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We present results of a study on the self-broadening and broadening by nitrogen and oxygen of H2
16O and H2

18O lines in
the 1.39-mm wavelength region using a distributed feedback semiconductor diode laser. To estimate the broadenin
coefficients, the absorption lineshapes were analyzed using the ordinary Voigt profile which provided good fits for most of th
investigated lines. The broadening coefficients were found to be larger for nitrogen used as a perturber than for oxygen. Th
agrees with the fact that the quadrupole moment of N2 is larger than that of O2. Nevertheless, for lines involving high-rotational
quantum numberJ, relatively smaller broadening coefficients were found and deviations of the measured profiles from the
standard Voigt profile were observed. These deviations were ascribed as caused by Dicke-narrowing effect. Corresponding
this effect, collisional-broadening and narrowing coefficients were determined using the Nelkin–Ghatak profile which is
suitable for the “hard”-collision model. The optical diffusion coefficients of the water in both nitrogen and oxygen gases were
determined from the measurements of the collisional-narrowing coefficients.© 2001 Academic Press
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1. INTRODUCTION

The shape of absorbed or emitted molecular (or atomic)
is usually modeled as a combination of Doppler broade
and collisional broadening. The former arises from the the
motion of emitters (or absorbers), and the latter arises
perturbation of their internal states induced by collis
with perturbing particles (perturber). If these broaden
mechanisms are considered to act independently, the
spectral lineshape is well represented by the familiar V
profile (VP).

However, this simplified model fails, for instance, in pr
ence of collisions that induce velocity changes which pro
a lineshape narrower than the profile obtained from ordi
Doppler-broadening theory (Dicke narrowing) (1). The line-
shape of the generalized Doppler broadening depends o
assumed model describing velocity-changing collisi
Mainly, two models are used to describe velocity-chan
collisions: the so-called “soft” and “hard” collision, depend
on the mass ratio between absorber and perturber. In the
and hard-collision approximations, the Doppler-broade
lineshape is described by the Galatry profile (GP) (2) and the
Nelkin–Ghatak profile (NGP) (3), respectively. Doppler- an
collisional-broadened and shifted lineshapes were care
discussed by Rautian and Sobelman (4), taking into accoun
Dicke narrowing in both soft- and hard-collision approache
well as correlation between velocity-changing and depha
collisions.
20
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Other important features which should be taken into acc
are the dependence of some collisional parameters such
Lorentzian width and shift on the emitter speed, as was
indicated by Berman (5) and other authors (6–11). If speed
dependence of the collisional width and shift must be ta
into account and Dicke narrowing can be neglected, the
shape should be described by the speed-dependent Voig
file (SDVP) given by Berman (5).

Dugganet al. (12) have shown that in some cases both
icke-narrowing and speed-dependent effects should be
idered. The speed-dependent Galatry profile (SDGP)
peed-dependent Nelkin–Ghatak profile (SDNGP) have
iven in Refs. (13) and (14), respectively. In recent years ma
xperimental and theoretical investigations have been do

his field and a review of these results can be found in R
15–21).

In this paper we have performed an experimental inves
ion of collision-broadened lineshape for several rovibrati
ransitions of water vapor with high resolution and accur
hese lines belong to the combination bandn1 1 n3 and to the

first overtone band 2n1 within the spectral range between 71
and 7194 cm21. Pure absorption spectroscopy was perfor
using as a laser source a distributed feedback diode lase
determined the pressure-broadening coefficients for four
of H2

16O and for three lines of its isotopic species H2
18O using

as perturber both N2 and O2. Moreover, for three of the inve-
tigated lines, the self-broadening coefficients were meas
These spectroscopic parameters are important not only fo
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21COLLISIONAL-BROADENED AND DICKE-NARROWING TRANSITIONS
collisional physics itself but are precious also for atmosph
lidar applications or for gas-trace detection by using h
sensitivity spectroscopic techniques.

