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Abstract

Ž2 .The 183.038 nm resonance absorption transition of I P has been studied using a flash photolysis set-up for3�2
gas-phase chemistry and a radio frequency powered electrodeless discharge lamp filled with iodine. The dependence
of self-absorption and self-reversal on iodine partial pressure in the discharge volume was measured. The optimum
iodine partial pressure, with self-absorption minimized and acceptable intensity, is determined to be approximately
2.5�10�3 mbar. A method is described to estimate the temperature of the emitting atoms using direct measure-
ments of relative absorption at different absorber concentrations. This yields an emission temperature of 923�50 K.

Ž2 .Using this temperature, the oscillator strength for the I P transition at 183.038 nm is determined to be3�2
Ž . �3 Ž .f� 3.87�0.57 �10 , corresponding to an absorption cross-section at the center of the line of �� 5.42�0.8 �

10�14 cm2 atom�1 This shows a difference from one of two earlier measurements, but is close to the other. The.
remaining difference from the latter measurement is probably due to tendencies of opposite biases inherent to the
experiments. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Laboratory studies of the gas phase chemistry
of iodine and ozone, performed to improve our
understanding of the chemistry of iodine oxides in
the Earth’s atmosphere, have recently been pub-

Ž � � .lished see 1�6 , and references therein . How-
ever, none of these studies experimentally

Ž2 .observed the formation and decay of I P and3�2
Ž2 .I P to estimate their contribution to the tem-1�2

poral behavior of IO or OIO. Earlier studies
� �performed in this laboratory 5 clearly indicated

the significance of an accurate knowledge of the
varying content of free iodine atoms in studies of
chemical kinetics and quantitative spectroscopy of
iodine monoxide, IO, and iodine dioxide, OIO,
radicals.

Ž .Electrodeless discharge lamps EDL are well
known as intense sources of a variety of atomic

� �emissions in the ultraviolet spectral region 7,8 .
Recently, the development and first study of an
inexpensive and convenient EDL iodine line

Ž .source, powered by radio frequency RF , were
� �reported 8 . In the present study a flash photoly-

sis set-up designed for the investigation of gas
phase chemistry of iodine oxides was combined
with a resonance absorption set-up using the
newly developed iodine EDL. The operating con-
ditions of the EDL have been optimized and the
relevant oscillator strength has been determined
for the purpose of later using an EDL for quanti-
tative spectroscopy of iodine atoms and their re-
actions.

A crucial factor in the determination of the
emission line profile of the EDL is the tempera-
ture of the emitting discharge volume, yet in
general, this quantity is not directly accessible. An
indirect method has been developed using the
mathematical concept of relative absorption of
emission and absorption lines of different line
widths. These lines are assumed to have Doppler
line shape. The source temperature can be in-
ferred from different relative absorptions mea-
sured with an EDL at various absorber concen-
trations. This knowledge is then used to estimate
the oscillator strength for the atomic transition
� Ž2 . �I P at 183.038 nm .3�2

2. Experimental

A schematic diagram of the apparatus is shown
in Fig. 1. It comprises a reaction vessel, flash
photolysis system, UV-visible grating spectrome-

Ž .ter and a charge-coupled device CCD camera as
detection system. The reaction vessel consists of a
double-jacketed quartz tube and is temperature-
stabilized by a flow of ethanol from a ther-
mostatic bath. The optical windows at the front
and back end of the vessel are made from fused
silica and are double-walled and evacuated for
thermal insulation. A 250-W tungsten lamp was
used for absorption spectroscopy of I between2
350 and 650 nm. After having traversed the vessel

Žtwice flip mirror 1 in place and flip mirror 2
.flipped aside, see Fig. 1 , the analysis light was

focussed onto the entrance slit of a Czerny�
Turner spectrometer, operated alternatively with

�1 Ža 150-groove mm grating blazed at 300 nm for
. �1tungsten lamp or a 1200-grooves mm holo-

Žgraphic grating for resonance absorption with
.iodine EDL, see below . The spectra were

Ž .recorded by a CCD camera Roper Scientific
Ž .with a 1024�1024 silicon detector chip SiTE .

