INSTITUTE OF PLASMA PHYSICS

NAGOYA UNIVERSITY

WAGQOYA, JAPAN



SPECTROSCOPIC OBSERVATION OF' A QUASI-STEADY
STATE OF A PLASMA ON
CONTACT WITH A NEUTRAL GAS

*
Masamoto Otsuka, Ryuiti Ikee
and

Kazushige Ishii

IPPJ-189 February 1974

Further communication about this report is to be sent
to the Research Information Center, Institute of Plasma

Physics, Nagoya University, Nagoya, Japan.

*
Permanent Address: Faculty of Science, Hiroshima University.

This work was carried out under the Collaborating
Research Program at Institute of Plasma Physics, Nagoya

University, Nagoya, Japan.



Abstract

When a neutral gas (He) is introduced into the "plasma
region" of the TPD machine, an intense glow was observed
at the tail of a plasma column. The population densities
of the excited levels of helium ion He+j11the glow plasma
were found to be much larger than those values expected in
a steady state which had the same values of electron temper-
ature and density as observed one; it is shown that the

palsma should be considered to be in a quasi-steady state.



I. INTRODUCTION

The "glow plasma" which is observed in the TPD machine
as a contact phenomena of a helium plasma with a neutral
helium gas has favorable features for spectroscopic inves-
tigation of the plasma.

Recombination continua with large intensities are
emitted over the glow plasma region, which enable one to
determine the electron temperature without ambiguity.
Preliminary measurements have already shown that partial
local thermodynamic equilibrium prevails among. the excited
levels of the neutral helium atoms; excitation temperatures
have been found to be in a fairly good agreement with the
electron temperatures. On the contrary under the normal
operation of TPD the intensities of continuum spectra are
too small to be measured accurately, and those of line
spectra decrease so rapidly towards the series limits that
exact excitation temperatures cannot be obtained and yet
apparent "excitation temperatures" is far lower than those
to be expected. The glow plasma is, therefore, supposed
to present a base from which the spectroscopic observation
can be advanced for further investigation of the mechanism
of plasma production in TPD.

In the present article are shown distributions along
the plasma column of the electron temperature and the elec-
tron density under the glow plasma conditions and some
discussions on the plasma states in connection with the

population densities of singly ionized helium ions.



II. THE TPD MACHINE

With the TPD machiné (Fig.1l) the plasma is produced
in the following way. Helium gas is introduced on the
right hand side into the machine and pumped out with the
vacuum pump at the left end and, if necessary, together
with the side pump. Discharge runs between the anode and
the cathode which is located at a center of a cusped mag-
netic field, and the plasma produced here is diffused out
‘into the "plasma region" through a hole (8 mm in diameter)
of the anode. The normal operation is performed under the
following conditions:

gas pressure: “v4 to 10 torr in the "dishcarge
region".

71073 torr in the "plasma

region".
gas flow: vl torr 1it-sec-l
discharge current: vl to 100 A
discharge voltage: ~v130 to 200 Vv
magnetic field: several kG

At a discharge current of 100 A the electron density
is found to be lO14 to 1015 cm—3, which has already been
confirmed by the measurement with 2 mm microwave, HCN laserlo
11,12

and CO2 laser.

ITI. QUALITATIVE DESCRIPTION OF THE CONTACT PHENOMENA
The plasma under the conditions above looks yellow

from end to end through the plasma column. 1In this state

another gas flow (He) is additionally introduced into the



"plasma region". With increasing gas pressure the following
phenomena are observed. 'The downstream end of the plasma
column (the tail) begins to glow intensely white and the
glowing region shifts toward the anode (to the right). The
spectral intensity of the light radiated from a fixed
position on the plasma column at first decreases slightly,
then increases, reaches maximum at a certain values of
pressure and decreases monotonicaliy. The intensity maxima
for ion lines appear at pressures lower than those for
neutral lines and the widths of the profiles of an intensity
vs. pressure curve for the ion lines are narrower than those
for neutral lines; the region of the plasma column where

ion lines show large intensity is nearer to the anode and
smaller than the corresponding region for neutral lines
intensities. From these regions are observed radiative
recombination continua with large intensity and succeeding
line spectra with quantum number up to 17. It is able to
fix the glowing region at an arbitrary position by adjusting
a leak value with a good reproducibility. The glowing

region can be shifted also with other procedures; e.g.

downstream with the followings: (1) Decreasing gas flow
into the "discharge region". (2) Opening the valve of the
side pump. (3) Increasing the discharge current. (4) De-

creasing the ratio of the magnetic field intensities Bl/BZ'
Since all these procedures prevent the electron temperature
from decreasing, it can be considered that with decreasing
electron temperature from up to down the plasma stream the

doubly ionized ions He't at first begin to recombine with



. . . + . .
electrons into singly ionized ones He' , which in turn

become to neutral atoms.