The lineshape of most of the lines investigated in this w
were well fitted by using the standard VP, while for lin
involving high-rotational quantum numbers appreciable d
ations were observed. These deviations were ascribed
Dicke narrowing caused by velocity-changing collisions. S
ilar observations were also made by Enget al. (22) for water
apor lines, broadened by argon and xenon, in the 5mm
avelength region, and by Grossmann and Browell (23, 24),
hich investigated self-, N2-, O2-, Ar-, and air-broadening fo

lines belonging to the overtone vibrational band 4n in the
720-nm wavelength l range. More recently, Avetisonet al.(25)

ave evidenced Dicke narrowing in water vapor lines at
mm by using as a fit profile a Voigt convolution with a float
Gaussian component.

In the present work the spectra affected by Dicke narro
were successfully fitted using the Nelkin–Ghatak hard-c
sion profile. In our analysis we confined ourselves to
hard-collision model because in the speed-independent
lineshapes obtained on the basis of hard- and soft-col
approaches differ by 0.1% only. From this analysis, the c
sional-narrowing coefficients were determined and, there
the optical diffusion coefficients were also obtained. We h
also considered speed-dependent effects in our data an
and found that they do not play any important role in our c

2. LINESHAPES

In this work we have analyzed lineshapes in the h
collision approximation (3, 4, 16). The Nelkin–Ghatak profil
NGP) (3, 4) obtained in this approach describes shape
solated Doppler and pressure-broadened and shifted line
ng into account the Dicke narrowing. The NGP can be wr
n the form

S~n! 5 ReH J~n!

1 2 pbJ~n!J , [1]

where

J~n! 5
1

p E d3v fM~v!

3 $gL~v! 1 b 2 i @n 2 n0 2 D~v! 2 k z v/~2p!#% 21. [2]

Heren0 is the unperturbed frequency of the absorbed radia
is the wave vector of the absorbed radiation (k 5 2pn 0/c, c

is the speed of light),fM(v) is the Maxwellian distribution o
the absorber velocityv, g L is the collisional width, andD is the
ollisional shift of the line. The effective frequency of veloc
hanging collisions
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is dependent on gas temperatureT (kB is the Boltzman
onstant) and the diffusion coefficientD of absorber in pe

turber gas. If the Dicke narrowing can be neglected, that m
whenb 5 0, the NGP can be reduced to the well-known V

rofile.
The collisional widthgL (HWHM), shift D, and effective

narrowing parameterb are linearly dependent on the pertur
pressurep. In addition, the relations between these quant
and the corresponding broadening, shift, and narrowing
ficients (Cb, Cs, andCn), expressed in megahertz per Torr,

g l 5 pCb D 5 pCs b 5 pCn. [4]

3. EXPERIMENTAL DETAILS

Our experimental arrangement used for collision-broad
investigations is schematically shown in Fig. 1. The l
source was a fiber-coupled distributed feedback (DFB) d
laser (Sensor Unlimited, model SU 1393-CF-I-FC), includ
an optical isolator to prevent spurious optical feedbac
emitted at 1.393mm at room temperature with a maximu
power of about 1 mW while the temperature and current tu
rates were 0.10 nm/°C and 0.0051 nm/mA, respectively.
laser linewidth was about 10 MHz, which resulted in m
narrower than molecular absorption widths that in our ex
mental conditions were typically of several hundreds of m
hertz. The laser wavelength was temperature stabilized
driven by a low-noise current supply.

Laser-frequency calibration was performed by recording
transmitted peaks from a 2-GHz free-spectral range con
Fabry–Perot interferometer.

Before reaching the sample cell, the laser beam was
into two parts by using al/2 plate and a polarized cube. O
beam experienced the absorption from the sample, whil
second one crossed a reference cell with a residual vacu
few millitorr. The absorption of water vapor in air was tak
into account, making the optical path of the two beams as e
as possible. Using two identical photodiodes and a proper
balance, the difference between the two signals enabled
cancel both the effects of water-vapor absorption and a
tude modulations introduced during the laser-frequency s

The output signal from the differential amplifier was th
sent to a digital oscilloscope and to a personal compute
data acquisition.

