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A measurement method of absolute hydrogen atom density in plasmas
by (2+1)-photon laser-induced fluorescence spectroscopy
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A technique of (2-1)-photon laser-induced fluorescentdF) spectroscopy has been developed

for measuring hydrogen atom density in plasmas. In this method, the following two-step excitation
scheme is employed to excite ground-state H atoms to phetate. In the first step, H atoms at the
ground (1) state are excited to thes2state by two photons at a wavelength of 243 nm.
Subsequently, thestate is excited to thepistate by the third photon at 486 nm in the second step.
Fluorescence emission at 486 14p— 2s, Hg line) is detected to determine the H atom density at

the ground state. Since the wavelength used in the first-step excitation is the half of the wavelength
used in the second-step excitation, one tunable laser with a system for second harmonic generation
can be utilized in the measurement. The absolute density was evaluated by comparing the intensity
of LIF emission from H with that from Xe at a known gas pressure. The present method is suitable
for diagnostics of reactive plasmas since optical dissociation of molecules and radicals can be
avoided because of the low photon energy of the laser radiation20@1 American Institute of
Physics. [DOI: 10.1063/1.1367356

I. INTRODUCTION 205 nm is launched into plasma to excite H atoms at the

Measurement of absolute hydrogen atom density is aﬁround state(1s statg to the n=3 state:” Fluorescence
ydrog y emission from then=3 to n=2 stategH, emission is ob-

important issue in studies of various plasmas. In nuclear fu'served. In the present work, we have developed another LIF

sion research, it is known that hydrogen atoms in the scr rechnique using a multiple-photon excitation scheme. The

peoff layer and diverter area have significant influence on theresent method employs two wavelengths at 243 and 486

confinement of high-temperature core plasmas. In materlfiim, which are yielded from one tunable laser. This method is

processing using low-temperature reactive plasmas, H atomssuitable for the diagnostics of reactive plasmas since optical

lay principal roles in gas-phase and surface reactions. Hows. - . )
play p P gas-p .dissociation of molecules and radicals can be avoided be-

ever, determination of ap;olute H atom density in plasmas I80use of the low photon energy of the laser beam.
not an easy task. In addition, many plasmas require measure- An issue in LIF is the evaluation of the absolute density

men;i:reg[?onr;ciuz(s:t;,r\w/gweetmr;g r:;gnsaizitrlgl Lifg\lll:glz r:séb from the fluorescence signal. In the present work, we have
X ' ' ) developed a calibration method to determine the absolute H
sorption spectroscofly are applicable to the measurement . L . .
. .. atom density. The calibration method is based on a compari-
of H atom density. However, these methods are lacking in ; . L .
. . N . . son of the intensity of fluorescence emission from H with
spatial resolution. Although titration using N©an yield the o
. o ) that from Xe at a known gas pressdfeThe excitation and
absolute H atom density, the injection of Bi@ay seriously o .
disturb the plasma. Actinometripptical emission spectros emission processes in H and Xe are modeled by rate equa-
. P : . P N Sp tions. The absolute H atom density is evaluated from the
copy is a simple technique, but the determination of the

R . ) emission intensity ratio measured experimentally, by refer-
absolute density is difficult. In addition, since the result of y P Y, by

actinometry is a sensitive function of the distribution of elec-'""9 to the resilts of rate equation analysis.
tron energy in the plasma, the reliability of actinometry is
guestionable especially in low-pressure, high-densit))l' SCHEME OF (2+1)-PHOTON LIF
plasmas’ Vacuum ultraviolet absorption spectroscopy using  Figure 1 shows the partial energy level diagram of the H
the Lymane transition can be used to evaluate the absolutestom. In the present LIF spectroscopy, H atoms at the ground
H atom density. However, the reliability of vacuum ultravio- (1s) state are excited to thep4state by the following two-
let absorption spectroscopy is lowered by distorted spectratep excitation scheme, and fluorescence emission at a wave-
distribution of the probe emissidT. length of 486 nm(4p— 2s, Hy line) is observed. In the first
Laser-induced fluorescenc@.IF) spectroscopy is a step of the excitation, ground-state H atoms are excited to the
method for measuring the H atom density in plasmas witlps state by two photons at 243 nm. Subsequently, tee 2
temporal and spatial resolutioh§.In conventional LIF for  state is excited to thepistate by the third photon at 486 nm
the detection of the H atom, a laser beam at a wavelength @i the second step. Since the wavelength used in the first-step
excitation is the half of the wavelength used in the second-
“Author to whom correspondence should be addressed; electronic maiBt€P €xcitation, one tunable laser with a system for second
sasaki@nuee.nagoya-u.ac.jp harmonic generation can be used in the-(®)-photon exci-
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FIG. 1. Transitions considered in the rate equation model for H. . ) . .
FIG. 2. Transitions considered in the rate equation model for Xe.