The CCD can be operated either statically,
recording individual spectra at pre-set times, or
time-resol�ed, recording sequences of spectra at
set intervals. The minimum time between consec-
utive spectra in time-resolved mode is 20 �s. The
photolysis flash system contains two xenon flash
tubes with a maximum output of 160 J per flash
each. The energy of the flash can be varied by
placing optical filters between the tube and the
vessel, or by varying the charging voltage of the
flash system. In these experiments, the typical
flash energy was approximately 80 J.

Iodine atoms were produced in the reaction
vessel by photolysis of mixtures of N and I at2 2
approximately 17 mbar. The number of iodine
atoms produced by each photolysis flash was de-
termined by time-resolved measurement of the
loss of I by absorption spectroscopy. For these2
measurements, the I absorption spectrum2
between 350 and 650 nm was observed using the
150-groove mm�1 grating and the tungsten lamp.
The spectral resolution in this configuration was
approximately 0.8 nm, measured as the full width
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Fig. 1. Schematic diagram of the apparatus of the combined flash photolysis and resonance absorption set-up.

Ž .at half-maximum value FWHM . Since a large
section of the I spectrum was recorded in these2

Žmeasurements in contrast to the monochromatic
measurements usually recorded by photomulti-

.plier systems , baseline effects of the lamp could
be minimized. Furthermore, a good signal-to-noise
ratio for the time-resolved signal was achieved by
numerical integration over parts of the observed
I absorption spectrum.2

An RF-powered EDL and generator as de-
� �scribed in 8 were used instead of the tungsten

Žlamp for the resonance absorption set-up flip
mirror 2 in place and mirror 1 flipped aside, see

.Fig. 1 . The atomic emission line of iodine at
183.038 nm has been the main focus of this study.
Further emission lines are at 178.276, 179.909,
184.445, 187.641 and 206.163 nm. The last three
of these were also readily observed, while the
lines at 178.276 and 179.909 nm could only be
observed with difficulty. The light of the EDL was
passed through the reaction vessel once and then
focussed into the spectrometer. It was analyzed
using the 1200-grooves mm�1 holographic grat-
ing. With this grating, the dispersion of the spec-
trometer was sufficient so that the lines under
study were well separated, even with the entrance

slit opened up to 0.5 mm. Thereby, throughput of
the spectrometer was optimized to compensate
for loss of light of the optical system due to
absorption, especially in the far-UV and vacuum

Ž .UV VUV . The line shape itself was not resolved
in this setting and only spectrally integrated in-
tensities could be measured:

Ž . Ž .I� � � d� 1H
line

Ž .where � � is normalized to the integral line
intensity I and describes the distribution of inten-
sity over the line profile as a function of fre-

Žquency �. With the given grating 1200 grooves
�1 .mm and the entrance slit set to 0.5 mm, the

signal of the individual lines as recorded by the
CCD chip was dominated by the instrument’s
spectral response function, with a FWHM of ap-

Ž .proximately 21.5 pixels �0.5 mm on chip . The
signals recorded by individual pixels were binned

Ž . Žin hardware on chip and software post process-
.ing in order to improve the signal�noise ratio.

Fig. 2 shows three typical recordings of intensity
vs. time recorded at 183.038 nm at 0.5 ms per
data point. The three traces were measured at

� �three different concentrations of I . The con-2
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Fig. 2. Three time-resolved intensity measurements at 183.038 nm are shown. They were recorded at three different concentrations
� � � �of I with correspondingly different concentrations of I under otherwise constant conditions. The time scale of the fast2

Ž2 . Ž2 . Ž2 . Ž2 .quenching of I P �M�I P �M and that of the recombination of I P �I P �I �M are indicated. The1�2 3�2 3�2 3�2 2
intensity I which was used to calculate both relative absorption and effecti�e absorbance was calculated as an average over a
suitable time interval in between. Similarly, the reference intensity I was determined using the time interval before the flash.0

� �centrations of I as released by photolysis differ
correspondingly. To record far-UV and VUV sig-
nals below 240 nm, the entire optical system was
enclosed and purged with N to suppress absorp-2
tion by O . Absorption signals at 183.038 nm, as2
well as at 206.163 nm, during photolysis were

Ž .recorded in time-resolved mode Fig. 2 . The in-
Žtensity observed before no iodine atoms �

. Žmeasured intensity I and after the flash iodine0
.atoms from photolysis�measured intensity I

provided the data for calculating absorbance A�
Ž . Ž .ln I �I or relative absorption Q� I �I �I0 0 0

� Ž .�� 1 � exp �A . The experiments were per-
formed in flow mode. A stable flow of I in N2 2
was produced by passing a flow of N through a2

Ž .thermostated glass vessel T�273.15 K contain-
ing I . This flow could be diluted by an additional2
flow of pure N . Flows were controlled using2

Žcalibrated mass-flow controllers MKS Instru-
.ments . Pressure in the vessels was measured with

Žcalibrated capacitance manometers MKS Instru-
.ments . The I , resublimed p.a., was obtained2

from ACROS Organics, CAS No 7553-56-2. The
ŽN was obtained from Messer-Griesheim grade2

.4.8 .

