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Velocity-dependent collision rates from light-induced drift experiments:
CzH4 —noble-gas mixtures
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Light-induced drift arises in a binary mixture when velocity-selective optical excitation is combined
with a state-dependent kinetic collision frequency (or cross section). This phenomenon is studied experi-
mentally for rovibrationally excited C2H4 immersed in the atomic buffer gases Ne, Ar, Kr, or Xe at tem-
peratures between 275 and 500 K. In several cases, the laser-frequency dependence of the drift is ob-
served to be anomalous and to change dramatically with temperature. This means that the relative
change in collision frequency upon excitation depends strongly on velocity. To evaluate the data, an an-
alytic model description is presented and applied to the experimental data. It is found that for each par-
ticular buffer gas, all data are well described with a relative difference in collision rate depending on a
single parameter only, i.e., the average relative velocity. This dependence is found to be different for the
various noble gases. This suggests that the attractive part of the interaction potential is crucial for the
occurrence of anomalous light-induced drift.

PACS number(s): 42.50.Vk, 33.80.—b

I. INTRODUCTION

Light-induced drift (LID) is a phenomenon at the in-
terface between kinetic theory and laser spectroscopy
[1—4]. It arises in a two-component gas consisting of
light-absorbing particles immersed in a buffer gas, when
velocity-selective optical excitation is combined with a
difference in kinetic collision frequency between excited-
and ground-state particles with respect to the buffer gas.
This yields a drift of the absorbing species through the
buffer gas. In most experiments so far, the light-induced
drift velocity vd, could be well described by standard
theory [5] (based on the strong-collision model). For 5-
peak excitation of the velocity group around v L by a
light beam propagating in the x direction, one has

hv ne
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Here, Av/v=(v, —v )/v is the relative change upon ex-
citation in collision frequency and n, /n, is the fraction of
excited particles which have not yet suffered a velocity-
randomizing collision (more precisely, n, U„I is the
steady-state Aux of excited particles). When a laser with
low, constant power is scanned through the absorption
profile of the gas, n, /n, follows the Maxwe11 velocity dis-
tribution as a function of detuning A=kv„L. Therefore,
if Av/v is independent of velocity, vd, has a dispersion-
like shape as a function of the laser detuning.

For most molecular species studied so far, the drift ve-
locity indeed had this simple dispersionlike shape. This is
known as standard LID. In recent experiments on C2H4
immersed in Kr, however, a more complex dependence of
the drift velocity on the laser detuning was observed with
an additional zero crossing at either side of line center
[6). Henceforth, we will refer to such a complex detuning
dependence as anomalous LID.
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Av v

&+&res rot

Here, the subscripts vib and rot denote the vibrational
and a rotational part of Av/v, respectively. The factor
v/(v+ v„,) takes into account that rotational-state-
changing collisions, which occur on roughly the same
time scale as velocity-randomizing collisions, can reduce
the rotational contribution to b,v/v. Here, v„, is the rate
of collisions which establish an equilibrium distribution
over the rotational states, but not over the velocity, e.g. ,
resonant collisions. These collisions tend to reduce the

Ethylene (C2H4) is a planar, asymmetric top molecule.
Hence its rotational states are described by (J,K„K,),
with J the rotational quantum number and E, its projec-
tion along the C=C bond. The quantum number K,
can only take the values J K, and J——K, +1 [7]. The
molecule can be excited with a CO& laser into its v7 fun-
damental vibrational mode (out-of-plane bending mode).

