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ABSTRACT 

A new technique. vacuum-wlravioiet laser-absorption spectrOscopy. has been developed to quanti~tively determine the 
absolute density of H and H.., within a plasma. The technique is particularly well suited to measurement in a plasma. where 
high c.hargec1 particle and photOn backgrounds complic:uc other methods of detection. The high selectivity and sensitivity of 
the technique allows for the measurement of the rotational-vibrational state dislribution of H., as well as the tranSlational tem
peramre of the atOms and molecules. The tec!mique has been used to study both pulsed and 'Continuous n ion-source plasma 
discharges. &, mte distributions in a multicusp ·volume· H" ion-source plasma show a high degree of internal excitation. 
with levels up -to v = 5 and 1 = 8 being observed. The method is appUQble for a very wide range of plasma conditions. 
Emission measurements from excited StateS of H are also reported. 

1 !NJ'B0PUOlON 

The m=smement of atOmic and molecu.lar hydrogen density and tem~tme is of cruci:1l imporumc: to the understand
ing of the chemistry occurring in hydrogen plasmas. In particular. for plasmas with a low elec:ron tenl1'eramre. the formation 
of n is thought to be sensitive to the density and temperature of the H atOms present as well as the vibrational State distribu
tion of the H., molecules. Many of the cwrent laser-based detection schemes of H and H., are diffic:llt to apply to plasma 
measurementS within lM discharge vol~ bec:wse of the large background of photOns and clmrged particles produced by the 
plasma. A new technique. vacuum-ultraviolet 1aser-absorption spectroscopy. has been developed to me:lSure Hand H.., densi
ty and temper.uure in.rim in a plasma. The method allows for the direct absolute measurement of the density of atOnuc and 
molecular hydrogen in the plasma. The high sensitivity and selectivity of the technique makes possible intemal state distribu
rion measurements on the molecules and tr:lnSlational energy distribution measurements on both atOms and molecules. These 
resuits QD be compared with emission measurements from excited scues of hydrogen atOms'in the discharge. 

2 l::<PSEIMEi!AL .;RRANGEMENT 

The VUV laser spectrometer has been previously described in ciet.W. 1 A schematic di:.l~m is shown in Fig. 1. Brief
ly. four-wave sum-frequency mixing is used to produce narrow-bandwidth pulses of coherem YT .. JV. Two eltcimer-pumped 
dye lasers provide photOns at frequencies Cl)1 and~. Mercury vapor is used as the mixing medium. wlth VTJ'V output occur
ring at ZCl)l +~. The relevant energy levels of Hg are shown in Fig. Z. To enhance the efficiency. 2C1l1 is chosen to be reso
nant with a mercury tr:UtSition. wlth continuous runabiUty of the VUV provided by runing (j).,. By varyUlg the reson:mt st:Ue. 
VUV has been produced. from 97 to 1:8 nm. I!ncompassing ponions or the atomic Li'm:m series and :he molecul:lr Lyman 
(B-X) and Werner (C-X) bands. B:mdwidth of the Vi..J"V is 0.:7 em-I. and an I!Stim:ued 109 photOns:tre produced. The 
VUV is directed through the plas~ tr:lnSmlued vr..."'V is detected with a mlc.-och:umel-plate detector. 

The d.:lta are recorded as absorbance spec:n, detined as -In ¥~. where ~ is the VUV signal me:lSured. with the plasma 
discharge on. and 10 the VUV Signal measured with the disdlarge oif. Using published values of the absorpuon line strength. 
the average density of the H or H" c:m be determined absolutely. Analysis of the width and shape of me absorption prorile 
provides iniormation on the tr:Ulslauonal temper:lUJre or the species of interest. 

+ On le3ve from Universi~t Gc::samthochschule Essen 
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Schematic diagram of VUV laser-absorption spec- Fig. 2 
trOmetcr. The VUV is produced by four-wave sum
frequency mixing in the mercury vapor. 
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Resonant four-wave sum-frequency mixing in 
mercury. VUV generation occurs at a frequency 
of (J}yuv = 2(1)1 +~. 

.. 

3, ATOMIC HYDROGEN MEASUREMENTS' LYMAN-QAMMA ABSORPTION. 