The design of the EDL has a side arm of 6 cm
in length, which is well separated from the dis-

Ž .charge region Fig. 3 . This side arm can be
temperature-stabilized at different temperatures
Ž � � .see 7,8 for more details , enabling the vapor
pressure of iodine in the lamp and discharge
volume to be precisely controlled. This enables
the dependence of self-absorption and self-rever-
sal on partial pressure of iodine in the discharge
volume to be studied.

3. Methods and results

3.1. Optimal operating conditions: minimizing self-
absorption

The phenomena of self-absorption and self-
reversal in atomic line sources result from the
simultaneous presence of emitting atoms and
lower-state atoms capable of absorption within
the discharge volume of the lamp. Lower-state
atoms, which are outside the plasma but still
within the lamp volume, have a lower tempera-
ture than the emitting atoms within the plasma.
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Fig. 3. The EDL consists of a discharge volume of approxi-
mately 18 mm in outer diameter and 35 mm in length. The
discharge volume is connected to a side arm of approximately
6 cm in length, which is located in a thermostated block of
copper. By thermostating the side arm of the lamp volume,
the vapor pressure of iodine inside the lamp can be controlled.

Therefore, their absorption line profile is nar-
rower than the emission line profile from the
plasma and a self-absorbed, or even self-reversed
line, results. The spatial distribution and relative
concentrations of emitting and absorbing atoms
critically depend on the partial pressure of the

Ž .element here iodine within the discharge
volume: The higher the partial pressure of the
element is, the more lower-state atoms exist out-
side the emitting plasma. A more self-absorbed,
or even self-reversed line, is the result. Revalde

� �and Skudra 7 examined mercury line shapes as
emitted by mercury EDL using a Fabry�Perot
interferometer, a comparable type of RF genera-
tor, and the same lamp construction that is used
for the iodine lamps in this study. They showed
that within certain limits, self-absorption can be
reduced by the use of higher-power RF fields,
whereby lower-state atoms are transferred into
higher-level states. A more efficient method of
controlling self-absorption and self-reversal is
provided by regulating the partial pressure of
iodine in the lamp via the side-arm temperature
� � � �7,8 . The studies of Revalde and Skudra 7 de-
monstrated that self-re�ersal becomes less critical
at partial pressures below 10�2 mbar, i.e. for I2
at approximately 263 K. Therefore, in our studies
the side-arm temperature was varied between ca.

243 and 268 K, corresponding to iodine vapor
pressures of the order of 10�3 �10�2 mbar.

In our study, only the integrated signal of the
iodine emission line was measured, as defined by

Ž .Eq. 1 . Therefore, an indirect method for esti-
mating self-absorption and self-reversal was used.
The relationship of Beer�Lambert applies to the
absorption of monochromatic radiation, i.e.:

Ž .I �0Ž . Ž . Ž .A � � ln �� � �N �L 2ž /Ž .I �

Ž .where � � is the absorption cross-section of the
absorber at frequency �, N is the absorber con-

Ž .centration molecules per volume and L is the
Ž .optical path length within the absorbing gas. I �

Ž .and I � are the intensities at frequency � mea-0
sured with absorber and without absorber in the

Ž .vessel, respectively. A � denotes the Beer�Lam-
bert absorbance at frequency �. The relationship
of Beer�Lambert does not apply to the case of

Ž .integrated signals I and I according to Eq. 1 .0
However, under certain conditions a proportional
relationship between absorber concentration N
and an effecti�e absorbance A , formally calcu-eff
lated according to:

I0 Ž .A � ln 	N 3eff ž /I

can be used and has to be empirically calibrated
Ž .calibration curve . Here I and I are the integral0

Ž .intensities measured according to Eq. 1 . Fur-
thermore, if self-absorption occurs in the lamp,
the situation is further complicated. The calibra-
tion curve relating the effective absorbance Aeff
to the absorber concentration N then deviates
from straight proportionality, displaying an in-
creasingly reduced signal at higher absorber con-

� �centrations. In this case, it can be shown 9 that
deviation from proportionality gets increasingly
stronger with increasing self-absorption of the
emission line under otherwise constant condi-
tions.