Anomalous LID was first observed for the
(4, 1,3)—+v7(5,0,5) transition of CzH4 in Kr as a buffer gas
[6]. Subsequently, the system CzH4-Kr was studied for a
large number of rotational sublevels in the same v7 mode
and anomalous features were observed for a whole series
of rovibrational transitions [8]. In the same paper, a
strong dependence of b,v/v on the rotational sublevels
was reported also. A model to describe the results was
proposed [8], in which the collision rates were assumed to
depend on both the vibrational and the rotational state of
the molecule. In the model [8], it was found that the for-
mula for the drift velocity is quite similar to the simple
two-level expression. Only, Av/v has to be interpreted as
an effective relative change in collision frequency upon
excitation, (b.v/v), s; which now consists of two contribu-
tions:
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rotational part in (b,v/v), ir by scrambling the rotational-
state distribution before the velocity is randomized. Fur-
thermore, v is the total rate of transport collisions
(velocity-changing collisions) containing both an inelastic
and an elastic contribution [8]. In the derivation of Eq.
(2), it was assumed that, first, the homogeneous linewidth
is small compared to the Doppler width and, second, all
factors appearing in Eq. (2) have only a small velocity
dependence. Then anomalous LID arises when two con-
ditions are met: first, the rotational and the vibrational
parts in Eq. (2) are of roughly equal magnitude but of op-
posite sign, while their velocity dependence differs.
Second, when the laser is tuned through the absorption
profile —and thus the I velocity of the excited molecules
is varied —the average relative velocity of the molecule
and the buffer gas particles must vary substantially [8,9].
The first condition seems to be met for C2H4-Kr since
(b,v/v)„b is small [8]. Hence, it should be relatively easy
to find rotational sublevels such that the vibrational term
is ofFset by the rotational term. The second condition is
also met since Kr is a heavy buffer gas. Thus, the average
relative velocity is determined mainly by the velocity of
the lighter C2H4 molecule.

In this paper we present an analytic description for
LID with transport collision rates having an arbitrary ve-
locity dependence. Then we can accurately describe the
laser detuning dependence of anomalous LID. Further-
more, we employ the model to describe the drift as a
function of the average relative velocity rather than as a
function of detuning, or u„l. Experimentally, two in-
dependent approaches are used to vary this average rela-
tive velocity between the ethylene molecule and the bufFer

gas atom. On the one hand, the temperature of the gas is
varied; on the other hand, experiments are performed us-
ing buffer gases with a different mass. We will elucidate
both aspects. The variation of the average relative veloci-
ty by changing the buffer gas will only be discussed quali-
tatively because the interaction potential varies
significantly with the buffer gas.

II. MODEL FOR VELOCITY-DEPENDENT
COLLISION RATES

Recently, analytical models of LID with velocity-
dependent transport collision rates have been put forward
[9,10]. In this section we give an intuitive derivation,
suitable for a description of the dependence of (b,v/v), tr

on the average relative velocity. In Ref. [8], it was point-
ed out that, although molecules are multilevel particles,
the expression for the drift velocity is identical to that of
a two-level particle if b, v/v is interpreted as an effective
relative difFerence in collision rate, (b,v/v), s. Therefore,
we will restrict ourselves to a two-level description here
also. In the end, the expression for the velocity-
dependent b,v/v will be identified with (b,v/v), tr.

Consider two-level particles, infinitely diluted in a
buffer gas. Suppose that a laser gives rise to an excitation
probability p(v)dv per unit time for molecules with a ve-
locity between v and v+dv. The excited-state velocity
distribution is given by

—v, (v)f, (v)+n, p(v) =0,
vs(v)fs(—v) n, p(v) =—0 .

(3)

(4)

Here, v (v) is the relaxation rate to an equilibrium veloci-
ty distribution for particles in state j by collisions with
the buffer gas. From a comparison with the full kinetic
equation [8], we see that the effective relaxation rate has
replaced the collision integral. In Ref. [10], the validity
of these equations is proven with the help of Green func-
tions. As can be seen from Eqs. (3) and (4), f (v) (with.
j=e,g) is determined by the excitation probability p(v),
which in the low-saturation limit is

W(v)
r'+(n —1 v)'

Here, I is the homogeneous linewidth [half width at half
maximum (HWHM)] of the transition and 0 is the laser
detuning relative to the absorption line center.

The drift velocity is easily calculated from Eqs. (3) and
(4):

v~, = J dvv[f, (v)+f (v)]= 1

na

= fdvvp(v)
1

v, (v)
1

vs(v)

Since the drift velocity in molecular systems is small, it
is not measured directly. Instead, the concentration
difference along a closed tube is recorded in the steady
state. Under these conditions, the LID Aux is balanced
by a diffusion Aux, i.e.,

n, v~, =D,b(n, +nb)Vx, ,

with nb the number density of the buffer gas and
x, =n, l( n, +nb ) is the mole fraction of the absorbing
species. The binary diffusion coefficient D,b is written in
terms of the (ensemble-averaged) collision rate v through
the relation D,b

=
—,'uo/v, where uo =+2k& T/m, .

n, (v)=n, W(v)+f, (v),
where n, W(v) denotes the equilibrium (Maxwell) distri-
bution and f, (v) is the deviation from equilibrium caused
by the laser. Similarly, the ground-state distribution is

ng(v)=ng W(v)+ fg(v) .