IV. EXPERIEMNTAL

Spectral intensities were observed through five
windows with a quartz plate as shown in Fig.l. Windows
2 to 5 are 4 cm wide and 8 cm high. To the part of the
inside wall of the vacuum vessel seen through each window
(except window 1) is attached a-plate preventing light
from being reflected, which is composed of 250 sheets of
razor-shaped non-magnetic stainless steel plate 0.3 mm
thick piled up with the blades to forﬁ a surface. A double
monochromator (SPEX 1400) was used in order to avoid the
error in intensity due to the stray light when calibration
is done with a standard lamp; the focal length is 75 cm and
the gratings has ruled area of 102 x 102 mm2 and 1200
grooves per mm blazed at a wavelength of 3000 i. The
entrance, intermediate and exit slit were 200, 400 and 200
um wide, respectively and the slit height of the entrance
slit was 5 mm. The image of the horizontal plasma column
was focused on the slit surface through a quartz-fluorite
achromatic lens and an image rotator (composed of 3 mirrors)
so that it lies parallel to the slit. The magnification
was a seventh and the plasma along the column about 3.5 cm
long was observed at a time. Spectral intensity was meas-
ured at an interval of 0.2 mm across the plasma column and
recorded on a punch tape as the total optical system is

shifted vertically with a hydraulic press. The observed



intensity distribution has so a good symmetry referred the
column axis that the Abei transforml to obtain the emission
coefficient was performed* with the lower half values for
the column (Figs.2 and 3). Detection of light inﬁensity

was done by photon counting method with a photo-chopper

at a chopping frequency of 150 Hz (SSR, Model 1110, Digital
Synchronous Computer). Spectral intensity was calibrated

in an absolute scale against a standard lamp with a tungsten
ribbon strip.

With a discharge current of 100 A and a fixed configu-
ration of magnetic field and at a rate of gas flow into the
"discharge region" of 80 cm3 min_l (at 20°C and 1 atm.),
the leak valve by window 1 was so adjusted that the spectral
intensity of HeII 4686 R observed through window 4 (except
for the case specially mentioned) showed a maximum value.
Under these conditions the discharge voltage was -130 V at
the cathode (with the anode grounded) and the gas pressure

were 7.8, 7.3 x 1073, 6.0 x 1073

and 8.0 x 10—4 torr at the
cathode, window 2, window 5 and the top of the pump at the

left end, respectively.

V. RESULTS
Since the continuum spectrum followed by the triplet

diffuse series n3D -> 23

P had the largest intensity among
the recombination continua and the curve of the logarithm
of intensity vs. wavelength recorded on a chart of a pen-

recorder showed a straight line of a constant slope over

* HITAC 8500 was used for the computation.



a wide range of wavelength, the intensity measurement was
made at five wave—lengthé within this continuum: 2790 g,
2924 A, 3052 A, 3251 A and 3420 A. In this range are
included the other contimua except that followed by the

3P - 23S, but they were neglected

triplet principal series n
on the ground that the intensity of the selected contimuum
was estimated to be larger than the others at least by one
order of magnitude at electron temperatures up to 10 eV and
the intensity gap which should appear at the series limit
was not observed.
The emission coefficient for the recombination contimuum
€(A) is given by
. h7 < §
EN= 5% mieb )5 gt

NES
2

E}f [ r gﬂ‘
0’”.(»_ﬂ+ E:':; eXF t;,Fe( o ),(1)

where x is the ionization energy from the excited level of

3

helium 2P (= 3.626 eV), EH the ionization energy of hydrogen

(= 13.6 eV), g and g+ the statistical weights for the levels
of HeT 23P (= 9) and the ground level of HelII (= 2), ng and
n* the particle densities of electrons and singly ionized
ions, Te the electron temperature and the other notations
have the usual meanings. For the photo-ionization cross-
section o from the level of HeTl 23P the following formula2
was used,

o= 10757 217 (em*) , (2)

where v = ¢/)\ (sec—l).



