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The temperature dependence of the multiphoton dissociation (MPD) of trifluororbromometh-
ane is investigated at various excitation frequencies. It is shown that when CF,Br is excited at a
frequency detuned towards longer wavelengths ( — 0.5-41.5 cm~') from the center of the linear
absorption band, the principal contributions to the MPD yield are made by molecules with

vibrational energies that exceed the average thermal vibrational energy. These energies are found
to range from 450 to 2500 cm ~'. The temperature and frequency dependence of the MPD selec-

tivity are explained.

1. INTRODUCTION

A characteristic feature of multiphoton excitation
(MPE) of molecules by an IR laser is the formation of at
least two populations consisting respectively of strongly ex-
cited (vibrationally “hot”’) and weakly excited (vibrational-
ly “cold”) molecules (see, e.g., Ref. 1). A qualitative expla-
nation of this experimental fact is that the resonant IR
radiation interacts differently with the different vibrational-
ly excited levels over which the molecules are distributed at
finite (usually room) gas temperature. A quantitative inter-
pretation of these results, especially a calculation of the frac-
tion ¢ of the “hot” molecules, is at present difficult. In fact,
this calls for knowledge of the states from which the mole-
cules are drawn into the MPE process and in what manner,
but the available pertinent data are insufficient. In addition,
this information is needed in principle to understand the
mechanism that makes multiphoton dissociation (MPD)
selective, which in turn is of great practical importance for
laser isotope separation.

Direct experiments on spectroscopic probing of excited
molecules have shown that in MPE many states can interact
simultaneously with the field, as is the case, e.g., for SF.
These experiments, however, were unable to identify specifi-
cally the vibrational-rotational states that participate in the
MPE process, nor the probability of this participation.

Since the initial energy distribution of the molecules is
determined by the temperature, a large number of experi-
mental investigations have been made of its influence on the
parameters of the multiphoton excitation and dissociation.
They have shown that lowering the temperature makes the
MPE spectrum narrower, and changes the yield and selectiv-
ity of the MPD. This behavior was attributed to narrowing
of the rotational distribution of the vibrational ground
state® 5 and to a decrease of the population of the low-lying
vibrational states.°~® Even these experiments, however,
while essentially confirming the influence of the initial ener-
gy distribution of the molecules on the parameters of their
MPE, yield no unambiguous information on the states that
make the main contribution to this process. Our study was
aimed at determining, with the CF;Br molecule as the exam-
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ple, those energy states which make the main contribution to
the formation of the hot-molecule ensemble, and thus deter-
mine the MPD yield and selectivity and their dependence on
the excitation conditions.

We report below the experimental results. To the best of
our knowledge, we have determined directly, for the first
time ever, the initial energy of the dissociating molecules.
The results also explain the experimentally observed depen-
dence of the MPD selectivity on the gas temperature and on
the exciting laser-radiation frequency.

2. EXPERIMENT

In our opinion, one of the simplest methods of deter-
mining the energies of states that interact with a field is to
study the temperature dependences of the MPD yields. This
approach was used in Ref. 10, where the vibrational-states
energy of the molecules interacting with cw CO, laser radi-
ation was determined by measuring the temperature depen-
dences of the linear absorption.

In the case of multiphoton excitation we can write for
the MPD yield S the expression

=3 P, (E)N(E), (1)

where N(E) is the population of a level with energy E, and
P (E) is the corresponding MPD probability.

If the excitation is from a narrow energy interval AE,
i.e., for AE<E, expression (1) takes the following simpler
form

B=Py (E) JuN(E) =P, (E)p(E)ABZZ, e, (2)
AE

where p(E) is the average density of states in the interval
AE, while Z,, and Z;, are respectively the rotational and
vibrational partition functions.

Taking logarithms and changing notation, we get

In(BZ,7Z,.) =const—ET-". (3)

Consequently, if the molecules are drawn into the MPD
from a sufficiently narrow level band, the initial energy E of
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the dissociated molecules can be determined from the slope
of the function In(BZ, Z,, ) =f(T ~1).

