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The behavior of the transition probability AE/hv between bromine vibrational levels in mixtures con-
taining He, Ne, Ar or Xe is investigated for adiabatic-factor values 0.5 < w7, = 1.8. It is shown
that in mixtures containing Ne or Ar the quantity AE /hv goes through a maximum at WTeol ~ 15 in
mixtures with He or Xe its variation is different and depends on w7;q). It is noted that for wrgq)
> 1 the experimental results can be satisfactorily described by the Landau-Teller theory. Theories
developed for w7;,1< 1 do not agree with data obtained in this range of w7.q) values.

1. INTRODUCTION

A sudden loss of statistical equilibrium in a molecular
gas is accompanied by different relaxation processes,
each with its own characteristic time. Measurement of
these quantities makes it possible to determine experi-
mentally the transition probabilities between the rota-
tional, vibrational, and electronic levels. There is a
large variety of experimental methods for investigating
relaxation processes in gases. Initially, ultraacoustic
methods were the most widely used.'!!) However, the
temperature interval of these methods was quite nar-
row and was limited to room temperatures or to tem-
peratures close to them. Subsequently, methods cover-
ing a broader temperature interval were developed.
These include, for example, the shock-wave method. In
spite of the fact that this method is now used quite ex-
tensively, the results obtained with it pertain only to a
rather narrow field of vibrational relaxation, namely
the region of adiabatic collisions, where the period of
the molecule vibrations is smaller than the duration of
the collisions 7., i.e., wT¢qo) > 1 (w—vibrational fre-
quency of the molecules).

In the present investigation, the shock-wave method
was used to determine the vibrational relaxation times
7 in mixtures of bromine with inert gases He, Ni, Ar,
and Xe under conditions of both adiabatic and nonadia-
batic collisions, and the adiabaticity factor w7, lies
in the interval 0.5 = w7, =< 1.8. As is well known
under the conditions of adiabatic collisions (w751 < 1)
almost all the experimental results pertaining to dia-
tomic molecules agree quite well with the conclusions
of the Landau-Teller theory'*! (In T~ const/T*/3). The
only exceptions are certain molecules of the HI type.t®!
In the region of nonadiabatic collisions (chol < 1) the
existing theoretical analyses of vibrational relaxa-
tionst ® 71 have not yet been confirmed experimentally,
since there are practically’®?®! no experimental meas-
urements of the value of 7 under these conditions.

The choice of bromine as the object of investigation
is governed by several factors. First, bromine has an
intense well-investigated absorption spectrum in the

[2,3]
’ b

223

visible region, making it possible to employ the method
of molecular absorption spectroscopy to register the
populations of the different vibrational levels of the Br,
molecule. The semi-empirical Sulzer—Wieland formu-
1al) for the absorption coefficient €(v) describes
sufficiently accurately the experimental results in a
wide range of temperatures and wavelengths
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where €, vy, and Av¥ are quantities determined from
experiment, ®, = hv/k = 465°K is the characteristic
vibrational temperature of bromine, and T is the ther-
modynamic temperature of the gas. Second, the pres-
ence of a low characteristic vibrational temperature
for bromine greatly simplifies the performance of the
experiment in the region of nonadiabatic collisions of
Br, molecules with inert gases; this investigation can
be carried out under conditions in which there is still
no overlap of the process of vibrational relaxation with
dissociation. For almost all the remaining diatomic
molecules, the region of nonadiabatic collisions lies at
temperatures so high that an appreciable overlap is ob-
served between the processes of dissociation and vibra-
tional relaxation (for example O,, N, CO, and others).
However, in view of the high chemical activity of bro-
mine, the experimental technique is greatly compli-
cated, since the experimental setup must be made of a
material that is not subject to corrosion.
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2, EXPERIMENTAL SETUP

The experimental investigations aimed at determin-
ing the probabilities of the transition between vibration-
al levels of the Br, molecules were carried out with a
shock tube made of stainless steel (Fig. 1). The shock
tube consisted of sections with inside diameter 134 mm;
the length of the low-pressure chamber (LPC) and the
high pressure chamber (HPC) were respectively 7 and
12 meters. These chambers were separated by an alu-
minum membrane with a corrugation whose depth deter-
mined the strength of the shock wave. The vacuum seals
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FIG. 1. Diagram of Experimental setup. 1-FEU-36 photomultiplier,
2—FEU-38 photomultiplier.

were made of teflon or silicone rubber. The shock-tube
walls could be heated to 200° C with the aid of a special
nichrome coil uniformly wound over the entire setup.

