ISSN 0030-400X, Optics and Spectroscopy, 2008, Vol. 105, No. 1, pp. 25-31. © Pleiades Publishing, Ltd., 2008.
Original Russian Text © A.D. Bykov, N.N. Lavrentieva, T.M. Petrova, L.N. Sinitsa, A.M. Solodov, R. Barber, J. Tennyson, R.N. Tolchenov, 2008, published in Optika i Spektroskopiya,

SPECTROSCOPY OF ATOMS

2008, Vol. 105, No. 1, pp. 31-38.

AND MOLECULES

Shift of the Centers of H,O Absorption Lines
in the Region of 1.06 pm

A. D. Bykov“, N. N. Lavrentieva“, T. M. Petrova¢, L. N. Sinitsa?, A. M. Solodov*,
R. Barber?, J. Tennyson’, and R. N. Tolchenov®
¢ Institute of Atmospheric Optics, Siberian Division, Russian Academy of Sciences, Tomsk, 634055 Russia
b University College London, WCIE 6BT London, UK
Received September 24, 2007

Abstract—The shift coefficients for the lines of the v; + v, + v5 and v, + 2v; bands of H,O in the region from
9403 to 9413 cm™! are measured and calculated. The measurements are performed using an intracavity laser
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spectrometer based on a neodymium laser with a determination error of the line center of 0.003-0.004 cm™".
The Ar, Kr, and Xe noble gases, as well as nitrogen, oxygen, and hydrogen were used as buffer gases. The coef-
ficients of shifts in eight H,O absorption lines induced by oxygen, nitrogen, and atmospheric air pressures fall
into the region from —0.004 to —0.069 cm™'/bar. The calculations are performed by a semiempirical method
using variational wave functions, which, in contrast to other studies, correctly takes into account intramolecular
interactions. The calculated values agree satisfactorily with experimental data.

PACS numbers: 33.20.-t, 33.20.Vq, 33.70.Jg
DOI: 10.1134/S0030400X08070059

INTRODUCTION

Gas pressure-induced shifts of the centers of vibra-
tional-rotational lines are of considerable interest for
investigation of intermolecular interactions in gases.
The line shift, in contrast to the line halfwidth, strongly
depends on vibrational quantum numbers, and the shift
coefficients in the low and highly excited bands may
differ in value by an order of magnitude and even have
different signs. A strong vibrational effect, which is
characteristic of the pressure-induced shift of molecu-
lar lines, is caused by the dependence of the intermolec-
ular potential on the vibrational variables of colliding
molecules. Thus, the shift coefficients contain impor-
tant information about molecular interaction forces and
their dependences on atomic vibrations. Because of
this, much attention in recent years has been paid to the
measurements and calculations of these parameters [1-
30].

It should be noted that, in this problem, the mea-
sured data on the weak absorption lines corresponding
to the transitions to high vibrational and rotational
states are of great interest. The vibrational effect is
especially strong for these lines. However, the profiles
of weak lines in the near IR and visible regions are
rather difficult to measure by photometric methods.
These methods are characterized by using long-base
cells and large measurement times, which complicates
the measurement process.

The shifts of water vapor lines have been measured
using Fourier spectrometers [2—7], diode laser [8—13]
and optoacoustic spectrometers [1, 14—17], microwave
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spectroscopy methods [18, 19], and laser photometry
[20-23]. The measurements were performed with a
high spectral resolution in wide spectral regions. For
example, extensive measurements of broadening and
shifts of more than 1000 lines of the v, band that were
induced by nitrogen and air pressure were performed in
[3]. The results of measurements in the high-frequency
region, from 13000 to 26000 cm™, are presented in [5].
The authors of [14] studied the shift in the H,O lines
induced by the pressure of noble gases, while papers [1,
6, 11, 26-30] present the calculated shifts of water
vapor lines induced by the pressure of various buffer
gases. The results of numerical calculations have been
used to determine the temperature and vibrational
dependences, to study the influence of various intramo-
lecular effects, and to develop mass calculation meth-
ods. Thus, a large body of data on the shift coefficients
for H,O lines has been obtained to date. It should be
noted that the works cited above present not a complete
review but only some examples of investigations in the
field under discussion.