We chose for the experiment the CF,Br molecule with
natural carbon isotopic composition; the MPD of this mole-
cule has been studied in detail.’! It is known, in particular
that at room temperature and at a pressure pcr, z, <0.5 Torr
the MPD quentum efficiency of this molecule is ¢ = DS/
£ 51 (here D is the molecule dissociation energy, and € is the
average absorbed energy; at the same time, the dissociation
yield is only a few percent. This indicates that a small frac-
tion of the molecules participates effectively with the field,
so that the approach described above can be regarded as
valid.

In the experiment we determined the temperature de-
pendence of the dissociation yields '?8 and '°8 of '>*CF,Br
and '*CF,Br, respectively, for several laser-radiation fre-
quencies. We used a standard mass-spectroscopy procedure
to measure the MPD yields (see, e.g., Ref. 1) The MPD
selectivity was defined as the yield ratio a = *8/'*8. To
prevent the possible recombination of the product radicals
CF, and Br the experiments were performed with a 25:1
mixture of CF;Br and O,. The O, content was sufficient to
convert all the CF, radicals into COF,, as monitored by the
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FIG. 2. Plotsof In("*8Z,,,) (lightcircles) and In('8Z,;, ) (dark circles)
versus T ~'. The circles mark the experimental points and the lines are the
calculated curves.
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FIG. 1. a) Dissociation yields '?8 and '8 of '*CF;Br and '’CF,Br vs
temperature T for the P24 line. CF,Br pressure 0.5 Torr, exciting-radi-
ation energy density ® = 2.6 J - cm 2. b) MPD selectivity a vs. tempera-
ture T for different excitation frequencies. Energy density & = 2.6

absence of the competing C,F¢ reaction. At all temperatures,
the CF,Br pressure was constant at 0.5 Torr, at which pres-
sure the influence of V-V exchange on the MDP can be ne-
glected.!! The temperature was varied from 193 to 353 K in
steps T'= 20 K. The emission frequencies 1058.95, 1048.66,
and 1043.16 cm™! (the P6, P18, and P24 lines of the CO,
laser) were chosen so that they spanned uniformly a wide
interval of detuning from the linear-absorption band center,
with allowance for a 26.2 cm ™" isotope shift. Thus, the fre-
quencies for the '*CF,Br molecule fell in the Q branch of the
v, band and at the center of the MPD profile. The frequen-
cies for !*CF,Br ended up on the far long-wave edge of both
the linear-absorption band and of the MPD profile.

The radiation energy density was constant, ® = 2.6 J/
cm?. The pulse had a standard waveform: a peak of ~70 ns
at half-maximum and a tail ~ 500 ns at half-maximum, with
approximately equal shares of the energy.

3. EXPERIMENTAL RESULTS

Figure la shows the temperature dependence of the
MPD yields *8 and '?8 of the two isotopes for the P24 line.
Similar curves were obtained for the two other lines. De-
pending on frequency, when the temperature is raised from
193 to 353 K the yields change by a factor 2-8 for "*CF,Br
and 4-100 for '>CF,Br. Note that the curves are different for
the two isotopes. This makes the dissociation selectivity a
depend on temperature, as seen in Fig. 1b. The selectivity
decreases when the temperature is lowered and the radiation
frequency is displaced from the center of the linear absorp-
tion band towards the red, reaching ~ 270 for the P 24 line at
T=193K.

The following additional assumptions were made when
the results were reduced by the procedure described in Sec.
2. Expression (3) does not determine the vibrational and
rotational components of the total energy E of the molecules
that interact with the field. It can be concluded, however,
from the experiments'! which examined the influence of the
rotational relaxation on the increase of the CF,Br MPD
yields when a buffer gas is added, that the field interacts with
an appreciable fraction g, ® 0.15-0.20 of the population of
the rotational sublevels of the resonant vibrational states.
This permits an estimate of the average rotational energy
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E,, of these states, which should not differ greatly from the
average thermal energy at such large gq,,, . It is less than 500
cm ™" even if all the resonant rotational sublevels are in the
tail of the rotational distribution.