Consequently, for decreasing side-arm temper-
atures, and therefore decreasing self-absorption
under otherwise constant conditions, the effective

Ž .absorbance calculated according to Eq. 3 should
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approach the optimal estimate for a self-absorp-
tion-free measurement. Therefore, the concept
for assessing self-reversal was:

1. Photolysis of I in N to produce constant2 2
Ž2 . Ž2 .amounts of I P and I P in the reac-3�2 1�2

tion vessel.
2. Measurement of the resulting effective absor-

Ž .bance A � ln I �I as a function of side-eff 0
arm temperature, i.e. by varying the extent of
self-absorption and self-reversal.

In this chemical system, the photolysis of I2
Ž2 .produces iodine atoms in ground P and3�2

Ž2 .metastable P states:1�2

2 2
I �h����I P ���I PŽ .2 3�2 1�2ž /
with ����2 and h� designating the pho-
tolysing photon. The branching ratio defined by �
and � depends on the spectrum of the photolysis
flash, as well as on the internal energy of the I2

� � Ž .molecule 10 . It can be shown see below that
knowledge of � and � is not necessary for our
studies. In our experiments, the excited

Ž2 .metastable iodine atoms I P observed at1�2
206.163 nm were most rapidly quenched by colli-

Ž � �.sions compare also 8 . The time scale of this
collisional quenching depended on the mixture
and was of the order of a few up to 100 �s. On
the other hand, the recombination reaction

2 2
I P �I P �M�I �Mž /3�2 1�2 2ž /
with a rate coefficient k of the order of

�32 �29 3 �1 �1 � �10 �10 cm s atom 11 is slow and
takes place on a time scale of several 100 ms. Fig.
2 illustrates the different time scales of these two

Ž2 .effects. The quenching of iodine P was al-1�2
ready completed on the intermediate time scale
of our experiments, while the recombination reac-
tion has not yet changed the concentration of

Ž2 .iodine P significantly. Hence, both effects3�2
were negligible. I was determined by averaging0
the values measured before the flash, while I was

calculated as an average over a suitable time
interval after the flash and before recombination
started to be significant.

For each temperature setting, the effective ab-
sorbance at 183.038 nm following the photolysis

Ž2 .of I and the formation of I P was measured2 3�2
in time-resolved mode and averaged over at least
20 consecutive flashes under otherwise identical

Ž2 .conditions. The concentration of I P pro-3�2
duced by the flash was determined from
knowledge of the photolysis rate of I . This had2
previously been measured using the absorption of
I between 350 and 650 nm. The I concentration2 2
was stabilized to within �3% and the flash en-
ergy was held constant during these experiments.

Ž2 .The yield of I P per flash from I could3�2 2
therefore be assumed to be constant within these
error limits.

Fig. 4a,b displays six plots of effective absor-
bance vs. side-arm temperature as measured at
six different absorber concentrations. The six
traces are shown three at a time, and in the case
of Fig. 4b, the lower two curves are translated
vertically by �0.25 and �0.45, respectively, for
clarity. The data clearly displays the behavior
expected. The effective absorbance approaches a
limiting maximum value at the lowest side-arm
temperatures, indicating that the optimum oper-
ating conditions with minimum self-absorption
have been reached. A further decrease in side-arm
temperature only decreases the iodine concentra-
tion and the emission intensity of the discharge.
The minimum temperature that could be reached
with the present set-up was approximately 243 K.
At side-arm temperatures between 246 and 248
K, the effective absorbance deduced clearly levels
out, indicating that the optimum is reached. These
temperatures correspond to an iodine vapor pres-
sure of approximately 2.5�10�3 mbar. Under
these conditions, self-absorption is minimal, whilst
emission intensity is not yet significantly reduced.
The same behavior was observed for all six indi-
vidual data sets recorded at six different atomic

Žiodine concentrations in the reaction vessel rang-
11 12 �3.ing from 0.98�10 to 2.8�10 atoms cm .

