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Velocity-dependent total scattering cross sections for Ar('Pz o) on HzO
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Single-beam attenuation measurements of the velocity-dependent integral scattering cross sections for
AI ( P2 0 ) +H20 are reported. The data are corrected for the finite angular resolution of the apparatus
and the thermal motion of the target molecules. The measured total cross sections, which range from

0 0 2
505 A at 0.708 km/s to 236 A at 4.58 km/s, are analyzed semiclassically to obtain spherically averaged

potential parameters and an upper limit to the inelastic cross section.

PACS number(s): 34.50.—s, 34.40.+n

I. INTRODUCTION

A study of the velocity-dependent total scattering cross
sections of metastable Ar( P2 o) (Ar") on water vapor is
presented. Quenching reactions have been investigated
for Ar'+H20 [1—9], but to our knowledge there have
been no measurements of total scattering cross section for
this collision pair. The interaction is expected to be ex-
tremely anisotropic, with the Ar* being attracted to the
oxygen atom and repelled by the hydrogens [10]. Faubel
and Toennies [11] have pointed out that for anisotropic
systems, total scattering cross sections are mainly sensi-
tive to the spherical part of the long-range potential.

II. APPARATUS

The present measurement is made using a single-beam
apparatus with water vapor in the target cell. The
molecular-beam apparatus used in this work has been de-
scribed previously [12,13]. Metastable atoms effusing
from a gas discharge are collimated, chopped and veloci-
ty analyzed by the time-of-fiight (TOF) method. All
products of the gas discharge except ground and metasta-
ble excited state atoms and photons are removed from
the beam by sweep plates which maintain an electric field
of 1000 V/cm normal to the beam path. The beam veloc-
ity resolution varies from 2% at the lowest relative veloc-
ities to 5% at the highest velocities. No separation of the
two metastable states was attempted. However, in a simi-

lar discharge source [14] the P2 states were shown to
dominate by about 6—1 over the Po states.

Deionized, triple-distilled H20 was alternately frozen
at 77 K, pumped to about 10 Torr and thawed through
several cycles before being used as the target vapor
source. The target gas was supplied to the collision cell
through a manifold which was kept at a pressure of 4.6
Torr by maintaining the liquid reservoir at 273 K. Water
vapor flow to the collision cell was controlled by a meter-
ing valve, and the pressure in the cell was measured by
two electronic capacitance manometers, the calibration
of one of these being traceable to NIST. The pressure
measurement was corrected for the difference in tempera-
ture between the capacitance manometers and the target
gas ce11. A TOF distribution was counted for 390 s with
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FIG. 1. Total cross section data corrected for finite angular
resolution and thermal motion of the target molecules. The
solid curve Q, (g) is calculated using Eqs. (3a)-(3e) and the pa-
rameters in Table I. The dashed curve QL(g) is the Landau-
Lifshitz cross section calculated using Eq. (3b) and the parame-
ters in Table I.

target gas (HzO vapor) in the collision cell after which a
solenoid valve downstream of the metering valve was
closed by the computer. Following a suitable delay (120
s) to pump out the water vapor, the unattenuated TOF
distribution was recorded. The computer continued to
cycle the solenoid valve and alternately count the two
TOF distributions, thereby averaging out long term drifts
in the metastable beam intensity. The beam geometry
has an angular resolution, 8„,of 0.52 mrad by the Kusch
criterion [15],and corrections for the finite angular reso-
lution of the apparatus were applied as described below.

Effective total cross sections were calculated for each
time channel using Beer's Law. The average relative ve-

locity, g, and the apparent total cross sections, Q„(g),
were obtained from these effective values, the beam veloc-
ity, v„, and the most probable velocity of the target mol-
ecules, U, by computing the correction for the velocity
distribution of the target molecules following the method
of Lang, Lilenfeld, and Kinsey [16].

The correction b,g for the finite angular resolution of
the apparatus follows von Busch [17] and has been dis-
cussed elsewhere [18]. It is given by
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where

Q, (g) =Q„(g)+&Q(g)

and presented in Fig. 1. In addition to the counting er-
rors indicated by the error bars, a systematic error of up
to S%%uo is possible due to the pressure measurement.