We can now use Eq. (3) to determine the initial vibra-
tional energies E.;,. Taking the above estimate of E,,, into
account and neglecting the influence of the temperature de-
pendences of the resonant rotational sublevel populations on
the slope of the temperature dependence, we obtain from (3)

In(BZ ) =const—E,;, T, (4)

The maximum error of the slope of the plot of (4) in this
approach is less than + 80 cm ™', a value comparable with
the experimental error.

Reduction of the experimental data in accordance with
Eq. (4) yielded the plots of In(8Z,;,, ) = f(T ~') shown in
Fig. 2. Within the limits of error, all are straight or piecewise
straight lines. The kinks observed for >)CF,Br on the P18
and P 24 lines are evidence that molecules from two groups of
states with different energies are excited simultaneously.
The starting energies, which are listed in Tabel I, were calcu-
lated from the slopes of the straight lines. Note, first, that all
the values obtained exceed the average thermal vibration en-
ergy. Second, the farther the radiation wavelength is shifted
from the linear-absorption band towards the red, the higher
the energies of the states from which the molecules are effec-
tively excited.

4. DISCUSSION

It follows from (2) that when the molecules are excited
from a narrow energy interval the MPD is proportional to
the equilibrium population of this interval. The first test of
the validity of our procedure is therefore to compare the
absolute values of the observed yields and population in a
certain energy interval AE. This was done by numerically
calculating the temperature dependence of the Boltzmann
vibrational population in a AE interval with an average
equal to the starting energy. Choosing AE = 100-150cm ™,
we found that the fraction of the molecules in this interval
agrees with the observed values of the dissociation yield, i.e.,
B =AAN(E), where A =0.8 on the P24 and P 18 lines for
BCF,Brand 4 ~0.16 for '>’CF,Br on P 6. The coefficient 4 is
in fact, as follows from (2), the dissociation probability of
the population of the interval AE. For "*CF,Br on the P24
line the MPD quantum efficiency is ¢ S 1, meaning that the
molecules dissociate from AE with a probability close to 1. It
was this condition that led to the choice of the interval 100
150 cm ™. For '3CF;Br excited at the center of the nonlin-
ear-absorption band (the P 6 line) the interval AE was ex-
panded to ~200 cm™". It contained the first two energy
levels of the modes vs = 545 cm ™' and v; = 351 cm ™~ !. The
probability of dissociation from these states was assumed for
simplicity to be the same, 4 = 5.2 - 1072, At average start-
ing energies 700-810 cm ™! (see Table I) the interval AE
contains the energy levels v4 + v = 654 cm ™!, 2., = 705
cm™ L v,=762ecm™, v+ vs =850 cm .

If molecules are excited from two intervals with differ-
ent average energies ('2CF;Br on P 18 and P 24) the MPD
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TABLE 1. Starting vibrational energies E,;,

for MPD of CF,Br.
E,,,cm™!
Laser line
BCF;Br 12CF,Br
9P6 450 700
9P18 760 2200/990
9P24 810 2500/750

yield can be expressed in the linear approximation as
2B =A4,AN(E,) + A,AN(E,), assuming that AE, = AE,
=100 — 150cm ™. In this expression AN(E,) and AN(E,)
are the equilibrium vibrational-state populations in different
intervals having average energies E, and E,, while 4, and 4,
are the corresponding dissociation probabilities. The rela-
tion

In{[AAN(E,) +A4:AN (E;) ) Z,ox }=1(T-)

agrees well with the experimental points if we use the follow-
ing values for the probabilities: 4, = 0.9, 4, = 3.0 - 10~ for
P24andA4,=0.8,4,=9.0-10"3for P18.