The low-pressure chamber was evacuated with a
forevacuum pump to a pressure 2 x 10~ mm Hg. The
leakage due to the insufficient sealing did not exceed
10™ mm Hg within the time necessary to perform the
experiment,

The mixture of bromine with the inert gases was
prepared in a special gas mixer, 20 liters in volume,
which was connected to the shock tube through bellows
and valves. The gases were mixed not less than one
day. The pressure of the mixture on the shock tube was
determined with the aid of a differential manometer
specially designed and constructed to operate with cor-
rosive media. This instrument was designed to operate
at a temperature up to 200°C. The error in the meas-
urement of a mixture pressure of several millimeters
mercury did not exceed 2%.

The partial pressure P; of the bromine vapor was
determined from the absorption of light in the visible
region of the spectrum, A = 4140 &. To this end, an op-
tical system was assembled where the light source was
a DKSSh-1000 lamp. A lens L, was used to form an ap-
proximately parallel beam of light, which crossed the
shock tube perpendicular to its axis, and was focused
by a lens L, on the input slit of the ISP-51 spectro-
graph. The light receiver was an FEU-38 photomulti-
plier, the output signal of which was fed to a moving-
mirror microammeter M-95, Since the investigations
were carried out in the region of continuous absorption
of the light, the connection between the Br, molecule
concentration (or the pressure P,) and the absorptivity
A was established on the basis of Beer’s law
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where ETI(V) is the absorption coefficient (liters/mole-

cm), N is Avogadro’s number, T, the initial tempera-
ture of the gas in the shock tube, k is Boltzmann’s con-
stant, and d is the diameter of the shock tube (cm).
The same scheme with certain modifications was
used to investigate the distribution of the absorptivity
of the gaseous bromine behind the shockwave front. The
difference lies in the fact that the registration of the ab-
sorptivity of the Br, molecules in the shock wave was
carried out simultaneously at two wavelengths, x; =4140
and A, = 4900 A; two optical slits were placed at the
output of the ISP-51 spectrograph and, accordingly, two
FEU-38 photomultipliers, the signals from which were
fed not to the moving-mirror galvanometer, but to two
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channels of a DESO-1 oscilloscope. To facilitate the
calculation of the vibrational-relaxation time, the rela-
tive positions of the sweeps were calibrated before the
experiment.

The widths of the slits on the sighting windows of the
shock tube did not exceed 0.3 mm. This width deter-
mined the resolving power of the registration system,
since the time constant of the electric circuit did not
exceed 1077 sec.

To determine the shock-wave velocity we measured
the transit time of the shock wave through a tube
290 mm long; the instants of passage of the wave past
two specified points of the apparatus were registered
by the absorption~spectroscopy method. To this end,
the light source was a tungsten incandescent lamp, and
the necessary section of the spectrum was separated
with the aid of an interference light filter (LF). The
beams of light after passing through the shock tube
were aimed on the same FEU-36 photomultiplier, the
output signal of which was fed to an OK-17M oscillo~
scope.

3. DETERMINATION OF THE VIBRATIONAL
RELAXATION TIME

The study of the vibrational relaxation (and conse-
quently of the probabilities of the transition between the
vibrational levels) of the Br, molecules behind the front
of the shock wave was carried out in a mixture of bro-
mine with the inert gases He, Ne, Ar, and Xe. The per-
centage content of the bromine in the mixtures with He,
Ne, and Xe was respectively 5, 10, 20, 50%; 10%; and 5, 10,
20%; 20%. Typical oscillograms of the distribution of
the absorptivity of bromine vapors behind the shock
wave front are shown in Fig. 2. Both oscillograms were
obtained in the same experiment, but for different sec-
tions of the spectrum, A, = 4140 A and A, = 4900 A. The
absorption of the light in the region of A, = 4140 R is
connected with transitions between the Br, molecules
from the zeroth vibrational level of the ground electron-
ic state 'Z. to the excited state I,;;. The other sec-
tion of the spectrum, at A, = 4900 A, corresponds to
transitions from the lower vibrational levels of the
state 'Zg to the excited states 'Tly.y and °M,y. Since
the transitions begin from the zeroth vibrational level
in the spectral regions A, = 4140 & and A, = 4900 A,
the gas is not perfectly transparent even at room tem-
peratures. (It must be noted that under the experimen-
tal conditions inert gases are fully transparent to light