Integration of the distributions over velocity space yields
the corresponding densities n = Jd v n~ (v ) (with j=e, g),
such that n, =n, +n is the total number density of ab-
sorbing particles. The laser excitation produces two op-
posing fluxes, which can be calculated purely from the
nonequilibrium parts f, (v) (with j=e,g). LID occurs
when fs(v )+f,(v)%0, i.e., when the ground and excited
particles have a different velocity-relaxation rate to equi-
librium. Note that in the absence of collisional relaxa-
tion, f (v)+f, (v)=0.

We will assume that under stationary conditions in an
open tube, the relaxation of the nonequilibrium parts of
velocity distributions in the excited (e) and in the ground
state (g) is described by the following equations:
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When Eqs. (6) and (7) are combined, we obtain an ex-
pression for the concentration gradient along the tube

v, (v) —v (v)
—,'vo(n, +n„)Vx, = —n, f dv v p(v),

ve v

where we have used that

[v, (v) —vg(v)]/v, (v) ((1 .

The quantity

[v, (v) —vg(v)]/v, (v)

in Eq. (8) can be replaced by (b.v/v), tr when the pro-
cedure of Ref. [8] for multilevel particles is followed. In
Ref. [8], the integral on the right-hand side (rhs) of Eq.
(8) was evaluated under the assumption that the varia-
tions in (b,v/v), s are small over the homogeneous
linewidth I. In this paper, a less restrictive approach
will be used, such that

[v, (v) —vs(v)]/v, (v),

or equivalently, (hv/v), s, can have an arbitrary velocity
dependence.

First, the traditional assumption is made that only the
x-velocity component is affected by the laser excitation,
while the distribution over the orthogonal velocity com-
ponents remains in equilibrium. Then we can average the
rhs of Eq. (8) over these velocities. Next, we try to ex-
pand

( [v, (v) —vs(v)]/v, (v) ) =(bv/v), s.

with respect to some appropriate parameter. To this end,
we realize that collision rates for a particular system de-
pend on the average relative velocity between the two
collision partners rather than on their absolute velocities.
Consequently, also (b,v/v), tr is expected to vary with this
parameter [8,9]. For a given x component of the velocity,
the average relative velocity is determined by the gas
temperature T. Let us suppose that a light-absorbing
particle has velocity v and a buffer gas particle has veloci-
ty u (both in the lab frame). All velocity components of v
and u have Gaussian probabilities, except u„. The rela-
tive velocity between the active particle and the buffer
gas atom equals v —u. Then the root-mean-square rela-
tive velocity v, , =+((v —u) ) can be calculated by tak-
ing the ensemble average over u and the velocity com-
ponents u& and u„ I.e.,

U, , = f dU„ f du, f du„ f du„ f d uW, (v„)W, (v, )W~(u„)W&(u„) JV&(u, )(v —u) (v —u) . (9)

urms
= ux+ ka & +

fPlg m b

(10)

Here, W ( w; ) is a normalized Maxwellian velocity distri-
bution over velocity w; of particles j. Equation (9) yields

1/2

I

be truncated after the second term, i.e., (Uo/U, , )2. This
already suftices for an accurate description of anomalous
LID.

Substitution of Eq. (11) in Eq. (8) in combination with
integration over the velocity components uz and u, yields

where m, and mb are the mass of the active particle and
buffer gas atom, respectively.