The method of intracavity (IC) laser spectroscopy,
with a modified measurement technique and improved
recording instrumentation, opens new possibilities for
such investigations.

The method of broadband IC laser spectroscopy
[31] is based on the quenching of laser radiation at the
frequencies of absorption lines of a substance placed
inside the laser cavity. In this case, the spectrum of the
laser radiation, recorded by ordinary spectral devices,
has sharp dips at the frequencies of the absorption lines.
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In the IC laser spectroscopy, the laser is a nonlinear
detector of weak absorption. The laser imitates a multi-
pass absorption cell, but with a much longer effective
length L of the absorbing layer than in ordinary mul-
tipass cells, where the effective length is limited by the
loss of radiation on mirrors. For quasi-continuous laser
radiation with a duration of 1 ms in a cavity completely
filled with an absorbing substance, the length L ; may
reach 300 km. The IC spectroscopy method is character-
ized by a high absorption sensitivity (1077-10~° cm™),
which allows one to record weak absorption lines in
high-lying vibrational bands.

In addition to high sensitivity, IC spectroscopy has
some other advantages; namely, a wide spectrum
(exceeding 100 cm™) with tens of absorption lines can
be recorded during one laser pulse while the small
dimensions of the cavity allows one to study substances
under external excitation or at high pressures and tem-
peratures. From this point of view, IC spectroscopy is
an important additional tool that can considerably
extend the possibilities of investigating the relaxation
parameters of lines. As an example of application of the
IC method, we point out study [32], in which the meth-
ane line shift is measured at a low temperature (77 K).

In this study, we determine the shift coefficients of
the centers of absorption lines of the (111)—(000) and
(012)—(000) vibrational-rotational bands of water
vapor induced by the pressure of noble gases (argon,
xenon, and krypton), as well as of nitrogen, oxygen,
and air. Our calculations performed within the frame-
work of the semiempirical method developed previ-
ously in [28-30] are in good agreement with the mea-
sured values. A specific feature of the calculations is the
use of exact vibrational-rotational wave functions for
determination of the strengths of dipole transitions. The
wave functions are obtained by direct variational calcu-
lations with a highly accurate potential energy function
[33, 34].

EXPERIMENTAL

To record the shifts of the centers of absorption lines
in the region of 1.06 wm, we used an IC laser spectrom-
eter based on neodymium glass [35]. The spectrometer
has the following characteristics: the spectral range is
9380-9460 cm!, the spectral resolution is 0.035 cm™,
the threshold absorption coefficient sensitivity is
10~% cm™, and the relative accuracy in determining the
line centers is in the range 0.002-0.005 cm™' depending
on the line intensities.

The measurement of line centers by IC spectroscopy
has a number of sources of errors. The strongest effect
on the shift of centers of absorption lines is exerted by
variations in the diffraction spectrograph geometry
with varying temperature. We experimentally showed
that a change in the environmental temperature by one
degree noticeably shifts the centers of absorption lines.
To control and to take into account such distortions, in
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addition to direct measurements of the laser radiation
spectrum, we performed measurements with the use of
an external stabilized interferometer. The developed
technique is described in more detail in [36]. As an
interferometer, we used a plane-parallel plate made of
K8 optical glass without a reflecting layer. The interfer-
ometer was placed outside the laser cavity on its axis
behind the end mirror, whose transmittance was about
0.01. A portion of the laser radiation that passed
through this mirror was reflected from the interferome-
ter and returned into the cavity. Due to the high sensi-
tivity of the IC method, we observed sharp dips in the
radiation intensity, spaced by a distance dependent on
the interferometer base. For an interferometer 15.5 mm
long, the halfwidth of the interference maxima was
about 0.04 cm™. Since the spectral range recorded dur-
ing one pulse was determined by the length of the CCD
array and was 14 cm™, the IC spectrum simultaneously
showed about 70 maxima.

