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Measurement of H and H, popuiations in-situ in a low-
temperature plasma by vacuume-ultravioiet laser-absorption spectroscopy

A.S. Schlachter, A.T. Young, G.C. Stuzzin, J.W. Steams,
H.F. Dobele.” K.N. Leung, and W .B. Kunks|

Lawrence Berkeley Laboratory
Berkeley, California 94720

ABSTRACT

A new technique, vacuum-ultravioiet laser-absorpton spectroscopy, has been developed to quanttadvely detsrmine the
absolute density of H and H- within a plasma. The technique is particularly well suited 10 measurement in a plasma, where
high charged particle and phomn backgrounds complicate other methods of detecton. The high selectvity and sensigvity of
the technique allows for the measurement of the rotational-vibragonal state distribution of Hs as well as the manslational tem-
peramure of the awoms and moiecules. The technique has been used to sudy both pulsed and contnuous H~ ion-source plasma
discharges. H, state distributons in a multicusp “volume™ H™ ion-source piasma show a high degree of internal excitagon,
with levels up to v = 5 and J = 8 being observed. The method is applicable for a very wide range of plasma conditions.
Emission measurements from excited states of H are also reported.

L INTRODUCTION

The measurement of atomic and melecular hydrogen density and temperanrre is of crucial importance o the understand-
ing of the chemistry occurring in hydrogen plasmas. In particular, for plasmas with a low eleczon temperature, the formauon
of I is thought w0 be sensidve to the density and temperamre of the H atoms present as well as the vibratonal state disaibu-
don of the H, molecules. Many of the current laser-based detection schemes of H and H, are difficuit 10 apply w© piasma
measurements within the discharge volwme because of the large background of photons and charged particles produced by the
plasma. A new technique, vacuum-ultraviolet laser-absorption spectroscopy, has been developed to measure H and H, denst-
ty and mperamure in six in 3 plasma. The method allows for the direct absolute measurement of the density of atomic and
molecular hydrogen in the plasma. The high sensitivity and selectvity of the technique makes possible internal state distribu-
don measurements on the molecules and zanstauonal energy diszibuton measurements on both atoms and molecuies. These
resuits can be compared with emission measurements from excited sttes of hydrogen atoms-in the discharge.

7 =

The VUV laser specometer has been previously described in dewil.! A schematic diacram is shown in Fig. 1. Brief-
ly, four-wave sum-frequency mixing is used to produce narrow-bandwidth pulses of coherent VUV. Two excimer-pumped
dye lasers provide photons at frequencies w1 and w4. Mercury vapor is used as the mixing medium, with VUV ourput occur-
rnng at 2wy + w-. The relevant energy levels of Hg are shown in Fig. 2. To enhance the efficiency, 2w, is chosen o be reso-
nant with a mercury wansition. with continuous nability of the VUV provided by wning ©n. By varving the resonant state.
VUV has been produced from 97 w© 128 nm, encompassing portions of the awomic Lyman series and the molecular Lyman
(B-X) and Wemer (C-X) bands. Bandwidth of the VUV is 0.27 em’!, and an esumated 10° photons are produced. The
VUV is directed through the plasma; zansmited VUV is detected with 2 microchannel-plate detector.

The data are recorded as absorbance specta. defined as -in o)+ Where L is the VUV signal measured with the plasma
discharge on. and I, the VUYV signal measured with the discharge off. Using published values of the absorpuon line scrength.
the average dcnsx:y of the H or Ha can be determined absolutely. Analysis of the width and shape of the absorption profile
provides informadon on the translational temperature of the species of interest,

* On leave from Universitit Gesamthochschule Essen
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wometer. The VUV is produced by four-wave sum-
frequency mixing in the mercury vapor.
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Schematic diagram of VUV laser-absorpton spec-  Fig.2 Resonant four-wave sum-frequency mixing in
mercury. VUV generation occurs at a frequency
of O.)VUV = 2(01 + 0.)2.

Figure 3 shows a represenmtve absorpgdon proﬁlel for
atomic hydrogen in a multicusp “volume” H" ion source.
This specoum was obtained with a contnuous discharge us-
ing the Lyman-gamma u-ansinioqn and corresponds to a hydro-
gen atom densiry of 9.4 x 101 atoms cm™. The lineshape
is best fit by the sum of two Gaussians, leading 0 a velocity
distibution characterized by two temperamres:  approxi-
mately 60% of the atoms have a temperature of 0.06 eV (700
K). while the remaining 40% of the atoms couid be assigned
a temperature in excess of 0.6 eV (7300 K).