For the expansion of (b,v/v), tr, we therefore make the
ansatz

,'Uo(n, +n&—)V„x,

uo= —n, du„u„p u„60+6&
urms

2

+ ~ 0 ~

(12)

eff m =0

u0

urms

2m It is convenient to introduce detuning functions y (0)
that are defined as

f du„v~(U„)(UO/v, ,):PUDGY (fI) . —(13)
ma ux 3m'=50+6, +1+
2k~ T Zmb

+ ~ ~ ~

Thus, we expand in terms of Lorentzian-type functions of
u„. In the expansion, only even powers of u„arise, since
in the lab frame, v, (U„) is independent of the sign of v„.
For large detuning, and thus for large rms relative veloci-
ty, only the velocity-independent A0 term is important.
This is reasonable, because for large relative velocities,
the repulsive part of the intermolecular potential dom-
inates, emphasizing the hard-sphere character [11]. In
the experimental section, we will show that the series can

y, (A) =Re w(z) ——w(y)z' —y' y
Re[w(z)],

Here the number of photons absorbed per molecule per
second, P = f du ~ ( v „), is related to the absorbed laser

power APL, through b,PL =Tiglon, P~R L [12], with Ace

the photon energy and R,L the radius and the length of
the tube, respectively. The first two detuning functions
yo(A) and y, (Q) are

po(0) =Re[zw(z)]/Re[w(z)], (14)
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a a, exit a, entrance

is obtained after substituting Eq. (13) in Eq. (12) and in-

tegrating the result along the length of the tube

(n, + nb )firvvon R X (0) . (16)

With Eq. (16), we can describe anomalous features in
LID as follows: For a realistic value of I /kvo (=0.3),
the functions yo(Q) and y&(O) have roughly the same
shape (see Fig. 1), while their amplitudes diff'er by ap-
proximately a factor of 2. The maximum of p&(Q) occurs
at a slightly lower detuning than that of yo(Q). Clearly
anomalous features in the concentration difference will
arise when 60= —2AI.

where z=(0+iI )/kvo is the complex detuning,

y =i+1+3 m, /2mb, and kvo is the Doppler width. The
function w(z) is related to the complex error function
[13], such that Re[w(z)] represents a Voigt absorption
profile. When (b,v/v), s is velocity independent, only the
well-known function q&o(Q) [5] is important, which has a
simple physical meaning: voto(Q) is the average x veloci-

ty that is excited at laser detuning Q. In the 6-peak exci-
tation limit (I ((kvo), yo(Q) reduces to v„I /vo, while

y, (Q) equals v„L vo/v, , Graphs of &po(Q) and y, (A) are
given in Fig. 1.

The expression for the induced concentration
difference

When we fit Eq. (16) to the experimental data, we ob-
tain explicit values for the parameters 5 and thus an ex-
plicit expression for the velocity-dependent effective rela-
tive difference in collision rate, (b,v/v), s, through Eq.
(11).

III. EXPERIMENTAL RESULTS

The setup for experiments on LID is described in Ref.
[12]. In the present study, the gas is contained in a
temperature-controlled quartz capillary with an inner di-
ameter of 2 mm and a length of 30 cm. The capillary can
be operated at various stable temperatures between 275
and 500 K. This is monitored by various thermocouples
mounted on the capillary [14]. The light-induced
difference in gas composition between the ends of the cell
is monitored by two thermistors in the self-heat mode,
acting as thermal conduction sensors. This provides a
sensitive measurement of the concentration difference
b,x, along the tube (sensitivity = 1 ppm).

Excitation of the gas is brought about using radiation
of a tunable CO& laser, having a typical output power of 4
W and a tuning range of 260 MHz. The laser frequency
is given a fixed frequency shift of 90 MHz using an
extra-cavity acousto-optic modulator, which makes it al-
most coincident with the C2H4 transition under study (see
below). The amount of absorbed laser power is deter-
mined using two thermopile detectors, one upstream and
one downstream from the cell. In the experiment the
laser frequency is slowly scanned through the absorption
profile of the gas, while the resulting concentration
difference Ax, and the absorbed laser power API are
recorded on a computer.

A11 data presented below pertain to the
(4, 1,3)~v7(5, 0, 5) transition in C2H4 unless stated other-
wise. It has a frequency mismatch

)
—

vethyIene
=98 MHz

2

I I I i
)

I I I I
(

I I I I

(b) oo

with respect to the center of the P(10) COz line of the
10.6-pm band [15]. Various experimental crosschecks
have been performed to rule out spurious thermal and
pressure effects (see Ref. [6]).

