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Abstract. IR multiple photon absorption (MPA) ofSF6 in
flow with Ar (SF6: Ar = 1 : 100) in conditions of a large
vibrational/rotational temperature difference (TV ' 230 K,
TR ' 60 K) was studied at moderate energy fluences from
' 0.1 to ' 100 mJ/cm2, which are of interest for isotope
selective two-step dissociation of molecules. A50 cmLaval-
type slit nozzle for the flow cooling, and a TEACO2-laser
for excitation of molecules were used in the experiments. The
laser energy fluence dependences of theSF6 MPA were stud-
ied for severalCO2-laser lines which are in a good resonance
with the linear absorption spectrum of theν3 vibration of
SF6 at low temperature. The effect of the laser pulse duration
(intensity) on MPA of flow cooledSF6 with Ar was also stud-
ied. The results are compared with those obtained in earlier
studies.

PACS: 33; 34; 42; 50

The use of IR multiple photon dissociation (MPD) of
molecules for laser isotope separation is well known [1–3].
In the molecular laser isotope separation (MLIS) of heavy
elements (likeU, W, Mo, ...), when the isotope shift in the
infrared absorption spectra of molecules (UF6, WF6, MoF6,
...) is rather small, (≤ 1 cm−1) only flow cooling of the gas of
interest with or without a carrier gas can provide a noticeable
selectivity of the IR multiphoton excitation (MPE) process.
In the case of heavy elements, even at low temperatures, the
infrared absorption spectra of molecules of different isotopic
compositions are overlapped. An isotopic selectivity in these
cases can be achieved only due to the appearance of narrow
structures in the linear and/or multiphoton absorption spectra
of molecules when flow cooled. Therefore, moderate energy
fluences have to be applied at least for the first step of the
excitation process in order to avoid large power broadening.
Furthermore, it is also interesting to know the absolute values
of the absorbed energy by the molecules in flow.

In our present study we have chosenSF6 which is a clas-
sical object for the IR MPE and, regarding structure and spec-
troscopy, a model forUF6. The IR MPA ofSF6 is rather well

studied at room temperature [4–16], at low (140–150 K) tem-
peratures in static conditions in the cell [16–20], as well as in
molecular beams [15, 21–27]. The depletion of individual ro-
tational sublevels of the vibrational ground state ofSF6 under
IR MPE was also studied [28–30]. In this paper we present
the results on MPA ofSF6 in flow with Ar at moderate energy
fluences from' 0.1 to ' 100 mJ/cm2, which has not been
studied before in flow cooled gas.

1 Experiment and method

A two-dimensional50 cmlength Laval-type nozzle was used
for cooling ofSF6 in flow. The experiments were performed
with a mixture of1% SF6 in Ar. The upstream pressure of
the gas in the flow could be changed and in the present stud-
ies was equal to10 or 15 kPa. The excitation of molecules in
the flow was carried out at a distance of about3.5 cmdown-
stream from the nozzle throat. The pressure of the gas in the
excitation region was calculated to bep ' 150 and 290 Pa
at upstream pressure10 and15 kPa, respectively. The corre-
sponding density ofSF6 in the excitation zone was estimated
to be N ≈ 1.85×1015 cm−3 and N ≈ 2.8×1015 cm−3. The
estimation was done using the gas kinetic relationN = p/kT,
wherep is the pressure of the gas in the flow,k is the Boltz-
mann constant andT is the translational temperature of the
gas in the flow. The vibrationalTV and rotationalTR temper-
atures ofSF6 in the flow were calculated [31] on the basis of
the linear absorption spectrum of theν3 band ofSF6 taken by
a Fourier-transform IR spectrometer. These wereTV ≈ 230 K
andTR ≈ 60 K for the 10 kPaupstream pressure of the gas,
andTV ≈ 220 KandTR ≈ 55 K for the15 kPaupstream pres-
sure. In the case of large polyatomic molecules the rotational
temperature is very close to the translational one, therefore,
one can assume that in our case the translational temperature
of SF6 in the flow wasTTr ≈ 55–60 K. The mean flow veloc-
ity of the gas was calculated to be≈ 450 m/s.