The same techniques have been applied2 0 a pulsed
Penning H ion source, in which it is believed that H ions
are producad on a cesium-coated surtace. Figure 4 shows a
VUV absorption protile for hydrogen atoms in the vicinity of
Lyman gamma for two ion-source plasmas: a steady-state
multicusp volume source (same as Fig. 3) and a pulsed Pen-
ning source. The H-atom density and temperature are 9.4 x
10"~ cm™ and 0.06 eV for the volume source (with an ad-
mixare of atoms at 0.6 V), and 8 x 101* cm™ and 1.7 eV
20,000 X) for the Penning source. Note that the H atoms in
the Penning source are both hotter and more dense than in the
volume source, and that the VUV absorption method is capa-
ble of in-situ measurement over a very wide range of hydro-
gen-atom density and temperature.
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Preliminary measurements have been reported over a
range of operating condidons for the volume H~ source.! The
parameters varied include arc current, arc voltage, and gas
pressure. Hydrogen-atom density was observed © vary line-
arly with gas pressure. The density variagons with respect ©
cwrent and voltage were not so simpie, however. With arc
current, the density plateaued at a dissociation fraction (H)/
{H,] = 0.0S. With increasing arc voltage, the H-atom density
decreased. No systematic variations in the atom temperamure
were observed. These studies, on both congnuous discharges
and higher-power puised discharges, are conanuing, with
comparisons to the exmacted H to be made.

ALRHA SMISSION

Another technique © determine the hydrogen atom tem-
perature is 10 measure the Doppler broadened linewidths of
the atomic Baimer emission lines. In particular, Balmer-a (n
=3 =2, A=6563 nm) and Balmer-B (n=4 - 2, A =486.1
nm) have been used to study tokamaks® and ion sources.*
In contast to the measurements discussed above, these emis-
sion measurements describe the excited siare atom popula-
tons, e.g.. the populaton in n = 3 for Baimer-a and n = 4 for
Balmer-f, whereas the absorption measurements probe H at-
oms in the n = | state. To compare the temperature of atoms
in an excited state 10 that of atoms in the ground state, the line-
width of the Baimer-a emission from the multicusp source has
been measured using a scanning Fabry-Perot Interferometer

(FPD.

The experimental apparatus is shown schematcally in

Fig. 5. Briefly, visible light emitted by the ion source was coilected and coilimated with a lens. and then dirscted through the
scanning FPL. After mansmission through the FPL, the emission was sent through a monochromator and then detected with 2

Fabry-Perot
Lens Interferomerter Lens
) (O |
U U |- Source
Mono-
chromator —
PMT Recorder

Fig. 5 Expenmental apparawms for measuring the linewidth of Baimer-a emission from the muiticusp ion source.
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photomultiplier tube. The FPI plates were coated for the red
region of the spectrum and had a measured finesse of 15 at
Balmer-c. With a plate separatdon of 2 mm., the instrumen-
tal bandwidth was 0.08 cm™!. The wavelength setting of the
. monochromator was centered at Balmer-a. The purpose of
this instrument was 0 reject emission which was not Balmer-
o the FPI provided the requisite high resolution necessary to
accurately determine the atomic linewidth.

Figure 6 shows the emission lineshape, denoted by the
circles, obtained from the ion-source plasma. In order to de-
N rive the atomic temperamre from this measurement, it is nec-

\\ essary w0 take into consideration the fine structure of this
wansition. The position of each of these components is indi-
cated by the vertical lines in Fig. 6, with the relative srength
\ denoted by the height.6 The dara is therefore fit by the sum

of five Gaussians, each with its own center frequency,
weighted using the theoretical values shown in Fig. 6, and
v ; : : having a common width. This width is then varied to pro-
15232.50 18| vide the best fit to the data. The result of the least-squares
Frequency (1/cm) fitting procedure is shown on Fig. 6, where the individual

Gaussians and their sum are depicted.