In this study, we estimated the shifts of the interfer-
ence pattern with varying temperature and showed that,
if the interferometer temperature is maintained with an
accuracy of 0.02°C, the shift of the interference max-
ima does not exceed 0.001 cm™' and is not observed
within the experimental error. In this case, the shifts of
the centers of absorption lines can be detected by the
positions of the interference maxima without using
additional reference lines.

The measurements were performed for single iso-
lated water vapor absorption lines in the region from
9403 to 9414 cm™! at room temperature at buffer gas
pressures of 10—1000 mbar. The pressure was measured
by a DVR-25 pressure gauge with an accuracy better
than 1%. We used a quartz cell 600 mm long and 10 mm
in diameter.

Initially, we measured the laser radiation spectrum
in the absence of water vapor (background radiation)
and then recorded this spectrum with the interferometer
and determined the positions of maxima of the interfer-
ence pattern. Such measurements were performed for
each given pressure of the broadening gas. Since the
shift of the spectrum was determined using the posi-
tions of the centers of 60—70 maxima, the error in the
shift, caused by temperature distortions, was by an
order of magnitude smaller than in the case of analyz-
ing single maxima and did not exceed 0.001 cm™'. This
correction of the frequency scale was performed after
each measurement of the spectra with different pres-
sures of the buffer gas. The next step was to measure the
absorption spectrum of pure water vapor at a pressure
of 20 mbar. We performed averaging over 30 spectra
because the accumulation of the signal allowed us to
increase the signal-to-noise ratio. Next, we measured
the spectra of the H,O-buffer gas mixture, also record-
ing 30 spectra.

We determined the shift of the water-vapor absorp-
tion line profile in the presence of a buffer gas with
respect to the position of the corresponding pure H,O
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absorption line center. The centers of the absorption
lines were determined by fitting the theoretical contour
to the experimental one by the least squares method.
The Lorentz and Voigt profiles were used for approxi-
mation. As an example of our measurements of the shift
of line centers, Fig. 1 shows the 12, ,,—~11,,, absorption
line of the v, + v, + v; band at different argon pressures.

CALCULATION METHOD

The line shift coefficients were calculated by a
semiempirical method developed previously in [28, 29]
and successfully used for calculation of halfwidths and
shifts of lines of water vapor and carbon dioxide [30].
In the semiempirical method, the shift of the line center
is represented as the sum

8if =BG P+ ZDz(ii'U)Pl(mH,)
(1)
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is the contribution of the adiabatic part of the interrup-
tion function, which is determined by the isotropic part
of the intermolecular potential. Here, by(v, i, f, p) is the
Anderson interruption radius, A is a known constant
[37], o; and o are the polarizabilities of the molecule in
the initial and final vibrational states, p denotes the
states of the perturbing molecule, p(p) is the population
of the p level, v is the relative velocity, and f(Vv) is the
Maxwell distribution function.

The sums in (1) include transitions of different types
(dipole, quadrupole, etc.) and contain products of two
variables, D*(ii'|l) and P,(w;;). The transition strengths
D?(ii'|l) and D*(ff'|l) related to the scattering channels
i — i'and f — f' depend only on the properties of
the absorbing molecule (dipole or quadrupole momenta
and wave functions) and involve only intramolecular
effects. The terms with / = 1 correspond to dipole tran-
sitions, while the terms with / =2 correspond to quadru-
pole transitions in the main molecule.

The coefficients P;(®;;) can be considered to be effi-

ciency functions of the scattering channel i — i' and
depend on the properties of the exciting molecule,
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Fig. 1. Experimental profiles of the H,O absorption line
9403.9716 cm™! (Vi + Vo + v3) 125 o—11(; at different
argon pressures: (/) PHZO = 21 mbar and (2) PH20+Ar =
882 mbar.

Here, A, are the known constants of Anderson theory,
which determine the contribution of the /' interaction
to the interruption function of the second order [37],
and F;(x) are the resonance functions. The functions
P,(®;) depend on the intermolecular potential, on the
trajectory of motion of colliding molecules, and on the
energy level structure and wave functions of the per-
turbing molecule. The D(ii'|l) and D(ff'|l) multipliers
can be determined rather accurately, while the intermo-
lecular potential parameters are determined with a
lower accuracy. Hence, it seems logical to divide the
equation terms into well- and poorly-determined and to
correct the latter by introducing a semiempirical factor.