III. SEMICLASSICAL ANALYSIS

The data have been fitted by a nonlinear least-squares
procedure to the semiclassical functions [19]

Q, (g) =
QL, (g)+ Q, (g),

where
P2

Qi. =piX '

Qs=D, As sin(8 ),
Og =p3+p4X+p5X

=p6X ' +p7X

(3a)

(3b)

(3c)

(3d)

(3e)

and X =go/g with the arbitrary reference velocity,
go=1.00 km/s. The parameters p„p6, and p7 are used
here in A and the other p's are dimensionless. The glory
damping function, D, is, in the semiclassical approxima-
tion, related to the imaginary part of the optical phase
shift for the glory angular momentum, 5 by [19]

D, =e (4)

If an intermolecular potential V(r) of the form
n 's

V(r)=
n —s

fm
(5)

is used, where e is the well depth in meV and r is the
0

position of the well minimum in A, then the long-range
attractive term gives [20]

pz =2/(s —1)

and
2/(s —1)

a =0.265 848„k 1+0.374
UA

and k is the Ar' beam wave number, mdiv„/R. Our
measured total scattering cross sections are then obtained
from

The experimentally determined location of the glory
maximum (which is assumed to be the first glory max-
imum), Xi can be used in /=5'. (8aiXi) ', [a, =0.4216
(Ref. [21])]and the potential well depth ea—nd location
r are then obtained from p„pz, and g using [20]

—p2/2

QS'(s)/pi [g/2)
1 2E'='fig

p 1
n np2

and

frigo
fm

2E'

and

H, Eo (10)

where B0=0.946, c, =25.4, and H, =3.267 (Ref. [21]).
The calculation of a „A, Bp, c &, and H

&
parameters was

carried out by Bernstein and LaBudde [21] for a
Lennard-Jones potential, but these parameters were
shown to be nearly constant for "reasonable" potentials.
In the present case, Eq. (5) with n =12 should fit the
reasonable potential criteria.

For the present collision pair the glory oscillations are
damped by inelastic events. The imaginary glory phase
shift which determines the glory damping [Eq. (4)] is
given here by the empirical expression

5s=5so(1+DiX+DzX ) .

In the initial data fitting procedure, the free parameters
were p, , pz, X„5so, D„and Dz, however, it was found
that the best fit was obtained with 5 =5 0 and D, and

D2 held at zero. Numerical experiments also demon-
strated that the results were not very sensitive to n, which
was therefore held fixed at 12. The best fit values of the
four remaining free parameters and their standard devia-
tions (calculated from the error bars indicated on Fig. 1,

The other p s are given in terms of e and r using the
semiclassical expansion by Bernstein and LaBudde [21].
The parameters in Eq. (3d) are p3= 3n/4—, p4=2(a„
and p5=2$EOAi, where Ai = —0. 1655 and Ep=E/Etp. '

The reference translational energy e,o=( —,')@go=64.8

meV using p, the reduced mass of the collision pair.
The parameters in Eq. (3e) are

' 1/2
figp

p6 =Bo(2zrr ) (9)
6'C i

1
p, = w(s)

Agp s
n

where Agp =6.595 xneV A and

W(s) =2&/' "cos[m /(s —1)]I ((s —3)/(s —2) )
2/(s —1)

X I ((s —1)/2)
I (s/2)

(6)

5go

+I
PI
p2
S

Pm

1.352+0.032
0.762+0.006

455.0+22.0 A
0.387+0.001

6.17+0.01
3.76+0.09 meV

5.31+0.13 A

TABLE I. Semiclassical parameters.



2632 K. WANG, J. LI, K. A. HARDY, AND J. W. SHELDON 49

following the method of Shnidman [22]) are reported in
Table I. The potential parameters e, r, and s calculated
from the fitting parameters are also presented in Table I.
There may be some additional error in these parameters,
since a systematic error of up to 5% is possible in the
pressure measurement.

IV. RESULTS

C, C,V(r)=—
6 rs

Cio
&o

however, since s =6.17, there are only small contribu-
tions from the r and r ' terms. The semiclassical
analysis used here does not provide a route to determin-
ing the individual C6, C8, and C]p.

The total cross sections, Q„computed from Eqs. (3) us-

ing the parameters of Table I are represented by the solid
curve and compared to the experimental data in Fig. 1.
Also shown is the Landau-Lifshitz cross section [20], QL .
The glory part of the calculated cross section, Qs [Eqs.
(3c)—3(e)] is compared to the experimental data with the
long-range attractive term subtracted (Q „=Q,—Q~ ) in
Fig. 2.