A line tunable TEACO2-laser was employed with a gas
composition ofCO2:N2:He in the ratio of1.9 : 1 : 2.3 at a to-
tal pressure of56 kPa. An aperture inserted in the resonator
served as a TEM00 mode selector. The laser pulse energy in
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TEM00 mode operation was up to30 mJ. The energy was
measured by a Scientec HPF-25 joulemeter. The time evolu-
tion of the laser pulse was measured by a photon-drag de-
tector. It consisted of a spike with duration of about100 ns
(FWHM) and a tail of about1.5µs duration. The energy
content in the tail was about60%. A “short” laser pulse
(80 nsFWHM spike) without a tail was obtained by using the
gas mixture with a small content of nitrogen (CO2:N2:He =
1.8 : 0.4 : 7.2) at a total pressure of92 kPa. The laser pulse
energy in this case was up to10 mJ. The beam profiles were
Gaussian. For identifying the laser frequency a compactCO2
spectrum analyzer was used. The laser radiation was directed
into theSF6/Ar flow by a flat and a5 m radius-of-curvature
gold coated copper mirrors.ZnSewindows (AR/AR coated)
were utilized to contain the flow. The laser beam crossed the
gas flow perpendicular to the flow axis and was reflected back
at a small angle (≈ 3 ◦) relative to the first pass. The incident
and transmitted energy of the laser pulses was measured in the
experiment. The detectors and the registration system had lin-
ear response from about10µJ to 30 mJ. The laser radiation
was attenuated by1 mmand2 mmthick CaF2 plates. The sig-
nals from the detectors were averaged over30shots. The laser
ran at a repetition rate of about3 Hz. We determined the ab-
sorbed energy from the transmitted energy without and with
gas. In most cases the absorbed energy was in the range of
1–12% of the incident energy. Consequently, the variation of
the energy fluence along the laser beam axis due to absorption
was negligible for the evaluation.

2 Results and discussion

2.1 Fluence dependence of the absorbed energy

Figure 1 shows the dependence of the absorption bySF6
molecules in photons per molecule(〈n〉) on the excitation
energy fluence for severalCO2-laser lines, which in good res-
onance with the linear absorption spectrum of theν3 vibration

Fig. 1. The dependence of the absorbed energy bySF6 molecules (in
photons per molecule) on the excitation energy fluence for the 10P(14),
10P(16), 10P(18) and 10P(20)CO2-laser lines. The upstream pressure of
SF6/Ar in the flow is15 kPA

of SF6. The〈n〉 is determined as

〈n〉 = Eab/hωNV , (1)

whereEab is the energy absorbed by the gas,hω is the laser
photon energy,N is the concentration ofSF6 molecules in
the flow in the excitation region andV is the irradiated vol-
ume (V = Sl, S= 0.23 cm2 is the laser beam spot size, and
l = 100 cmis the double path length of the laser beam across
the flow).

One can see from Fig. 1 that the dependences look rather
similar to each other. They have a logarithmic slope of about
0.75, i.e. 〈n〉 ∼ φ0.75. At energy fluencesφ ≥ 50 mJ/cm2 the
slope becomes steeper. These slopes are in good agreement
with the earlier results on MPA ofSF6 in a cell both at ambi-
ent temperature [14] and atT ≈ 150 K [16] at pressuresp ≥
13 Pa, when the MPA is partly influenced by collisions [14].
For SF6 at room temperaturepτR ≈ 36 and 32 ns Torrfor
the ground and first excited vibrational state, respectively [32,
33]. In our case the rotational relaxational time is probably
two to three times longer because the temperature ofSF6 in
the flow is rather low (T ≈ 60 K). Nevertheless, at pressures
in the excitation region of about2.2 Paof SF6 and288 Paof
Ar during an excitingCO2-laser pulse (≈ 1.5µs), rotation-
al relaxation ofSF6 at least partly took place [14]. Nearly
the same slope atφ ≤ 0.1 J/cm2 was also obtained forSF6 in
a molecular beam [22].

At energy fluencesφ ≤ 50 mJ/cm2 the increase of〈n〉
with φ is probably mainly connected to the increase of the
fraction of interacting molecules due to power broadening,
whereas atφ ≥ 50 mJ/cm2 the multiphoton processes be-
come dominant, and molecules are excited to higher vibra-
tional states leading to〈n〉 increasing faster [14, 22, 34].