tation. Since the transition energy between tleeahd X
states is resonant with the two-photon absorption at 243 n
the efficiency of the (2 1)-photon excitation is much
greater than that of the simpl@onresonantthree-photon

mhas been demonstrated in the determination of absolute O
dtom density measured by two-photon ffFigure 2 shows
the partial energy level diagram of Xe. In the LIF measure-
o ment for the absolute density calibration, ground-state
excitation.

61 H
This (2+1)-photon excitation scheme was proposed(sp So statg Xe atoms are excited to thEpE’.l/ 2.]0 state by
- 11 . two photons at 249.6 nm. Fluorescence emission at 828.0 nm
originally by Gatheret al** There are two major advantages

on - ) ;
in the (2+ 1)-photon excitation scheme, in comparison with(6p[1/2]°—)63[3/2]1) is detected using the same optical

g . system as that used in the LIF measurement for H atoms. Xe
the conventional two-photon LIF scheme employing a laser L .
gas at a known pressure is filled in the same vacuum cham-

at a wavelength of 205 nm. One is easy generation of uItraE) : . :
! . - L er as that used in plasma experiments. To determine the
violet laser radiation for the excitation. The laser radiation at

: - absolute H atom density from the emission intensity ratio, it
205 nm is generated from a laser radiation at 615 nm by a o -
necessary to evaluate the excitation efficiency of Xe and

) . . i
two-step wavelength conversion technique using KDP an?_s| .
BBO crystals. Contrary to this, the laser radiation at 243 nm_’ Rate equation models were constructed to evaluate the

can be obtained from a laser radiation at 486 nm by simplgrOleCtlon efficiency of the [ 1/2]o state of Xe and thes}

: . . State of H. Induced transition, spontaneous emission, and
second harmonic generation. The other advantage is the Iovxf1 S : P :
o .__photoionization processes illustrated in Figs. 1 and 2 are in-
photon energy of the laser radiation at 243 nm. In the diag? : .
: . - cluded in the rate equation models.
nostics of reactive plasmas, the low photon energy is impor-
tant to avoid optical dissociation of molecules and radicals. _
Miyazakiet al. have shown significant optical dissociation of B- Rate equation model for H
SiH, by the laser radiation at 205 ntATo avoid the optical The populations of thed, 2s, and 4o states of H are
dissociation, they have developed a system using two tunablgalculated by using rate equations that take into account in-
lasers; one is used for the excitation from theetd 2s states  duced transition, spontaneous emission, and photoionization
and th? other is used for the excitation from the @ 3p  processes of H. For the laser intensity at 486 nm used in the
states:® Contrary to the method employing two tunable la- present experiment, complete saturation is expected for the
sers, one tunable laser can be used for the preseekcitation from  to 4p. This is supported by the fact that
(2+1)-photon LIF scheme, which is a merit of the presentthe frequency of induced transition betwees @nd 4p is
excitation scheme. evaluated to be muctapproximately 18 times higher than
those of spontaneous emission and photoionization from the
IIl. METHOD FOR ABSOLUTE DENSITY CALIBRATION 4p state. Hence we can assume that the population distribu-