The resulting values of the free parameters given in
Table I are used in Eqs. (7) and (8) to get e=3.76+0.09
meV and r =5.31+0.13 A for the Ar*+HzO well.
These results represent an average over all orientations of
the HzO molecule. The long-range potential is typically
described by

cally decreasing function with increasing angular
momentum, I, which drops rapidly beyond the glory an-
gular momentum, I (Ref. [23]), and semiclassically,
1 =2e,ob (Ago ) ', therefore

Q; ~nbgP(bg)=Q);

where [19]
—46

P(b )=1—e

(12)

(13)

Since 5g, and consequently P(bs), is determined here ex-
perimentally from the glory damping, it will include
damping due to the anisotropy of the potential [24,25] as
well as damping due to reactions and other inelastic pro-
cesses. Therefore Q); should be an upper bound to the
inelastic cross section. Q&; is obtained from Eqs. (12)
and (13) and the expansion [21]

bs=(Bo+B)EoX +B2E()X )r (14)

where B,=0.3657 and Bz= —0.277. This estimate of
Q);m is compared in Fig. 3 with measured Ar" +H20
quenching cross sections, Q (g). An error in Q); of +5
A is possible due to the fitting errors in the parameters
reported in Table I.

Penning ionization of HzO by Ar is energetically for-
bidden, and associative ionization in the present energy
range is less than 0.25 A (Ref. [3]). The dissociative
quenching contribution to the inelastic cross section is
the result of the two reaction channels [7,8]

V. DISCUSSION
Ar+OH+H,

Ar*+ HzO~ Ar+ 2H+ O.
(14a)

(14b)
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The observed attenuation of the glory amplitude can be
used to estimate an upper limit to the total inelastic cross
section, Q;, using an argument due to Kerstel et ctl. [19].
Classically,

Q, = f 2rrP(b)b db .
0

The opacity function, P(b (I)) is generally a monotoni-
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FIG. 2. The glory contribution to the total cross section.
The same data as shown in Fig. 1, but, to emphasize the glory
oscillation, QL (g) from Eq. (3b) has been subtracted and plotted
versus X =g&/g. The curve is calculated from Eqs. (3c)-(3e) us-

ing the parameters in Table I.

FIG. 3. Inelastic cross section measurements. The present
measurements produce the upper bound, Q~;, which is calculat-
ed using the experimental results in Table I and Eq. (12). Other
measurements shown are Bourene and Le Calve [2], Sheldon
and Muschlitz [3], and Velazco, Kolts, and Setser [5]. The long
dashed curve, computed from Eq. (15), represents a combination
of the measurements of Tabayashi and Shobatake [g] and
Balamuta and Golde [7]. The short dashed curve, computed
from Eq. (16), represents the measurements of Novicki and
Krenos [9].
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Q, (g)=Q; (g)+Q; (g)=42 9/g'" (15)
0

where all cross sections are in A and g is in km/s. This
result is compared with Q&;, Fig. 3.

Absolute energy-dependent quenching cross sections
have been reported for Ar*+HzO over the energy range
45-125 meV . The results were deconvoluted over the
thermal velocity distribution and fitted to a function
based on an approximate Landau-Zener collision model
given by

Q, (g)=B[1 e—""]g '" (16)

where B =104.4 A (km/s) r was computed from the
London and dipole induced dipole interaction and 1.43
km/s was the best-fit value of the adjustable parameter y.
Quenching cross sections given by Eq. (16) are presented
in Fig. 3. The results of earlier quenching measurements
[2,3,5] are also shown. The Bourene and La Calve and

Q;„(g)=23.2/g
0

where Q;„(g) is the inelastic cross section in A due to re-
action (14a) and g is in kin/s. Parr and Martin [4] found
Q;„~g o6s. Balamuta and Golde [7] have reported
branching fractions fz =0.54 and fit=0. 46. Assuming
the same velocity dependence for both channels

Velazco, Kolts, and Setser [5] measurements are for state
selected Ar ( Pz) and are averaged over a thermal distri-
bution. These data are plotted in Fig. 3 at the average
relative velocity. Some of the differences between Q|;
and the measured quenching cross sections may be due to
anisotropy of the potential [19,24]. The potential anisot-
ropy has been shown to increase the glory damping as ve-
locity increases [25] and, referring to the measurements
by Balamuta and Golde [7], Tabayashi and Shobatake [8],
and Novicki and Krenos [9], Q|; —Q does increase as
velocity increases beyond 1.0 km/s.

VI. CONCLUSIONS

The present measurement indicates that, when aver-
aged over all molecular orientations, the Ar'+H20 rr, and r ' long range potential terms can be
represented as r ' . Semiclassical analysis of the ob-
served glory amplitude yields a potential-well minimum
of 3.76+0.09 meV located at a separation of 5.31+0.13
A. The observed attenuation of the glory amplitude gives
an upper bound to the total inelastic cross section of 77
A at 1.0 km/s, which is above three of the five
Ar*+ HzO quenching measurements.
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