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A measurement method of absolute hydrogen atom density in plasmas
by „2¿1…-photon laser-induced fluorescence spectroscopy

K. Sasaki,a) M. Nakamoto, and K. Kadota
Department of Electronics, Nagoya University, Nagoya 464-8603, Japan

~Received 26 September 2000; accepted for publication 22 February 2001!

A technique of (211)-photon laser-induced fluorescence~LIF! 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 the 4p state. In the first step, H atoms at the
ground (1s) state are excited to the 2s state by two photons at a wavelength of 243 nm.
Subsequently, the 2s state is excited to the 4p state by the third photon at 486 nm in the second step.
Fluorescence emission at 486 nm~4p→2s, Hb 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 radiation. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1367356#
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I. INTRODUCTION

Measurement of absolute hydrogen atom density is
important issue in studies of various plasmas. In nuclear
sion research, it is known that hydrogen atoms in the s
peoff layer and diverter area have significant influence on
confinement of high-temperature core plasmas. In mate
processing using low-temperature reactive plasmas, H at
play principal roles in gas-phase and surface reactions. H
ever, determination of absolute H atom density in plasma
not an easy task. In addition, many plasmas require meas
ment techniques with temporal and spatial resolutions.

Titration,1 actinometry,2,3 and vacuum ultraviolet ab
sorption spectroscopy4,5 are applicable to the measureme
of H atom density. However, these methods are lacking
spatial resolution. Although titration using NO2 can yield the
absolute H atom density, the injection of NO2 may seriously
disturb the plasma. Actinometry~optical emission spectros
copy! is a simple technique, but the determination of t
absolute density is difficult. In addition, since the result
actinometry is a sensitive function of the distribution of ele
tron energy in the plasma, the reliability of actinometry
questionable especially in low-pressure, high-dens
plasmas.6 Vacuum ultraviolet absorption spectroscopy usi
the Lymana transition can be used to evaluate the abso
H atom density. However, the reliability of vacuum ultravi
let absorption spectroscopy is lowered by distorted spec
distribution of the probe emission.4,5

Laser-induced fluorescence~LIF! spectroscopy is a
method for measuring the H atom density in plasmas w
temporal and spatial resolutions.7,8 In conventional LIF for
the detection of the H atom, a laser beam at a wavelengt
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205 nm is launched into plasma to excite H atoms at
ground state~1s state! to the n53 state.4,9 Fluorescence
emission from then53 to n52 states~Ha emission! is ob-
served. In the present work, we have developed another
technique using a multiple-photon excitation scheme. T
present method employs two wavelengths at 243 and
nm, which are yielded from one tunable laser. This metho
suitable for the diagnostics of reactive plasmas since opt
dissociation of molecules and radicals can be avoided
cause of the low photon energy of the laser beam.

An issue in LIF is the evaluation of the absolute dens
from the fluorescence signal. In the present work, we h
developed a calibration method to determine the absolut
atom density. The calibration method is based on a comp
son of the intensity of fluorescence emission from H w
that from Xe at a known gas pressure.10 The excitation and
emission processes in H and Xe are modeled by rate e
tions. The absolute H atom density is evaluated from
emission intensity ratio measured experimentally, by ref
ring to the results of rate equation analysis.

II. SCHEME OF „2¿1…-PHOTON LIF

Figure 1 shows the partial energy level diagram of the
atom. In the present LIF spectroscopy, H atoms at the gro
(1s) state are excited to the 4p state by the following two-
step excitation scheme, and fluorescence emission at a w
length of 486 nm~4p→2s, Hb line! is observed. In the first
step of the excitation, ground-state H atoms are excited to
2s state by two photons at 243 nm. Subsequently, thes
state is excited to the 4p state by the third photon at 486 nm
in the second step. Since the wavelength used in the first-
excitation is the half of the wavelength used in the seco
step excitation, one tunable laser with a system for sec
harmonic generation can be used in the (211)-photon exci-
il:
8 © 2001 American Institute of Physics
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tation. Since the transition energy between the 1s and 2s
states is resonant with the two-photon absorption at 243
the efficiency of the (211)-photon excitation is much
greater than that of the simple~nonresonant! three-photon
excitation.

