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Visible and near-ultraviolet molecular hydrogen emission from the Tara Tandem Mirror central cell
plasma was investigated in order to determine molecular densities, ionization rates, and continuum dis-
sociation rates. Measurements of H, G — B band emission were used to infer spatial density and ioniza-
tion profiles, maximum densities of 4 X 10'2 cm 3 at the gas injection port, and a total molecular ioniza-
tion rate of 254 A. Continuum emission in the near ultraviolet was identified as the H, dissociative con-
tinuum through its wavelength distribution, time behavior, and intensity. Wavelength-integrated contin-
uum emission measurements were used to obtain the dissociation rate associated with the continuum: 6
A. The power expended in molecular ionization, dissociation, and radiation is estimated to be 8.4 kW

out of 300 kW of rf power injected.

PACS number(s): 52.20.Fs, 33.20.Kf, 33.70.—w, 34.50.Gb

I. INTRODUCTION

Molecular ionization and dissociation processes play a
key role in the fueling of hydrogen plasmas. Typically,
molecular hydrogen gas is injected into magnetically
confined hydrogen plasmas where it is dissociated or ion-
ized through electron collisions, providing hydrogen
atoms, protons, and electrons. These dissociation and
ionization processes may be investigated through spatial-
ly resolved line and continuum emission measurements
which, combined with measurements of electron temper-
ature and density, yield molecular densities, and ioniza-
tion and continuum dissociation rates. Line emission
measurements can also be used to obtain the molecular
dissociative-excitation contribution to atomic hydrogen
line emission (e.g., H, radiation), allowing atomic densi-
ties and ionization rates to be determined unambiguously
from emission measurements. In addition, molecular
emission measurements may be used to estimate the
power expended in molecular dissociation, ionization,
and radiation.

The Tara Tandem Mirror central cell [1,2] provided an
excellent opportunity to investigate molecular hydrogen
emission from a magnetically confined plasma. The
vessel was designed for easy diagnostic access, with ports
distributed at multiple locations along the device axis.
Multiple-chord emission measurements across the plasma
cross section were made at two axial locations. Measure-
ments of edge chord emission were made possible by the
close proximity of the ports to the plasma. Furthermore,
plasma conditions in the Tara central cell were ideal for
molecular spectral studies; molecules penetrated several
centimeters into the plasma due to the low electron densi-
ties. In a higher density tokamak plasma, molecules
would be located only in an outer cylindrical shell a few
millimeters thick. In addition, electron temperatures in
the Tara central cell edge plasma were typically 100 eV,
making excitations to all bound energy states possible.
Finally, impurity concentrations in the Tara central cell
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plasma were relatively low (0.6+0.2%) [3] and therefore
impurity line contamination did not prevent molecular
spectra measurements. Molecular emission measure-
ments included line-resolved band emission in the visible
and continuum emission in the near ultraviolet. Line in-
tensities were used to obtain densities and ionization rates
and the rate of continuum dissociation was estimated
from the wavelength-integrated continuum emission.

This paper presents a brief description of the Tara
confinement device and spectroscopic instrumentation in
Sec. II. The data, analysis, and conclusions are present-
ed in Secs. III, IV, and V, respectively.

II. EXPERIMENTAL APPARATUS

A. The Tara Tandem Mirror

A tandem mirror is a multiple magnetic mirror plasma
confinement device designed to confine a cylindrical
“central cell” plasma, both magnetically, using high field
end coils, and electrostatically, using high electrical po-
tentials created in mirror-confined end cell plasmas, or
“plugs” [4—6]. The Tara Tandem Mirror central cell was
comprised of cylindrical aluminum vacuum vessel 10 m
long and 0.5 m in diameter, surrounded by magnetic field
coils at 30 cm intervals. Titanium getters coated the
inner vessel wall with titanium. Gas was injected
through a port located in the “gas box,” a 1 m baffled
section located in the center of the central cell vacuum
vessel. Baffles prevented gas from leaving the gas box
without encountering the plasma. The magnetic field in
the gas box was raised 10% above the average central cell
field in order to create a magnetic “hill,”” which forced
newly created plasma particles to stream out and fill the
central cell. The discharge was initiated by injection of
microwave radiation at the electron cyclotron frequency
for initial ionization, followed by injection of radio fre-
quency (rf) power at the ion cyclotron resonance frequen-
cy for plasma heating. Ions were heated directly by cy-
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clotron resonance heating and electrons were heated
through electron-ion collisions. Discharges were 60 ms
long.

The Tara central cell was equipped with a varied set of
diagnostic instruments which routinely measured plasma
parameters and edge gas pressure. Electron density and
temperature were measured using microwave inter-
ferometry and Thomson scattering, respectively, and ion
temperature was measured with a charge-exchange atom-
ic energy analyzer. Plasma pressure was inferred from
diamagnetic loops measurements. Edge gas pressure was
measured with fast-ion gauges (FIG’s).

B. The spectrometer

Spectroscopic measurements were made with an ISA
f/4.7, 0.6 m Czerny-Turner spectrometer equipped with
a 10X10 cm? 2400 lines/mm diffraction grating, a
Princeton Instruments optical multichannel analyzer
(OMA), and a Hamamatsu R928 photomultiplier (PMT)
housed in a magnetic shield. Light was directed to either
the OMA or the PMT by a rotatable mirror located in-
side the spectrometer near the output port. The OMA
consists of a linear 512 element light-intensified diode ar-
ray with its own control electronics. The OMA was con-
trolled by a VAX 11/780 computer through a Camac
Crate interface system. Output from the photomultiplier
was digitized at 5 kHz, then transferred to the VAX hard
disk.