Electron temperature was obtained from the tangent of
the straight line which shows the relation of log(ASE(X)/o)

vs. 1/), and nen+ was calculated from Te and the absolute
value of £(\A). In the folloiwng the electron density, when

assumed n, = n+, is denoted ne*, i.e.,
" 1
2
'ﬂe:(ﬂen*) y (3)

Figures 4 and 5 show the results as examples.

In Fig.b6 T, and n, on the axis of the plasma column are
shown as a function of the distance from the anode.

In Fig.7 are shown the population densities of levels
He+ (n = 4), He 33D and He 41D on the column axis which
were obtained from the absolute intensities of the lines
HeII 4686 g, HeI 5876 g and HeI 4922 i, respectively.

Figure 8 shows the population densities of the levels
with the principal quantum number n of 4 to 11 divided by
the statistical weights in relation to the excitation

energies.

VI. DISCUSSION

At first let the plasma be in a steady state and the
measured values be compared with the theoretical ones, for
example those by Drawin?

The population densities n; of level i of He+ are

given by the simultaneous eguations
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where oy is the radiative recombination coefficient to

level i of He+, Qi the three-body recombination coefficient,
ntt the particle density of He'™ and aij'the rate coeffi-
cient of populating and depopulating processes (see later).
In a steady state (dni/dt = 0) the solutions ni/n++ are

obtained with ng and Te as parameters. Numerical values

of the.ratio

élb,’_‘-?_‘—_ <-n,/n*+)/(n,“/n++)smm — ‘nL/(7l.@')S4 HA

are tabulated for two types of excitation cross-sections
of He™: The thereshold value is zero for one and finite

for the other. Here ( )SAHA denotes the value which

satisfies the Saha equation with the same ng, Ty and n,

++

as in eq. (4).

Under the conditions of the plasma neutrality

Ne =Nt + 279*t (¢)
€

n; can be fixed as a function of Te and ne. Calculation

in this manner shows that ne as a function of Te has a

maximum at Te ¥ 10 eV over the range of 1010 to 1016 cm“3

of h, as a parameter; n, is only 1.9 ><-10-3 cm_3 even at

4

T =2 x 10" °K, which is higher £han the temperature at



window 4, while the measured value of n, is about 10l4

m—3. Tt is found, therefore, that the present plasma is

c
not in a steady state.

In the next place, estimation is done of the densities
n, nt and n++ from eq. (4) with i = 4, in which the measured
values of Tor ne* and n, are substituted. Since the relaxa-
tion time of population density of the level is short except

that for the ground level? it can be assumed for level 4

- that dn4/dt = 0; n, is given by

" — At N+ NeF + NeM Kg+ NEN*TQ ()
— : - (7,
4 A+ NeC +NeF + ne O

where A, C, F, A', C' and F' are defined as follows:

A=72 Aqi | CEE Cau , F=2Z Fai
4 <4

{4

10 10
A/:—“'Z 4’1;/\»4 , C/'T——'Z n. C,4 F/EZ'YZL'FM P
)4 {4 ? >4

and Ajk is the probability for the spontaneous transition

j > k, ij the rate coefficieﬁt for electronic excitation
for k » j, ij the rate coefficient for electronic deexcita-
tion j » k and S4 the rate coefficient for ionization from
level 4. For the cross-section okj for electronic excita-
tion k » j, three different formulas are tried. They are

given in the form
o = 2
L Eoe f/aj 7 (4x) (3)

_lo_



with
i) > ;(1)—- = A (1,25 )

3, | .30 <
i)™ 3x)=| ° 7% LLxedss
Xl A= L (1.252) x> 385,

and
(i1i)° 9(1)= 72_ ,

where a, is the Bohr radius, Ejk the excitation energy k -
I fkj the oscillator strength for absorption k - j, jjk z
E/Ejk and E the kinetic energy of an electron. The cross-
section in case (iii) is given as an approximation by Griem.
For the cross-section for electronic ionization is used the
formula given by Drawin:,a’4 for oy the well-known formula
with G-factor assumed to be 1, for Ajk and fkj the values
given in the Table of NBS? The results are shown in Table 1.
Here ij's and ij's corresponding to the three cases are
denoted without superscript, with * and + in case (1), (ii)
and (iii), respectively. For lack of measured values some
ni's are assumed, which are shown in parentheses. These
assumed values contribute to F' and C', but the contribution
to F' are negligible and neC' is smaller than the dominant
term neF' in the numerator of eqg.(7) by one, two and four
orders of magnitude at window 3, 4 and 5, respectively.

