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Rotationally unresolved differential cross sections were measured in crossed molecular beam exper-
iments by scattering Helium atoms from Ethane, 1,1-Difluoroethane, 1,1,1,2-Tetrafluoroethane and
Hexafluoroethane. The damping of observed diffraction oscillations was used to extract anisotropic
interaction potentials for these scattering systems applying the infinite order sudden approximation
(IOSA). Binary macroscopic parameters such as second heterogeneous virial coefficients and the
coefficients of diffusion and viscosity were computed from these potentials and compared to results

from macroscopic experiments.
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I. Introduction

As has been reported previously [1 - 5] reliable po-
tentials for the interaction between He atoms and
even rather anisotropic molecules can be determined
from rotationally unresolved total differential cross
sections (DCS), observed in respective scattering ex-
periments using crossed molecular beams. Results
of an infinite order sudden approximation (IOSA)
[6 - 9] were fitted to the observed DCS using a modi-
fied Hartree Fock dispersion potential (HFD) [10] to
model the scattering interaction. Since macroscopic
coefficients such as the binary second virial coeffi-
cient, the diffusivity and the coefficient of viscosity
are theoretically related to the interaction potential,
these parameters can be determined by first-order
computations and compared to results from macro-
scopic experiments if available [3].

II. Experiment

The crossed-beam apparatus has already been de-
scribed in detail in [1,4]. Its main features are two
supersonic nozzle sources for the He atom beam
and the molecular beam, intersecting rectangularly. A
quadrupole mass spectrometer detector which can be
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rotated in-plane with respect to both beams is used to
detect the angle dependent scattering intensity of He
atoms. This detector was also used for beam profile
optimization and for time-of-flight analysis of either
beam. From the pressure dependence of the speed ra-
tio S for the beams of the ethanes, cluster formation,
which would disturbe the DCS observations [4], could
be inferred to be negligable in the region of the respec-
tive source pressure. Scattering curves were measured
by rotating the detector automatically in steps of 0.2°
from 22° down to 3°. In order to reduce the signal to
noise ratio, these curves were measured repeatedly up
to 12 times. Experimental conditions and operational
parameters are summarized in Table 1.

Table 1. Beam conditions.

He C,Hg 1,1 1,1,1,2-  C,Fg
C,H,F, C,H,F,
Substance purity (%) 99.998 9995 >98 98.5 >08
Source pressure (bar) 45 0.20 030 0.20 0.30
Nozzle diameter (im) 20 100 100 100 100
Temperature (K) 298 305 355 355 355
Skimmer diameter (mm) 0.3 0.5 0.5 0.5 0.5
Nozzle-skimmer 20 2.0 2.0 2.0 2.0
distance (mm)
Collimator diameter (mm) 1.0 — —— — —
Most probable 1625 860 652 538 460
velocity (ms™ ")
Collision energy (meV) 61.8 599 58.4 574
Angular divergence 0.9 9.3 7.9 6.8 7.3
(degree)
Speed ratio § 40 35 38 53 48
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III. Analysis and fitting
A) Interaction potential

As in previous investigations [1-5*] a modified
Hartree Fock dispersion potential (HFD) (as pre-
sented by Aziz et al. [10]) was used for the central
part. The constants of the potential equations, i.e. a
and c¢,,, were defined in their reduced form.

V(R) = en f(r), (D
T= —If—m 2)
) = frep(r) + fau(r)d(r), (3)
frep(r) =aexp[-b(r —1)], 4)
Co C8  Clo
far(r) = — (ﬁ‘*‘r—g‘*m) g 5)
e for <128
d(r) ‘{ 1 for r>128 ' O
Ca = R?Zm @)
a= i : (8)

According to Douketis [11], ¢p = 1.225((’;;/0(,); and
the constants a and b of (4) can be calculated from
the minimum conditions of the respective potential.
Anisotropy was introduced to the potential by expand-
ing the energy parameter, ¢, and the range parameter,
R, as follows [12]

em =0+ Che) + Cres + Caey, 9)