The absorption cell was a 1-m-long cylindrical Pyrex tu
To measure the broadening coefficients in presence of N2 and
O2, we operated at water-vapor pressures lower than 1 T
keep the absorbance below 5%. Similarly, for self-broade
measurements, where higher water-vapor pressures wer
Academic Press
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22 MORETTI ET AL.
ployed, a shorter cell (10-cm-long) was used, in orde
assume the molecular sample as optically thin. The cells
evacuated with a rotative pump reaching a residual vacuu
1022 mTorr while nitrogen was fluxed at atmospheric pres
hrough the cell to reduce the effect of water-vapor adsor
rom the cell walls.

4. RESULTS AND DISCUSSION

4.1. Collisional Broadening

The rovibrational lines of the H2
16O and H2

18O molecule
investigated in this work belong to the combination bandn1 1
n3 and to the first overtone 2n1 band in the 1.39-mm wave-
length region. Their assignments were done on the bas
Refs. (28, 29) and a complete spectroscopic identificatio
eported in Table 1. The absorption coefficient of these
anges between 1 and 53 1024 cm21 Torr21. Under ou
xperimental conditions, the gas sample could be assum
ptically thin and the Beer–Lambert law reduces to

I 0~n! 2 I ~n!

I 0~n!
< K~n! pH2OL, [5]

whereI 0 andI are the incident and transmitted laser intensi
(n) is the absorption cross section (cm21 Torr21) which is

proportional to the function describing lineshape,pH2O is the
water-vapor pressure, andL is the length of the absorptio
path.

FIG. 1. Scheme of the absorption spectrometer developed for collis
stands for the photodetector.
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To determine the linewidthgL, the recorded spectra we
fitted with the standard VP. This profile provided good fits
most of the investigated lines while appreciable deviat
from it were observed only for some of the investigated l
that will be discussed later.

Our analysis started with pure water-vapor sample
pressure of few hundreds of millitorr, where collisions
generally negligible. In these conditions the lineshapes c
be fitted by a simple Gaussian curve having a Doppler w
(FWHM) of 764(8) MHz in good agreement with the theo
ical valueDnD 5 760 MHz (calculated atT 5 300 K). The
Doppler width was then used as a fixed parameter in
nonlinear least-squares procedure concerning spectra af
by collisions.

l-broadened coefficient measurements. OI stands for the optical isolat

TABLE 1
List of the Lines of H2

16O and H2
18O Investigated in This Work

Note.For each line, we indicate the isotope species and give the wave
ber of the transition (cm21) and the upper and lower state vibrational
rotational assignment of the transition.
iona
Academic Press
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23COLLISIONAL-BROADENED AND DICKE-NARROWING TRANSITIONS
The VP was calculated using the Gautschi and Kolbig
tine (30)

w~ z! 5 u~ x, y! 1 in~ x, y!

5 exp~2z2!F1 1
2i

Îp E
0

z

exp~t 2!dtG [6]

eing

z 5 x 1 iy 5 Fn 2 n0

DnD
1 i

gL

DnD
G2Îln 2 [7]

and the real part ofu( x, y) is the well-known convolutio
integral of the Voigt profile.

The Gautschi and Kolbig routine was available as a rou
in the CERN library as well as the nonlinear least-squ
procedure (Minuit program). A linear function was added
the Voigt formula to take into account background sig
coming from residual amplitude modulation of the laser in
sity. In addition, the same formula was multiplied by a sec
linear function in order to take into account asymmetry cause
laser amplitude variations during the frequency scan sinc
experimental profile we recorded just the difference betwee
incident and the transmitted intensity and not the absorbancI/I0.

The number of experimental points recorded for each sp
was on the order of 500 and the laser frequency scans co
more than three times the linewidth in order to appropria
include the line wings contributions.