A. Principles of calibration tion between the 2 and 4p states is equilibrated

The calibration method to determine the absolute H atom ~ N2s/92s=Nap/%p. @
density is based on a comparison of the LIF emission from HvhereN; represents the reduced population of itte state,
with that from Xe at a known gas pressure. The use of Xe awhich is normalized by the ground-state H atom density
a reference gas has been proposed by Goeldlichi, and  without the laser irradiatiomy, such thatN;=n;/ny. The
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TABLE |. Various parameters used in the rate equation model for H. TABLE Il. Various parameters used in the rate equation model for Xe.
Quantities Values Units References Quantities Values Units References
ay 1.13x10 % m*/W 12 e 3.40<10° % mHwW 15
o5 6.13x10 % m? 13 apg 4.30x10 % m? 15
ot 3.89x10°% m 13 Asp-ss 3.33<10° st 16
Agp_ 16 6.82x 107 st 14 Ass—5p 2.81x10° st 17
Agp-as 9.67x 1¢° st 14
Asp-3s 3.07x1¢° st 14
Asp-3d 3.48x10° st 14
8.09x 107 st 14 dNes _
Aspi T_A6p76sN6p_A6375pN651 (6)
i=15,25,35,3d

where similar symbols to those in Eq®) and(3) are used.
The normalized population of thieh state of Xe is defined
statistical weight of theth state is denoted by, . The popu- by Nj=n;/ny. with ny, being the density of Xe gas deter-
lation of the 4 state is evaluated by solving rate equationsmined from the pressure. Various constants used in @gs.
which include two-photon absorption and stimulated emis<6) are summarized in Table 1-*°

sion between ¢ and 2, photoionization from 2 and 4p, In the absolute density calibration of O atom density
and spontaneous emission frorp:4 carried out by Goehlicket al,’ the pump laser intensity was
2 2 so weak that photoionization processes are negligible and the
leS:_ AHL G1s XHlL intensity of fluorescence emission was proportional 4o
1s N25+A4pflsN4p ) (2) . . . L
dt ho, U2s hvL However, the weak pump laser intensity results in the low

2 2 2s sensitivity of the measurement. In the present work, we used
d(N25+ N4p) aHIL O1s aHIL UpiIL stron | int ity t I iti detecti

= 1~ | — + Nos g pump laser intensity to realize a sensitive detection

dt hw 925 hv ~ hy limit, so that we considered photoionization processes in the

ap| rate equations.
TS AN 3
ap-i |Nap,  (3) D. Method of calibration

hV|_ i=1s,3s,3d

wherehw, (J) andl, (W/m?) are the photon energy and the The intensities of fluorescence emissions from H and

laser intensity at 243 nm, respectively,; (m?) is the cross Xe, Iy andlx,, are proportional to the populations of thp 4
section for photoionization from thith state at 243 nm, and &[1/2], states, respectively. With a constapt repre-

ay (M*W) denotes the coefficient for two-photon absorptionS€nting the sensitivity of the detectlon.system at a wave-
and stimulated emission betweesdnd 2, andA,,_; (s length Of* A, Iy and Iy are given by 14(t)

is the transition probability from theptto ith states. The = YaseuNu(t)Ny and 1xe(t) = yezexeNxe(t)Nxe, Where
collisional transition from the € to 2p states by electron Simplified notationsA=Ap_os, Axe=Asp-6s, Ni;=Nyp,
impact is ignored since its collision frequency is muchand N%.=Ng, are used. Although the emission intensities
smaller than that of photoionization froms2Photoioniza- have rapid temporal variations, their time integrals
tion by the laser beam at 486 nm is also ignored because di!n(t)dt and [l x(t)dt are measured by using a boxcar
the weak laser intensity. Equatiof—(3) are solved for an  integrator in the experiment. Therefore, we obtain

initial condition oleS(0)=_1,_N25(0)=O, andN,4,(0)=0 to Yars Axe JoNL(DAE [Z14(D)dt

evaluate the temporal variation bf,. A rectangular shape ng=——-"- A TPNEOAL T r ‘Nye- 7
with a duration of 3.6 ns was assumed for the temporal varia- vaee An JoNm(DAL Jolxe(t)dt

tion of I . Various constants contained in the rate equationghe absolute H atom density is evaluated from the emission
are found in the literatuté '°as summarized in Table . intensity ratio [§1y.(t)dt/[§1,,(t)dt obtained experimen-
tally and the population ratigy N (t)dt/ [N} (t)dt deter-
mined by the rate equation analysis. The valueygfs/ yages

is measured experimentally using a tungsten standard lamp.