An absolute intensity calibration of the spectrometer in
PMT mode from 2000 to 7000 A was performed using an
Optronics tungsten ribbon lamp which had been abso-
lutely calibrated at NIST. The same lamp was used to
perform a relative intensity calibration of the spectrome-
ter in OMA mode from 4000 to 5000 A, the region of in-
terest for line spectra. Order-sorting filters were used to
block second order light. The uncertainty in the lamp
calibration was 10% and the shot noise was estimated at
1-4 % for a total uncertainty of 12%. Wavelength reso-
lution was determined by recording mercury lamp line
spectra at several wavelengths in the near-ultraviolet and
visible range. The typical slit width of 20 um yielded a
resolution of 0.65 A in OMA mode and 0.3 A in PMT
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FIG. 1. Schematic diagram of the spectrometer mounted
next to the Tara central cell at the gas injection port.
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mode. The OMA mode resolution was degraded due to
the light intensifier.

The spectrometer was moved among four axial loca-
tions along the central cell: two locations in the gas box
(0 and 30 cm, with the injection port at O cm) and two to
the north of the gas box (110 and 350 cm). At 0 and 30
cm light was collected through 3 cm diameter quartz
windows mounted at the bottom of the vacuum vessel.
Due to the small window diameter, emission measure-
ments were limited to the central chord. At 110 and 350
cm light was collected using rotatable mirrors mounted
close to a 10X 30 cm? glass window (at 110 ¢cm) and a 10
cm diameter quartz window (at 350 cm). A schematic di-
agram of the instrument mounted at a gas box location is
shown in Fig. 1.

III. SPECTROSCOPIC MEASUREMENTS

A. Line spectra measurements

Molecular line and band emission from magnetically
confined plasmas has been investigated previously at two
experiments: the Alcator C tokamak [7,8] and the ELMO
bumpy torus (EBT) device [9,10]. Terry [7,8] made
single-chord measurements of ultraviolet Lyman band
emission from the Alcator C tokamak plasma. Individual
lines were not resolved, due to insufficient wavelength
resolution, but characteristic band structures were
identified. The measurements were used to obtain molec-
ular and electron temperatures at the plasma edge by
matching measured and synthetic spectra. McNeil [9,10]
made single-chord measurements of line-resolved visible
(~6000 A) Fulcher band emission on the EBT device,
identifying this band as the source of the high back-
ground emission measured in the EBT Thomson scatter-
ing experiment.

The molecular hydrogen lines chosen for the Tara
spectra study belong to the G— B band and have wave-
lengths between 4000 and 5000 A. This band results
from decays of the singlet Rydberg state G 1E’L(G) to the
B state. The G state was originally classified as a distinct
state by Dieke [11], but more recent work has shown that
this state couples adiabatically with the doubly excited
K 12; (K) state, resulting in a combined state designated
GK '3 (GK) which has a double-minimum potential
curve [12,13]. However, for spectroscopic purposes the
G and K states can be considered distinct, since each state
produces its own line spectrum. Plots of the X, GK, and
B potential curves are shown in Fig. 2.

The G — B lines were chosen for this study because
they contain the most intense lines for electron energies
over 20 eV [14], their wavelengths lie near the peak of the
OMA response curve, and the largest emission cross sec-
tions in the band have been measured for energies be-
tween 15 and 300 eV [15]. Fulcher band lines were
present in the Tara spectrum, but their detected signals
were a factor of 100 lower than those of the G— B band
lines, due to their smaller excitation cross sections at the
100 eV Tara electron temperatures and to the weaker
OMA response at 6000 A. The measurements include
“lines” (some ‘“‘lines’ are actually blends of two or three
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transitions) from several vibrational bands in the G —B
system. The Tara study focused on two wavelength re-
gions, 4180-4230 and 4625-4675 A, which contain lines
from the (0,1) and (0,0) bands, respectively.

Line emission measurements were made using the spec-
trometer in OMA mode at the 0, 30, and 110 cm loca-
tions. Emission levels at 350 cm were below the detection
limit. Central chord atomic hydrogen H, emission and
electron density were monitored at several axial locations
during the molecular spectra study to ensure plasma con-
sistency. All measurements were repeated at least ten
times and were easily reproduced. The OMA was gated
on for 10 ms exposures, starting 10 ms after discharge ini-
tialization, and was exposed for 10 ms after the discharge
ended in order to measure the background spectrum,
which was subtracted from each plasma spectrum.

The strongest molecular line emission was measured at
the gas injection port. Figure 3 shows a plot of the cen-
tral chord gas port spectrum between 4625 and 4675 A,
with molecular lines labeled by vibrational band and rota-
tional transition. Here G, and K, signify decays from
the nth vibrational level of the G and K states, and P,
and R,, refer to decays from the mth rotational level,
where the rotational quantum number j changes by +1
or —1, respectively. All of the labeled transitions go the
v=0 vibrational level of the B state, B,. Several CIII and
O11 lines in the spectrum are also labeled. There are five
lines from the G level and four lines from the K, level
present. For comparlson, a plot showing a H, spectrum
in the 4625-4675 A region made at 0.5 A resolution is
shown in Fig. 4, with the vibrational bands labeled. This
spectrum was obtained by bombarding a beam of H, at
300 K with a beam of 100 eV electrons [16]. All of the
lines in the beam spectrum are present in the Tara spec-
trum shown in Fig. 3, at approximately the same relative

identified by band and rotational transition. Several impurity
lines are also identified.

strengths. Measurements of the 4625-4675 spectrum
made at 30 and 110 cm showed that the molecular inten-
sities decreased dramatically with distance from the gas
port, while impurity intensities showed a smaller drop. A
plot of the gas port spectrum in the 4180-4230 A range
is shown in Fig. 5, with molecular and impurity lines la-
beled. The 4180-4230 A molecular intensities also de-
creased with distance from the gas port, with the intensi-
ty ratio between the (0,0) and (0,1) bands remaining con-
stant.