A. Buft'er gas Ne

O/kvo
FICx. 1. The detuning functions yp( 0) and y &( 0), with

A=kU„L, as defined in Eqs. (14) and (15) for various values of
I /kvo and y =i+1+3m, /2mb =1.2i (for the ethylene-krypton
mass ratio). In the limit F (&kUp happ

reduces to U„L/Up, while

g& equals U„L Up/U with U =
U&1 +kg T(2/m +3/mb).

The results for the buffer gas Ne are shown in Figs. 2(a)
and 2(b). The absorbed laser power b,Pi and the result-
ing concentration difference Ax, are plotted for a 20-80
mixture C2H4-Ne at a total gas pressure of 133 Pa at 275
K (additional details are given in Table I). The concen-
tration difference Ax, as a function of laser detuning has
a standard dispersionlike shape. Therefore, the data were
first fitted with the m =0 term in Eq. (16) only. This
yields the results shown in Fig. 2(c), where the dotted line
indicates the difference between the fit and the measured
curve. One then finds

(hv/v), s.= (0.64+0. 07)%%uo,

independent of detuning, or average relative velocity U, ,
However, the fit can be improved significantly when the
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m =1 term is included [the solid line in Fig. 2(c)]. This
yields 50= (0.86+0.05 )% and b, , = —(0.8+0. 1)%.
Though the value of 6& seems rather large, the velocity
dependence of (b,v/v), s. is relatively small as

In Fig. 2(d), the result for (hv/v), s. (with both m terms) is
drawn as a function of the excited velocity class
U„L =0/k. This is the variable shown on the top of Fig.
2(d). The variable along the bottom of Fig. 2(d) is the
average relative velocity U, ,

B. BufFer gas Ar

The results for the buffer gas Ar are shown in Fig. 3,
where the absorbed laser power APL [Fig. (a)] and the re-

suiting concentration difference b,x, [Fig. (b)] are plotted
for a 20-80 mixture C2H4-Ar at a total gas pressure of
133 Pa at 275 K (additional details are given in Table I).
Also for Ar, Ax, has a dispersionlike shape as a function
of laser detuning. However, when Figs. 3 and 2 are com-
pared, we see that, although the homogeneous linewidths
are roughly equal for the two cases (see Table I), the ex-
trema of Ax, for C2H4 in Ar occur at larger detuning as
compared to Ne. This suggests that (b,v/v), s increases
with detuning, i.e., increases with increasing relative ve-
locity. This is made more explicit by treating the data
with the procedure outlined in Secs. II and III A. As is
seen in Fig. 3(c), a fit with only the I=0 term from Eq.
(16) shows large deviations from the experiment. With
both terms of Eq. (16), an excellent fit is obtained. The
result for (b,v/v), fr as a function of U„I and U, , is drawn
in Fig. 3(d).
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FIG. 2. Experimental results for the absorbed laser power
APz (a) and the induced concentration difference Ax, (b) as a
runction of laser detuning with respect to the absorption line
center. These data pertain to a C2H4-Ne mixture at 275 K. (c)
gives the difference, 0—C between the observed Ax, and the
calculated fit of Eq. (16) with the m =0 term only (dotted line)
and with both m terms (solid line). (d) shows the values of the
effective relative difference in collision frequency, (hv/v), ff,

which was calculated from (a) and (b), as a function of
A/k=v„z (upper axis) and of average relative velocity U, ,
(lower axis). Relevant details are given in Table I.

0,4

/estimated error

600 700 800 900

ms )rms

FIG. 3. Experimental results for bPz and the induced con-
centration difference Ax, as a function of detuning for a C~H4-
Ar mixture at 275 K. (c) gives the difference 0-C between the
observed Ax, and the calculated fit of Eq. (16) with the m =0
term (dotted line) and with both m terms (solid line). In (d)
(b,v/v), z has been calculated for various values of the detuning
and of the average relative velocity. Relevant details are
presented in Table I.
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TABLE I. Experimental parameters relevant to Figs. 2—5. All data pertain to the (4, 1,3)~v7(5,0,5)

transition. The experiments for the buffer gases Ne and Ar were performed with a 20-80 mixture at a
total gas pressure of 133 Pa, those for Kr and Xe with a 20-80 mixture at a pressure of 67 Pa. The tem-

perature is denoted by T, the absorbed laser power at line center by AP, and the homogeneous
linewidth divided by the Doppler width is I /kvo. The parameters 5 are related to the effective rela-

tive difference in collision frequency as (bv/v), s= g 6 (uo/u, , ) . The estimated error in hP
I /kvo, and 60 is typically 5%; in 6&, typically 10%.