The term P;(w;;) is a smooth function; therefore, it
is reasonable to introduce a correction factor into this
function, leaving the terms D?(ii'|l), which determine
the probabilities of transitions in the absorbing mole-
cule, unchanged,

P(0) = C(®)P] (o), 4)

where P,A () is the efficiency function in the Anderson
approximation [37] and C;(®) is the correcting factor
determined from fitting to the experimental parameters
of line profiles. The use of the efficiency function
P,A (o) as the main part in Eq. (4) allows us to repro-

duce the correct behavior of the halfwidths and shifts at
large rotational quantum numbers or at high tempera-
tures.

In this study, the line broadenings were calculated
using the efficiency functions in the form

Ploy) = Plopled/(c i+ D1, )
where ¢, and c, are the fitting parameters.

. A
Thus, we used the correcting factor to the P; ()
function in the form of a simple expression containing
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Table 1. Experimental conditions

P-H,0, | P(H,O+N,), | P(H,O + O,), | P(H,O + air),
mbar mbar mbar mbar
21 21 21 21
21 210 217 250
21 425 400 410
21 590 644 640
21 836 870 910

two parameters determined from fitting to experimental
data. However, this is not a simple procedure of fitting
to an experimental curve because the correcting term,
obtained as a result of fitting to several values of broad-
ening coefficients of a band, describes not only the
experimental results for this band, but also the broaden-
ing and shift of lines for the entire set of the bands of
the colliding pair.

For H,O-N, calculations, we used the ¢, and ¢,
parameters determined previously in [28-30]. In the
other cases, we changed the c¢; parameter. The mean
dipole polarizability in the upper vibrational state was
determined previously in [28].

In this study, the strengths of dipole transitions were
calculated by two methods. In the first method, we used
the wave functions of the effective rotational Hamilto-
nian. The rotational and centrifugal constants of differ-
ent vibrational states of H,O were taken from different
publications; the resonance mixing of states was
neglected. Such an approach is common for calculation
of halfwidths and shifts of lines.

In the second method, we used more accurate vibra-
tional-rotational wave functions obtained by the linear
variational method with a highly accurate potential

Av, cm™!

OF

-0.01

-0.02

-0.03

|
800

Py, mbar
Fig. 2. Dependence of the shift of the center of the 1073954

absorption line of the (111) band of H,O on the nitrogen
pressure.
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energy function [34]. These wave functions, in contrast
to the approximate functions used in the first method of
calculation, completely take into account all intramo-
lecular interactions. The linear variational method
allows one to develop a global method for describing
the vibrational-rotational energy spectrum of a mole-
cule and has approximately equal accuracy for the
lower and highly excited states.

Previously [33], the Einstein coefficients for all pos-
sible transitions between the states with energies up to
30000 cm™" were calculated and included in the BT2
line list. These data from BT2 were used in our calcu-
lations of the halfwidths and shifts of lines for transi-
tions in the region of 1.06 um.

RESULTS AND DISCUSSION

In this study, we determined the shifts coefficients of
the centers of eight water vapor absorption lines,
induced by the pressure of nitrogen, oxygen, dehy-
drated atmospheric air, and noble gases (argon, xenon,
and krypton). Table 1 shows the conditions of these
measurements.

The shift coefficients of H,O lines for each buffer
gas were determined in a series of five measurements
with the buffer gas pressures varied from 0 to
1000 mbar. As an example, Fig. 2 shows the depen-
dence Av(P) for the 10;5-9s, line of the (111) band of
H,0. Note that this dependence is linear. To check the
measurement method, these series were repeated three
times or more. The reproducibility of the results was
very good, the difference between the results obtained
in different series was comparable with the error for
individual series of measurements. To eliminate the
effect of the shift induced by the pressure of water
vapor itself, all measurements of a series were per-
formed at the same partial pressure of water vapor.