Figure 6 shows a plot of the central chord intensity of
the 4634 A line intensity as a function of distance from
the gas port. The intensity decreases by a factor of 10 be-
tween O and 30 cm, and a factor of 4 between 30 and 110
cm. Also plotted for comparison are the central chord
atomic hydrogen H, brightness and FIG pressure. The
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FIG. 4. Plot showing the H, spectrum between 4625 and
4675 A emitted from a H, beam bombarded by 100 eV electrons
(15].



51 SPECTROSCOPIC STUDY OF MOLECULAR-HYDROGEN . ..

T T T T T T T L
- Gy =B, Gj—= B, Ki=B, |
o<t — — = t
T 10.0 - R
|a > “
‘?'E [Py Pa Ro R1R, Rg Ry.Rs Ro.Ry j
° 8.0 i+ P, Ps Rs 32 1
(PN ‘ ‘ ‘ |
2 ! b
S
2 L| on on =
2 6.0 ! ‘H 1 !
a [ | i
SO l | :
2 a0 ' 1
% \
4 1
i<} i
= 2.0 K\/\ =
R |
@ W WJ J
|
00t ;

4180 41 90 4200 421 O 4220 4230
Wavelength (A)

FIG. 5. Plot of the gas port spectrum between 4180 and 4230
A measured along a central chord. Molecular lines are
identified by band and rotational transition. Several impurity
lines are also identified.

electron density was independent of z. Like the molecu-
lar emissivity, the atomic emissivity decreased with dis-
tance from the gas port, with the ratio between the emis-
sivities remaining nearly constant over almost two orders
of magnitude.

At 110 cm the radial brightness profile of the 4205 A
line was measured using the chordal scanning system and
is shown in Fig. 7. The 4205 A line was chosen for radial
brightness measurements because of its relatively high in-
tensity and isolation from impurity lines. The profile
differs markedly from the atomic H,, radial profile, which
was measured at the same location with the same instru-
ment, and showed the atomic brightness peaked at the
plasma center [3]. The radial emissivity profile E was
computed from the measured brightness B by inverting
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FIG. 6. Plots of the central chord 4634 A H, line intensity
multiplied by 500 (triangles), central chord H, brightness
(squares), and FIG pressure (circles) as a function of distance
from the gas port.
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FIG. 7. Plot of the 4205 A H, line brightness versus chordal
radius at 110 cm (solid circles) and corresponding emissivity
profile (dashed lines). Also plotted is the H, emissivity profile at
the same axial position [3] (solid line).

Abel’s integral equation and is plotted in Fig. 7. The in-
version procedure produced a small negative emissivity
inside a radius of 8 cm, which was an artifact of the in-
version procedure, and the emissivity in this range was
fixed at zero. The radial atomic hydrogen H, emissivity
profile from the same location is plotted along with the
molecular profile for comparison. Note that the molecu-
lar emission is confined to an outer shell while the atomic
emission penetrates to the center.

B. Continuum spectra measurements

Electron bombardment of molecular hydrogen pro-
duces the well-known ‘dissociative continuum,” which
extends from the vacuum ultraviolet through the visible
(1600—5000 A) [17,18], and is utilized as a broadband uv
light source in H, and D, lamps. The emission is pro-
duced through electron collisional excitation of H, in the
singlet ground state X to the triplet excited states a 32; :

e+H,>Hya), (1)

where H,(a) denotes H, in the a state. This transition is
spin forbidden and as a result the most probable transi-
tion following excitation to the a states is decay to the
unbound triplet state b *=;" followed by dissociation into
two ground state atoms and photon emission:

H,(a)—H,(b)—-H(ls)+H(ls)+hv , (2)
where H,(b) denotes H, in the b state and kv represents
the emitted photon. Since the b state is unbound, there is
a continuum of final molecular states, and therefore of
photon energies. The potential energy curves of the X,a,
and b states [19] are shown in Fig. 2.

Excitation of any vibrational level of a from any vibra-
tional level of X is possible in principle. Decays from
each vibrational level of a will produce a characteristic
continuum spectrum. Continuum spectra from the

=0-15 vibrational levels of a have been calculated
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[20], and show that levels with v/ 25 emit almost entirely
at wavelengths below 2000 A, the lower wavelength limit
of our measurements. Continua produced by levels with
v’ <5 have brightness maxima between 2000 and 2400 A,
with emission from higher v' levels peaking at progres-
sively lower wavelengths. The calculated continuum dis-
tribution for the v/ =0 level has been verified by an exper-
iment [21], but individual wavelength distribution mea-
surements for higher v’ levels have not been reported.

The dissociative continuum has been proposed as a
source of plasma emission in two magnetic plasma
confinement devices: the Deca II device [22] and the Al-
cator C tokamak [8]. Broadband emission from the Deca
II hydrogen plasma between 2000 and 4000 A was mea-
sured using wideband [700 A full width at half maximum
(FWHM)] optical filters. Continuum intensities were a
factor of 1000 larger than what would have been expected
from bremsstrahlung and recombination radiation, and
the dissociative continuum was suggested as the cause.
Measurements of H, Lyman band emission between 1200
and 1800 A from the Alcator C gas injection port plasma
showed the presence of a strong wavelength independent
background emission at the gas port, which was identified
as a combination of dissociative and Lyman continua.
Neither the Deca II nor the Alcator C investigations
found any intensity variations with wavelength in the
continuum spectrum as predicted by theory, probably
due to the large width of the optical filters in the case of
the Deca II study and to the large overlapping band and
Lyman continuum emission in the case of the Alcator C
study.