FIG. 2. Oscillograms of the absorptivity of bromine in a mixture
10% Br3 + 90% He behind the front of the shock wave. The sweep
duration is 50 usec, P, = 10 mm Hg, v = 1.24 mm/usec. The upper curve
corresponds to absorption of light in the region A, = 4140 A, and the
lower at A, = 4900 A.



EXPERIMENTAL DETERMINATION OF THE PROBABILITY

with wavelength A, = 4140 & and X, = 4900 &.)

The gas is heated and compressed in the front of the
shock wave. The compression leads to an increase of
the total density of the gas, and consequently to an in-
crease of the absorptivity, while heating of the gas
causes a decrease in the population of the zeroth vibra-
tional level and, naturally, a decrease of its absorptiv-
ity. The total contribution of these processes to the ab-
sorption is such that an increase of the absorptivity is
observed in the front of the shock wave. With increas-
ing distance from the front, the absorption continues to
increase. This is connected with the growth of the gas
density and with the drop of the translational tempera-
ture during the process of population of the upper vibra-
tional levels of the Br, molecules. During the course of
this process, the vibrational temperature increases
from room temperature to the equilibrium value of the
translational temperature. The change of the absorptiv-
ity of the gas behind the shock-wave front continues for
several microseconds, after which a constant level is
established (region of statistical equilibrium). The ab-
sorption coefficient of bromine in this equilibrium re-
gion of the shock wave coincides, within the limits of
experimental error, with the values calculated in ac-
cordance with formula (1).

The time of vibrational relaxation of the Br, mole-
cules was determined in the following manner. For the
spectral regions A, = 4140 & and A, = 4900 A, the os-
cillograms were used to determine the distribution of
the absorptivity of the bromine behind the shock wave
front A,(t) and A,(t). Then, using the relation derived
from Beer’s law and formulas (1)
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we determined the distribution of the vibrational tem-
perature Ty(t), and accordingly, of the vibrational en-
ergy Ey(t) behind the shock wave front. The profiles of
the density p.(t) and of the translational temperature of
the gas were determined from the data on the distribu-
tion of the absorptivity A,(t) and of the vibrational tem-
perature Ty(t), using Beer’s law and the laws of mass
and momentum conservation. These data suffice for the
determination of the relaxation time of the vibrational
energy in the laboratory system, if the following formu-
la is used:

e Ev() —Ey(Ty) @)
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Since we know now the profiles of the quantities Ey(t),
Ey(Ty) and dE(Ty)/dtjy, behind the shock-wave front,
obtained from the oscillograms, we calculate from for-
mula (4) the dependence of the time of vibrational relax-
ation on the translational temperature T in the labora-
tory frame. Then, using the results of the calculation of
Tlab, We determine the relaxation time Teff in a coor-
dinate system connected with a physically small volume
of the gas. The values of 7 obtained in this manner
correspond to a concrete mixture. To find the vibra-
tional relaxation time 7gy,_p due only to the colli-

sions between the Br, molecules and the atoms of the
inert gases (M), we used the equation

z +1—z (5)
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where 7y, _Byr, is the time of vibrational relaxation

of pure bromine™?! and x is the concentration of the
Br, molecules in the mixture.
Experiment has shown that the time 7gy, _) does

not depend on the percentage composition of the mix-
ture, thus demonstrating the validity of formula (5). The
results of the measurements of 7gy, _) were reduced

to normal density (n = 2.69 x 10*® c¢m™®) and are shown
in Figs. 3 and 4 as functions of the translational gas
temperature. These data have much in common and
their temperature dependences deviate greatly from the
experimental results available for other molecules.!?: %]
Notice should be taken of three characteristic segments
on the curves of Figs. 3 and 4. The first pertains to the
region of low temperatures, where the vibrational re-
laxation time decreases with increasing temperature T.
Such a dependence of 7 on T is characteristic of adia-
batic collisions (wT,,) > 1) and is sufficiently well de-
scribed by the Landau-Teller theory. However, there
is no agreement between theory and experiment when it
comes to the absolute values. Thus, for example, the
experimental and theoretical values of TBr,-Ne,