Accordingly, it is assumed that self-absorption in
the light source in the following analysis can be
neglected.
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Ž . Ž . Ž � �.Fig. 4. a, b The effective absorbance A � ln I �I for six different absorber concentrations iodine atoms I determined as aeff 0
Ž .function of side-arm temperature under otherwise constant conditions. For clarity, the six traces are shown three at a time. In b ,

the lower two curves are translated vertically by �0.25 and �0.45, respectively, for clarity.

3.2. Determination of emission temperature in the
EDL

From each of the six data sets mentioned above,
only the intensities measured under minimal

Žself-absorption conditions the ‘low-temperature
.limits’ were used for further analysis, and in the

next step, line profiles of emission and absorption
were taken into account.

Ž .At room temperature �300 K , the gas mix-
ture in the lamp has a pressure of approximately

3 mbar, which corresponds to a concentration of
ca. 7.25�1016 molecules cm�3. The temperature
of the plasma is most likely between 700 and 1400
K when the lamp is in operation. Under such

Žconditions, the Lorentz line width is 0.0006 at
. �1 Ž .700 K �0.0009 cm at 1400 K , due to pressure

broadening in the lamp, whereas the Doppler line
width under the same conditions is more than two

Žorders of magnitude larger approx. 0.09�0.13
�1 .cm at 700�1400 K .

The pressure in the reaction vessel was main-
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tained at approximately 17 mbar, corresponding
to a concentration of 4.11�1017 molecules cm�3,
which is approximately six-fold greater than the
concentration in the lamp. The temperature was
maintained at room temperature of 293 K. Even
though the temperature in the vessel was signifi-
cantly lower than the temperature in the lamp,
the higher concentration led to a larger Lorentz

�1 Ž .line width of 0.0024 cm 293 K in the vessel.
Yet again, as in the lamp, the corresponding
Doppler line width was more than one order of

Ž �1 .magnitude greater 0.06 cm at 293 K . There-
fore, both the emission and absorption line pro-
files were clearly Doppler-dominated.

However, the Doppler width of the emission
line in the EDL was greater than that of the
absorption line by a factor of approximately 1.5�2.
Therefore, it is expected that the absorbance val-

Ž .ues calculated according to A � ln I �I andeff 0

plotted vs. iodine concentration N in the reaction
vessel do not follow the proportional relationship

Ž .postulated in Eq. 3 , despite the fact that self-ab-
sorption is already minimized and assumed to be
negligible.

The data plotted in Fig. 5 clearly display this
expected behavior. The effective absorbance de-
duced shows increasingly reduced values for
higher concentrations and clearly deviates from
proportional behavior. The values are not propor-
tional to the absorber concentration N in the
vessel. In view of finally deducing the oscillator
strength and in order to understand and analyze
this behavior quantitatively, the concept of rela-

Ž .tive absorption Q� I �I �I , rather than ab-0 0
Ž .sorbance A� ln I �I , will be used in the fol-0

lowing. These quantities are related according to
Ž .Q�1�exp �A . Relative absorption Q can be

expressed in terms of Doppler profiles of emis-
� � �sion and absorption lines see 12 for a detailed

Ž . Ž . Ž . Ž .4derivation of Eqs. 4 , 5a , 5b and 6 :

where

2���0Ž . Ž .� � �� �exp �4 � ln2 � 5a0 0 ž /ž /	�D,em

represents the emission Doppler profile of maxi-
mum intensity � , of width 	� and centered0 D,em
at � ,0

2���0Ž . Ž .k � �k �exp �4 � ln2 � 5b0 ž /ž /	�D,abs

represents the absorption Doppler profile of max-
imum absorption k at the line center � and of0 0

Ž .width 	� , and where L in Eq. 4 is theD,abs
optical path length in the absorbing medium.

� Ž .The variable � is introduced see Eqs. 6 and
Ž .�8 to express the dependence of Q on emission
and absorber temperature. It is defined as the
ratio of the Doppler width in emission to that in
absorption, and can be expressed in terms of the
two absolute temperatures:

	� TD,em em Ž .�� � 6(	� TD,abs abs

This notation is used in listing the ‘low-temper-
ature limits’ from the six data sets expressed in

Ž .terms of relative absorption Q � in Table 1,
along with the corresponding absorber concentra-
tion N.

