State resolved rotational relaxation of CS 5 in argon free jet
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Rotational relaxation of CSin argon free jet was studied using laser-induced fluorescgriEg.

The rotational populations were obtained from LIF detection at 19 different points along the jet axis
from 3 to 15 nozzle diameters. On the basis of the energy gap power law, the master equation was
solved to fit the experiment results, and the two temperature-independent parameters in the law were
determined. The results show that the state-to-state relaxation cross sections vary as the inverse 1.7
power of the energy gap between the initial and the final states. The expressions for the state-to-state
relaxation cross sections and the rate constants were written. The relaxation cross sections decrease
with increasing temperature over the range of 2—60 K for the#2$ collision. © 1995 American

Institute of Physics.

I. INTRODUCTION cross section is used, such an approach is obviously inad-
equate for interpretation of experimental results which reveal
Supersonic jet expansions of gases are the establishegat deviation from a Boltzmann distribution exists in the
sources for high intensity molecular beams and, thereforgyopylation of individual levels, and that the rotational relax-

have attracted extensive experimental and theoreticalsion rate constants and cross sections are temperature de-
interests: Moreover, the free jet itself represents an mterest-pendent_

ing problem that has been subjected to continuous studies by An alternative to the thermodynamic approach is the use

people interested in aerodynamlcs and_ its applicaions. ._of kinetic model employing state-to-state rate constants. Af-
The study of the rotational relaxation of a polyatommter appropriate modeling of the expansion, the population of
molecule in the free jet is of interest for two reasons. First, pprop 9 P ! Pop

one would like, given the source conditions, to be able tothe individual rotational level may be calculated out through-

predict the population of individual rotational level once the Ot the expansion, by solving the master equation with the

expansion is terminated. Second, there is a hope that a bet@te-{o-state rate constants. The rate constants, however,
understanding of both jets and the mechanism of rotationdP'Ust P got from a large amount of computation based on an
relaxation may emerge from these studies. For instance, tHateraction potential between molecules. This calculation is
jet itself represents a unique environment because of thgeverely restricted as the lack of knowledge about the inter-
presence of very low energy collision, which can be dupli-action potential.

cated only with great difficulty in equilibrium experiments, Several empirical expressions of the state-to-state rate
but are important in unusual physical conditions as thoseonstant have been proposed based on experimental results,
prevailing in interstellar cloud$Several experimental tech- such as the exponential energy gap faft and the power
niques have been employed so far to study rotational relaxaw.!® Appropriately adjusting the parameters in the expres-
ation in free jets. The list includes electron beam inducedsions could yield the best description of the population evo-
fluorescencé velocity distribution measurement followed by |ytion or the change of the rotational temperature along the
energy balan(_:e to get the rotational _tempera?urmlecul_ar jet. This method has been used by Kdirg and Yamazaki
beam laser-induced fluorescer‘?cemfrare'd absorption ¢ 5118 5 explain the dependence of the terminal rotational
spectroscopy, Raman spectroscoflyand finally Fourier temperature of B on the stagnation pressures, where the

tran:_fr(])rm er’_rllssmg Sr? ec;trom_e?ry. fh techni N rotational temperature was derived from terminal velocity
e merits and shortcomings of these techniques are tog .\« o+ followed by energy balance.

numerous to be discussed here. References 4-9, however, L . .
. . . ' ; Presented in this paper are the experiment results which

may be divided into two categories. The first contains those . o
involving the measurements averaged over the rotationzﬂq"’lkeS use of .Iaser-mducgd fluorescer@ttF) excnatlgn
states such as rotational temperatures, while the secorﬁﬁ’ecua t(_) obtain the rc_Jtat!onaI population of .Chd its
group includes those in which populations of individual ro- €"anges in argon free jet in a range XfD=3-20 at a
tational level have been measured. stagnation pressure of one atmosph@eis the nozzle di-

The major theoretical efforts towards an understandin@meter.X is the axial distance from the nozzle orifice gxit
of rotational relaxation in free jets have been made usinghe power law is employed to calculate the evolution of
thermodynamic sudden freeze and numerical integratiofotational population by the method like Koura'sFitting of
modelst®'**2Since, in these models, a rotational tempera-the calculated results with the experiments gives almost all
ture is assumed to exist throughout the expansion and alsothe information about the rotational relaxation of Q8 Ar
constant characteristic rotational relaxation rate constant dree jet.
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Il. RELAXATION KINETICS IN FREE JET

. . o N 6
The relaxation of the rotational distributid?® =n,/n of
CS, along the Ar free jet axis is described by the master (S8 NN N
equatior® ! b !
1
P, - : |
U W=nav§) (o3iPy= 03P, () E: ] A :2
J 1 SES |I 2
PN, |
where the rotation-rotation transition is neglected owing to 4 ! !
the diluteness of CSin Ar (n=|2n|<na), n, andn, are the ' :
number density of CSin the ith rotational level and Ar, C L. A 1
respectively,U is the flow velocity,V is the relative mean 3
velocity between collision partners;; (or o;) is the cross HH X
section for the rotational transition—J (or J—1) of CS, 7
due to collisions with Ar, and given by the power fsw (J S