This (211)-photon excitation scheme was propos
originally by Gathenet al.11 There are two major advantage
in the (211)-photon excitation scheme, in comparison w
the conventional two-photon LIF scheme employing a la
at a wavelength of 205 nm. One is easy generation of ul
violet laser radiation for the excitation. The laser radiation
205 nm is generated from a laser radiation at 615 nm b
two-step wavelength conversion technique using KDP
BBO crystals. Contrary to this, the laser radiation at 243
can be obtained from a laser radiation at 486 nm by sim
second harmonic generation. The other advantage is the
photon energy of the laser radiation at 243 nm. In the di
nostics of reactive plasmas, the low photon energy is imp
tant to avoid optical dissociation of molecules and radica
Miyazaki et al.have shown significant optical dissociation
SiH4 by the laser radiation at 205 nm.12 To avoid the optical
dissociation, they have developed a system using two tun
lasers; one is used for the excitation from the 1s to 2s states
and the other is used for the excitation from the 2s to 3p
states.13 Contrary to the method employing two tunable l
sers, one tunable laser can be used for the pre
(211)-photon LIF scheme, which is a merit of the prese
excitation scheme.

III. METHOD FOR ABSOLUTE DENSITY CALIBRATION

A. Principles of calibration

The calibration method to determine the absolute H at
density is based on a comparison of the LIF emission from
with that from Xe at a known gas pressure. The use of Xe
a reference gas has been proposed by Goehlichet al., and

FIG. 1. Transitions considered in the rate equation model for H.
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has been demonstrated in the determination of absolut
atom density measured by two-photon LIF.10 Figure 2 shows
the partial energy level diagram of Xe. In the LIF measu
ment for the absolute density calibration, ground-st
(5p6 1S0 state! Xe atoms are excited to the 6p@1/2#0 state by
two photons at 249.6 nm. Fluorescence emission at 828.0
(6p@1/2#0→6s@3/2#1

o) is detected using the same optic
system as that used in the LIF measurement for H atoms
gas at a known pressure is filled in the same vacuum ch
ber as that used in plasma experiments. To determine
absolute H atom density from the emission intensity ratio
is necessary to evaluate the excitation efficiency of Xe a
H. Rate equation models were constructed to evaluate
production efficiency of the 6p@1/2#0 state of Xe and the 4s
state of H. Induced transition, spontaneous emission,
photoionization processes illustrated in Figs. 1 and 2 are
cluded in the rate equation models.

B. Rate equation model for H

The populations of the 1s, 2s, and 4p states of H are
calculated by using rate equations that take into accoun
duced transition, spontaneous emission, and photoioniza
processes of H. For the laser intensity at 486 nm used in
present experiment, complete saturation is expected for
excitation from 2s to 4p. This is supported by the fact tha
the frequency of induced transition between 2s and 4p is
evaluated to be much~approximately 103 times! higher than
those of spontaneous emission and photoionization from
4p state. Hence we can assume that the population distr
tion between the 2s and 4p states is equilibrated

N2s /g2s5N4p/94p , ~1!

whereNi represents the reduced population of thei th state,
which is normalized by the ground-state H atom dens
without the laser irradiation,nH , such thatNi5ni /nH . The

FIG. 2. Transitions considered in the rate equation model for Xe.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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statistical weight of thei th state is denoted bygi . The popu-
lation of the 4p state is evaluated by solving rate equatio
which include two-photon absorption and stimulated em
sion between 1s and 2s, photoionization from 2s and 4p,
and spontaneous emission from 4p:

dN1s

dt
52

aHI L
2

hnL
N1s1

g1s

g2s

aHI L
2

hnL
N2s1A4p21sN4p , ~2!

d~N2s1N4p!

dt
5

aHI L
2

hnL
N1s2S g1s

g2s

aHI L
2

hnL
1

spi
2sI L

hnL
DN2s

2S spi
4pI L

hnL
1 (

i 51s,3s,3d
A4p2 i DN4p , ~3!

wherehnL (J) andI L (W/m2) are the photon energy and th
laser intensity at 243 nm, respectively,spi

i (m2) is the cross
section for photoionization from thei th state at 243 nm
aH (m4/W) denotes the coefficient for two-photon absorpti
and stimulated emission between 1s and 2s, andA4p2 i (s21)
is the transition probability from the 4p to i th states. The
collisional transition from the 2s to 2p states by electron
impact is ignored since its collision frequency is mu
smaller than that of photoionization from 2s. Photoioniza-
tion by the laser beam at 486 nm is also ignored becaus
the weak laser intensity. Equations~1!–~3! are solved for an
initial condition ofN1s(0)51, N2s(0)50, andN4p(0)50 to
evaluate the temporal variation ofN4p . A rectangular shape
with a duration of 3.6 ns was assumed for the temporal va
tion of I L . Various constants contained in the rate equati
are found in the literature14–16 as summarized in Table I.