The instrument response function, and the fact
that the line profiles are not spectrally resolved,

Ž .are taken into account in Eq. 4 by integrating
Ž .over the line profiles according to Eq. 1 . Note

that the intensity I measured with absorbing
atoms in the vessel is expressed in terms of the
incident emission-line profile. This is multiplied
by a Beer�Lambert factor, which is modulated by

Ž . Ž . Ž Ž . .� � d�� � � �exp �k � �L d�H H0 0I �I0 line line Ž .Q� � 4I0 Ž .� � d�H 0
line
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Ž .Fig. 5. The optimal effective absorbance A � ln I �I for T�245 K plotted as a function of absorber concentration in theeff 0
reaction vessel. The straight line represents a Beer�Lambert, or at least a proportional, relationship between absorbance and
absorber concentration. The data measured display increasingly reduced values for large absorber concentrations, deviating from a
proportional behavior.

Ž .the profile of the absorbing line k � . The absor-
Ž .ber line profile according to Eq. 5b contains the

maximum value k , which is proportional to the0
absorber concentration N in the vessel:

Ž .k 	N 70

Ž . Ž . Ž .After inserting Eqs. 5a and 5b into Eq. 4 , a
relationship between the experimentally mea-

�sured integrated intensities I and I and via k0 0
Ž .�and Eq. 7 , the absorber concentration N is

Ž .defined. Using a series expansion, Eq. 4 can be
� �transformed into 12 :

I �I0Ž .Q � � I0

nn�1
 Ž . Ž .�1 � k �L0 Ž .� 8Ý 2'n!� 1�n ��n�1

If � is known, this expression can then be
Ž .solved for k using Q � and L values de-0

termined from the experiment. Yet by reversing
Ž .the argument, Eq. 8 can also be numerically

solved for k , using:0

Ž . Ž .1. The data measured for Q � � I �I �I0 0

and L for the different concentrations in the
reaction vessel; and

2. A value for � dependent on an assumed
Ž . Žtrial emission temperature the absorber

.temperature being known .

Ž .Then the proportionality postulated by Eq. 7
can be checked. If the resulting values for k are0
not proportional to the known absorber concen-
tration, then the value assumed for the emission
temperature is not correct. On the contrary, the
better the proportionality between k and N, the0
better the estimation of the emission tempera-
ture.

Table 1
Ž .Relative absorption Q � at 183.038 nm as a function of

absorber concentration N

Absorber Relative
Ž .concentration N absorption Q �

11 �3� � � �10 atoms cm dimensionless

0.98�0.1 0.2607�0.0002
2.2�0.4 0.4423�0.0004
4.6�0.4 0.6082�0.0005
9.0�0.6 0.7517�0.0004
13.8�0.6 0.8002�0.0004
28.0�1.0 0.8498�0.0005
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Ž .Fig. 6. The square of the correlation coefficient achieved for a linear fit k ���N with � as proportionality constant plotted0
against assumed emission temperature. At T�923 K, it clearly reaches a maximum, indicating that the proportionality is best, and
therefore the best estimate for the emission temperature is reached. The accuracy is conservatively estimated to be �50 K, yielding
T �923�50 K.em

This analysis was performed for various values
of the emission temperature. The degree of pro-
portionality was estimated by performing a linear

Žfit according to k ���N with � as proportional-0
.ity constant and by taking the square of the

correlation coefficient that resulted from the fit
as a measure for proportionality. For T �923�em
50 K, the best correlation was achieved with a
maximum correlation coefficient squared of
0.9983. Within the error limits of �50 K, the

Fig. 7. Maximum of the absorption profile, k , as determined from the measured integral intensities plotted vs. absorber0
concentration in the reaction vessel. Depending on the source temperature chosen in the determination of k , the data for k0 0
display a different curvature. The best estimate for the source temperature is determined by minimizing the deviation from
proportionality. In addition to the best-fit result, two other cases at different temperatures are shown to illustrate the method. The
latter are vertically translated by �0.05 and �0.05, respectively, for clarity.
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square of the correlation coefficient significantly
Ž .decreased to 0.997 see Fig. 6 . In Fig. 7, k is0

plotted vs. concentration for this optimal esti-
mate, as well as for two different values that are
assumed for emission temperature in order to
further illustrate the method.