The measurements were performed for the absorp-
tion lines of the v, + v, + v5 and Vv, + 2v; vibrational—

rotational bands in the region from 9403 to 9414 cm™'.
Table 2 presents the measured centers of lines, the
quantum identification, and the coefficients of the shift
of the centers of absorption lines. The dependence of
the shift of line centers on the buffer gas pressure was
linear for all the absorption lines. The shift coefficients
varied from —0.004 to —0.029 cm!/bar. It should be
emphasized that the measurements were performed for
very weak lines of H,O, which correspond to the tran-
sitions to the states with quantum numbers J = 8-12 and
K, = 2-8 and whose intensities range from 1.4 x 102
(for the strong line (012) 8;7,;) to 2.28 x 10726
cm/mol (for the weak line (012) 10,4,—945).

The seventh column of Table 2 lists the measured
coefficients O, of shift of the absorption line centers,
induced by atmospheric air pressure, and the coeffi-
cients 9 calculated according to the partial content of
oxygen and nitrogen in air and using the data from col-
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Table 2. Measured coefficients of shifts of the centers of H,O lines, induced by nitrogen, oxygen, and air pressures (7'= 300 K)

Frequency N - Bexp: Oleat Bexp: Oleat Bexp: 9, Mixing
el | VivaVs JK,K, JKGK | 82, em™'/bar | 82¢c, em™'/bar | embar | coefficient, %
(oxygen) (nitrogen) (air)

9403.971 111 12210 11011 —-0.0237(30) —0.0218(35) | —0.0240(40) 7
—-0.028 -0.027 -0.021
—-0.027 —-0.025

9406.764 012 1156 1047 —0.0129(25) <0.004 <0.004 25
-0.022 0
—-0.017 —-0.0012

9407.258 111 1073 954 —0.0270(40) —0.0245(40) | —0.0240(40) 41
-0.018 -0.021 -0.024
—-0.027 —-0.021

9409.129 012 836 707 —0.0306(40) —0.0070(30) | —0.0126(30) 2
-0.027 -0.013 -0.01
—-0.022 —-0.011

9409.740 111 1074 955 —0.0320(40) —0.0204(40) | —0.0231(40) 42
-0.022 -0.02 -0.022
—-0.027 -0.02

9411.416 012 982 871 —0.0265(35) —-0.0287(30) | —0.0291(35) 16

981 872 —-0.031 -0.03 -0.027

—0.0289 —-0.026

9412.407 012 1074 963 —0.0200(35) —0.0208(30) | —0.0204(30) 27
—-0.031 -0.022 -0.02
—-0.028 —-0.023

9412.789 012 845 716 —0.0230(40) <0.004 —0.0070(30) 4
-0.021 0
-0.014 —-0.002

Note: The errors in the last decimal place are shown in parentheses. 8 = 0.78 SNZ +0.21 802 .

umns 5 and 6. Comparison of these values shows a
good agreement between J,, and 6 for each H,O
absorption line within the measurement error. This
additionally confirms the correctness of the measure-
ment method.

The coefficients of shifts of line centers, induced by
N, and O, pressures, were calculated by two methods.
The calculations by the first method were performed
within the framework of traditional approximations,
which incompletely take into account the vibrational—
rotational interaction and the vibrational dependence of
the line strength D(ff'|/). In the second method, we
used probabilities of dipole transitions obtained by
highly accurate variational calculations [33].

To demonstrate the role of the vibrational-rotational
interaction in calculations of the shift coefficients for
H,O lines, the last column of Table 2 presents the total
mixing coefficients, which determine the strength of
the resonance effect. One can see a pronounced corre-
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lation between the values of the mixing coefficients and
the difference between the experimental and calculated
01, shift coefficients. This correlation is also demon-
strated in Fig. 3.

The lines considered belong to transitions to the
states of the second hexade, which are characterized by
a substantial resonance mixing. The resonance effect is
stronger for the states with higher angular momentum
quantum numbers. Hence, it is necessary to use more
precise wave functions to calculate the collision-
induced transitions.