C. Rate equation model for Xe

The populations of the® 1S, 6p[1/2],, and & 3/2]3
states are calculated by considering two-photon absorptioR/ EXPERIMENT
and stimulated emission betweerp®%'S, and &[1/2],, '
photoionization from @[ 1/2],, and spontaneous emissions The present measurement method was examined in high-

from 6p[ 1/2], and 6s[3/2]. The rate equations are given by density hydrogen plasmas produced by helicon-wave dis-
charges. The experimental apparatus is schematically shown

dNs, axel{ 9sp axel N+ A N in Fig. 3. The vacuum chamber was installed in a uniform
dt hvg %P ggp hyp OP TIPSy magnetic field of 1 kG along the cylindrical axis of the
dN awl? avd? o vacuum chamber. It was composed of stainless-steel rectan-
6p _ TXe'L _(% XellL  Zpi’t gular chambergobservation chambersof 20X 20X 10 cm
dt hv, P \gep hug hv, and a Pyrex glass tube of 9 cm diameter. A quartz glass tube
(discharge tubeof 3 cm diameter was attached to one of the
+A6p_65) Negp » (5)  observation chambers. A helical antenna was wound around
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FIG. 3. Schematic of the experimental apparatus. FIG. 4. Arrangement of the optical parametric oscillatar and the wave

forms of laser pulses at wavelengths of 243 and 486 nm.

the discharge tube. Helicon-wave discharges were obtained
by applying a rf power at 13.56 MHz to the helical antenna.harmonic(243 nm had a longer path length than the funda-
The operating gas was pure, lt a flow rate of 10 ccm. mental radiatior(486 nm), the arrival time of the laser pulse
Plasmas were produced in a pulsed mode with a repetitioat 243 nm was slightly delayed from that at 486 nm. How-
frequency of 10 Hz and a discharge duration of 10 ms. Aever, such a small delay was not a problem for the two-step
high-density plasma column with a diameter of 3 cm wasexcitation.
localized around the center of the vacuum chamber since the The OPO laser beams were focused into the plasma at
plasma was confined radially by the external magnetic fieldthe observation chamber of the upstream side through a
An optical parametric oscillatdiOPO (Spectra Physics quartz glass window. The focal length of the quartz lens was
MOPO-SLX) pumped by the third harmonic of a Nd:YAG 40 cm. A beam dump was installed at the port of the opposite
laser (Spectra Physics GCR-230-HiBvas used as the light side to eliminate stray light. The distance between the laser
source in the LIF measurement. The optical configuration obeam and the end of the helical antenna was approximately
OPO was remodeled as shown in Figa)4dn order to super- 10 cm. The LIF emission was detected through an upper port
pose the laser beam at 486 nm on the laser beam at 243 nosing a monochromator and a photomultiplier tube. The
The energies of the laser radiations at 243 and 486 nm wengidth of the entrance slit of the monochromator was 1 mm,
approximately 3 mJ and 3QJ, respectively. The linewidth which corresponded to the spatial resolution of the measure-
of the laser pulses was approximately 0.2 ¢nConsidering ment. The signal was averaged using a boxcar integrator and
the Doppler broadening of the transitions, both the excitawas recorded with a computer. The gate width of the boxcar
tions of 1s—2s and Z—4p can be obtained by the laser integrator was 100 ns, which was much longer than the life-
pulses. The removal of a Pellin Broca prism is anothertimes of the excited states. In the present LIF scheme, both
method to superpose two laser beams. However, since thhe laser radiations at 243 and 486 nm are the source of stray
excitation from the 8 to 4p states is easily saturated for light, since the radiation at 243 nm goes into the photomul-
weak laser radiation, intense laser radiation at 486 nm doeplier tube via the second-order diffraction in the monochro-
not contribute to the increase in the LIF emission intensitymator. In order to reduce the stray light at 243 nm, a Pyrex
Since the intense laser radiation at 486 nm resulted in stronglass plate was used for the window of the upper port. In
stray light, we chose the optical configuration shown in Fig.addition, another Pyrex glass plate was placed in front of the
4(a). Figure 4b) shows the wave forms of the laser pulses atentrance slit of the monochromator. The tilting mirror and
243 and 486 nm. As shown in the figure, the pulse duratiorthe lens for the incident laser beam were movable, in order to
(full width half maximum) of the laser pulses were 3.6 and measure the spatiétadia) distribution of the H atom den-
6.5 ns for 243 and 486 nm, respectively. Since the secondity along the path of the OPO laser beams. The scan of the
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FIG. 5. Comparison between experimental results and rate equation analysis FIG. 6. Similar plots to those shown in Fig. 4 for the case of H.
for Xe: (a) relation between the pump laser and LIF intensiti@s, LIF
emission density as a function of the position along the path of the pump