3.3. Determination of oscillator strength

The oscillator strength f , the maximum absorp-
tion k and the concentration N are related by0

� �the following expression 13�15 :

km �c 0f� �	� �D,abs2 N'2 �� ln2 �e

Ž .in cgs Gauss units

m �c �4�� k0 0� �	� �D,abs2 N'2 �� ln2 �e

in SI units

ks 0 Ž .�40.11 �	� � 9D,abs2 Ncm

where m is the electron mass, c the velocity of
light in vacuum and � the permittivity of the0
vacuum. Introducing the proportionality coeffi-
cient � yields:

s Ž .f�40.11 �	� �� 10D,abs2cm

Ž� resulted from the best linear fit corresponding
.to the best-estimated source temperature and

� Ž .�relates k and N see Eq. 7 . The proportional-0
ity coefficient then becomes:

Ž . �14 2 �1�� 5.42�0.8 �10 cm atom

where the error limits correspond to the error
limits estimated for the emission temperature.
Therefore:

Ž . �3f� 3.87�0.57 �10

As inferred from the definition of the propor-
tionality coefficient �, and as already anticipated

by the use of the Greek letter �, the proportio-
nality coefficient represents the Beer�Lambert
absorption cross-section of atomic iodine at the
peak of the absorption profile.

4. Discussion

� �Revalde and Skudra 7 examined a mercury
EDL with a generator and lamp similar to those
used in the present study. They used a
Fabry�Perot interferometer to examine the spec-
tral shape of the emission lines. They reported
that at mercury partial pressures below 10�2

mbar, no self-reversal was detectable. In their
study, the degree of self-reversal was determined
by direct measurement of a dip at the center of
the line. Absence of a dip at the line center
indicated absence of self-reversal. However, the

Žeffect of moderate self-absorption long before
self-reversal in the form of a dip at the line center

.occurs cannot be measured by this technique.
In comparison to this, our method using the

effect of self-reversal and self-absorption on mea-
Ž . �sured effective absorbance A � ln I �I Eq.eff 0

Ž .�3 is more sensitive. This is because even a
Žslightly self-absorbed line still not self-reversed

and still without the development of a dip at the
.line center is already deformed in such a way

that the intensity in the vicinity of the line center
is reduced in comparison to the intensity of the

Ž .flanks. The absorption of a narrower colder
absorber line leads to a weaker absorption signal,
because the intensity of the non-absorbed flanks
of the emission line dominates the integrated
signal. Following this argument, the method of
examining the effect on deduced effective absor-
bance A can be used to assess self-re�ersal, aseff
well as the much smaller effect of self-absorption.
It is a more sensitive method than the direct
measurement of self-reversal via the detection of
a dip at the line center.

For this reason, the critical partial pressure
� �reported by Revalde and Skudra 7 for non-self-

reversed conditions is considered only an upper
limit for conditions, which are free of self-absorp-
tion. Hence, the reported value of 10�2 mbar in
� �7 , determined under non-self-re�ersed conditions
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for mercury emission, and our value of 2.5�10�3

Žmbar for self-absorption-free or at least
.minimized self-absorption conditions for iodine

emission are in rather good agreement.
In the present study, we determined the dis-

Ž .charge temperature to be T � 923�50 K.em
� �Clyne and Townsend 16 report an estimated

emission temperature for microwave discharges
of approximately 600 K, but this strongly de-
pended on the actual discharge conditions. Due
to this major uncertainty, they avoided the use of
discharge source temperature by using fluores-
cence light from a temperature-stabilized fluo-
rescence source instead of light emitted directly

Žfrom a discharge. Skudra personal communica-
.tion, 2001 reports that with the type of EDL

used in his study, as well as in ours, emission
temperatures of 800�1400 K are expected, de-
pending on the generator current and lamp

� �geometry. In the study of Revalde and Skudra 7 ,
a strongly self-reversed line profile of mercury at
253.7 nm is shown. Estimating a line width
Ž .FWHM in spite of self-reversal by approxi-
mately extrapolating the self-reversed line to a
more or less non-self-absorbed profile, yields a
FWHM value of ca. 0.06�0.07 cm�1, which corre-
sponds to a source temperature of 900�1200 K.
These temperature estimates are in good agree-
ment, considering that the generators and lamps
are handmade, and therefore are not strictly com-
parable.

To the best of our knowledge, there are only
two previous publications reporting the oscillator
strength for the 183.038 nm transition of iodine.