C. Rate equation model for Xe

The populations of the 5p6 1S0 , 6p@1/2#0 , and 6s@3/2#1
o

states are calculated by considering two-photon absorp
and stimulated emission between 5p6 1S0 and 6p@1/2#0 ,
photoionization from 6p@1/2#0 , and spontaneous emission
from 6p@1/2#0 and 6s@3/2#1

o. The rate equations are given b

dN5p

dt
52

aXeI L
2

hnL
N5p1

g5p

g6p

aXeI L
2

hnL
N6p1A6s25pN6s ,

~4!

dN6p

dt
5

aXeI L
2

hnL
N5p2S g5p

g6p

aXeI L
2

hnL
1

spi
6pI L

hnL

1A6p26sDN6p , ~5!

TABLE I. Various parameters used in the rate equation model for H.

Quantities Values Units References

aH 1.13310235 m4/W 12
spi

2s 6.13310222 m2 13

spi
4p 3.89310223 m2 13

A4p21s 6.823107 s21 14
A4p22s 9.673106 s21 14
A4p23s 3.073106 s21 14
A4p23d 3.483105 s21 14

(
i51s,2s,3s,3d

A4p2 i

8.093107 s21 14
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dN6s

dt
5A6p26sN6p2A6s25pN6s , ~6!

where similar symbols to those in Eqs.~2! and~3! are used.
The normalized population of thei th state of Xe is defined
by Ni5ni /nXe with nXe being the density of Xe gas dete
mined from the pressure. Various constants used in Eqs.~4!–
~6! are summarized in Table II.17–19

In the absolute density calibration of O atom dens
carried out by Goehlichet al.,10 the pump laser intensity wa
so weak that photoionization processes are negligible and
intensity of fluorescence emission was proportional toI L

2.
However, the weak pump laser intensity results in the l
sensitivity of the measurement. In the present work, we u
strong pump laser intensity to realize a sensitive detec
limit, so that we considered photoionization processes in
rate equations.

D. Method of calibration

The intensities of fluorescence emissions from H a
Xe, I H andI Xe , are proportional to the populations of the 4p
and 6p@1/2#0 states, respectively. With a constantgl repre-
senting the sensitivity of the detection system at a wa
length of l, I H and I Xe are given by I H(t)
5g486AHNH* (t)nH and I Xe(t)5g828AXeNXe* (t)nXe , where
simplified notationsAH5A4p22s , AXe5A6p26s , NH* 5N4p ,
and NXe* 5N6p are used. Although the emission intensiti
have rapid temporal variations, their time integra
*0

`I H(t)dt and *0
`I Xe(t)dt are measured by using a boxc

integrator in the experiment. Therefore, we obtain

nH5
g828

g486
•

AXe

AH
•

*0
`NXe* ~ t !dt

*0
`NH* ~ t !dt

•

*0
`I H~ t !dt

*0
`I Xe~ t !dt

•nXe . ~7!

The absolute H atom density is evaluated from the emiss
intensity ratio *0

`I Xe(t)dt/*0
`I H(t)dt obtained experimen-

tally and the population ratio*0
`NXe* (t)dt/*0

`NH* (t)dt deter-
mined by the rate equation analysis. The value ofg828/g486

is measured experimentally using a tungsten standard la

IV. EXPERIMENT

The present measurement method was examined in h
density hydrogen plasmas produced by helicon-wave
charges. The experimental apparatus is schematically sh
in Fig. 3. The vacuum chamber was installed in a unifo
magnetic field of 1 kG along the cylindrical axis of th
vacuum chamber. It was composed of stainless-steel rec
gular chambers~observation chambers! of 20320310 cm
and a Pyrex glass tube of 9 cm diameter. A quartz glass t
~discharge tube! of 3 cm diameter was attached to one of t
observation chambers. A helical antenna was wound aro

TABLE II. Various parameters used in the rate equation model for Xe.

