
( <0) is the eigenenergy of the level.

The overall effect of the atomic processes in the plas-
ma is represented by ry(n) and r (n), the population
coefficients, and therefore they are functions of n, and
T, (electron temperature). The magnitude of these
coefficients, which is smaller than 1 except under very
special conditions, is a measure of departure of Ny(n)
and N,(n) from their thermodynamic equilibrium
values, i.e.,, ro(n)=1 gives the Saha-Boltzmann [local
thermodynamic equilibrium (LTE)] population with
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respect to N, and r,(n)=1 gives the Boltzmann popula-
tion with respect to N(1). From now on we consider
the hydrogenic atom or ion for the purpose of illustra-
tion, and » in Egs. (1) and (2) is understood to denote the
principal quantum number of the level.

In many actual situations, one of the two terms in the
right-hand side of Eq. (1) is dominant.? In situations we
call the recombining phase Ny(n) always dominates over
N, (n). In the ionizing-phase plasma this relation is re-
versed. The recombining phase is realized, for example,
in an afterglow plasma, and highly ionized impurity ions
in the outer regions of tokamak plasmas are another ex-
ample of the recombining plasma. Examples of the ion-
izing phase are the positive-column plasma and hydro-
gen and low-ionized-stage ions in tokamak plasmas. The
general characteristics of the populations in both the
phases are discussed in detail in Ref. 2. For example, in
the recombining phase, the population densities of levels
higher than Griem’s’ critical level are described by the
Saha-Boltzmann equation. In the ionizing phase, on the
other hand, population densities in the same levels are
proportional to n ~%. This characteristic is the result of
the multistep ladderlike excitation-ionization mechanism
of electrons through the excited levels; the excitation
rate for n —(n + 1) is approximately proportional to n*,
and therefore N,(n) is proportional to n~*% or
N,(n)/g(n)xn~% For further details the readers are
referred to Ref. 2. The experimental verification of this
latter population has been made only on neutral argon in
an argon positive-column plasma.>* Since the energy-
level structure of argon is complicated and far from that
of hydrogen, for which the ladderlike mechanism has
originally been proposed, this observation may be
claimed not to be a definite proof of the n ~°® distribu-
tion.

One of the motives for the present study is related to
the recent proposals made by one of the present authors.
These proposals are concerned with excitation and deex-
citation of ions in dense plasma. The first is’ that the
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conventional excitation and deexcitation rate coefficients
are enhanced owing to the effect of plasma electrons on
the population of doubly excited states. Dielectronic
capture of an electron by an ion into a doubly excited
state followed by the ladderlike excitation “‘ionization”
enhances substantially the excitation. Autoionization of
the doubly excited ion in LTE with respect to the singly
excited state enhances the deexcitation from this state.
The second proposal is® that a similar ladderlike process
gives rise to an effective decrease and disappearance of
the resonance contribution to the excitation cross section
which is relevant to an isolated ion. In these processes
the multistep ladderlike excitation-ionization mechanism
plays an essential role, and an experimental verification
of the establishment of this mechanism, even if it were
for singly excited states of a neutral atom, would render
a firm support to these proposals.

Another motive is related to the emission characteris-
tic of dense plasma which has received much attention
recently. Weisheit and Shore’ proposed the “transparen-
cy window” in the higher member of Lyman lines of
neutral hydrogen and an observation of the transparency
window has been reported on mercury.® Hohne and
Zimmermann® claim that the “window” is the result of a
numerical artifact in the calculation of Ref. 7. The
present authors feel that this problem should also be re-
viewed in the context of the different characteristics of
the ionizing and recombining plasmas. In this paper, we
report an observation of the characteristic populations in
a pulsed discharge plasma in relation to the ionization
imbalance of the plasma, or the ionizing and recombin-
ing phases of plasma.