Figure 3 shows a representative absorption profile1 for 
atOmic hydrogen in a multicusp ~volume" Ii'" ion source. 
This spectrum was obtained with a continuous discharge us
ing the Lyman-gamma cr::msitio"n and co~onds to a hydro
gen atOm density of 9,4 x 101 ... atOms cm-", The lineshape 
is best fit by the sum of two Gaussians, leru1ing to a velocity 
distribution char.lcterized by two temperatures: approxi
marely 60% of the atoms have a tempcr:uure of 0.06 e V (700 
K). while the remaining 40% of the atOms could be assigned 

l~--____ ------__ ----__ ----~ 

a temperature in excess of 0.6 eV (7300 K). 

The same techniques have been applied2 to a pulsed 
Penning Ii'" ion source, in which it is believed that Ii'" ions 
are produced on a cesium-coated surface. Figure 4. shows a 
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VUV absorption profile for hydrogen atoms in the vicinity of 
Lyman gamma for twO ion-source pwmas: a ste:ldy-stlte 
mwticusp volume source (same as Fig. 3) and J. pulsed Pen
nin~ sourc,e. The H-atom density and temper:lture are 9.4 :t 102615 102620 IC262S :026JO 102933 

10 l._ cm -J and 0,06 e V for the volume source (with an Jd
mixture of atoms at 0,6 r:,V). md 3 :t 101~ em-]' and 1.7 eV 
(20.000 K) for the Penning source, Note that the H atoms in Fig. 3 
the Penning source are both hotter and more dense than in the 
volume source. and that the VUV absorption method is c.:lpa-
ble of in-situ. me:JSurement over 1 very wide r.mge of hydro
gen-atom density md temper:lture. 

• 

Vs. 1.2 Dec. 23. 1988 

=/,,!Q\,;ency (1/cm) 

Absorption profile of atomic hydrogen in a multi
cusp "volume" Ii'" ion source in the vicinity ofLy
man-gamma. The line is a double-Gaussian tit to the 
data. ~ischarge par:unerers are "7 mTorr H~ and 25 A 
at 140 V . 
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Fig.4 Absorption profile of aIOmic hydrogen in a 
muiticusp "volume" g- ion source ~ in a 
PenDing g- ion sowce. in the vicinity of 
Lyman-gamma. The lines are a Gaussian 
fit to the Penning source daIa and a double
Gaussian tit for tbe multict1sp volume source 
data. 

Preliminary me:l.SUI'Cments have been n:ported over a 
range of opcr.uing conditions for the volume rr source. 1 The 
parame=s varied include arc current. arc voltage. and g:lS 

pressure. Hydrogen-aUlm density was observed to vary line· 
arly with gas pressure. The density variations with respect to 

cum:nt and voltage were not so simple. however. With arc 
cmrent. the density p1are:!I!ed at a diwxiation fmaion (H]/ 
[R,] • O.OS. Witb increasing arc voltage. the H-aUlm density 
decieascd. No sysu:matic: variations in the atOm tcmpcr:uure 
were observed. These studies. on botb continuous discharges 
aad higher-power pulsed disc:harges. are continuing. with 
comparisons to the extracted H" to be made. 

4 ATOMIC HYDROGEN MEASUREMENT' BALMER
ALPHA EMISSION 

Another technique to detcm\ine the hydrogen atOm tem
pez3IUt'C is to measure the Doppler broadened linewicir.hs of 
the aIOmic Balmer emission lines. In particular. Balmer-a: (n 
.3 - 2. A.. 656.3 nm) and Balmcr-~ (~ ~ 4 - 2. A. ... 486 . .1 
nm) have been used to study tokama.tcs.l and ion sources.';" .J 

In contraSt to the mC3Suremenrs discussed above. these emis-
sion measurements describe the aclud suue atOm popula. 
tions. e.g .. the population in n .. j for Balmer-a: and n .. 4 for 
Ba.lmer-~. wherc:lS the absorption mc:1Surements probe Hat· 
oms in the n .. 1 swc. To compare the tempc:rawre of atOms 
in 3D excited swc to that of aUlIns in the ground st31C. the line
widlh of the Balmer-a: emission from the muir:i.cusp source has 
been measured using a scanning F:1bry-Perot Interferometer 
(FPI). 