Emlaslon Intensity (ash. unlis)
»

P ; ; From this analysis we obtain, after taking into considera-

T e o s e hown s ton the residual inswumental bandwidih, a0 awomic linewidth
the spectral positon and relative intensites of the (halledth at half maximum) of 0.19 Em , which leads QEO a-

five fine-soucmure components. The dashed lines are mslano_nal temperature of 0.11 eV (1300 .K) fqr d_xe n=3a-

the Doppler broadened lineshapes of each compo- O™ This can be conms:eq to the population dismibution ob-

nenc the sum of the five components is given by the STved for the n = 1 atoms, ie., 60% at Typppg = 0.06 eV and

solid line. 40% at Ty = 0.6 V. The emission lineshape is reasonably

well fit by the single-width fitting routine, indicating that a

. majority of the excited atoms are described with a single tem-
“peramre. It should be noted that neither the low ar high-temperamre ground-state atoms have T, =0.11 eV. Although
models reladng the ground-state and excited-state populations exist, they are, in general, difficuit o apply to the low-
elecron-temperature plasmas found in ion-source discharges, as the elecon energy diswibution function is not well charac-

terized. Thus, a2 compiete and accurate descripuon of the processes occuring in these plasmas requires the direct measure-

ment of the density and temperature of the ground-state atoms.

c =N .

H~ ions are believed’* 3 10 be created predominandy by dissociaave attachment of slow (< 1 eV) eleczons to vibrational-
ly-excited hydrogen molecuies, Ha(v), in "volume” H ion sources. The vibrationaily-excited H~ may be created by several
mechanisms, including direct exciadon via low-energy (<10 eV) elecron impact, indirect excition via sleczron impact (>
30 eV} excitdion of high-lying electronic levels which radiatively decay to vibratonally-excited states of the clecTonic
ground state, and neurtralization of H~* and H;*, which can occur in electron collisions and on surfaces. There are also sev-
eral destruction processes for H~(v). including collisional deactivation and wall relaxation. none of which have been meas-
ured experimentaily. The dissociative-attachment cross sections have been studied Lheoreticallyg' 10 and. over a limited
range, experimenmllyll, with good agreement. An in-situ diagnostic for vibrationally-excited H» in a plasma is required (o
study their role in plasma processes. -

Several methods exist for detection of vibrationally-excited hydrogen molecules. Resonandy Enhanced Multi-Photon
lonizagon (REMPI) has been used to obtin relauve measurements of H(v) in a heated gas ceill? and in the gas effusing
from a discharge chamber.!3 The highest vibrational level observed in the lauer case was v = 3. Vibrationally-excited hy-
drogen has aiso been detected by coilection of H™ ions created by colliding a low-energy electron beam with the Ha(v) effus-

Schlachter 4
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ing from a chamber containing heated filaments. 14 1 aser-Induced Fluorescence (LIF) is another technique which has been
used to detect Ha(v). 15 REMP! and LIF are very sensiave; for in-sizu plasma measurements, however, the large background
of charged particles and photons within the discharge volume prevents REMPI and LIF from achieving the ultimate sensitivi-
ty demonswated in zero background environments. Until aow, the only method used for in-sizu measurement of Hy(v)ina
plasma has been Coherent Ant-Stokes Raman Scauering (CARS)16: sensitvity was limited ©0 v = 3 in the plasma smdied.
The technique described here, VUV laser absorption specgoscopy, provides a new way of measuring the density and tempez-
amgre of H~(v) in 2 plasma.17

The final Hy stes for these measurements 2
are specific rovibratonal leveis of either the B
Iz,* (for v = 1-3) or C 11 (v = 4, 5) eleczronic -
sares. These transidons were seiected for their
relarively large oscillator soengths, which permits
higher sensitvity (0 be achieved. The absolute
density of a given state can be determined using
the measured absorption profile and the oscillator
strength, which, 0 a good approximaton, is the
product of an electronic-vibradonal term and a ro-
taronal term.

Absorbance

of Hy. This figure depicts the Lyman B

X 185" (v =3 = v" = 1) R(2) wansition: hence.
the state being measured is v" = 1,J" = 2. The ab-
sorpuon illustrated corresponds o a deasity of 1.1
x 1032 H, molecules cm™ in this sme. Also