Ry =Ry+C Ry + ChR3 + C3 Ry, (10)
with

Ci=1- Rysinf, (11)

C, = cos¥, (12)

*Erratum: In [4] f(7) = frep(r) + fau(r)d(r) is missed behind
equation (3).
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C5 = cos’ 0, (13)
where 6 is the (orientational) polar angle. Although
only a small number of adjustable parameters is
needed, the main advantage of this rotationally sym-
metric potential model (CIG) is its flexibility. It may
properly be used to portray a ball as well as a dump-
bell or a cigar shaped object.

C) Data Analysis and Fitting

To analyze the observed DCS results, the IOSA
procedure [6-9] was used. This is justified because,
as shown by Frick [13], the rotational levels of the
molecules, even for rather large values of j, are very
close together. Therefore, since the collision energy
is about 60 meV, the energy sudden part of the IOSA
should be valid. Also its centrifugal sudden part is
suitable, since anisotropic interaction is confined to
a rather limited space around the molecular center.
Using phase shifts from the semiclassical JWKB ap-
proximation [14] with Langer’s modification [15],
DCS were calculated by partial wave analysis for var-
ied spatial orientations in the center-of-mass system
(CMS), which, in the present case, are characterized
by the orientational angle 6.

According to the 10S formula [6]

1
I(z)):%/ 1(6.7)d(cos h), (14)
=

where 1) describes the CMS scattering angle, the DCS
were computed applying a 32 point GauB3-Legendre
quadrature for averaging with respect to 6.

In order to fit these DCS to the experimental (i. e.
laboratory) results, the computed DCS were to be
transformed to the laboratory frame using the elas-
tic Jacobian. Results of this transformation were then
averaged with respect to the velocity and angular dis-
tribution of the beams, and to the finite aperture of the
detection device [16].

IV. Results and Discussion
A) Anisotropic Interaction Potentials

Experimental DCS’s which may be used with
other potential models are given in Table 2. Figure 1
presents both, measured and computed DCS for each
of the systems under investigation. As can be seen,



Table 2. Experimental total cross section measurements.