The experimental appar.nus is shown schematiclly in 
Fig. S. Briefly. visible light emitted by the ion source was collec:u:d and collimated with a lens. J1'Id then directed through the 
scanning FPL After a:msmisslon through the FPL the emission was sent through a monochromatOr and then detected WIth a 

Lens 

" 
Mono- \j 

chromator 

PMT 

Fabry-Perot 
Interferometer 

IrlFil ,I I I I, 

Recorder 

Lens 

~ Ion 
Source 

'-

Fig. S Experimental app:lr.ltllS for mc:lSuring the linewidth of Balmer-a: emission from the multicusp ion source. 
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Balmer-a emission spectrum from the multicusp ion 
SOUICC. Clrc1es denote dara points. Also shown are 
the spectral position and relative intensities of the 
five tine-structure components. The dashec1lines are 
the Doppler broadened lineshapes of each compo
nent: the sum of the five components is given by the 
solid line. 

photomuitiplier tube. The FPI plateS were coated for the red 
region of the spectrum and hOO a me:lSured fmesse of 15 at 
Balmer-a. With a plate separation of 2 mm .• the instrumen
tal bandwidth was 0.08 em·1. The wavelength setting of the 
monochromator was centered. at Balmer-a. The purpose of 
this instrument was to reject emission which was not Balmer
<%; the FPI provided the requisite high resolution necessary to 
accurarely determine the atOmic linewidth. 

Figure 6 shows the emission lineshape. denoted by the 
circles. obtained from the ion-source piasma. In order to de
rive the atomic temperature from this measurement. it is nec
essary to t3ke intO consideration the fine strucrure of this 
tr3IISition. The position of each of these components is indi
cared by the vertic:l.l lines in Fig. 6. with the relative strength 
denoted by the height. 6 The dara is therefore fit by the sum 
of live Gaussians. each with its own center frequency, 
weighted using the theoretical values shown in Fig. 6. and 
having a common width. This width is then varied to pro
vide the best fit to the data. The result of the least-squares 
fitting procedure is shown on Fig. 6. where the individual 
Gaussians and their sum are depicted. 

From this analysis we obtain. after taking into considera
tion the residual instrumenw bandwidth. an arcmic linewidth 
(halfwidth at half maximum) of 0.19 em-I, which 1eru:1s to a 
tr.UlSiational temperature of 0.11 e V (1300 K) for the n = 3 at
oms. 'This c::m be contrasted to the population distribution ob
served for the n = 1 arcms. i.e.. 60% at T trans = 0.06 e V and 
40% at Ttrnns = 0.6 eV. The emission lineshape is re:lSonably 
well fit by the single·width fiaing routine. indicating that a 
majority of the excited arcms are described with a single tem-

. peramre. It should be noted that neither the low or high-temper.uure ground-state :uoms have Ttrnns = 0.11 eV. Although 
models relating the ground-stlIe and excited-state populations exist. they are. in general. difficuit to apply to the low
electron-temperature plasmas found in ion-source discharges. as the electron energy distribution function is not well chat:lC· 
terized. Thus. a complete and accur.ne description of the processes occuring in these plasmas requires the direct me:lSure· . 
ment of the density and temperature of the ground-state atoms. 

5 MOLECULAR HYJ)ROG'EN ROTATIONAL-VIBRATIONAL STArs DISTRIBUTIONS 

H"' ions are believed7, 8 to be ~ predominantly by dissociative attachment of slow « 1 eV) electrons to vibrntional
ly-excited hydrogen molecules. H,..,(v), in ~volu.me" n ion sources. The vibrntionally-excited H., may be crelted by several 
mecllanisms. including direct excitation vm, low-energy ~lO eV) electron impact. indirect excimtion via eiectron impact C2. 
30 eV) exciution of high-lying electronic levels which rn.c1iatively decay to vibrationally-excited states of the electronic 
ground State. and neucr:ili.z.:l.tion of H~· and H3 +, wltich can occur in electron collisions and on surfaces. There are liso sev· 
er.U destruction processes for H..,(v). including collisional deactivation and wall relaxation. none at which have been m~
ured experimentally. The dissociative·att:lchment cross sections have been studied theoretically9. 10 and. over l limited 
r:mge. experiment.:llly11. with good agreement. An in-situ diagnostic for viorntionally-excited H.., in J. plasma is required to 
study their role in plasma processes. -