Buffer
gas

Ne
Ar
Kr

Xe

T
(K)

275
275
297
370
407
448
297
380
418
463

b,P
(mW)

169
184
45.4
21.9
15.6
10.7
48.4
21.3
14.3
9.1

I /kv

0.23
0.29
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20

(units of 10 )

0.86
0.90
0.84
0.84
0.82
0.80
1.07
1.05
1.15
1.10

(units of 10 )

—0.8
—1.3
—1.8
—1.5
—1.3
—1.2
—2.5
—2. 1
—2.2
—1.9

C. Burr gas Kr

The results for the buffer gas Kr are shown in Fig. 4.
The absorption profiles, which are similar to those ob-
served for the buffer gases Ne and Ar, are not shown. All
relevant data are given in Table I. In Figs. 4(a) —4(d), the
observed concentration difference at four different tem-
peratures is plotted as a function of laser detuning for a
20-80 mixture C2H4-Kr at a total gas pressure of 67 Pa
[16]. Since the population of the lower rovibrational level
varies with temperature, a trivial temperature depen-
dence of Ax, arises. To eliminate this, the concentration
difference is normalized to the absorbed laser power at
line center, AP

At two temperatures studied, we observed anomalous
LID in this system: The concentration difference as a
function of detuning has two extra zero crossings in addi-
tion to the one at line center. The signals are dramatical-
ly temperature dependent. With increasing temperature,
the concentration difference becomes more and more
dispersionlike, while the inner structure collapses.

Obviously, a fit with only the (velocity-independent)I=0 term cannot describe these data. The fit to the
data with Eq. (16) containing both m terms is indicated
by the dotted lines in Figs. 4(a)-4(d). The fit parameters
are given in Table I. The values for Ao are equal for all
temperatures. This is consistent with the ansatz (11),
where ho is the hard-sphere part of (b,v/v), ~. As can be
seen from Figs. 4(a) —4(d), the concentration difference is
not invariant with respect to v„L /T. Thus the coefficient
b,

&
varies with T, as is indeed found (b, , is approximately

proportional to T '). Furthermore, an attempt to fit the
data with three terms, viz. , m =0, 1,2 in Eq. (16), did not
yield a significantly better fit.

In Fig. 4(e), (hv/v), fr as a function of u, , is shown.
The data for the various temperatures are seen to coin-
cide well.

D. Buft'er gas Xe

The results for the buffer gas Xe are plotted in Fig. 5.
The data pertain to a 20-80 mixture C2H4-Xe at a total
gas pressure of 67 Pa [16]. All relevant details are given
in Table I.

For the buffer gas Xe, we observe anomalous LID for
all temperatures. Also, here, the data show that the
anomaly decreases (i.e., the magnitude of the inner extre-
ma decreases) with increasing temperature, in line with
the observations for C2H4 in Kr. The fit to the data is in-

dicated by the dotted lines in Figs. 5(a) —5(d). The fit pa-
rameters given in Table I show the same trend as for Kr,
viz. , 60 does not depend significantly on T, while 6& does.
In Fig. 5(e), (hv/v), fr is shown as a function of u, , Also
here, the data for the various temperatures coincide well.

E. Qther transitions

For convenience, the results for (b.v/v), fr as a function
of u, , for the (4, 1,3)—+v7(5, 0, 5) transition are summa-
rized in Fig. 6(a) for the buffer gases Ne, Ar, Kr, and Xe.
Experiments were also performed on the
(3,2, 1)—+v7(4, 3, 1) transition, which has a frequency
mismatch

+CO +ethylene2

with respect to the center of the R (22) CO2 line of the
10.6-pm band [15]. The relevant experimental data are
presented in Table II.