The H, visible line spectra measurements demonstrat-
ed the presence of significant background emission at O,
30, and 110 cm, which was proportional in intensity to
the H, line emission, suggesting a molecular origin. Fur-
ther measurements were made in the near ultraviolet
where emission from the v'=0 level of the a state peaks
using the spectrometer in PMT mode, since the OMA
was not sensitive at those wavelengths. A plot of the gas
port continuum brightness versus time is shown in Fig. 8,
along with the axially integrated atomic hydrogen H,
emission and radially integrated electron density. Note
that the continuum time behavior approximates the axial-
ly integrated H, behavior, with an initial large “burnout
spike” followed by nearly constant emission for the dura-
tion of the discharge. The two major differences are a
steady rise in continuum emission during the discharge
and a continuum spike at 60 ms, when the electron densi-
ty begins to decline. The rise in continuum emission dur-
ing the plasma might be due to changes in the gas box
electron temperature or molecular density. The emission
spike at 60 ms might be caused by either an increase in
H, influx or an electron temperature drop, since the exci-
tation rate increases strongly with decreasing electron
temperature at 100 eV [23].

A wavelength intensity scan in the near ultraviolet
from 2200 to 3600 A at the gas port performed on a se-
quence of plasmas with nearly constant electron density
and edge pressure (variations were less than 5%) is shown
in Fig. 9. Brightness values shown were obtained by
averaging over a 10 ms interval starting 10 ms after
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FIG. 8. Plots of the gas port 2800 A continuum brightness,
axially integrated H, relative brightness, and line-integrated
electron density versus time.

discharge initialization. The brightness has a fairly
smooth wavelength dependence, consistent with a contin-
uum, with a maximum of 7. 5% 10" photonss™!cm ™2
st—'A ~! at 2800 A. Deviations from a smooth wave-
length dependence are probably due to variations in ei-
ther electron temperature or density, neither of which
was measured in the gas box. Several measurements at
wavelengths between 2960 and 3200 A were omitted from
the brightness plot due to contamination by impurity
spectral line emission, which showed large variations in
intensity during the discharge, as opposed to the nearly
constant atomic and molecular hydrogen emission [3].
Also plotted in Fig. 9 is a curve of the (normalized) mea-
sured continuum spectrum for decays from the v' =0 vi-
brational level of the a state [21]. The calculated curve
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FIG. 9. Plot of the continuum brightness from 2200 to 3600
A at the gas port. The error bar 1ndlcates the experimental un-
certainty.
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matches the measured curve fairly well between 2350 and
3300 A. Both curves peak at 2800 A, suggesting that
much of the continuum emitted by the Tara plasma arose
from decays from the v' =0 level.

In general, continuum emission from a hydrogen plas-
ma is comprised of molecular hydrogen, bremsstrahlung
(free-free), and recombination (free-bound) continua.
Near-ultraviolet continuum emission from the Tara plas-
ma was identified as being virtually all molecular in ori-
gin, due to its wavelength and axial distributions and
temporal behavior. As an additional test, the expected
bremsstrahlung and recombination continuum level can
be calculated and compared with the measured continu-
um intensity. At an electron temperature of 100 eV,
bremsstrahlung emission is a factor of 20 more intense
than emission from recombination to the n =2, 3, and 4
levels, which contribute 95% of the recombination radia-
tion in the near ultraviolet [24]. Thus we need only cal-
culate the expected bremsstrahlung brightness level. The
bremsstrahlung emissivity per unit wavelength Ey from a
plasma with electron density n, (cm™ 3), ion density n;
(cm™3), electron temperature T (eV), and effective ion
charge Z 4 at a wavelength A (A)is given by

—he /AT,

Eg =Cgffnen,Zﬁﬁk_lTe_1/2e

photonss 'em3srT'A T, (3)

where Cis 7.2X10 P and g ¢ is the free-free Gaunt fac-
tor. For an electron temperature of 100 eV, the Gaunt
factor for emission at 2700 A is 1.240.2. For chord-
averaged Tara plasma parameters the calculated brems-
strahlung emlssw1ty at 2700 A is 2.2X10% (+20%)
photonss ™! cm ™ 2sr 1A~ yielding an approximate
central chord brightness of 6.6X 107 (+£20%)
photonss ™ !em ™ 2sr 1A 1. The measured brightness of
7% 10! photonss ™ !cm ™ 2sr! A ~'at 0 cm is a factor of
10000 higher than the expected bremsstrahlung level,
and even at 110 cm the measured brightness is a factor of
250 above the expected bremsstrahlung level, which sup-
ports the dissociative continuum as the cause of the emis-
sion.