TBr,-Ar? and TBrz—Xe differ by 90, 60, and 4 times
respectively. (Figs. 3 and 4; they show TBr,-M already

multiplied by the foregoing numbers.)

The range of adiabatic collisions depends on the type
of incoming particle, particularly on its mass. Whereas
for the Br,-Xe mixture it extends up to 1000-1100°K,
and for Br,—Ar up to 800-900° K, for the lighter neon it
decreases to 600-700°K. In the Br,—He system, adia-
batic collisions are possible only at T < 500°K. There-
fore in Fig. 3 there is no section in which 7g, _ge de-

creases.
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FIG. 3. Dependence of the vibrational-relaxation time of bromine
on the gas temperature. O and A — results of the present investigation
for the mixtures Br,-He and Br,-Ne, respectively; solid line — 90
TBr,-Ne (Where 7Br,-Ne was calculated in accordance with the Landau-
Teller theory), dashed — ZOOTB;?-He (where 7Br,-He was calculated in
accordance with the theory of [7]).
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FIG. 4. Dependence of the time of vibrational relaxation of bro-
mine on the gas temperature. O and A — results of the present investi-
gation for the mixtures Br,-Ar and Br,-Xe, respectively; solid line —
607Br,-Ar; dashed line — 47Br,-Xe (Where 7Br,-Ar and 7Br,-Xe are cal-
culated by the Landau-Teller theory).

Adjacent to the region of adiabatic collisions is a
segment in which the time of vibrational relaxation
ceases to change with increasing temperature. Its di-
mensions, just as in the case of the first segment, are
determined by the nature of the incoming particle. The
vibrational relaxation under these conditions is charac-
terized by a transition from adiabatic collisions to non-
adiabatic ones (w7¢g] ~1). It should be noted that when
wTeo1 ~ 1 the Landau~Teller theory can no longer be
used for the description of the excitation of the molecu-
lar vibrations; no theory has yet been developed for
these conditions.

Finally, the region of nonadiabatic collisions (w7
< 1) differs from the two preceding ones in that the
time of vibrational relaxation increases appreciably
with increasing temperature. This is connected with
the decrease of the vibration-excitation probability of
the Br, molecules, or at least with its constancy. For
the Br,-Xe system, the range of nonadiabatic colli-
sions begins at T > 2200°K, where an overlap of the
relaxation and dissociation processes is observed. In
the Br,—He mixture, to the contrary, owing to the large
relative velocities of the colliding particles, this range
begins in the region of room temperatures (T < 500°K).

In theoretical investigations!® 71 of vibrational re-
laxation in the region wr¢g) < 1, it is assumed that the
mass of the incoming particle is much smaller than the
mass of the relaxing molecules. Therefore, only for
the Br,~He system can we compare the experimental
and theoretical values. Figure 3 shows the results of a
calculation of Tgy, M by means of the formula of ‘"?.

col

It turns out that the theory and experiment yield essen-
tially different results.

4. PROBABILITY OF EXCITATION OF THE VIBRA-
TIONAL LEVELS OF Br, MOLECULES BY COL-
LISION WITH ATOMS OF He, Ne, Ar, AND Xe

In the present study, the main experimental result is
the time of vibrational relaxation 7py, _p. It is con-

nected with the probability of excitation of the vibra-
tions of the molecules Br, (in our case the probability
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is equal to AE/hv) by the relation'!!!
r:[z__?f(ehv/kr_»l) ]_iy (8)

where AE is the energy acquired by the molecule in
one collision, hv is the quantum of the vibrational en-
ergy, and z is the frequency of collisions of the mole-
cules with the incoming particle (in our case with the
atom of the inert gases). We shall use formula (6) and
calculate the probability AE/hv of excitation of the vi-
brations of the Br, molecules. We assume here that the
gas-kinetic cross section of the collision between the
molecule and the atom of the inert gas is ogy,—M

= /(o gy, + 0p) and remains constant in the entire in-
vestigated range T = 500-2250°K; o gy, and o) are re-

spectively the cross sections for the collisions between
the Br, molecules and the inert-gas atoms. The ob-
tained values of AE/hv are shown in Figs. 5 and 6 as
functions of the gas temperature.