II. EXPERIMENTAL SETUP

The discharge tube and the detection system were al-
most the same as that described in Ref. 10. A brief ac-
count is given below. The Pyrex discharge tube had an
inner diameter of 5 mm and a length of 3 cm. The base
pressure was 3.5X 1077 torr before high-purity helium
was introduced. The current source was a 0.05-uF capa-
citor charged to 5 kV. The pulsed discharge at 10 pulses
per second was run in 2 torr of helium. The discharge
current was measured by a voltage drop over a shunt
resistor (1 ). The emission was observed along the
direction perpendicular to the tube axis through a
monochromator-photomultiplier system. The mono-
chromator (f/5) had a focal length of 250 mm and a
linear reciprocal dispersion of 3.4 nm/mm. The en-
trance and exit slits of monochromator had widths of 70
um and heights of 10 mm. The output of the photomul-
tiplier (R928) was fed to a boxcar averager (PAR 162
and 164) with a gate width of 0.5 us. The output of the
boxcar averager was recorded on an X-Y recorder in the
case of the temporal development or on a chart recorder
in the case of the intensity spectrum at a particular time.
The spectral sensitivity of the detection system had been
calibrated absolutely by the in situ calibration method
developed in Ref. 10: By applying the laser-induced-
fluorescence spectroscopy to the positive-column plasma
and employing the saturation characteristics .of the
laser-produced population, we have calibrated our sys-

tem. This in situ method, in combination with the rela-
tive spectral sensitivity as determined by using a stan-
dard lamp, gives a result which is highly reliable with a
small uncertainty, 10% in our case. Another advantage
of this method is that the procedure includes in the sen-
sitivity the effect of transmission and reflection by the
discharge tube wall.

III. RESULT AND DISCUSSION

A. Ionizing phase and recombining phase

Figure 1(a) shows the temporal development of the
discharge current: 170 A maximum and 2 us duration.
Figure 1(b) shows the temporal development of the ob-
served emission intensity of the 587.6-nm (23P-3°D)
line taken as an example. This temporal development is
divided into two parts: the first (0 <? <2 us) part is ob-
tained during the period of the discharge current. The
second part (¢t 23 us) starts immediately after the end of
the discharge current, reaches a maximum, and then de-
creases slowly. Between these parts, the emission almost
disappears. These characteristics were common to the
emission intensities of other neutral lines, although rela-
tive intensities at the two peaks are different for different
lines (see Fig. 3 later). At the first and second peaks, in-
dicated by the arrows in Fig. 1(b), we obtained the spec-
trum of the 23P—-n 3D (n =3,4, . . .) series lines. An ex-
ample of the spectrum at the second peak is shown in
Fig. 2. From the measured area under each spectral
line, the population densities of the n 3D states are ob-
tained. The background due to the 2 'P—« 'D continu-
um is taken into account as described later. The effect
of radiation trapping is corrected for as follows. A con-
cave mirror was placed at the side opposite to the mono-
chromator, and we measured the emission intensities of
the 587.6-nm (2°P —3°D) line with and without the
mirror. From the comparison, the line absorption 4;,'!
which is a measure of the optical thickness of the line,
was obtained. At the first and second peaks A4; was
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FIG. 1. Temporal development of (a) the discharge current
and (b) the emission intensity of the 587.6-nm line (23P-3°D).



0.57 and 0.46, respectively. Since the Stark widths of
the spectral lines originating from the low-n states are in
the present experiment much smaller than the Doppler
width,'? these lines are assumed to have the Doppler
profile. By using the known oscillator strengths of the
series lines, we correct the measured line intensities for
the opacity effect by following the procedure described
in Ref. 13. Figure 3 shows the population densities of
the n 3D states as a function of the principal quantum
number in a log-log plot. For the two peaks of the emis-
sion, the population density distribution over the excited
states show an obvious difference. We also measured the
2'P—n D series lines; the intensities were lower than
the triplet lines by as much as an order, but they showed
the similar characteristics to the triplet lines.

It is known that any plasma may be classified into
ionizing-phase, recombining-phase, or equilibrium-phase
plasmas.” At the first peak (¢ =0.5 us), the present re-
sult shows the n ~® dependence which is expected for
high-density and high-temperature ionizing-phase plas-
ma. At the second peak (¢t =3 us), the population densi-
ty tends to a finite value with increasing n. Figure 4
shows another plot of population density at the second
peak: the Boltzmann plot. This shows that the popula-
tion densities are well approximated by the Saha-
Boltzmann equation, Eq. (2). This is expected for
recombining-phase plasma. Thus, it is confirmed that
the typical ionizing and recombining phases are realized
in this pulsed discharge.