IV. ANALYSIS

A. Rotational and vibrational temperatures

In the low density (~3X 10! ¢cm~3) Tara edge plasma,
excited molecular states are populated primarily through
collisions between electrons and ground state molecules.
Therefore the emissivity E,, of a line from vibrational
level v' of G is given by

E,=n,>nop), 4)

where n, is the density in vibrational level v of the
ground state, o, is the emission cross section for excita-
tion from level v of X to level v' of G and subsequent de-
cay in the visible channel (o, incorporates the branching
ratio), and <avv) is the Maxwellian-averaged emission
rate coefficient. The emission cross section for an arbi-
trary v level can be expressed as

o, =og [f¢v¢v,dr]2 : (5)

where ¢, and ¢,, are the vibrational wave functions in the
X and G states, respectively, 7 is the internuclear coordi-
nate, and oy is the “reduced cross section,” which de-
pends on the electronic and rotational wave functions,
but not on the vibrational wave functions [25]. The
square of the overlap integral in Eq. (5) is known as the
“Franck-Condon factor” F(v,v'). The emissivity can
therefore be expressed as the product of the electron den-
sity, the rate coefficient, and the sum over the products of
ground state vibrational level densities and corresponding
Franck-Condon factors:

E,=n,{ogv)3In,Flv,v'), (6)

where (o zv ) is the “reduced rate coefficient.”

If rotational and vibrational levels are distributed in
thermal equilibrium at 300 K, the H, density could be
computed from a measurement of G— B line emissivity
using the measured 300 K cross sections [13] and Eq. (4).
Measurements of the relative intensities of individual ro-
tational transitions within a particular vibrational band
can be used to determine whether the rotational tempera-
ture is 300 K. In thermal equilibrium the rotational level
distribution f(j) in a particular electronic and vibration-
al state is given by

S <(2j+1)e

where j is the rotational quantum number, U, is the rota-
tional quantum, k is Boltzmann’s constant, and T, is the
rotational temperature. The rotational quantum of the
ground state is equal to 0.003 eV, which corresponds to a
temperature of 40 K. Therefore at 300 K, there will be a
significant population of levels with j >0. Temperature
variations of more than 40 K would cause significant
changes in rotational level populations, and therefore in
relative line intensities within vibrational bands. Com-
parison of the Tara (0,0) band spectrum at O cm shown in
Fig. 3 with the 300 K (0,0) band spectrum in Fig. 4 shows
that relative Tara line intensities within the (0,0) band
compare closely with those in the 300 K spectrum, which
are proportional to the 300 K emission cross sections.
For example, the ratio of the 4634 A line intensity to the
4628 A line mtensny is 2.0, while the ratio of their 300 K
cross sections is 2.2. Examination of the (1,0) band spec-
trum at 4200 A shown in Fig. 5 also shows a close
correspondence between line intensity ratios and corre-
sponding 300 K cross section ratios, with maximum ratio
differences of 12%. Thus, within the uncertainties, the
line spectra within the (0,0) and (0,1) bands are equivalent
to those produced by H, at a T, of 300 K, limiting the
range of the rotational temperature to 250< T, <350 K.
Note that the rotational level distribution is not neces-
sarily thermal, and that T, could correspond to an “aver-
age” rotational energy. Thermal rotational distributions
have been measured in bucket source plasmas resulting in
temperatures in the range 340 < T, <530 K [26,27].

In thermal equilibrium the vibrational level distribu-
tion g(v) of a particular electronic state is given by

—jj+1U, /KT,
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k .
glv)x YTy Where U(v) is the vibrational energy

and T, is the vibrational temperature. The energy of the
v=1 level is 0.45 eV, which corresponds to a temperature
of 5000 K. Thus, at a vibrational temperature of 300 K,
virtually all of the molecules would be in the v=0 level.
If the vibrational levels were in a 300 K thermal distribu-
tion the ratio of the (0,0) to (0,1) band intensities would
equal the ratio of their corresponding 300 K cross sec-
tions, so we compare the intensities of the strongest lines
in the two bands to determine whether the Tara H, spec-
trum is consistent with a 300 K- vibrational temperature
The ratio of the (0,0) 4634 A line to (0,1) 4205 A line in-
tensities is 2.1, while the ratio of their corresponding 300
K cross sections is 1.0 [15]. Thus emission from the
v'=0 level of G from the Tara plasma is enhanced by a
factor of 2 relative to emission from the v'=1 level, as
compared with the 300 K case, indicating that a
significant fraction of the molecules in Tara were in levels
with v>0, and therefore that the vibrational levels were
not in a 300 K thermal distribution.

The effect of a significant v>0 population on the ratio
of the emissivities of the 4634 and 4205 A lines,
E 634 3 7E 4305 4> Can be understood from the relationship

between the emissivity, ground state vibrational level

densities, and Franck-Condon factors [Eq. (6)]. Using
Eq. (6), the emissivity ratio can be expressed as
E 34 i 7E ppos A= 2 1, F(v,0)/ X n,F(v,1), (7)
v v

where F(v,0) and F (v, 1) are the Franck-Condon factors
for coupling to the O and 1 levels of G. If the v depen-
dence of the Franck-Condon factors is significantly
different for these two levels, the E 4634 A 7E 4204 4 TALIO
will depend on the ground state vibrational distribution.
Since G is a Rydberg state, the shape of the potential en-
ergy curve of the G state close to the minimum can be ap-
proximated by the H," ground state curve, and therefore
the Franck-Condon factors for coupling between the H,
ground state and low V' levels of G will be nearly
equivalent to the factors for coupling between the H,
ground state and the low v’ levels of the H," ground
state. The ratio of Franck-Condon factors for coupling
to the v'=0 level of G increases by a factor of 4 between
the v=0 and 1 levels of X [28]. Thus a relatively small
v=1 population will cause v' =0 emission to be enhanced
over emission from v'=1, which could explain the factor
of 2 increase in E 2 /E 1,05 4 relative to their 300 K,
cross section ratio.