The typical fit of the line 10 1 3 11 0 centered at 7182.209
cm21 (line N.3 of Table 1) is shown in Fig. 2.The water-vapo
pressure was 400 mTorr, while the N2 pressure was 200 To
The goodness of fit was checked by monitoring deviat
between the experimental points and the calculated one
pressed as a percentage of the maximum of the VP, is s
in the lower part of Fig. 2. As can be noted, agreement bet
the experimental and fitted curves is quite good, althoug
residual is weakly structured (see the next section for a
complete discussion on the latter feature). This kind of ana
was repeated, changing the nitrogen pressure from 50 up t
Torr, and a similar study was done when oxygen was us
buffer gas. On the contrary, for the self-broadening study
water-vapor pressure was varied within a narrower rang
tween 1 and 10 Torr to avoid the water-vapor condensatio
to keep the absorption below 5%.

A fit with a linear function, performed for each set of data
Fig. 3, provided the broadening coefficientCb. This analysi
was extended to the other lines listed in Table 1 and
measured broadening coefficients are reported in Table

For the H2
16O lines investigated in this work, Delayeet al.

(31) have calculated the broadening coefficients on the ba
Copyright © 2001 by
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a theoretical model developed by Robert and Bonamy (32) (RB
heory). These results are also reported in Table 2. As c
oted, for most of the investigated lines there is satisfac
greement between our experimental results and the RB
etical predictions. Nevertheless, some discrepancies,
han the 3s, were observed for the line N.1 perturbed by2,
which also exhibited broadening coefficients smaller than t
measured for the other lines. Moreover, appreciable devia
from the standard VP were observed for this line and fo
H2

18O line N.6. A more detailed analysis of both these l
will be provided in the next paragraph.

As also found by Gassteret al. in Ref. (33) for transitions in
he microwave region and by Grossman and Browell for
n1 1 n3 and 2n1 1 n3 bands (23, 24), we observed that th

nitrogen perturber was more effective than oxygen. In col
five of Table 2, we report the experimental and theore
ratios between the broadening coefficients for nitrogen
oxygen. Except for the case of lines N.1 and N.6 (which wi
discussed later), this ratio varied between 1.57 and 1.72, w
differs for less than 10% from the RB estimations. That is
in agreement with the results found by the authors of Ref.33),
which foundCb(N2)/Cb(O2) 5 1.6(3) and those of the Re
(24), which also foundCb(N2)/Cb(O2) to vary in the rang
between 1.65(6) and 1.74(8). Differences in the collisional
of nitrogen and oxygen are probably due to their diffe
quadrupole moments,Q, which play an important role in th
dipole–quadrupole interaction occurring in the collision
tween H2O and N2 or O2 molecules. Indeed, the quadrup
moment of these molecules isQN2 5 23.043 10226 esu cm2

FIG. 2. Comparison between the experimental points and the fitted
(Voigt profile) for the line 10 13 11 0 centered at 7182.2091 cm21 (curve a) a
pN2 5 200 Torr andpH2O 5 400 mTorr. Part b shows the residual obtai
rom the least-squares fitting calculated as explained in the text.
Academic Press
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24 MORETTI ET AL.
and QO2 5 20.78 3 10226 esu cm2 (33), while their ratio
QN2/QO2, is 3.9. This value, of course, cannot be dire
compared with the ratio of the broadening coefficients sinc
dependence on quadrupole moments occurs in a nontrivia
in the RB theory.

The knowledge of pressure-broadening coefficients of2O
lines caused by N2 and O2 collisions allowed us to estima
also the pressure broadening in presence of air (aair 5 0.79aN2

1 0.21aO2). This is of particular interest for detection of wa
apor in air using lidar techniques or high-sensitivity spec
copic-technique detection based on wavelength modu
pectroscopy (WMS), as better discussed in Refs. (34, 35).
Finally, as it can be seen in Table 2, the self-broade

oefficients are larger than the N2- and O2-broadening coeffi-
cients, which is well understood considering the stronge
pole–dipole interaction which takes place in the self-broa
ing case.