The absolute values of absorbed energy in our experiment
(for example, for 10P(16)) are somewhat lower than those
obtained in [16] for room-temperatureSF6 and very close
to those obtained atT ≈ 140 K [16]. In principle, the ab-
sorbed energy in our case should be somewhat lower than
in [16] because lowerSF6 pressures were employed in our ex-
periment. However, the values of〈n〉 measured in this study
should be a little higher compared to those measured at stat-
ic conditions. This is due to the fact that in a flow system the
effective irradiated volume is always larger than that of stat-
ic conditions due to the movement of molecules across the
laser beam. For example, during an excitation laser pulse of
≈ 1.5µs theSF6 molecules move a distance of about0.6 mm.
This is not negligible compared to the small spot size of
the laser beam. The number of irradiated molecules thus in-
creased by a factor of about1.1 (not taken into account in the
evaluation).

2.2 The dependence of the absorption cross-section on the
energy fluence

From the results presented in Fig. 1, one can obtain the depen-
dences of the effective absorption cross-sectionσ on excita-
tion energy fluence. The accepted definition is used:

σ = − ln(T)/Nl , (2)

whereT = Egas/E0 is the ratio of transmitted energies with
and without gas. As always, if the absorption is small, one can
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Fig. 2. The dependence of the absorption cross-section on the exciting en-
ergy fluence for the 10P(14), 10P(16), 10P(18) and 10P(20)CO2-laser
lines. Experimental conditions are the same as in Fig. 1

obtain [22]

〈n〉 = σΦ . (3)

The values ofσ obtained from (3) are shown in Fig. 2 for
several laser lines. Obviously,σ decreases with increasingφ.
The values ofσ and the main features of its dependene on
energy fluence are in good agreement with the earlier anal-
ogous results on MPA studies ofSF6 at low temperature in
a cell [18, 20], as well as in a molecular beam [22]. The in-
crease ofσ with φ for someCO2-laser lines was observed
in [21, 22] only atφ ≥ 0.2 J/cm2. It is very likely connect-
ed with the multiphoton character of the absorption at high
energy fluences.

2.3 The frequency dependence of absorbed energy

In the present studies due to a large vibrational/rotational
temperature difference (TV ≈ 230 K, TR ≈ 60 K) rather in-
teresting experimental conditions were realized, which dif-
fer from those withSF6 cooled at static conditions in the
cell (TV ≈ TR ≈ 140–150 K) [17–20], as well as in a pulsed
jet [21, 22].

At TV ≈ TR ≈ 150 K about 85% of the molecules are
in the ground vibrational state [35] and, as a consequence,
hot bands are fairly weak, but the rotational distribution of
molecules is rather broad, since manyJ-levels are still pop-
ulated. In experiments with pulsed molecular beams (jets) of
SF6, TV ≤ 150 K and TR ≤ 50 K were obtained [21, 22]. At
these temperatures the ground vibrational state is highly pop-
ulated as well, but the rotational distribution of molecules is
rather narrow, since only the lowJ-levels are populated. In
the present experiments we also have a low rotational tem-
perature forSF6 (TR ≤ 60 K), but a fairly high vibrational
one (TV ≈ 230 K), with about50% of the molecules in high-
er vibrational levels (ν6, ν5, 2ν6, ν4, ...) [35]. This leads to
the appearance of rather intensive hot bands in the linear ab-
sorption spectrum, and the MPA spectra should be affected
as well. Similar temperatures to those in the present study

were realized earlier [36] in experiments on the MPA ofSF6
in a molecular beam (TV ∼ 230 K andTR ≤ 50 K). However,
the excitation of molecules in [36] was carried out under
collisionless conditions and at fairly high energy fluences
(φ ≥ 0.5 J/cm2). This work presents data at lower fluences.

Figure 3 shows the frequency dependence of the ab-
sorbed energy bySF6 molecules (the MPA spectra ofSF6)
at three different energy fluences:80 mJ/cm2, 10 mJ/cm2