For Ne as a buffer gas, hx, was found to have a disper-
sionlike behavior. For an accurate fit, however, both I
terms in Eq. (16) are required. On raising the tempera-
ture to =400 K, the signal changes marginally (see Table
II). The result for (b,v/v), s as a function of u, , is shown
in Fig. 6(b). The data for the various temperatures were
found to coincide well (not shown).
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TABLE II. Data for the (3,2, 1)—+v7(4, 3,1) transition of ethylene. All experiments were performed
with a 10-90 mixture at a total gas pressure of 133 Pa. The meaning of the symbols is as in Table I.

Buffer
gas

Ar

Kr
Xe

(K)

293
420
293
415
293
293

AP
(mW)

84
42
81
34
92
95

I /kvo

0.25
0.25
0.30
0.30
0.32
0.35

~0
(units of 10 )

0.52
0.50
0.65
0.60
0.71

—0.49

(units of 10 )

—0.9
—0.8
—3.4
—2.4
—5.7
—4.9

CzH4 Kr—
I

297 K
I

370 K

For the buffer gas Ar, anomalous LID was observed.
The induced concentration difference corresponds to a
(b,v/v), z having a substantial velocity dependence, as ex-
pressed by the large value of b, , [see Table II and Fig.

6(b)]. The outer extrema become more pronounced when
the temperature is raised to =400 K. The data for the
various temperatures were found to coincide well.

For the buffer gases Kr and Xe at 293 K, a rather nor-
mal dispersionlike signal for b,x, was observed. The
(b.v/v), s. is negative and strongly velocity dependent [see
Fig. 6(b)]. The fit parameters are given in Table II.

CzH4 Xe—
I

4 297
I

(6) 380 K (b)

(c)

~o 0.4

I I I

—50 0 50 —50 0 50
Detuning 0/Zrr (MHz) 418 K 463 K

I I I I I I

—50 0 50 -50 0 50
Detuning 0/Zn (MHz)

0.8—

0 4

I

600
I

800

v„, (ms '
1000

0

4 —0.4

—08—

FIG. 4. Experimental results (solid lines) for a C2H4-Kr mix-
ture at various temperatures [(a)—(d)]. The concentration
difference Ax, is normalized to the absorbed laser power at line
center, AP, to correct for the trivial temperature dependence
of the fraction of excited particles (see text). The fit of Eq. (16)
is shown by the dotted line. In (e), the effective relative
difference in collision frequency, (Av/v), z, is shown, as calculat-
ed from the LID profiles (a)—(d) as a function of the average rel-
ative velocity u, , Relevant details are in Table I. The error
bar refers to the estimated error in (hv/v), & for the low- and
intermediate-velocity range (see text).

600 800

v„, (ms '
1000

FIG. 5. Experimental results (solid line) and their fit (dotted
line) for a CzH~-Xe mixture at various temperatures [(a)—(d)].
The concentration difference Ax, is normalized to the absorbed
laser power at line center, AP, to correct for the trivial tem-
perature dependence of the fraction of excited particles (see
text). In (e), (hv/v), z is calculated as a function of u, ,
Relevant details are in Table I. The error bar refers to the es-
timated error in (Av/v), z for the low- and intermediate-velocity
range (see text).
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0.8
found following Ref. [10] that the expansion

(bv/v), ~= g b, (v„/vo)

0.4
Qo

—0.4

0.8

Ne Z75K
————Ar Z75K
--------- Kr Z9'K
—- —- - Xe 297K

I

800
v„(ms )

600
I

1000

I

(b)-

Ne Z93K
— ——— Ar Z93K
--------- Kr Z93K

- - —- —Xe Z93K
I II

600 800
v„(ms ')

I

1000

FIG. 6. The results for (Av/v), z as a function of rms relative
velocity U„, for the buffer gases Ne, Ar, Kr, and Xe. (a) per-
tains to the data for the (5,0,5)~v7(4, 1,3) transition, which were
already shown in Figs. 2—5. (b) pertains to the data for the
(3,2, 1)~v7(4,3,1) transition. Note the differences in vertical
scale. The error bars given refer to the low- and intermediate-
velocity range (see text).