� �Clyne and Townsend 16 reported a value of
Ž . �3 � �1.67�0.23 �10 , whereas Lawrence 17 re-
ported a value that is one order of magnitude

Ž . �2larger, 1.21�0.5 �10 . The method applied
by Clyne and Townsend is similar to ours. They
used the proportionality between a known absor-
ber concentration and the maximum absorption
measured k . Using fluorescence rather than a0
discharge line source, they avoided the problem
of unknown source temperature, and at the same
time reduced self-absorption and self-reversal.
They used relative intensities of multiplet transi-
tions in the resonance fluorescence light as a
diagnostic for the absence of self-reversal. Thus,

with both above-mentioned methods, the mea-
surements define optimum conditions under which
an effect of self-absorption can no longer be
detected, but cannot be completely excluded ei-
ther.

However, in the analysis, one significant dif-
ference between the two methods remains. If in
our measurements a slight self-absorption in the
EDL remained that was neglected in the analysis,
this would show up as a remaining non-propor-
tional behavior of the deduced k with respect to0
concentration. As a consequence of the propor-
tionality fitting procedure that we used for the
determination of the source temperature, this
would lead to an overestimation of emission tem-
perature. Non-proportionality caused by self-ab-
sorption would be misinterpreted as being caused
by a higher source temperature. In that case, a

Žslightly broader Doppler profile determined by
.the overestimated source temperature would be

Ž .used in Eq. 2 instead of the true self-absorbed
emission profile. As a result, the values for k , �,0
and therefore f , would also be overestimated. In
this view, our result should be considered as an
upper limit for the oscillator strength.

� �On the other hand, Clyne and Townsend’s 16
data still display a non-proportionality at higher
concentrations. Due to their approach, the emis-
sion temperature, as well as the absorber temper-
ature, was known. Therefore, uncertainties in
source temperature cannot be responsible for this
deviation. Rather, this behavior might be indica-
tive of a remaining and unaccounted for self-ab-
sorption. This would then imply that the inferred
oscillator strength was determined for sub-opti-
mal conditions, and therefore f would be under-
estimated. This interpretation is further sup-

� �ported by the discussion in 16 , where it is stated
that the iodine emission lines used in the work
Ž .178.276 and 183.038 nm were generated by pho-
tolysis of ICl with 121.6 nm radiation, which can
give excited iodine atoms with a significant excess
of kinetic energy. These lines, therefore, might be
much broader than 300 K Doppler lines, which
were assumed in their analysis. This would clearly
lead to an underestimation of f values. Following
these arguments, the discrepancy between Clyne

� �and Townsend’s result 16 and ours can be
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resolved when considering them as upper and
lower limits, respectively. At the same time, the
reliability and accuracy of both approaches and
methods appears to be very comparable. We come
to the conclusion that their result and ours com-
plement each other, and thereby determine the
oscillator strength f more accurately to be:

Ž . �3 � �1.67�0.23 �10 16

Ž . �3 Ž .� f�� 3.87�0.57 �10 this work

Consequently, our result for the maximum ab-
sorption cross-section has to be interpreted as an

Ž . �14 2upper limit of � � 5.42 � 0.8 � 10 cm
atom�1.

The disagreement between the result of
� �Lawrence 17 on the one hand, and those of

� �Clyne and Townsend 16 and our work on the
other hand, is not easily understood. When com-

� � � �paring the results of 17 and 16 , it is surprising
that their values for bromine lines agree very
well, while those for iodine disagree by one order

� �of magnitude. In 16 , it was shown that this
discrepancy could not be explained by broader
Doppler profiles, as inferred from the generation
method of iodine atoms.

5. Conclusions

The optimal operating conditions for an RF-
powered electrodeless discharge lamp were de-
termined, resulting in minimized self-absorption
of emission lines. A method was developed to
estimate the source temperature that governs the
Doppler line width. The absorption coefficient at
the center of the absorption line and the corre-
sponding oscillator strength for the 183.038-nm
resonance absorption transition were determined

Ž . �14 2 �1to be �� 5.42�0.8 �10 cm atom and
Ž . �3 � � Ž .1.67 � 0.23 � 10 16 � f � 3.87 � 0.57 �

�3 Ž .10 this work . These results will be used to
further improve the examination of iodine ozone
chemistry, including the determination of absorp-
tion cross-sections of different iodine oxides.
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