As seen from Figs. 5 and 6, the probability AE /hv of
excitation of vibrational levels of bromine molecules in
collisions Br,~Ne, Ar, Xe increases with increasing
T, in the region of relatively low temperatures, and
reaches a section with a constant value. For the Br;-Xe
system, the probability AE/hy assumes a constant
value in the region T ~ 1500°K and remains unchanged
up to the upper limit of the investigation, whereas for
the mixtures Br,—Ar, Br,—Ne it goes through a maxi-
mum at T ~ 1300°K and T ~ 1000°K respectively. In
the Br,—He mixture, the probability AE/hw of excita-
tion of the vibrational levels decreases in the region
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FIG. 5. Probability of transition between vibrational levels of Br,
molecules as a function of the gas temperature. O and A — the results
for the mixtures Br,-He and Br,-Ne, respectively.
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FIG. 6. Probability of transition between vibrational levels of the
Br, molecules as a function of the gas temperature. O and A — results
for the mixtures Br,-Xe and Br,-Ar, respectively.
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T = 500~1500°K and remains practically unchanged at
T = 1500-2150°K.

The behavior of the probability AE/hv of the transi-
tion between the vibrational levels and the behavior of
the time of vibrational relaxation 7y, -M as functions

of the temperature have much in common for all the in-
vestigated mixtures. The only difference is that the
common characteristic sections of AE/hy pertain to
different values of the temperature. We therefore pre-
sent the results not as functions of the temperature but
as functions of a quantity characterizing the ratio of the
period of the oscillations to the duration of the particle
collision, i.e., as a function of w7,,). The duration of
the collision is defined as 7., = 1/@v*, where a is
one of the constants of the exponential potential of the
interaction between the Br, molecules and the atoms of
the inert gas, V = V; exp —ar, and v¥* is the relative
velocity of the colliding particles making the largest
contribution to the excitation of the vibrations of the
Br, molecule; it is determined from the Landau-Teller
theory. The parameter a was obtained from the exper-
imental results at low temperatures, where agreement
between theory and experiment is observed. For the
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FIG. 7. Dependence of the probability of transition between vibra-
tional levels of Br, molecules on the adiabatic factor w7¢o] in the fol-
lowing mixtures: Br, — He (X); Br, — Ar (A); Br, — Ne (O); Br, —

Xe (O).
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systems Br,-Ne, Br,—Ar, and Br,—Xe, @ turned out
to be equal respectively to 5.0 x10®, 5.5 x 108, and 5.0
x 10% cm™!; the parameter a for the Br,—He mixture
was assumed equal to 4.0 x 10® cm™, All the experi-
mental results are presented on a common plot (Fig. 7).

The quantity w7,y turned out to be the smallest for
the mixture Br,~He (w7oo) ~ 0.5), and largest for
Br,—Xe. The reason is that the temperature interval
of the investigation was approximately the same for all
systems, but the reduced masses differ greatly. It is
seen from Fig. 7 that the probability of excitation of the
vibrational levels of bromine in mixtures with argon
and neon goes through a clearly pronounced maximum
in the region w7gop ™~ 1, i.e., the most effective colli-
sions are those whose duration is close to the period of
vibration of the molecules.

Analyzing the results, we can apparently suggest
that when w7y ~ 1 there is 2 maximum of the proba-
bility of excitation of the vibrations of the Br, mole-
cules also for the mixtures Br,~He and Br;~-Xe. It is
possible that this dependence of AE/hv on the temper-
ature or on the parameter w7, is typical also of
many other diatomic molecules.

In conclusion, the authors are grateful to E. V. Stu-
pochenko and A. I Osipov for a discussion of the re-
sults.
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