Figure 7 shows a typical absorpdon s?ectzum
v -
s

- . -
shown in Fig. 7 is a least-squares Gaussian fit 0 ol . .
the dam points. From the measured line width, we | 16,22 |116.23 1116.241116.25 116.26 1116.27 | 116.28
obtain a ansiaton temperaqure of 0.037 eV (450

e e m line width, wavelength (Angstroms)
from the measured i

The rotadonal dismibution of each vibrational [1$- 7 Molecular hydrogen absorption profile, using the (B ~ X)
level was measured for v =1 10 5. A plot of the (3 = 1) R(2) mansiton. The hn:xsaGanssxanﬁz_mme
density divided by the rotational and nuciear spin dara. Discharge parameters are 25 A and 140 V with Hy
degeneracies for all measured states is shown in pressure of 8 mTorr.
Fig. 8. As can be seen. the rotaucnal disgibution of each vibradonal state is non-Boltzmann. However, the lower J states of
each vibrational level lie approximarely on a line, and thus have a quasi-temperamre, which was determined by a least-
squares fit. The romdonal temperamres are almost the same for each vibradonal level. approximately 0.04 eV (470 K); ail
subsequent discussion of rotational temperature refers o these low-J determinatons oniy.

The vibrational state distibuaon is shown in Fig. 9. The points lie approximately on a line, which indicates that the vi-
bradonal state populagons can be described by a iemperature. A least-squares fit to the data yields a vibradonal temperamre
of 0.35 eV (4000 K). The populadon of each level was defined as the sum of the rotatonal populations for J =0 to 7 of that
level, which invoived esumating the populauons of a few of the less populated higher J states (see Fig.3).

Transiational temperatures were determined by a least-squares fit of a Gaussian o the absorbance specmal profile for
each mansigon. Many of the profiles are poorly fit by a Gaussian, implying a non-thermal transiational-energy dismibugon.
The ranslagonal temperamires cited here are therefore only meaningtul in an approximate fashion. Temperamres were in the
range of 0.03 © 0.14 eV, with the average being ~0.06 ¢V. Considerable scatter exists among the data, but one trend was
clear: states of low J (<5) had lower wanslational temperatyres than states of high J (23). This may indicate that the rotaton-
ally excited H- is also formed with an excess of translationai energy. Both disributions are coilisionaily relaxed leading to a
correlation between rotauonal and wranslauonal energy. No correlation o vibrational quantum number was observed.

Vs. 1.2 Dec. 23, 1988 Schlachter 5
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Fig.8 Measured density for ail Hy(v.J) states, divided by Fig. 9 Total density for each vibrational levei vs.

degeneracy factors, vs. rotadonal energy. T is the vibrational energy. The line shown is a linear
nuciear spin. The line shown for each vibrationai least-squares fit to this distributdon which
level is a linear least-squares fit o the popuiadon yieids a vibradonal temperature of 0.35 eV.
of the first four rotational leveis.

Several different iemperatures describing the rovibrationaily-excited molecules in the plasma smdied were determined,
i.e.. ransiational, rotational, and vibrational. The vibrational emperamre is much higher than the zanslagonal or romdonal
temperanures; it is most likely influenced by the walls of the chamber at this low pressure. Further study is needed on relaxa-
don of vibratonally-excited H+ on surfaces. The fact that the low J states were generally cooler wansiagonally than the high
J states suggests that the rotauonal and transiational temperature equilibration occurs on time scales that are at least some-
what comparable, and that these ames are small compared to the time for vibrauonal relaxation.

The dewecton sensitivity for the present experimental apparams is ~5 x 1010 ¢m-3 per quantum suate. This assumes an
absoiute oscillator strength of 0.06 (typical of the Q branch of C-X wansitions in which the Franck-Condon factor is most fa-
varable), a ransiatonal temperature of O 04 eV a minimum peak absorbance of 0.1, and a pathlength of 31 cm. It shouid be
possible to reduce this limit 0 ~1 x 10 em”’ with only moderate improvement of the experimental system. The highest
sensitvity achieved with CARS is ~1011 cm*3, in which colinear CARS was employed. Crossed-beam CARS provides en- L
hanced spadai resolution. with a loss of a factor of 10 in sensidvity. REMP! has much higher sensxuvuy.l- about 10° cm ’
in a region with no background photons, ions, or metastable molecuies, i.e., not in g plasma. The minimum density in a plas- i
ma measurable by detection of effusing molecules is, however, not known. ‘.

6 SUMMARY

VUV laser-absorpton spectroscopy has been used to quantitatively determine the hydrogen atom density and the rom-
tonal-vibrational state dismibutdon of hydrogen molecules ir sizz in a plasma. In addition, the transiational temperature of
both species has been measured. A large fraction of the atoms possess a ransiational temperanre in excess of 0.6 eV (7300
K). while the H, shows a high degree of internal excitation.

Vs. 1.2 Dec. 23, 1988 Schlachter 6
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