For the second peak, as shown in Fig. 3, the popula-
tion densities of the high-n states are much higher than
those for the first peak. Figure 2 shows the spectrum at
the second peak (recombining phase) near the series limit
of the 23P—n *D lines. The spectral widths of the lines
of n=9,10,11,... are so broad that the lines merge
with their neighbors, resulting in a continuumlike spec-
trum. This leads smoothly into the true free-bound con-
tinuum. The population densities of the continuum
states having positive energies are obtained from the
continuum intensities through the recombination cross

intensity
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FIG. 2. Spectrum near the series limit of the 23P-n°D
transitions. The 2'S—-5'P and 2 'S-6'P transitions are includ-
ed at A=361.4 and 344.8 nm, respectively. The spectral sensi-
tivity of the detector system has not been corrected for.
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FIG. 3. Population densities of the helium n°D levels as a
function of n. Experimental results (O ) are obtained in (a) the
first peak and (b) the second peak. (+ ) represents the results
of the collisional-radiative calculation under the condition of
N(1'S)=6X10"2 m~3. From the fitting, n, and T, are ob-
tained, respectively, as 1.0 10® m~? and 4.5X 10* K for the
first peak and 1.25X10*! m~2 and 5.1 10° K for the second
peak.
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FIG. 4. Boltzmann plot of the n3D-level populations, which
is the same as given in Fig. 3(b). The solid line shows the
Saha-Boltzmann populations corresponding to n, =1.25X 10*
m~3and T,=5.1X10° K.
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where E is the energy and 2 =13.6 eV. The derivation
of g is given in the Appendix. The recombination cross
section o, is obtained from the photoionization cross
section o, through the Milne formula,'* where
0,.=8.067X10"%df /dE (m?). (df/dE is the oscilla-
tor strength per unit energy interval) For the bound-
bound transitions, we have df /dE =n>f(23P-n3D)/
2, where f(2°P-n D) is taken from the calculation by
Green et al.'> For the bound-free transitions, the values
of df /dE calculated by Jacobs'® are used. As shown in
Fig. 5, the values of df/dE for bound-bound and
bound-free transitions are connected by a smooth curve
as a function of the photon energy of the transition. In
obtaining the population densities in Fig. 4 from Fig. 2
(ES0), the background due to the 2 !P -« !D continuum
intensity has been taken into account as follows: For the
2'P—n'D, —k'D transitions, the values of df /dE are
also shown in Fig. 5. From this figure and the
Boltzmann factor exp(—AE /kT,), we find that the con-
tribution from the 2 'P—«'D continuum is about 11% of
the intensity of the continuumlike spectrum in Fig. 2.
This is found to be consistent with the observed intensity
of the 2!P—n 'D series lines which have the series limit

at 368.1 nm.

B. Electron temperature and density

In Fig. 3 we show the absolute population densities.
For the two peaks of the emission radiation, the results
of the CR model calculation!” are fitted to the experi-
mental results by adjusting n, and T,. [The ground-
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state population density N(1'S) is assumed to be
6x10* m~3] The results of the fitting are shown in
Fig. 3; we obtain n,=1.0x 10 m~? with T, =4.5x10*
K for the first peak (ionizing phase), and n, =1.25X 10?!
m~3 with T,=5.1x10* K for the second peak (recom-
bining phase).'®

Reference 2 gives validity criteria for various approxi-
mations to hold. Griem’s boundary level for the first
peak is ng=2.1, and T, =4.5%10* K is well within the
high-temperature range. Thus since this plasma is in the
ionizing phase, level populations with n >>2 are expect-
ed to be determined by ladderlike excitation-ionization
resulting in the n ~® distribution,? and consistent with
our observation. For the second peak, n;=1.6 and
Byron’s critical level is ngz=3.2. Thus, levels with
n >>3 are expected to be in partial LTE, i.e., their popu-
lation densities are described by the Saha-Boltzmann
equation [ro=1 and r; =0 in Eq. (1)]. In Fig. 4, the
solid line corresponds to Saha-Boltzmann populations.