Since 4, and 4, differ by two orders of magnitude, it can
be concluded that for MPD on the far long-wave edge of the
linear-absorption band the field dissociates molecules simul-
taneously from two energy intervals, but with substantially
different probabilities. Figure 3 illustrates the variation of
the molecules’ starting energy E.;, with increasing detuning
Aw,,,. When excited at the center of the linear absorption
band (Aw,,; = — 0.5 cm™') the molecules dissociate from
states v; and v with average energy 450 cm !, in which case
the dissociation probability is low (4 = 5.2 - 1072). With
increasing detuning, the radiation effectively (4 ~0.8) dis-
sociates molecules with starting energies 750-810 cm ™. As
the detuning increases further, the probability of dissocia-
tion from this level group decreases (A =~ (3-9) - 1073) and
the field begins to effectively (4 ~0.8-0.9) excite low-lying
states with E,;, <2000 cm™’, which make the main contri-
bution to the MPD yield of '>’CF,Br at T> 250 K.

The known increase of the MPD isotopic selectivity as
the long-wave detuning is increased and as the gas tempera-
ture is lowered, which has been observed for many mole-
cules, now acquires a clear physical meaning.

In fact, in MPD of CF;Br the dissociation yields of
2CF,Brand >CF,Bron the P 18 and P 24 lines at room tem-
perature are determined by molecules that start with appre-
ciably different initial energies. These are ~760-810 cm™!
for the resonant '>*CF,Br molecule and 2200-2500 cm ™! for
the nonresonant '*CF,Br. As the temperature is lowered, the
populations of the higher states “freeze out” more effective-
ly so that the dissociation yield '8 of the nonresonant iso-
tope decreases more rapidly than that of the resonant one
(see Fig. 1a). As aresult, when the gas is cooled the dissocia-
tion selectivity increases.

We note, however, that under certain conditions an in-
verse situation can be observed, where lowering the tempera-
ture decreases the selectivity. This occurs if the starting-state
energies of the molecules with the desired isotope exceeds
those of the molecules with the other isotope. This situation
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FIG. 3. Starting energy E.;, of molecules versus the detuning Aw,,, of the
exciting-radiation frequency from the center of band v, of the linear ab-
sorption: O—'>CF;Br, ®—'2CF,Br. Solid line—T> 250 K; dashed—
T<250K.

is possible, in particular, for “blue’”” detuning from both iso-
topes. It is probably this mechanism which is responsible for
the decrease, observed in Ref. 12, of the MPD selectivity of
CF,Cl, with decreasing temperature.

The reason why the MPD selectivity increases when the
radiation frequency is shifted towards the red is that at
T>250 K the starting energy begins to increase when the
detuning satisfies Aw,,, >26 cm™" (see Fig. 3) This degree
of detuning is realized primarily for a nonresonant molecule
2CF,Br, for which the radiation frequency had already been
displaced to the long-wave region by an amount equal to the
isotope shift. Consequently, when the frequency is detuned
from the band center of the resonant molecule '*CF;Br the
nonresonant-isotope dissociation yield begins to be deter-
mined by ever higher vibrational states. The population of
these states decreases with increasing energy, meaning that
the '2CF,Br MPD yield decreases. At the same time, since
the '>CF,Br dissociation probability increases (4 increases
from 5.2 - 1072 to 0.8 when the frequency is shifted by 15.8
cm™!, the MPD yield increases and reaches a maximum. As
aresult, the MPD selectivity @ = '8 /!?Bincreases with in-
creasing detuning towards longer wavelengths.

We note in conclusion that the described mechanism of
formation of the selectivity and its frequency and tempera-
ture dependences is applicable to a large class of molecules
with small g-factors.