013=C(2J+1)| e, lexpl€5)K1(| €3] |[AE ;| 7, 2

whereA EIJ= EI _ EJ is the rotational energy ga,; equals FIG_. 1. Schematic framework of the mova_ble nozZB: sample gas(2)
. . . stainless-steel bellow3) flange;(4) supporting frame(5) pulsed nozzle;

AE,;/2kT, T is the translational temperatur&, is the (6) adjusting handle7) guide body.
modified Bessel function of the second kind, the parameters
C and «a are slightly dependent on temperature and can be
assumed constant in calculation. laser beam from the exit arm of the chamber was sent to the

The relation between the total molecular denSity and th%hanneB_ The Boxcar was Working 0A/B mode. Scanning
translational temperature in the Jet axis is taken from tthe dye laser frequency, the averaged laser-induced fluores-

isentropic flow equation, cence(LIF) spectrum of CSby Boxcar was monitored and
n T\ (-1 y—1 —1/(y-1) recorded by a chart recorder. The operation of the nozzle and
P T_) =1+ > Mz) , (3)  the laser was controlled sequentially by a homemade pulse
0 0

generator. The pulse width opening the nozzle was 2 ms.
here,n, and T, are the total molecular density and the tem-  The main difference between our apparatus and others is
perature in the source gas, respectivelis the heat capacity that the nozzle position can be changed relative to the inter-
ratio and taken to be 5/3, arM is the Mach number which section point between the jet axis and the dye laser beam, as
is a function ofX/D. The Mach number distribution along can be seen in Fig. 1. By turning the adjusting handle, the
the jet axis is adopted from the work of AnderS@md Ash-  nozzle which was connected to a stainless-steel bellow, could
kenaset al!® If reasonable values & and« in formula (2) be moved within a range of 0—40 mm.

can be chosen, the rotational relaxation kinetic rate constants

may be obtalngd by solving numerically the master equation,, RESULTS AND DISCUSSION

mentioned earlier above.

In order to get the evolution of the G%otational distri-
bution along the expansion, we had obtained nineteen LIF
spectra of CScorresponding té\ 'B,(150)— X lEJ(OOO)

Our supersonic jet apparatus is similar to those describettansition(352.5—-352.6 ninfor different positions in the jet
by other authors in the literature except for the movablewithin a range oiX/D=3-15. For illustration, Figs. 2 and 3
nozzle. The supersonic jet was formed by expanding a mixare the LIF spectra of G&it X/D=3 and 15, respectively. It
ture of 5% C$3in argon through a 0.5 mm room temperaturecan be seen from these spectra that considerable cooling has
pulse nozzle(General Valvg¢ into the vacuum chamber taken place as the spectrum in Fig. 3 is much simpler than
pumped by an oil-diffusion pump. The stagnation pressurehat in Fig. 2. The corresponding simulated spectra are also
was 1 atm., the background and working pressure in thgiven in each graph according to the known spectroscopic
chamber were 810 ® and 2<10°° Torr, respectively, at a constants, the Honl—London factor, and an assumed popula-
repetition rate of 4 Hz. tion. From these simulated spectra, the rotational distribution

A dye laser(Lambda Physik FL2002of a line width of  and its evolution along the jet axis were obtained.

0.2 cm ! pumped by an XeCl excimer laser with a pulse Now we are in a position to calculate the rotational dis-
width of 20 ns irradiated the jet in the direction perpendicu-tribution and its evolution through the expansion, and to fit
lar to the jet axis. The total fluorescence of s detected the calculated results with those of the experiments. In the
by a photomultiplier(GDB56, Beijing through an optical early stages of the expansidgosually negativeX/D), the
image system which was so arranged that the fluorescendmnslational temperature changes rather slowly and the col-
from a small area near the jet axis could only be receivedlsion rate is very high, the translational and rotational de-
The signal from the photomultiplier was preamplified, andgrees of freedom are in a equilibrium. However, with the
fed to the channel of a Boxcar integratofPAR 162/165%. expansion proceeding, and as a result of the decrease both in
The output of a photodiode irradiated by the transmitted dyeéhe number density and the translational temperature, the col-

Ill. EXPERIMENT
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Frequency Shift (cm™) of CS, vibrational population even though the rotational tem-
perature is cooled significantly as the jet proceeds, which
_ _ _ implies that the vibration-rotation coupling effect could be
FIG. 2. A comparison of the experimentalpper pangl and simulated . . . .
(lower panel laser-induced fluorescence excitation spectra of &Btered neglected in our experlment. Qf course, th!s is obviously
at 28 362.9 criit in the Ar free jet forX/D=3. reasonable because the vibrational relaxation takes much
more collisions than the rotational relaxation.