C. Transition from the ionizing phase
to the recombining phase

Figure 6 shows the calculated population densities
Ny(3°D) and N,(3°D) as a function of electron tempera-
ture. This is the result of a CR model calculation for
conditions where n,=10*' m~3 and N(1!5)=6x10%
m~3. In Eq. (1), we see that Ny(33D) is approximately
proportional to n? and that N,(33D) has a weak depen-
dence on n,, if N(1'S) is fixed. By using Fig. 6, we can
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interpret the temporal development of the emission in-
tensity or the peaks and the valley between them as
shown in Fig. 1(b): During the period of discharge
current, the electron temperature is high and Ny <<N;
the excited states are populated mainly by electron col-
lisions from the low:lying state atoms (ladderlike excita-
tion), resulting in the n % distribution. When the
discharge current vanishes, the electron temperature
rapidly decreases and N, also decreases. When Ny=N|,
the population density N (33D) reaches a minimum and
a transition from the ionizing to the recombining phase
occurs. With a further decrease in electron temperature,
the recombination of low-energy electrons with ions
dominates (No>>N,), and strong emission is observed.
In Fig. 6, the population density for T, =2.2x10* K is
smaller, by about two orders of magnitude, than those at
T,=4x10* K or 5x 10° K, which show agreement with
the results obtained in Sec. III A. From the above, we
conclude that the phase of the present plasma changes in
the valley between the two intensity peaks [at t =2.5 us
in Fig. 1(b)].

The fact that the electron density at the first peak is
an order lower than at the second peak is interpreted as
follows: The first peak corresponds to the period during
the course of ionization, while the second peak corre-
sponds to the time just after the termination of the ion-
ization of the plasma.

As has been shown, the line intensities, or the
excited-state populations, are determined by the electron
temperature and density; roughly speaking, the former
determines the ionization imbalance, i.e., whether the
plasma is ionizing or recombining, and the latter deter-
mines the absolute magnitude of the population. If the
current pulse were cut more sharply than the present
case, we would expect to have a plasma with higher elec-
tron density with the same low temperature. We would
then have stronger emissions for the second peak which
stems from the first term of Eq. (1). By reducing the
reactance of our circuit we actually reduced the fall time
of the current. We then observed at the beginning of
afterglow a sharp peak which is about an order stronger
than that in Fig. 1(a).

D. The energy-level structure

The n ¢ distribution in the ionizing-phase plasma is
the result of the ladderlike excitation mechanism in the
Rydberg-series levels. In this context, neutral argon,
only with which this distribution has so far been ob-
served,* is less adequate, because it has doublet ioniza-
tion limits and has a complicated fine structure. In the
case of helium, on the other hand, the level structure is
simple, and it is easy to observe the series lines, e.g.,
2°P-n>D in the present study. Furthermore, we can
make a reliable collisional-radiative calculation for heli-
um.!”

The fact that n* ~¢ distribution is valid even for argon
(here n* denotes the effective principal quantum num-
ber) appears to suggest that the ladderlike excitation-
ionization mechanism is common to other various atoms
and ions having a complicated level structure than hy-
drogen or helium. The above argument may also apply

to doubly excited states which have been discussed in
Refs. 5 and 6. In ionizing plasma the population of a
doubly excited state—for example, heliumlike 2pnl —is
subject to the ladderlike excitation-ionization, resulting
in hydrogenlike 2p. The initial population may be the
result of dielectronic capture of hydrogenlike 1s in the
present example. Thus, effective excitation of 1s—2p
has taken place. The finding of the present study ap-
pears to render a support to the proposals in Refs. 5 and
6.

E. The transparency window

Figures 3 and 6 show that the line series emitted dur-
ing the ionizing and recombining phases have quite
different spectral characteristics. The arguments con-
cerning the existence of the transparency window so far
have implicitly assumed the equilibrium plasma, the
spectral characteristics of which are essentially the same
as the recombining plasma in the present example. If
the series of lines were observed from an ionizing plasma
and analyzed assuming an equilibrium plasma, then one
would be led to the conclusion that the higher-n lines are
much weaker than expected. Thus, the present study
strongly suggests that in the experiment concerning the
transparency window, care should be taken to determine
the correct state of ionization balance of the plasma, i.e.,
whether the plasma is ionizing, recombining, or equilib-
rium.
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APPENDIX: STATE DENSITY

First, we consider the state density of free electrons
having a momentum of p =V 2mE (E >0). The number
of states is

_ Ap,Ag, Ap,Ag, Ap,Ag,
T h h h
4mp’Ap AV

h? ’
Each particle has a volume of AV =n_"!. The state den-

sity of free electrons is 2g; the factor 2 comes from the
two directions of spin. Then we obtain
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m’n,

Second, we consider electrons in bound states (E <0)
with a principal quantum number n. The statistical
weight of 2n2 and the energy separation between the ad-
jacent states of 2 R /n? yield the state density,

g5 = (A3)

7{ 5/2
_— Ry~ ).
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