IV. DISCUSSION AND CONCLUSIONS

As shown in Sec. III, the data on the (4, 1,3)~v7(5, 0, 5)
and (3,2, 1)~v7(4, 3, 1) transition exhibit the same trends.
Since most data were obtained for the first transition, we
will restrict the discussion to this one; the same con-
clusions may be drawn from the data for the
(3,2, 1)~v7(4, 3,1) transition.

First, we observed that anomalous LID can be accu-
rately described by our ansatz (11) for the dependence of
(b,v/v), z on the laser detuning. As was shown in Figs.
(2)—(5), a good description of the LID signals for ethylene
in the noble gases was obtained by including only two
terms in the expansion of (b,v/v), z. It should be noted,
however, that the anomalous LID signals can also be de-
scribed using other expansions than ansatz (11). We

can give a good description of anomalous LID too when
enough terms are included [10]. But it turned out that
the high-velocity part of (b,v/v), z especially is very sensi-
tive to the type of expansion. This can be understood
from Eq. (8). For large detuning, the Maxwell factor
W(v) in the excitation probability p(v) [see Eq. (5)] fully
suppresses the rhs of Eq. (8). As a result, the distinction
between the experimental curve (b,x, ) and the fit becomes
insensitive to the type of expansion for (b,v/v), ~. This
therefore yields relatively large error bars in (b,v/v), tr for
large average relative velocities. Our expansion for
(hv/v), ~ has no such disadvantages for high U„r . It has
to be noticed, however, that both expansions for (b,v/v), tr
have the disadvantage that the resulting functions y (0)
are not orthogonal. This makes it difficult to find a
unique set of coefficients 5

From the temperature dependence of the LID signal,
conclusions can be deduced on the dependence of
(hv/v), z on the real relatiue velocity between two parti-
cles. In Figs. 4 and 5 we observe that (b,v/v), z is a
unique monotonic function of the average relative veloci-
ty U, , and that for a particular buffer gas, (b v/v), tr as a
function of v, , varies marginally with temperature (i.e.,
for a particular value of v, „(b,v/v), a. is independent of
temperature). Yet, v, , samples over a wider range of
real relative velocities at higher temperatures, where the
Maxwellian is wider [see Eq. (9)]. This must mean that
(b,v/v), tr is a smoothly varying function of the real rela
tive velocity between two collision partners.

The dependence of the observed concentration
difference on the buffer gas can only partially be attribut-
ed to the mass dependence of the average relative veloci-
ty. For an identical interaction potential between the
CzH4 molecule and the various noble-gas atoms, we ex-
pect the curves in Fig. 6 to coincide. This however, is not
observed in Fig. 6. Thus, the interaction potential plays
an important role.

Actually, the fit parameters Ao and 6& can be used to
deduce information on the role of the intermolecular po-
tential in (b.v/v), ~. The parameter b,o is found to be tem-
perature independent as it is supposed to be according to
ansatz (11). For large relative velocities, where only b, o

survives, the repulsive part of the interaction potential
should dominate and the molecule should behave as a
hard sphere. Upon decreasing the average relative veloc-
ity, the attractive part of the potential begins to play an
appreciable role. This suggests that b, &(vo/U, , ) is relat-
ed to the attractive part of the potential. Upon increas-
ing the noble-gas mass, the attractive part of the potential
increases (this was shown for C2H4-Ne and C2H~-Ar
complexes by Hutson, Clary, and Beswick [17]). A
heavier noble gas therefore favors the 6, term, which is
indeed observed in Fig. 6. This suggests that the attrac-
tive part of the intermolecular potential is essential for
the occurrence of anomalous LID.

Finally, we observed that Ao and b,
&

depend strongly
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on the transition under study (see Tables I and II). This
is consistent with the splitting described by Eq. (2).

Data on (b.v/v), a like those shown in Fig. 6 may be
compared with model calculations of the interaction po-
tential for rovibrationally excited C2H4 interacting with
noble-gas atoms. For the systems presented here, such
calculations are not yet available. For simpler systems
like HF-Ar, such calculations are being performed [18].
Measurements on such systems are under way [19].
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