Several methods exist for detection of vibrationaily-excited hydrogen molecules. Resonantlv Enhanced ~tulti-Photon 
Ionization (RE..\1Pn has bee!, used to obtain relative measurements at H~(v) in J. he:ued gas cell 12 md in the gas effusing 
from a discharge chamber. l.J The highest vibrational level observed in the latter case was v = 3. Vibr.uionally-excited hy
drogen h:lS also been detected by collection of H" ions cre:lted by colliding llow-energy electron beam with the H~(v) effus-
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ing from a ctwnber containing he:ucd filaments. 14 I.asc:r-Induccd Fluorescence (UF) is another teChnique which has been 
used to deteCt H-,(v).lS REMPI and UF are very sensitive: for in.-sim plasma m=surementS., however. the large background 
of cbarged partiCles and photons within the discMrge volume prevents RE.vtPI and UF from achieving the uitinwe sensitivi
ty dcmonstr:llCd in zero background environments. Until now, the only method used for in-mu measurement of ~(v) in a 
piasmIJ has been Coherent Anti-Stokes Ram:m Scmcring (CARS)16: sensitivity was limited to v • 3 in the plasma studied. 
The tc:c:hnique described here, VUV 1aser absorption spec:IZ'OSCOpy, provides a new way of measuring the density and. temper
amre.of~(v) in a piasma.17 

The finaJ H-, scu.cs for these measurements 
are specific rovibraaonal leveLs of either the B 
1;+ (for v • 1-3) or C lIIu (v .. 4, 5) e1cc:uonic 
scues. These t:r3DSitions we:e selected for their 
relatively large osC!!aror mengtbs. whic:b pennits 
higher sensitivity to be achieved. The absolute 
density of a given sw.c QD be deu::rminec1 using 
the measured absorption profile and the oscjDaror 
strength. which, to a good approximation. is the 
prodw:t of an electronic-vibrational tcmland a I'D

wioaal tc.rm. 

2~--~----~----~--~----~--~ 

Figure 7 shows a typical absorption sp:cttum 
of~. This figure depicts the L.ymanB ; + -
X 1~+ (v' = 3 - v" .. 1) R(2) transition: hence. 
the sw.c being measared is v" .. 1~ r = 2. The ab
sorption illusmucd correspo'lds to a density of 1.1 
x 10 12 H., molecules em -.l in this sw.c. Also 

u 
u c: 
~I 
'
Q 
CI'I 
.Q 
< 

shawn in Fig. 7 is a least-squares Gaussian fit to 
me daI3. points. From the me:1Sureci line width. we 
obtain a. cr.ms1a.tion tempc:mmre of 0.037 eV (450 
K) from me m=sured line width. 

o~~~~~--~----~------~ .. ~·~----~ .. 
I 1 16.22 I I I 6.2l I 1 16.24 I 1 16.25 1 1 6.25 I 1 1 5.27 I 1 1 6.26 

The rotational distribution of e:lCb vibrmional Fig. 1 
level was measured for v .. 1 to 5. A plot of me 
density divided by the rolational and nuclear spin 
degeneracies for all me:lSUred St:ltes is shown in 

wavelengtn (Angstroms) 

Molecular hydrogen absorption profile. using me (B - X) 
(3 - 1) R(2) lr.U1Sition. ·The line is a Gaussian fit to me 
data. Oiscbarge parameterS are 2S A and 14() V with H" 
pressure ofS mTorr. -

Fig. 8. As can be seen. the rotational distribution of each vibrational stare is non-Boltzmann. However. the lower J Slates of 
eacb vibr.ltional level lie approximarely on " line. and thus have a quasi-ccmpermure. which was dcu:nnined by a least
squares fit. The rotational temper:uures are aJrnost the same for e:lCb vibnuionallevel. approximately 0.04 eV (470 K); all 
subsequent discussion of rotational temperatUre refers to these low-l detenninalions only. 