and 1 mJ/cm2. For comparison a small-signal absorption
spectrum ofSF6 recorded atTV ≈ 230 K and TR ≈ 60 K in
a flow system similar to ours (with narrower slit nozzle) with
a Fourier-transform IR spectrometer is also shown in the
lower part of the figure. Two features of the obtained MPA
spectra can be pointed out: (1) the shift of the main maximum
from the P(16) to P(18) laser line with increasing energy flu-
ence, and (2) the existence of a second maximum at P(22).
In [36] only the maximum at P(18) was observed, whereas in
other MPA studies of cooledSF6 [17, 19, 22] the maximum
was observed at P(16). As discussed in [36] this peculiarity
is connected with a rather large contribution to the absorption
from excited vibrational states (ν6, ν5, 2ν6, ν4, ...) strong-
ly populated, atTV ≈ 230 K. The maximum at the P(22) laser
line is very likely connected with the three-photon resonance
from the ground vibrational state to the (300) F1u sublevel
at 942.5 cm−1 [37] and/or some multiphoton resonance from
low-lying excited vibrational states. A maximum at the P(22)
line in the MPA spectrum of cooledSF6 (at T ≈ 198 K) was
also observed in [17], whenSF6 was pumped by a6µs-long
CO2-laser pulse, and this was explained by laser-induced hot
bands. As one can see from Fig. 1 and 3, at energy fluences
φ ≥ 10 mJ/cm2 the absorption on the P(20) laser line increas-
es very rapidly, probably due to two-photon transitions from
the ground vibrational state to the 2A1g level [38]. There-
fore, at higher energy fluences the MPA spectra ofSF6 will

Fig. 3. The MPA spectra of flow cooledSF6 with Ar at different energy
fluences. The upstream pressure ofSF6/Ar in the flow is 15 kPA. In the
lower part of the figure the linear absorption spectrum ofSF6 at TV ≈ 230 K
and TR ≈ 60 K is shown for comparison. TheCO2-laser line positions are
shown in the upper part of the figure
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very likely look similar to those obtained in [36] with only
a maximum on the 10P(18) laser line.

2.4 The dependence of the MPA ofSF6 in flow with Ar on
excitation pulse duration (intensity)

Figure 4 shows the dependence of〈n〉(φ) obtained in the case
of excitation ofSF6 in flow with Ar by “long” and “short”
laser pulses on the 10P(16) line. It was found that the absorp-
tion is considerably larger in the case of excitation ofSF6 by
the “long” laser pulse. Let us discuss this result. The role of
intensity (pulse duration) in MPA ofSF6 was studied in many
works both at static conditions in a cell and in molecular
beam and the detailed analysis of these studies can be found
in [14, 39, 40]. For the excitation ofSF6 in a molecular beam
under collisionless conditions it was shown that the absorp-
tion is greater from the “short” or higher-intensity laser pulse,
whereas under collisional excitation conditions the reverse is
seen and greater absorption from the “long” laser pulse can be
observed [14].

As mentioned above, in the present experiments the ex-
citation process was influenced by collisions. The obtained
results are in good agreement with those of [14], and they can
be explained as follows. Both the pulse intensity and pulse
duration are important in the involvement of larger fractions
of molecules in the excitation process due to dynamic power
broadening in the first case and to rotational relaxation in the
second. Since the rotational relaxation took place during the
excitation pulse, the absorption can be greater for the “long”
laser pulse. It is the latter situation which was seen in our
experiments.

3 Conclusions

The IR-MPA of SF6 molecules cooled in flow withAr
(SF6/Ar = 1/100) down to TV ≈ 230 K and TR ≈ 60 K
was investigated at moderate energy fluences (0.1 ≤ φ ≤
100 mJ/cm2), which are of interest for isotope-selective two-
step dissociation of molecules. The dependences〈n〉(φ) and

Fig. 4. The dependence of the absorbed energy on the excitation energy
fluence for “long” and “short” laser pulses. Excitation of molecules was car-
ried out at the 10P(16)CO2-laser line. The upstream pressure ofSF6/Ar in
the flow was15 kPA

σ(φ) obtained in the present study are in good agreement with
those obtained in earlier studies on MPA ofSF6 at low tem-
perature in a cell [18, 20] and in a molecular beam [22]. The
MPA spectra ofSF6 are shown to differ from those obtained
in earlier works with cooledSF6 [17, 19, 25, 26, 36]. They re-
veal some structure, which is very likely a consequence of
a rather high vibrational temperature ofSF6 in the flow and
the multiphoton character of the excitation. The absorption
from a “long” laser pulse was shown to be considerably larger
(1.5–2 times) than that from a “short” pulse. The method de-
scribed and the results obtained provide a good basis for the
study of IR-MPA of other polyatomic molecules in similar
flow systems.
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