It is impossible to determine the vibrational distribu-
tion from measurements of only two band intensities.
However, population of levels with v>0 indicates a vi-
brational “temperature” significantly greater than 300 K,
since the v=1 level is 0.45 eV above the v=0 level.
These measurements do not constrain the upper limit of
the vibrational temperature, but it is unlikely that it is
greater than 3 eV (34 800 K), the upper limit of the kinet-
ic temperature determined from linewidth measurements
[3]. Vibrational distributions have been measured in
bucket source plasmas and found to be nonthermal, with
temperatures in the range 1300-2500 K [26,27].

4634 A
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The relatively high vibrational temperatures measured
in the bucket source plasmas and inferred from Tara
measurements are most likely due to electron collisional
excitation processes. A molecule in the v=0 level of the
ground state X is excited by electron collision to any vi-
brational level in the B, C, or D states. The molecule then
decays back to any vibrational level of the X state. Mole-
cules which decay into a level with v>0 will remain in
that level until reexcited, ionized, or dissociated, leading
to significant population of these levels. An upper limit
for the density of H, in these levels due to this two-step
excitation and decay mechanism can be computed using a
simplified rate equation for the density of H, which has
undergone excitation to the B, C, or D states, denoted by
n*,

dn*/dt:nenOQe—nen*Qi,d ’ ®)

where n is the density of the molecules in the v=0 level
of the ground state, Q, is the rate of excitation to the
B,C, or D states, and Q, ; is the sum of the ionization and
dissociation rates. In steady state, n*/n,=Q,/Q; 4. Us-
ing the rates for excitation, ionization, and dissociation at
an electron temperature of 100 eV given in Ref. [23],
n*/ny=0.5, giving an upper limit of 33% for the frac-
tion of molecules in levels with v>0. This two-step level
mixing results in a rotational distribution similar to the
initial 300 K thermal distribution, since |Aj| <1 for a sin-
gle transition. This explains the narrow range of rota-
tional temperatures found in the bucket source and Tara
plasmas.

B. Molecular density spatial distribution

The molecular density in Tara can be determined
within limits from line emissivity measurements. The
emissivity of the strongest line, E 4634 A» Can be expressed
as the sum of the contribution from the ground state
v=0 level and levels with v> 0 [from Eq. (6)]:

E 4534 3 =Ne (O gV )Ny F(0,0)

no/nM+2nvF(V)O)/[nMF(O)O)] ’ (9)

where ng is the density in the v=0 level, n,, is the total
density, and the sum extends from v=1 to 15. From Sec.
IVA, 0.66<ny/ny<1.0, and from Ref [28]
0<F(v>0,0)/F(0,0)<2. Therefore the emissivity can
be expressed as

E 634 3 =1.2n, (ov >4634 AlM (10
to within 40%, where (ov),, 3 is the Maxwellian-
averaged emission rate coefficient using the effective
emission cross section given in Ref. [15]. Note that this
emissivity is only 20% higher than that for the case in
which all molecules are in the v=0 level.

The radial molecular density profile inferred from the
4295 A emissivity profile using Eq. (10) is plotted in Fig.
10. Note that the density at radii less than 10 cm is zero,
since the emissivity in this range was set to zero to avoid
negative values. The radial atomic hydrogen density at
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FIG. 10. Plot of the H, (dashed line) and H (solid line) radial
density profiles at 110 cm.

100 cm inferred from H, emissivity measurements [3] is
also plotted for comparison. The H, is confined to an
outer shell, while the atomic hydrogen penetrates to the
center, attenuated by a factor of 10. The molecular den-
sity at 18 cm is 6 X 10'° cm ™3 (£40%), which is within a
factor of 2 of the atomic density at the same radius. The
FIG edge pressure interpolated at 110 cm was 2.7X 1076
torr, indicating a density of 10'! cm 3.

The molecular radial density profile can be understood
in terms of the mean free path /, given by /=v/(n,Q),
where v is the mean particle speed and Q is the sum of all
dissociation and ionization rate coefficients. The molecu-
lar kinetic temperature is expected to be equal to the ro-
tational temperature, since any heavy particle collisions
which change the rotational energy would affect the
kinetic energy similarly. The mean molecular speed at
300 K is 1.6X10° cms ™!, and the molecular ionization
and dissociation rate coefficients (including continuum
dissociation and dissociation into excited states) for a 100
eV electron temperature plasma are 5X107% and
8X 107 cm3s™!, respectively [23]. Using the mean elec-
tron density, 10!2 cm ™3, the molecular mean free path is
2.7 cm, consistent with the hollow radial molecular densi-
ty profile inferred from chordal emissivity measurements.

The axial dependence of the H, density may be inferred
from the central chord line emissivity measurements
made at 0, 30, and 110 cm plotted in Fig. 6. Since the ra-
tios of line intensities between different vibrational and
rotational levels are independent of axial position, the
ground state vibrational and rotational distributions are
assumed to be constant along the axis. Therefore the axi-
al H, density follows the axial H, line intensity. A max-
imum density of 4X 10'?> cm ™3 is obtained at the gas in-
jection port. Note that both the molecular and atomic
emission approximately follow the FIG pressure, with the
atomic intensity drop between O and 30 cm more closely
matching the FIG pressure drop. This suggests that the
FIG’s measured atomic rather than molecular edge densi-
ty, which seems reasonable, since molecules leaving the
wall would not reach the FIG inlet flange before being

ionized or dissociated. The molecular axial scale length
obtained from central chord emission measurements is 13
cm between 0 and 30 cm, and 61 cm between 30 and 110
cm. These scale lengths are large compared with the cal-
culated molecular mean free path of 2.7 cm, indicating a
source of molecules away from the gas port, such as the
wall. Atoms hitting the wall can stick and recombine
with other atoms to form molecules, which can be
desorbed through atomic bombardment and then enter
the plasma, where they are ionized or dissociated (recy-
cling).