laser beam. Figure §b) shows the distribution of the LIF emission
density along the path of the laser beam, when the focus was
tilting mirror was synchronized with the movement of the fixed at the center of the vacuum chamber. The distribution

lens such that the observation position of the fluorescence JoNXe(t)dt obtained by the rate equation analysis is

emission coincided with the focus of the laser beam at 24§hown by the solid curve. The distribution of the pump laser
nm. intensity used in the rate equation analysis was calculated

from the distribution of the spot size, which was estimated

experimentally as described above. The LIF emission density
V. RESULTS AND DISCUSSION was defined by the LIF intensity divided by the excitation
volume. The excitation volume was calculated from the dis-
tribution of the spot size. As shown in Fig(lB, reasonable

The intensity of the LIF emission was measured in Xeagreement between the experimental results and rate equa-

gas at a pressure of 7 mTorr as a function of the laser energtion analysis was obtained, supporting the validity of the rate
The relation between the laser and LIF intensities is showmquation model for XdEqgs. (4)—(6)] used in the present
in Fig. 5a), together withf {N}4(t)dt calculated from Eqgs. work. The dip at the focusr(&0 cm) is due to the significant
(4)—(6). The saturation of ;N%.(t)dt for the laser intensity photoionization from the p[1/2], state.
higher than X 10° W/cn? is due to significant photoioniza- The relation between the laser and LIF intensities is also
tion from the [ 1/2], state. In this experiment, the focus of examined in an kplasma at an rf power of 0.5 kW and a
the laser beam at 249.6 nm was located at the center of th@essure of 30 mTorr. Figure(® shows the experimental
vacuum chamber, and the observation position was 2 crrelation between the laser and LIF intensities, together with
away from the focus. We determined the intensity of thefyNx.(t)dt calculated from Eqg1)—(3). The laser intensity
laser beam at the observation position by fitting the experiwas evaluated from the distribution of the spot size which
mental curve to the calculated one. From the agreement bevas estimated by LIF experiments in Xe. As shown in Fig.
tween the experimental and calculated curves, the diametéa), the experimental results agreed well with the rate equa-
of the laser beam at the observation position was evaluateiibn analysis. Figure @) shows the distribution of the LIF
to be 0.57 mm. By repeating the same measurements at diémission density along the path of the laser beam, when the
ferent observation positions, we roughly estimated the distrifocus was fixed at the center of the vacuum chamber. As will
bution of the spot size of the laser beam as a function of thbe described below, the radial distribution of the H atom
distance from the focus. As a result, the diameter of the lasedtensity was uniform for an rf power of 500 W and ap H
beam at the focus was evaluated to be 0.35 mm. pressure of 30 mTorr. The distribution ¢fN3.(t)dt ob-

A. Validity of the rate equation analysis
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FIG. 7. Relationship between the laser intensity and the ratio of