The vibrotionai State distribution is shown in Fig. 9. The poinrs lie approximately on a line. which indicates that the vi
brational state populaaons can be described by" temper.wuc. A 1e:1St-squares fit to the data yields" \'ibrational temper:uure 
of 0.35 e V (~K). The population of e:lch level was defined ~ the sum of the rotational populations for J = 0 to 7 of that 
level. which involved estimating the populations of a few of the less populated higher J stateS (see Fig.~). 

Tr:1nslationai temper.1tures were dctem1ined by " least-squares fit of " Gaussian to the absorbance spectral profile for 
each transItion. ~y of the protiles are poorly fit by a Gaussian. implying a non-tilcnnai tr:1nSlation:1l<nergy distribution. 
The translaQonal temper.lClU'es cited here are therefore only meaningiul in an approximate fashion. Temperatures were in the 
range of 0.03 to 0.14 eV. with the average being -Q.06 eV. Consider:lble sc:wcr exisrs among me ~ but one trend was 
cle:u: St:ltes of low J ~3) IuId lower tr:1nSlationai temperalUreS th:m SQICS of high J !25). This may indiQte tilat tile rotation
ally excited H., is also iormed with an e."'tCCSS of translational energy. Both distributions are collision:1ily retlxed leading to " 
cortelation beLWeen rotational and tr:IllSlational energy. No coaeiation to vibrational qwmWln nwnberwas observed. 
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nuclear spin. The line shown for each vibrational 
level is a linear least-squares fit to the population 
of the first four rotalionalleveis. 
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Fig. 9 Total density for each vibrational level vs. 
vibrational energy. The line shown is a Une:lr 
least-squares fit to this disaibution which 
yields a vibrational tempernmre of 0.35 eV. 

Several different temper.uures describing !be rovibrationa1ly~tcd molecules in the plasma smd.ied were determined. 
Le.. translational. rotational. and vibrational The vibrational temperamIe is much higher than the cranslational or rotational 
temperamres: it is most likely int1uenced by the walls of the chamber at this low pressure. Further srudy is needed on relaxa
tion of vibrationally--excitcd H.., on surfaces. The fact !bat the low I swes were gener.illy cooler cranslationally than the high 
I swes suggests that the rotational and translational temper.uure equilibration occurs on time sc:Lles that are It least some
what compamble. and that these times are small compared to !be time for vibrational relaxation. 

''(\ 

.. 

The deteCtion sensitivity for the present eXl'Crimenwapparams is -S It 1010 em-3 per quanaun SLlIe. This assumes an 
absolute oSC;lIator strengtb of 0.06 (typical of the Q branch of CoX tranSitions in which the Franck-Condon f:lctor is most f:l
varable). a tr.mSlational temper:l1W'e of 0.04 eV~ a minimum peak absorbance of 0.1. and a patblengtb of 31 em. It shouid be 
possible to reduce Ibis limit to -1 :t 10lD em:..) wi!b amy moderate improvement of !be experiment:ll system. The highest 
sensitivity achieved wi!b CARS is _lOll em'.). in which coline:ll' CARS was employed. Crossed-be:un CARS provi!ies ell- if 

hanced spati.:U resolution. wi!b :1 loss of a factor of 10 in sensitivity. REMPI has much higher sensitivity,12 about 1~ em''', 
in a region with no background photOns. ions. or metastable molecules. i.e .• lIot in a plasma, The minimum density in a plas-
ma me:1SUr.lble by deteCtion of effusing molecuies is. however. not known. ~f 

6 SUMMARY 

VUV Iaser-absoll'tion spectroscopy has been used to qu:mtitatively derennine the hydrogen atOm density and the rota
tional-vibrational state distribution of hydrogen molecules ill silu in a plasma. In addition. the tr.lllSlational temperoture of 
bo!b species has been me:lSured. A l:l1'ge fr:lction of the :ltoms possess a translational temperature in excess of 0.6 e V (7300 
K). while the ~ shows a high degree of interrl:li excitation. 
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