Quantities Values Units References

aXe 3.40310235 m4/W 15
api

6p 4.30310222 m2 15
A6p26s 3.333107 s21 16
A6s25p 2.813108 s21 17
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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the discharge tube. Helicon-wave discharges were obta
by applying a rf power at 13.56 MHz to the helical antenn
The operating gas was pure H2 at a flow rate of 10 ccm.
Plasmas were produced in a pulsed mode with a repet
frequency of 10 Hz and a discharge duration of 10 ms
high-density plasma column with a diameter of 3 cm w
localized around the center of the vacuum chamber since
plasma was confined radially by the external magnetic fie

An optical parametric oscillator~OPO! ~Spectra Physics
MOPO-SLX! pumped by the third harmonic of a Nd:YAG
laser ~Spectra Physics GCR-230-HB! was used as the ligh
source in the LIF measurement. The optical configuration
OPO was remodeled as shown in Fig. 4~a! in order to super-
pose the laser beam at 486 nm on the laser beam at 243
The energies of the laser radiations at 243 and 486 nm w
approximately 3 mJ and 30mJ, respectively. The linewidth
of the laser pulses was approximately 0.2 cm21. Considering
the Doppler broadening of the transitions, both the exc
tions of 1s→2s and 2s→4p can be obtained by the lase
pulses. The removal of a Pellin Broca prism is anoth
method to superpose two laser beams. However, since
excitation from the 2s to 4p states is easily saturated fo
weak laser radiation, intense laser radiation at 486 nm d
not contribute to the increase in the LIF emission intens
Since the intense laser radiation at 486 nm resulted in str
stray light, we chose the optical configuration shown in F
4~a!. Figure 4~b! shows the wave forms of the laser pulses
243 and 486 nm. As shown in the figure, the pulse dura
~full width half maximum! of the laser pulses were 3.6 an
6.5 ns for 243 and 486 nm, respectively. Since the sec

FIG. 3. Schematic of the experimental apparatus.
Downloaded 19 Oct 2006 to 133.6.32.11. Redistribution subject to AIP
ed
.

n

s
he
.

f

m.
re

-

r
he

es
.

ng
.
t
n

d

harmonic~243 nm! had a longer path length than the fund
mental radiation~486 nm!, the arrival time of the laser puls
at 243 nm was slightly delayed from that at 486 nm. Ho
ever, such a small delay was not a problem for the two-s
excitation.

The OPO laser beams were focused into the plasm
the observation chamber of the upstream side throug
quartz glass window. The focal length of the quartz lens w
40 cm. A beam dump was installed at the port of the oppo
side to eliminate stray light. The distance between the la
beam and the end of the helical antenna was approxima
10 cm. The LIF emission was detected through an upper
using a monochromator and a photomultiplier tube. T
width of the entrance slit of the monochromator was 1 m
which corresponded to the spatial resolution of the meas
ment. The signal was averaged using a boxcar integrator
was recorded with a computer. The gate width of the box
integrator was 100 ns, which was much longer than the l
times of the excited states. In the present LIF scheme, b
the laser radiations at 243 and 486 nm are the source of s
light, since the radiation at 243 nm goes into the photom
tiplier tube via the second-order diffraction in the monoch
mator. In order to reduce the stray light at 243 nm, a Py
glass plate was used for the window of the upper port.
addition, another Pyrex glass plate was placed in front of
entrance slit of the monochromator. The tilting mirror a
the lens for the incident laser beam were movable, in orde
measure the spatial~radial! distribution of the H atom den-
sity along the path of the OPO laser beams. The scan of

FIG. 4. Arrangement of the optical parametric oscillator~a! and the wave
forms of laser pulses at wavelengths of 243 and 486 nm.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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tilting mirror was synchronized with the movement of th
lens such that the observation position of the fluoresce
emission coincided with the focus of the laser beam at
nm.