Since there are no measured values of n, for i > 11 and

their contributions to A', C' and F' would decrease rapidly,

- 11 -



the levels up to 10 are taken into account.,

The number densities ng nt and n++ which are obtained
as solutions of egs.(7), (6) and (3) are shown in Table 2
for the three cases of excitation cross-section. From eq.
(7) with these values it is found that the dominant term
in the denominator is A and that in the numerator is neF'
(otherwise nen++oc4 only in case (i) at window 5); level 4
is populated mainly by the cascading process through the
upper levels, especially from level 5 and depopulated by
spontaneous transition into the lower levels. The difference
due to the forms of cross-section is negligibly small at
windows 3 and 5, while at window 4 slight difference can
be noticed (in case (iii) n++ becomes negative!). This
seems to be caused by the differences of threshold values
of the cross-sections. According to Drawin, there should
be little expectation of determining whether the cross-
section of (i) or (ii) comes true through measurement with

gas discharge in helium, because under the conditions:

N> (0% ead | Ty 3x10F °K
which is needed for the spectral lines of HelIl to be
observable, the difference in number density between cases
(i) and (ii) is already so small that the error in number
density due to inaccurate temperature determination is
larger than or equal to the difference in number density
which is based on the different form of the excitation

cross-section. The present results suggest that such an



experimental determination as stated above could be done by
more detailed measuremenfs with the TPD plasma;'e.g. the
best form of the cross-section might have the threshold
value between those in case (ii) and (iii), because it 1is
not conceivable that n++ at window 4 is larger than those
at window 3 and 5 by one order of magnitude. Since ntt is
obtained as the difference of the two large quantities of
n, and n+, not a small error must be included in it. wa—

++ .
~ever, the values of n of such an order of magnitude as

lOll 3 1012 cm"3 cannot be deduced from the result4 given
by Drawin; ntt is estimated to be only 9.8 x 102 cm_3 for
n_ = lO14 cmm3 and T = 2 x lO4 °K.

e e

With the CR (collisional-radiative) model7 the rate
. . . . +
equation relating to the particle densities n" p n* and n,

is given by

C:’,w: - j?* =—(xn""— 8§ ‘W) Te %)
at

where o is the collisional radiative recombination coeffj-
cient and S the collisional radiative ionization coefficient;
they are functions of n, and Te‘ From egs. (9) and (6) the

time constant as to the change in ion density is found to

be [(ao + 28)(n; + n;+)]_l. Here n; and n;+ are the initial
values of n+ and n++, respectively, and o and S are assumed

to be constant; the observed values of ng and Te do not remark-
ably change as far as window 3 from the anode. The follow-
ings are estimated from the values given by Bates7 et al..

For n_ = 1.28 x 10°% cn™3 both s and o are 8 x 10713 cmd



sec_l at Te =7 x 104 °K. Since with increasing temperature

S increases and a decreaées, o + 2S has a minimum value
approximately at that temperature, and for lower tempera-

tures it takes values of 2.4 X lO_12 and 4 x lO"ll cm_3

sec_l at Te = 3 x 104 and 1 x lO4 °K, respectively. For the
range of Te and ng in question nearly the same results are
obtained also with another theory8 in which the effect of
optical thickness for Lyman series and continuum is taken
into account. It is therefore possible that doubly ionized
ions He++ which come out through the anode hole into the
"plasma region" and may be produced in the plasma region

if T, is high enough for an atom to be ionized is not yet
in a completely steady state at window 4 which is located
at a distance of about 80 cm from the anode; the time for
an ion to pass through the plasma column can be comparable
with or smaller than the time constant estimated from the
above, if the ion velocity along the column is assumed to

5 -1
cm secC

be of the order of 10
The calculation9 of population densities of excited
levels of hydrogen-like ions in a plasma which is in a

quasi-steady state shows that the number density n, in level

i is described in the form

’ (10)

/’li.~ ’ ‘ ’ 711

- = L)+ r(v) —

(7 )sana (M 4)sanq
where ro(i) and rl(i) are the coefficients which are
tabulated with ng and Te as parameters.- Since eq. (10) is

obtained from the equation with i # 1 of eq.(4) under the



conditions

dn.
dt

=0

and n, is treated as a parameter, it is not possible to
determine n, uniquely from egs. (10) and (6) only, unless
eq.(9) is not solved. Instead of solving it, let the

densities at window 4 in case (ii)