The rotational population at the starting poiy(D) of
lision rate begins to fall, the equilibrium between the trans-calculation can be obtained from the Boltzmann equation
lational and rotational degrees of freedom as well as thawith the rotational temperature setting equal to the transla-
between the individual rotational states will no longer exist,tional temperature. In practice, the starting point was varied
the master equations have to be solved. in order to check the stability of the calculated results. Typi-

For solving the master equatiqni), we must consider cal value of Xo/D=—1 was used in the calculation. The
the coupling effect of vibration-rotation relaxation on the calculated results of rotational population are illustrated in
evolution of rotational distribution, because the vibration-Figs. 4 and 5 forX/D=3 and 15, respectively. It emerges
rotation relaxation process enriches the rotational populatiorfrom the fit of the calculated populations and the experimen-
Fortunately, from the analysis of the vibrational structures oftal results that if the rotational transition probability de-
the LIF spectra of CSat room temperature and in the super-creases with the 1.7 power of the difference between the
sonic jet, we can conclude that there appears to be no changgtial and the final rotational states, the theoretical predic-

axis, not only for Cg, and to check the theoretical results

tions agree well with the experimental results fr¥bD =3 —
15 throughout the expansion. To our knowledge, this is prob-

Obs. . . . .
with experiments. Now, some information about the rota-

: tional relaxation can be obtained from the calculation.
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ably the first experiment to detect the evolution of the
molecular rotational populations point-by-point along the jet
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FIG. 3. A comparison of the experimentéipper pangl and simulated FIG. 5. Rotational population of GSat X/D=15 in free expansion. The
(lower panel laser-induced fluorescence excitation spectra of @®tered  lines show calculated results based on a power law dependence of transition
at 28 362.9 cm? in the Ar free jet forX/D=15. probabilities on the energy gap. The points are experimental values.
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FIG. 6. Rotational distributions in free expansion where the closed signs

represent the experimental values, and the open signs represent the valygg; 7 The temperature dependences of the cross sesitid) and rate
from calculation. The solid linear lines are fitted to linear patterns for eaChconstant(dasheo} for the transition CFJ=2)-+Ar—CSy(J=0)+Ar
distribution at lowerJ. '

The rotational distributions in the free jet are one of ourcesses, and where it was assumed that during the early stages
concerns. Figure 6 shows the relative rotational distribution®f expansion, the translational and rotational degrees of free-
of CS, at X/ID=3, 5, 8, and 15, respectively, where the dom remain in thermodynamic equilibriurti.e., Tg=T).
closed signs show the experimental results and the opehhis situation persists until a certain critical point, where the
signs represent the theoretical prediction. It can be seen ieollision frequency becomes sufficiently low, afg freezes,

Fig. 6 that the population becomes more and more nongiving the terminal rotational temperaturEgz. Figure 8
Boltzmannian as the free jet proceeds. This is in agreemershows quite clearly that considerable deviation from this
with the results of diatomic molecules reported by othertype of behavior occurs. Of course, the primary limitation of
authors?:?! the sudden freeze model stems from the fact that the rota-

The state-to-state transition cross sections are the fundéional relaxation is described in terms of Boltzmannian tem-
mental result, which can be written as the following formulaperature, and hence contains no information concerning the
based on our calculation: non-Boltzmann behavior of the rotational distributions.

51;=5.94x 1074323+ 1) The rotational collision numbety defined by

1/2
AE|J| AE” AEU 17 2 Z _ (8kT>
—1. — R™ TROt| — n
2kT|eXp( 2kt ) 1| 2 | 1A Bl (em™), N o0

X

(4 is an interesting physical quantity, wherg is the rotational

where AE,;=E,—E, is the energy gap between the initial relaxation time andr, is the CS+Ar hard sphere collision
statel and the final statd. The relaxation rate constant cross section taken to be 4F.%& The rotational relaxation

time is defined by
— 8kT\|/?
li:VU'u:(ﬂ__M) T3

where u is the reduced mass of G&nd Ar. From this for-
mula, the relaxation cross section and the rate constant for 100

any couple states could be obtained. Taking the lowest tran- I
sition 2—0 as an example, shown in Fig. 7, the ordeoef, 80+
is 10 16 cn? which is close to the hard sphere collision cross
section, meaning that the rotational relaxation is very effec- 60 F
tive in collision. The temperature dependenceogf, and .
k,_o in the range of 2—60 K proves the assumption for the 40 | / Tr
relaxation of the diatomic molecules. - T

The rotational temperaturégz which is used in thermo- 2
dynamic models can be defined as r

00 5 10 15

TR—Z T—EI I[(1+1)P,B, X/D

whereB is the rotational constant. Figure 8 shoWg and . o . :

. . FIG. 8. Rotational temperature along the free jet axis in comparison with the
translational tempergtur‘é as a function oX/D. The reSfUIt translational temperature. The rotational temperature was calculated accord-
can be compared with the sudden freeze model which hasg to the expressioz=3 J(J+1)P,B, where  is the characteristic
been used to describe a variety of rotational relaxation prorotational temperature, arf; is the population at level.
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