We consider now the size of the energy interval AE. We
chose it to reconcile numerically the fraction of molecules in
the interval and the dissociation yield. The coefficients 4, or
in fact the dissociation probabilities, are close to unity in
certain cases. This is equivalent to stating that the field
causes dissociation of almost the entire rotational distribu-

. tion (4 ~1) of the resonant vibrational levels, which make
at T'> 250 K the main contribution to the MPD yield. It was
already noted earlier, however, that the MPD yield for
CF,Br can be increased by adding a buffer gas, !! a fact attri-
buted to overcoming the rotational ‘“bottleneck.” Allowance
for this fact may require expanding the band to 300400
cm™ !, It is possible, however, that the main contribution to
the increased yield is made by accelerating the rotational
relaxation by the nonresonant (A ~10~3) vibrational lev-
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els, in which case the width of the AE interval remains un-
changed.

As for states with E;, > 2000 cm ™, it is quite probable
that in this case the fields no longer interact with a level
band, but instead with the entire *“tail” of the vibrational
distribution, except that the molecule-dissociation probabil-
ity is decreased accordingly. Calculations do not offer a way
of choosing between these two possibilities.

We turn now once more to the ratio of the initial vibra-
tional and rotational energies of the molecules drawn into
the MPD. On the basis of the data of Ref. 11, we have as-
sumed as the first step that the rotational energy of the disso-
ciating molecules approximately equals its average value,
and have thus taken it out of consideration and assumed that
the vibrations have the energies given by Eq. (4).

We consider now another limiting case. Assume that
the field dissociates the molecules from the rotational distri-
bution of the vibrational ground state. The starting energies
obtained from (3) are then purely rotational. Numerical cal-
culation yielded the temperature dependence of the equilib-
rium population of the rotational states in the energy inter-
val AE = 100-150 cm ™!, with a mean value equal to the
starting one. The calculation results differ qualitatively and
quantitatively from the experimental ones in this case.

First, the populations of both the interval and the tail of
the rotational distribution cannot account for the dissocia-
tion yields observed on the P 18 and P 24 lines for *CF;Brin
the entire temperature range, and for '>’CF,Br at 7> 250 K.

Second, if the molecules come from two energy inter-
vals (as is observed for '>CF,;Br on the lines P 18 and P 24), it
is impossible to obtain a dependence

In[AAN(E)Z ;4 Z ol =F(T7*),

that is qualitatively similar to the experimental one,

In(izﬁzvibzmt) =f(T_‘) )
by using only the rotational distribution of the vibrational
ground state.

Thus, the purely rotational distribution of the ground
vibrational state explains the observed dissociation yields
and their temperature dependences neither qualitatively nor
quantitatively. This result is one more argument in favor of
the earlier assumption concerning the ratio of the vibration-
al and rotational components of initial energy of the mole-
cules drawn into the MPE process.

5. CONCLUSIONS

The experiments show that the initial energies of disso-
ciated molecules can indeed be determined from the tem-
perature dependence of the MPD yields. By using additional
data!! to estimate the rotational energy one can separate the
vibrational and rotational components of the initial energy
and thus determine the starting vibrational energy of the
molecules.

The results have shown that at small levels of frequency
detuning, towards longer wavelengths, of the radiation fre-
quency from the center of the linear absorption band
(Awy,, = —0.5-15.3 cm™!) the major contribution to the
formation of the hot ensemble is made by states with initial
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vibrational energy 450-810 cm~'. The dissociation prob-
ability increases in this case as the detuning increases.

With further increase of the frequency shift
(Awy,s =26.2-41.5 cm™') the probability of dissociation
from this group of levels decreases (to ~1073). The field
begins to excite effectively (A =0.8-0.9) the high-lying vi-
brational states having E = 2200-2500 cm~!, which at
T> 250 K make the main contribution to the g-factor, and
hence to the MPD yield.

When an isotope mixture ('>’CF;Br and *CF,Br) is ex-
cited, the MPD yields (at T>250 K) are determined for
each isotope by level bands with substantially different ini-
tial vibrational energy. It is this which determines the ob-
served temperature and frequency dependences of the MPD
selectivity.

In conclusion, the authors thank V. S. Letokhov for
support and V. N. Lokhman for help with preparations for
the experiment.
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