V. RESULTS AND DISCUSSION

A. Validity of the rate equation analysis

The intensity of the LIF emission was measured in
gas at a pressure of 7 mTorr as a function of the laser ene
The relation between the laser and LIF intensities is sho
in Fig. 5~a!, together with*0

`NXe* (t)dt calculated from Eqs.
~4!–~6!. The saturation of*0

`NXe* (t)dt for the laser intensity
higher than 23108 W/cm2 is due to significant photoioniza
tion from the 6p@1/2#0 state. In this experiment, the focus
the laser beam at 249.6 nm was located at the center o
vacuum chamber, and the observation position was 2
away from the focus. We determined the intensity of t
laser beam at the observation position by fitting the exp
mental curve to the calculated one. From the agreement
tween the experimental and calculated curves, the diam
of the laser beam at the observation position was evalu
to be 0.57 mm. By repeating the same measurements a
ferent observation positions, we roughly estimated the dis
bution of the spot size of the laser beam as a function of
distance from the focus. As a result, the diameter of the la
beam at the focus was evaluated to be 0.35 mm.

FIG. 5. Comparison between experimental results and rate equation an
for Xe: ~a! relation between the pump laser and LIF intensities,~b! LIF
emission density as a function of the position along the path of the p
laser beam.
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Figure 5~b! shows the distribution of the LIF emissio
density along the path of the laser beam, when the focus
fixed at the center of the vacuum chamber. The distribut
of *0

`NXe* (t)dt obtained by the rate equation analysis
shown by the solid curve. The distribution of the pump las
intensity used in the rate equation analysis was calcula
from the distribution of the spot size, which was estimat
experimentally as described above. The LIF emission den
was defined by the LIF intensity divided by the excitatio
volume. The excitation volume was calculated from the d
tribution of the spot size. As shown in Fig. 5~b!, reasonable
agreement between the experimental results and rate e
tion analysis was obtained, supporting the validity of the r
equation model for Xe@Eqs. ~4!–~6!# used in the presen
work. The dip at the focus (r 50 cm) is due to the significan
photoionization from the 6p@1/2#0 state.

The relation between the laser and LIF intensities is a
examined in an H2 plasma at an rf power of 0.5 kW and
pressure of 30 mTorr. Figure 6~a! shows the experimenta
relation between the laser and LIF intensities, together w
*0

`NXe* (t)dt calculated from Eqs.~1!–~3!. The laser intensity
was evaluated from the distribution of the spot size wh
was estimated by LIF experiments in Xe. As shown in F
6~a!, the experimental results agreed well with the rate eq
tion analysis. Figure 6~b! shows the distribution of the LIF
emission density along the path of the laser beam, when
focus was fixed at the center of the vacuum chamber. As
be described below, the radial distribution of the H ato
density was uniform for an rf power of 500 W and an H2

pressure of 30 mTorr. The distribution of*0
`NXe* (t)dt ob-

sis

p

FIG. 6. Similar plots to those shown in Fig. 4 for the case of H.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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tained by the rate equation analysis is shown by the s
curve, where the pump laser intensity and the excitation v
ume were calculated from the distribution of the spot s
estimated by LIF experiments in Xe. As shown in Fig. 6~b!,
the spatial distribution of the LIF emission density was a
consistent with the rate equation analysis. Therefore, i
expected that the excitation and emission processes in H
be analyzed by Eqs.~1!–~3!.

Figure 7 shows the relationship between the laser in
sity and the ratio of*0

`NXe* (t)dt/*0
`NXe* (t)dt calculated by

the rate equation analysis. From the laser intensity dep
dences of*0

`NXe* (t)dt and *0
`NXe* (t)dt shown in Figs. 5~a!

and 6~a!, the ratio becomes a decreasing function of the la
intensity. One can evaluate the absolute H atom density f
Eq. ~7! by using the value of*0

`NXe* (t)dt/*0
`NXe* (t)dt at the

laser intensity used in the experiment.

B. Absolute H atom density

As has been described above, the results of the
equation analysis were fairly consistent with the experim
tal results, indicating the validity of the rate equation mod
for the excitation and emission processes in H and Xe.
the basis of the agreement between the experimental re
and the rate equation analysis, we evaluated the absolu
atom density in plasmas using Eq.~7!. Figure 8 shows the

FIG. 7. Relationship between the laser intensity and the ratio
*0

`NXe* (t)dt/*0
`NH* (t)dt calculated by the rate equation model.