FIG. 3. Experimental behavior of the Lorentzian componentgL (HWHM)
pure water vapor, H2O–N2, H2O–O2, and mixtures. In the insert is reporte

TAB
Measured Collisional Coefficients for

Using a Stand

Note.The ratios of N2- and O2-broadening c
Copyright © 2001 by
e
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-
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4.2. Collisional Narrowing

We have found that the lines N.1 and N.6 are not corre
fitted by the standard VP. It can be mainly caused by the D
narrowing in our case. Both H2

16O lines centered at 7185.59
cm21, J 5 6 (line N.1 of Table 1), and the H2

18O line N.6 a
7183.5871 cm21, J 5 5, present a broadening coefficient qu
smaller than those observed for lines with lowerJ. It can occu
when high-rotational quantum numbersJ are involved in th
investigated lines since for them the quenching cross sec
are usually reduced.

To investigate the Dicke-narrowing effect, the lineshape
the line N.1 were first fitted using a standard VP but leaving
Doppler width as free parameter. As expected, we found
the Doppler width decreased versus the perturber gas pre
reaching, for instance, a value of about 420 MHz at a pertu
pressurePO2 5 300 Torr. This result represents an “empiric

he 10 13 11 0 as a function of the total pressure for different collision partn
e self-broadening width in an expanded horizontal scale.

2
f-, N2-, and O2-Broadening Obtained
Voigt Profile

ficients are also reported.
of t
d th
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25COLLISIONAL-BROADENED AND DICKE-NARROWING TRANSITIONS
evidence of Dicke-narrowing effect. Nevertheless, in orde
provide a more quantitative analysis of Dicke effect, we t
into account the influence of the velocity-changing collis
on the shape of the spectral line described in Section 2. I
analysis we used the NGP to fit our experimental lineshap
our numerical procedure the center and the intensity of the
the Lorentzian widthg 5 Cb

• p and the narrowing parame
b 5 Cn

• p were free parameters, while the Doppler width
fixed. A comparison between the experimental spectrum
the fitted VP and NGP is shown in Fig. 4 for the line N.1
PO2 5 175 Torr. In addition, the middle trace and the lo
trace of Fig. 4 represent the percentage deviations betwe
measured lineshape and the fitted VP and NGP, respective
particular, deviations from VP are similar to those shown
Varghese and Hanson (36), obtained as a result of a fit of
numerically generated Dicke-narrowing profile with a V
Anyway, comparing the residual of part (b) and (c) of Fig
it can be seen that the NGP fits our experimental profile
well. This analysis was repeated by changing the O2 and N2

pressures in the range between 50 and 500 Torr for bot
lines N.1 and N.6. The values found forg and b provided a
linear behavior when plotted against the total pressure for
N2 and O2 perturbers (Fig. 5refers to the case of line N.1

FIG. 4. Results of least-squares fitting to the VP (dashed line) and
(continuous line) of the line 66 03 66 1 at 7185.5960 cm21 at pO2 5 175 Torr
(a). The middle trace (b) and lower trace (c) represent the percentage r
from the fitted VP and NGP, respectively.
Copyright © 2001 by
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From a linear fit of theg behaviors, we found the followin
new values for the broadening coefficientsCb(N2) andCb(O2):

line N.1 Cb~N2! 5 1.91~1! MHz/Torr

Cb~O2! 5 1.12~1! MHz/Torr

line N.6 Cb~N2! 5 2.38~1! MHz/Torr
[8]

Cb~O2! 5 1.24~1! MHz/Torr.

n particular, for the line N.1 the revisited broadening co
ients obtained from the NGP analysis show better agree
ith the RB values. Indeed, now the discrepancies bet

heoretical and experimental values are on the order of
hile those found from the VP analysis resulted also one o
f magnitude larger (see Table 2). On the contrary, for sm
ifferences found between the VP and NGP analysis fo

ine N.6, unfortunately, no theoretical data are available.
The line N.1 was also revisited using NGP for the s

roadening case and the new broadening coefficient
b(H2O) 5 7.5(2) MHz/Torr against 6.3(2) MHz/Torr o-

tained with the VP analysis. Again the NGP result is in be
agreement with the theoretical value of 7.7 MHz/Torr.