C. Molecular contribution to H, emission
through dissociative excitation

The H, line intensity measurements can be used to
determine the fraction of atomic H, emission caused by
molecular dissociative processes, and thus allow the
atomic hydrogen density to be obtained unambiguously
from H, emission measurements. In a hydrogen plasma
there are two collisional processes which produce H,
emission: collisional excitation of atomic hydrogen and
collisional dissociative excitation of molecular hydrogen.
Emission through dissociative excitation is described by

e+H,—»e+H,(2p=;n=3)>H+H(n=3), (11)

where H,(2p3 . ;n =3) represents H, in the 2p=;} state,
which dissociates into one ground state atom and one
atom in the n =3 state. The H, emissivity contribution
from atomic excitation, E H, 4> is given by
Ey 4 =n,n,{ov)y 4 where n, is the atomic ground
state density and {ov)y , is the rate coefficient for
@

atomic emission of H, through electron collisional exci-
tation. The H, emissivity contribution from molecular
dissociative excitation, Ey ,, is given by Ey pu
=nyn,{ov)y_n, where (ov )y _y is the rate coefficient
for molecular dissociative excitation to produce H, emis-
sion. From Eq. (10), the product of the molecular and
electron densities nyn, can be expressed as the ratio of
the 4634 A emissivity to the effective emission rate
coefficient: nyn,=0.86E ,, i /{0 ), 4. Therefore
the molecular fraction of the H, emissivity can be ex-
pressed as

Ey_m/En,i=0.86(Cov)y_a/{ov) g4 2)

X(E 534 4 /Eni ) » (12)

where Ey , is the total H, emissivity. At an electron

temperature of 100 eV, the ratio of the rate coefficients is
equal to 30 [25]. Thus the molecular H, emissivity frac-
tion is given by

Ey m/Ey i =21E 54 4 /En (13)

(+40%). At 110 cm, and at a 16 cm radius, the ratio
E 34 A/En o0 €quals 17500, yielding a molecular H,

emissivity contribution of (5.4+2.2)%.
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D. Molecular ionization rate

Molecular line spectra measurements can be used to
infer the molecular ionization rate in the same way that
H, emission measurements are used to infer the atomic
hydrogen ionization rate. The molecular ionization rate
I, is given by Ty, =nyn,S,,, where S, is the molecular
ionization rate coefficient and it is assumed that nearly all
molecules are in the ground electronic state. Substituting
for the product of molecular and electron densities given
in Sec. IV we obtain

T3 =0.86E 3, 3Sm /€00 yes0 a -

The ratio of the molecular ionization rate coefficient to
the 4634 A line excitation rate coefficient at 100 eV is
5000 [23]. Therefore, the molecular ionization rate is
given by 'y, =3300E ,, ; (this ignores ionization from
excited electronic levels, which is negligible for the low
density plasmas considered here). Similarly, ignoring the
5.4% molecular contribution, the atomic ionization rate
I" 4 for electron temperatures above 10 eV and densities
below 10!* cm ™3 can be approximated from a measure-
ment of the H, emissivity: I" , =10E H,t [29].

The molecular ionization radial proﬁle was computed
using the 4634 A emissivity profile and is plotted in Fig.
11. Also plotted on the same graph are the atomic ion-
ization profile obtained from the H, emissivity measure-
ments [3] and the sum of the atomic and molecular ion-
ization rates. Note that the molecular ionization is
nonzero only at the plasma edge, as follows from the H,
radial emissivity profile, while the atomic ionization is
approximately constant across the plasma. The concen-
tration of plasma fueling at the edge contrasts with the
electron density radial profile, which is peaked at the
center [1], suggesting a lower confinement time at the
plasma edge than in the center or an inward pinch.

The total molecular and atomic ionization rates I'; ,,

assuming azimuthal symmetry, are given by
3.5
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FIG. 11. Plot of the H,, H, and total (summed) radial ioniza-
tion profiles at 110 cm.

T',,= [T;27r drdz, where i represents atoms (A4) or
molecules (M) and the integral extends over the plasma
volume. If it is assumed that the radial profile is constant
along the axis, the total ionization rates can be computed
by scaling the rate at 110 cm with local FIG and central
chord H, measurements, resulting in molecular and
atomic ionization (fueling) rates of 254 and 206 A, respec-
tively, for a total of 460 A.

The global particle confinement time 7, may be com-
puted from the total fueling rate I',=I, ,+T 4,
T, =N, /T’,, where N, is the total electron number. In-
tegrating the electron density over the plasma volume
yields a value of 1.5X10'® electrons. The total fueling
rate was 2.9 X 10! electron/s, giving a 7, of 0.52 ms com-
pared to the energy confinement time of 0.25-0.5 ms [1].
Note that, if molecular ionization were ignored, Tp would

increase approximately by a factor of 2.