FIG. 8. Absolute H atom density at the center of the plasma columnr
50 cm) and at a position 8 cm away from the center of the plasma col
(r 528 cm) as a function of the rf power.
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absolute H atom density in H2 plasmas produced at an H2

pressure of 30 mTorr. The H atom densities at two differ
radial positions are plotted. The positionr 50 cm corre-
sponds to the center of the plasma column, while the posi
r 528 cm is located 8 cm away from the center of t
plasma column. The maximum H atom density of;4
31014cm23 was observed for a rf power of 3 kW atr 5
28 cm. Since the pressure of 30 mTorr corresponds to
H2 density of 131015cm23 before the discharge, the max
mum H atom density of;431014cm23 means that approxi-
mately 20% of the feedstock H2 dissociated into H atoms. In
addition, it can be seen from Fig. 8 that the H atom density
the outside region was higher than that at the center of
plasma column for rf powers higher than 1 kW.

Figure 9 shows spatial~radial! distributions of the H
atom density for rf powers of 0.5, 1.0, and 2.5 kW. The g
pressure was 30 mTorr. The spatial distribution was obtai
by changing the focus of the laser beam and the observa
position of the LIF emission synchronously. In the plasm
source used in the present experiment, the plasma col
with a diameter of 3 cm was confined radially by the exter
magnetic field. The shaded region in Fig. 9 represents
location of the plasma column. For a low rf power of 0
kW, the radial distribution of the H atom density wa
roughly uniform, suggesting that the surface loss probabi
of H is rather small~the chamber walls are located atr 5
610 cm!. For an rf power of 1 kW, the H atom density in th
plasma column was slightly lower than that in the outs
region. For a high rf power of 2.5 kW, a steep gradient w
observed at the edge of the plasma column (r 521.5 cm),
resulting in the hollow-shaped radial distribution of the
atom density. A possibility for explaining the hollow-shape
density distribution is the distribution of the H atom tempe
ture. However, detailed mechanisms of the hollow-sha
density distribution have not been fully understood yet. F
ther discussion on the reaction kinetics and transport p
nomena in the high-density H2 plasma is given in a separat
paper.20

C. Detection limit and the measurement error

The lowest H atom density which can be measured
the present LIF system was approximately 131012cm23.

f

n

FIG. 9. Radial distribution of the absolute H atom density for rf powers
0.5, 1.0, and 2.5 kW.
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This detection limit is much better than the detection limit
the system developed by Gathenet al.11 The better detection
limit was probably obtained by the strong pump laser int
sity and the weak stray light. If we replace the detect
system with an improved one such as a photon coun
system, a very sensitive detection limit could be obtained
reactive plasmas used for material processing, densitie
major radicals are higher than 1012cm23. Accordingly, the
sensitivity of the present LIF system is high enough to di
nose reactive plasmas used for material processing.

According to Eq.~7!, the error in the absolute H atom
density evaluated by the present method is estimated by

uDnHu
nH

5H S uDg r u
g r

D 2

1S uDAr u
Ar

D 2

1S uDNr u
Nr

D 2

1S uDI r u
I r

D 2

1S uDnXeu
nXe

D 2J 1/2

, ~8!

where g r5g828/g486, Ar5AXe /AH , Nr

5*0
`NXe* (t)dt/*0

`NH* (t)dt, I r5*0
`I H(t)dt/*0

`I Xe(t)dt, and
the ambiguity in the quantityX is denoted byDX. The sen-
sitivity of the detection system at 486 and 828 nm is ca
brated using a tungsten standard lamp, and the error is
mated to beuDg r u/g r.0.2. The absolute Xe pressure
measured using a capacitance manometer. The accura
the absolute Xe pressure depends on the accuracy an
place of the capacitance manometer, and the error is
mated to beuDnXeu/nXe.0.1. The error in the transition
probability is negligibly small in comparison with the erro
contained in the other quantities. The ambiguity in the int
sity ratio of the LIF emissions from H and Xe is estimat
from the run-to-run reproducibility of the signals, and is e
timated to beuDI r u/I r.0.2. The evaluation ofuDNr u/Nr is
difficult since the ambiguities of various parameters used
the rate equations are unknown. However, the close ag
ment between the experimental results and the rate equ
analysis shown in Figs. 5 and 6 suggest a small error inNr .
Here we estimateuDNr u/Nr.0.6 for the ambiguity in the
rate equation analysis. By substituting the above values
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Eq. ~8!, the ambiguity in the absolute H atom density det
mined by the present method is expected to be less
70%. This measurement error may be small enough to inv
tigate reaction kinetics of H atoms in reactive plasmas.
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