Ne = .33 x 10 cm3
Nt = 1.77 x 10 cm>3
N"= 3.05 x 10> cm3

i)

be compared with the theoretical onesg; by extrapolation
with respect to Te’ ro(4) and rl(4) are found to be 1.4 x
107! and 6 x 10_5, respectively, for n, = 1.28 x 1014 cn73,

Equation (10) is rewritten as
Eq ‘
4= (4) NN A(4)+ r(4)ny QXP[ -41—-7) , (1)

where El is the ionization enefgy of He+ from its ground

level (= 54.4 eV) and A(i) is given by

, ’—/13 _ 414 107 [ Eq

With ro(4) and rl(4) estimated above and a reasonable

assumption n, = nt eqg. (10') gives

{

714—-——' ]é X 10 C'm‘-j

- 15 -~



which is in agreement in order of magnitude with the ob-
served value of n, of 2.5 X 106 cm—3. The second term of
eq. (10') is only lO-21 times as large as the first one;
the contribution from ny is negligible and the order of
magnitude of n*t s reasonable. This agreement is rather
a natural result, because eq.(7) is essentially the same
with eq. (10). Therefore the discrepancy is supposed to be

ascribed to the difference of the cross-sections used in

the respective eases.

VII. CONCLUSION

When the plasma, which enters the "plasma region" out
of the anode hole, comes in contact with a neutral gas, the
population densities of the excited levels begin to change
with decreasing electron temperature. Recombination of
doubly ionized ions He++ occurs markedly after their passing
through the plasma column dbwnstream from the anode for
about as long a time as the relaxation time of collisional
radiative recombination. The radiation loss results is
decrease in electron temperatrﬁe, which in turn increases
the recombination coefficient. Thus the plasma intensely
glows white and ion lines with large intensity are radiated
through cascading process. Further downstream the recombi-
nation of singly ionized ions into neutral atoms becomes
dominant; the instantaneous population in a quasi-steady
state is presented in a form of a spatial variation along
the plasma column. The plasma described in this paper may

be considered to be one of light sources suitable for



research of atomic precesses in a plasma on the ground that
it has a possibility of presenting data which cannot be

obtained in a plasma in a steady state.
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FIGURE CAPTIONS

Fig.1l.

Fig.2.

Fig.3.

Fig.4.

Fig.5.

Fig.6.

TPD machine.

(a), (b): Intensity distribution of the recombina-
tion continuum observed across the plasma column
at window 4. (a): at 2790 A, (b) at 3420 A. Here
X denotes the observed value. The fitting curve
is calculated from only the right half (lower half
of the plasma column) of the observed values, and
reversed about the axis of symmetry. The ordinate
is so normalized that the observed value on the
axis of symmetry is unity.

(a), (b): Abel transform of the fitting curve. It
is so normalized that the central value is unity.
The values of the marked point are used for temper-
ature determination.

loglo(e(k)-x5/o) vs. 1/X. The abscissa is reduced
to energy with E(ev) = 1.23981 x 10%/A(A). The
numbers represent the radial distance in mm and
the electron temperatdre in ev.

Radial distribution of the electron temperature and

~the electron density. It is so normalized that the

central value is unity, which is indicated in the
figure.

Electron temperatures and electron densities ne* on
the axis of the plasma column. The observed values
of several times are shown. Q, A, [, O, : the

pressure in the "plasma region" is adjusted in such



Fig.7.

Fig.8.

a way that the observed intensity of HeII 4686 i
shows maximum at window 4. +, x: the same is done
at window 3.

Population densities of the excited levels on the
axis of the plasma column. L\_\ : He 33D, : He 4lD,
0, ® : He' n = 4.

Population densities divided by the statistical

weights vs. the excitation energy. x: at window 2,

A : at 3, ® : at 4, [ : at 5.
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Window 3

Window 4

Window 5

Note:

(i)
(ii)

(iii)

(1)
(ii)

(iii)
(1)

(i)

(iii)

read,

2.6914
14

2.68
2.6814
1.8714
1.83%4
1.7414

14
14
14

1.06
1.06
1.06

e.g. 2.69

'Table 2

2.67%4
2.6814
2.6814

14

14
14

1.73

1.77
1.86

1.0614
1.061%

1.06%4

14

= 2.69 x

++

5.40%1
3.20%L
4.4510
7.1212
3.0512
-6.3812
1.3211
5.3410
~1.3911

1014,

(cm
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