FENE(H) AU SENE (H)dt calculated by the rate equation model. g.ISG’.B.O’R;ddia;.céiskt\r/ivb'ution of the absolute H atom density for rf powers of

tained by the rate equation analysis is shown by the solid o
curve, where the pump laser intensity and the excitation VO@?:;;ﬂtri gf gg’m_lfjoirr]s%énﬁ aptlc?rim da:ngirtioedsu;f?wzt deilfl}zelr_ient
ume were calculated from the distribution of the spot siz " adial itions ar ) lotted. Th tiore 0 cm corr
estimated by LIF experiments in Xe. As shown in Figh)6 a ad ptOSthO N ate F;?h N I € pcis n h'ﬁ thco e_'t'
the spatial distribution of the LIF emission density was alsoSFioi1 88 o he Icen terd08 € plasma cfo umr;r,]w ne i € p(f)stlhlon
consistent with the rate equation analysis. Therefore, it id = cm IIS ocaTeh cm awayHrorP ed center ?4 €
expected that the excitation and emission processes in H c£)$azi?la c_%umn. € maximum atom density ©
be analyzed by Eqg1)—(3). X10"*cm ° was observed for a rf power of 3 kW at=
Figure 7 shows the relationship between the laser inten_ 8 €M~ Since the psress_lgre of 30 mrorr corresponds to _the
. . - o p 1% H, density of 1x 10°cm™2 before the discharge, the maxi-
sity and the ratio off g N (t)dt/[gN(t)dt calculated by . 4. 3 :
. . . . mum H atom density of-4x 10**cm™2 means that approxi-
the rate equation analysis. From the laser intensity depen- . . .
wp 1k op 1% I mately 20% of the feedstockHilissociated into H atoms. In
dences off {N¥(t)dt and [;N%.(t)dt shown in Figs. &) o7 : I
; ; . addition, it can be seen from Fig. 8 that the H atom density in
and Ga), the ratio becomes a decreasing function of the Iase{ : ) :
. . . he outside region was higher than that at the center of the
intensity. One can evaluate the absolute H atom density fromIasma column for rf powers hiaher than 1 KW
Eq. (7) by using the value of ZN(t)dt/[ZN(t)dt at the P P 9 '

laser intensity used in the experiment Figure 9 shows spatialradia) distributions of the H
y P ' atom density for rf powers of 0.5, 1.0, and 2.5 kW. The gas
B. Absolute H atom density pressure was 30 mTorr. The spatial distribution was obtained

by changing the focus of the laser beam and the observation

As has been described above, the results of the ratposition of the LIF emission synchronously. In the plasma
equation analysis were fairly consistent with the experimensource used in the present experiment, the plasma column
tal results, indicating the validity of the rate equation modelswith a diameter of 3 cm was confined radially by the external
for the excitation and emission processes in H and Xe. Omagnetic field. The shaded region in Fig. 9 represents the
the basis of the agreement between the experimental resultscation of the plasma column. For a low rf power of 0.5
and the rate equation analysis, we evaluated the absolute k\V, the radial distribution of the H atom density was
atom density in plasmas using Eq). Figure 8 shows the roughly uniform, suggesting that the surface loss probability

of H is rather small(the chamber walls are located &t

10 . ; ; . . . +10cm). For an rf power of 1 kW, the H atom density in the
=0 om plasma column was slightly lower than that in the outside
-&r=_8 cm J— region. For a high rf power of 2.5 kW, a steep gradient was
observed at the edge of the plasma colums ¢ 1.5cm),
- resulting in the hollow-shaped radial distribution of the H
atom density. A possibility for explaining the hollow-shaped
) density distribution is the distribution of the H atom tempera-
"_',‘,,:. ..... & e S ture. However, detailed mechanisms of the hollow-shaped
- density distribution have not been fully understood yet. Fur-
ther discussion on the reaction kinetics and transport phe-
nomena in the high-density,Hplasma is given in a separate
paper®

H atom density (1020 m'a)

©
-

o
-
N
w

f power (kW)

C. Detection limit and the measurement error
FIG. 8. Absolute H atom density at the center of the plasma column (

=0 cm) and at a position 8 cm away from the center of the plasma column ~ 1he lowest H atom density WhiCh_ can be measured by
(r=—8cm) as a function of the rf power. the present LIF system was approximately 10"2cm™ 3,
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This detection limit is much better than the detection limit of Eq. (8), the ambiguity in the absolute H atom density deter-
the system developed by Gathenal 1! The better detection mined by the present method is expected to be less than
limit was probably obtained by the strong pump laser inten-70%. This measurement error may be small enough to inves-
sity and the weak stray light. If we replace the detectiontigate reaction kinetics of H atoms in reactive plasmas.
system with an improved one such as a photon counting
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