E. Molecular dissociation rate

Just as H, line emission measurements may be used to
infer the molecular ionization rate, dissociative continu-
um emission measurements make it possible to obtain the
X2 —a’3] b 3] dissociation rate. Each dissocia-
tion event is accompanied by emission of a continuum
photon, so the dissociation rate follows from a measure-
ment of wavelength-integrated continuum emissivity.
The wavelength scan of the Tara spectrum at the gas port
extended from 2200 to 3600 A, and there were additional
measurements at 4200 and 4640 A, whlcoh showed emis-
sivity levels equivalent to those at 3600 A. For the pur-
pose of computing the dissociation rate, the continuum
level between 1600 and 2200 A is assumed to be indepen-
dent of wavelength and equal to the level at 2200 A. In-
tegrating the continuum emission at 0 cm between 1600
and 5000 A ylelds a central chord brightness of 1.5X 10"
photonss™!cm ™ 2sr~ L. If the radial emissivity profiles of
the continuum and line emission are assumed to be iden-
tical and independent of z, the total continuum emission
can be estimated by scaling with the volume-integrated
line emissivity, since the continuum and line intensities
have the same axial profile. The resulting continuum
emission rate is 5X 10! photonss™!, corresponding to a
total dissociation rate of 6 A, as compared with the
molecular ionization rate of 254 A.

The ratio of molecular ionization to dissociation in-
ferred from emission measurements is 40:1 (£50%).
Since the cross sections for these two processes have a
different energy dependence, this ratio is electron temper-
ature dependent. The dissociation cross section peaks at
40 eV and decreases as E, ? beyond the threshold, where
E, is the electron energy, while the cross section for ion-
ization peaks at 50 eV and decreases as E, ! beyond
threshold [23]. As a result, the ratio of the dissociation
to ionization rates follows a T ~! dependence for electron
temperatures above 40 eV. An ionization to dissociation
ratio of 40:1 is consistent with the Tara edge electron
temperature of 100 eV. This agreement supports the use
of the molecular continuum and line brightness measure-
ments to obtain dissociation and ionization rates.
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F. Power expended in molecular processes

The power expended in molecular ionization, dissocia-
tion, and radiation can be estimated from emission mea-
surements. The mean energy required for molecular ion-
ization, the most important breakup mechanism, is 16
eV, and for dissociation of H2+, into a ground state atom
and a proton, 10 eV, for a total molecular ionization en-
ergy cost of 26 eV. Dissociation into an atom in the
ground state and an atom in the n =2 state requires 15
eV, dissociation into a proton and ground state atom re-
quires 18 eV, and dissociation into two ground state
atoms (continuum dissociation) requires 10 eV. Part of
the energy in all of these dissociation reactions, 4-8 eV,
goes into the kinetic energy of the product particles and
thus is not all lost to the plasma. Molecular radiation in
the Lyman and Werner bands accompanies these dissoci-
ation and ionization processes at a rate of approximately
7 eV per event. The total power spent in molecular pro-
cesses is computed by integrating the local power loss
rates inferred from emissivity measurements over the
plasma volume. The result is 8.4 kW into molecular pro-
cesses, as compared with 5.1 kW into atomic processes
(excluding charge exchange) [3]. Thus the power expend-
ed in neutral processes is a small fraction of the 300 kW
of rf power injected into the plasma (4.5%).

V. CONCLUSIONS

Measurements of visible and near-ultraviolet molecular
hydrogen line and continuum emission from the Tara
central cell plasma have been used to determine molecu-
lar densities, ionization rates, contributions to atomic H,
emission, and power requirements, which are important
for understanding plasma fueling and edge physics. The
molecular radial density profile obtained from G —B
band line intensities showed that the molecular density
and fueling peaked radially at the plasma edge and axial-
ly at the gas injection port with a maximum density of
4X%10'2 cm ™3 (+40%). The total molecular fueling rate
inferred was 254+109 A as compared with 206+25 A of
atomic fueling, and the fraction of molecular dissociative
H,, emission inferred was (5.4£2.2)%.

A comparison of intensities of G— B line intensities
within vibrational bands showed that the rotational tem-
perature was nearly equal to the wall temperature of 300
K. This temperature is consistent with the radial density
profile inferred from chord-averaged measurements,
which showed molecules were unable to penetrate beyond
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a 10 cm radius, suggesting that molecules entered the
plasma at the wall temperature and were ionized or disso-
ciated by electron collision before undergoing collisions
with heavy particles, such as atoms or protons, which
could increase molecular rotational and kinetic energies.
A comparison of line intensities from different vibrational
bands showed that the vibrational level distribution was
not consistent with a 300 K thermal distribution and that
a significant population was in levels with v >0, which is
probably due to level mixing through electron collisions.

Measurements of the near-ultraviolet and visible con-
tinuum from 2200 to 4640 A (and extrapolation to 1200
A) showed that emission levels were a factor of
250-10000 higher than expected bremsstrahlung levels
(depending on axial position), and the wavelength distri-
bution approximately matched theoretical calculations of
the distribution produced by decays from the v' =0 level
of the a state, identifying the emission as the dissociative
continuum. The total dissociation rate inferred was 6 A,
as compared with 254 A of molecular ionization, con-
sistent with the Tara edge electron temperature of 100
eV. Extending the lower wavelength limit of the continu-
um measurements from 2200 to 1200 A would remove
the uncertainty in determining the total emissivity and
would shed light on the contributions of the levels with
v' >0 to continuum emission.

These results underline the importance of considering
molecular hydrogen processes in fueling studies. In the
case of the Tara plasma, ignoring the molecular fueling
contribution leads to a factor of 2 error in the total fuel-
ing rate. The degree to which these molecular processes
are important will depend on the type of plasma. The
edge plasma in Tara had a relatively high T,, 100 eV, and
low n,, 10" cm™3. A high T, increases the ratio of
molecular to atomic ionization and a low n, allows
deeper penetration of H, into the plasma. Plasmas with
lower edge T, and higher n,, such as tokamak plasmas,
would have a smaller relative molecular contribution to
plasma fueling, and H, and continuum emission.
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