The use of variational wave functions, which take into
account the vibrational effect more accurately, yields
much better average agreement with experiment. In par-
ticular, the mean-root-square deviation of calculation
from experiment (in the case of oxygen-induced broad-
ening) is 8 X 10-3 cm~/bar for the calculation with effec-
tive Hamiltonian wave functions and 6 x 10~ cm™'/bar
for calculations using the line strengths from BT-2. For
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Fig. 3. Correlation between the differences 81 41c — Sexp
and the coefficients of resonance mixing of states.

all lines, except for two lines centered at 9409.129 and
9412.789 cm™!, the calculations with variational wave
functions result in a better agreement with the mea-
sured values. A similar pattern is observed for nitrogen-
and air-induces broadening.

The coefficients of shifts of line centers induced by
the pressure of Ar, Kr, and Xe (Fig. 4), which are char-
acterized by different polarizabilities, are listed in
Table 3. The coefficient of shifts of line centers in the
region of 1.06 wm, induced by the pressure of noble
gases, exceed the sifts coefficients for N, and O, pres-

sures and reach —0.069 cm'/bar (for the line at
9411.416 cm™). Larger shifts were only observed in the
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Fig. 4. Dependences of the shift of the center of the 12,
11¢;; absorption line of the (111) band of H,O on the argon,

krypton, and xenon pressures.

case of the self-broadening of H,O lines [20]. The mea-
sured coefficients of shifts of the centers of H,O lines
induced by pressures of noble gases show almost linear
dependence on polarizability. This is explained by rela-
tion (2), in which the first-order contribution contains
the differences between the mean polarizabilities of the
excited and ground vibrational states.

Agreement between the experimental and calcu-
lated coefficients of shifts induced by pressure of noble
gases is somewhat worse. This is obviously caused by
insufficiently accurate account for the polarization
potential in calculation of the second-order contribu-
tion in (1).

Table 3. Measured coefficients of shifts of the centers of H,O lines, induced by argon, krypton, and xenon (7' = 300 K)

Frequency, cm™! ViVaVs JK.K, TK K, cmi?)g);rsg;;zon) cm‘lS/T:al:r’ (SE;;[;ton) cmjxpa;rés(igl;on)
9403.971 111 12210 11011 —-0.0320(30) —-0.0439(30) —-0.0685(40)
-0.035 —-0.045 —-0.055
9406.764 012 1156 1047 —-0.0306(40) —-0.0468(30) —-0.0505(35)
-0.029 -0.044 -0.052
9407.258 111 1073 954 —-0.0294(30) —-0.0510(30) —-0.0575(30)
-0.034 —-0.055 -0.067
9409.129 012 836 707 —-0.0500(45) —-0.0550(40) —-0.0665(30)
-0.030 -0.040 -0.048
9411.416 012 982 871 —-0.0326(40) -0.0513(30) —0.0699(30)
981 872 -0.032 -0.054 -0.067
9412.407 012 1074 963 —-0.0292(40) —-0.0375(30) —0.0499(40)
-0.033 -0.056 -0.069
9412.789 012 845 716 -0.0417(40) —-0.0576(40) —0.0628(50)
-0.029 -0.033 -0.044
OPTICS AND SPECTROSCOPY  Vol. 105 No. 1 2008
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CONCLUSIONS

We presented the results of measurements and cal-
culations of the coefficients of shifts of the centers of
weak absorption lines of H,O in the region of 1.06 um.
As buffer gases, we used Ar, Kr, and Xe noble gases, as
well as nitrogen, oxygen, and air. The measurements
were performed by the intracavity method with the
error in determination of line centers of 0.003-
0.004 cm™!. In contrast to other studies, our calculations
using a semiempirical method with variational wave
functions accurately take into account the intramolecu-
lar interactions.

The results obtained show that the measurements by
the highly sensitive method of intracavity laser spec-
troscopy allow one to study the effect of intramolecular
interactions in highly excited vibrational-rotational
states on the shift of line centers in sufficient detail. The
calculations performed demonstrate that intramolecu-
lar interactions should be more completely taken into
account when calculating the coefficients of pressure-
induced shifts of line centers.
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