FIG. 5. Experimental behaviors of the effective frequencies of broade
collision f b and narrowing collisionsf n of the line 66 03 66 1 as a function o
the total pressure obtained from NGP analysis. In the insert is reporte
self-broadening width in an expanded horizontal scale.
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26 MORETTI ET AL.
A similar analysis was also done for the linear beha
concerning the collisional-narrowing parameterb plotted for
the line N.1 in part (b) of Fig. 5. In particular, the slope of
straight line of Fig. 5b provided thebdiff parameter and, on th
basis of Eq. [3], also the optical diffusion coefficientD which
is listed in Table 3 for the two analyzed lines. In the same t
are also reported the values of the mass diffusion coeffi
Dmass obtained from the diffusion theory (37, 38)

Dmass5 0.00262e12

ÎT3

2m

TpV12s12
, [9]

wherem is the reduced mass of the absorber–perturber sy
e12 and s12 are the Lennard–Jones parameters (20, 39) con-
cerning the dipole–quadrupole interaction,V is a tabulate
factor which takes into account the dynamic of the collis
and p is the perturber pressure (the diffusion coefficient
Table 3 were calculated atp 5 1 atm). As can be seen fro
Table 3, the agreement betweenD and Dmass is quite good
except for the line N.6 investigated in H2O–O2 mixtures. The
disagreement between optical and mass diffusion coefficie
H2O in O2 observed for the line N.6 could be caused by
correlation between velocity-changing and dephasing collis

For the systems considered in this work, H2O–N2 and H2O–
2, the a coefficient, the ratio of perturber and absor
asses, is equal to 1.6 and 1.8, respectively. For such val

a, one could expect that speed-dependent effects play
role in the case of investigated lines. To explain it, the l
shapes were analyzed including the speed-dependent eff
using the SDNGP introduced in Section 2. However, the re
of this kind of analysis applied to the line N.1 and N.6 provi
no appreciable differences with respect to the NGP.
means that it is necessary to assume collisional width and
are speed-independent or weakly dependent on the ab
speed. Therefore we can say that the influence of the s
dependent effects on shapes of investigated lines is
smaller then the influence of the Dicke narrowing.

Finally, the NGP analysis was also extended to the o
lines having lowJ values but the new estimated broaden
coefficients resulted statistically consistent with those alr
found from VP analysis.

TAB
Measured Collisional Narrowing Coe

Calculated at p 5 1 atm
Copyright © 2001 by
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5. CONCLUSIONS

Lineshapes analysis of H2O transitions in the 1.39-m
wavelength region was performed to study the self-broade
and the broadening induced by nitrogen and oxygen. A
dard Voigt profile was successfully used to measure the b
ening coefficients for most of the investigated lines. G
agreement was also found between our experimental r
and the theoretical predictions based on the Robert
Bonamy theory. Nevertheless, we have found the Dicke
rowing effect for some transitions, involving relatively h
rotational quantum numbersJ, of which collisional broadenin
coefficients were smaller than coefficients of other investig
lines. For these lines the Voigt profile proved inadequate
the Nelkin–Ghatak profile was instead used to fit the ex
mental spectra. The revisited broadening coefficients estim
from the NGP analysis provided better agreement with the
theory. Moreover, from the analysis of the effective veloc
changing collision frequency, the optical diffusion coefficie
were also found. Most of these coefficients agree with calcu
mass diffusion coefficients. On the contrary, the analysis bas
NGP for lines involving lowJ values provided negligible diffe
ence in the broadening coefficients determined from VP fits

The results reported in this work can help for a be
understanding of the collisional physics of the H2O molecule
but can also provide useful data for many applications
cerning the study of this molecule in the atmosphere.

Nevertheless, on the basis of the found results, furthe
vestigations could be interesting for testing the adequacy o
different profiles contemplated within the velocity-chang
collisional models. For instance, a systematic analysis v
the rotational numberJ could be done by investigating a rich
set of lines belonging to the vibrational bands here investig
using a more tunable laser source. Moreover, the choi
perturbers having a mass varying over a wider range or e
iting different kinds of interactions with H2O molecules coul
also be useful to better explore the soft- and hard-coll
regimes and speed-dependent effects.
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