He-C;Hg He-1,1-C;H,F, He-1,1,1,2-C;H,F, He-C;F
e 1(©) Al(©) 1(©) Al(©) 1(®) Al(®) 1(©) Al(©)
30 10000.00 23135  10000.00 181.92  10000.00 192.66  10000.00 223.29
34 8957.52 21798  6294.06 168.61 7372.69 86.82  7916.07 145.51
38 7601.46 11580  5493.26 108.12  6492.15 81.91 7487.22 64.34
42 6105.14 129.09  4984.50 69.91 6347.20 98.58  6975.50 91.58
4.6 4499.59 59.74  4285.07 3488  5514.26 6105 6178.57 114.61
50 3065.95 39.59  3375.30 63.75  4454.30 61.78  4905.95 74.56
54 185491 31.01 2191.74 3426  3069.77 39.12 344840 48.36
58 1183.47 22.51 1454.92 27.82 1896.27 26.09  2052.73 31.00
6.2 1005.94 18.53 936.73 16.82 1318.92 23.54 1406.61 19.62
6.6 1158.56 11.18 848.90 15.85 1186.40 23.51 1350.17 22.60
7.0 1294.04 15.25 922.39 1041 1271.65 20.06 1488.35 15.81
74 1325.97 17.62 1017.00 13.64 137547 13.83 1615.68 17.69
7.8 1186.66 16.48 1023.51 12.18 1376.44 20.79 1634.49 21.03
8.2 961.22 15.14 904.20 8.77 1194.93 12.46 1388.87 17.49
8.6 701.53 12.77 72713 12.30 923.37 12.80 1039.60 10.42
9.0 480.93 831 515.70 8.89 677.63 15.04 713.79 16.25
94 324.88 9.13 344.73 6.54 428.51 1147 450.62 10.07
9.8 284.28 739 238.92 10.56 319.61 6.79 349.56 12.85
10.2 308.28 7.28 199.61 7.43 280.68 10.44 332.74 10.42
10.6 346.89 6.75 228.76 551 330.81 7.76 422.09 520
11.0 375.58 7.09 256.45 6.00 388.57 11.71 463 .85 8.97
114 366.86 8.39 283.64 6.33 396.30 7.44 484.57 10.00
118 336.02 7.43 277.13 4.82 380.08 7.53 442.45 10.71
122 275.46 6.15 24197 2.53 300.98 7.55 354.93 7.61
126 239.42 593 199.74 4.18 229.55 5.81 271.58 7.60
13.0 195.55 8.27 159.24 5.50 183.76 4.62 194.41 6.05
134 181.79 5.87 124.74 5.21 136.74 6.39 158.44 5.67
138 161.12 4.68 110.86 7.03 134.82 3.80 153.07 6.22
142 164.34 5.50 107.45 4.74 121.44 5.36 155.94 6.23
14.6 149.02 8.16 105.21 4.51 138.62 6.31 173.63 6.97
15.0 155.69 5.04 105.95 3.28 140.92 6.15 171.21 5.46
154 150.81 4.96 105.32 293 146.49 8.53 168.68 5.53
158 140.25 57 101.83 4.18 133.89 5.86 139.52 4.41
16.2 140.08 4.13 92.85 3.98 111.82 4.34 132.61 5.10
16.6 109.96 5.56 83.45 6.24 98.23 3.15 109.19 5.82
17.0 121.08 5.30 77.68 3.14 90.94 4.03 101.16 4.09
174 109.81 4.46 63.47 2.84 81.79 526 106.51 5.81
17.8 115.71 4.44 67.57 3.51 77.39 2.63 93.66 4.30
18.2 106.83 5.80 64.75 3.92 73.00 5.09 92.13 375
18.6 103.95 3.97 67.08 2.89 87.45 5.61 81.87 545
19.0 107.08 372 62.53 3.42 83.66 4.68 93.91 6.85
194 95.27 3.82 62.65 2.56 73.45 3.11 82.89 5.54
19.8 92.44 4.77 60.51 3.58 58.54 4.06 78.12 6.18
20.2 80.21 4.38 55.98 3.01 60.60 6.44 74.10 8.15
20.6 84.65 3.30 54.64 2.96 60.78 3.17 64.33 4.12
21.0 84.77 3.10 50.96 2.61 57.68 4.07 68.28 5.14
214 81.65 5.26 50.59 n 61.32 7.84 63.39 3.35
21.8 75.37 375 45.80 2.52 60.65 4.97 59.76 4.40

intensity I(®) / arbitrary units

Fig. 1. Laboratory differential cross sections for the scattering of He by
C,H,F¢_, (x=0,2,4,6). The ordinates are shifted arbitrarily. Points with error
bars are experimental measurements of the total differential cross section.
Solid lines are calculated using best-fit potentials extracted from measured

data.
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Fig. 2. He-C,Hg potential energy surface calculated from
the best-fit anisotropic HFD-parametrization. Contours are
given in meV. Dotted lines represent the attractive part, solid
lines the repulsive part of the potential. Absolute minima

are denoted by X.

He-1,1-C,H,F,

90°
el 40

. 48

N
Za

3 5 180°

RinA
Fig. 3. He-1,1-C,H4F, potential energy surface. Explana-
tions as in Figure 2.

damping of the diffraction oscillations increases
slightly with decreasing number of fluorine atoms
in the molecules. Parameters for the best-fit poten-
tials are compiled in Table 3. Contour maps of the
potential energy surfaces are shown in Figs. 2 to 5.

Table 3. Best-fit potential parameters.

Parameter He-C2H(J He-l,l-C2H4F2 He-1,1,1,2-C,H,F, He—C:,F6

£ [meV] 3:22 4.09 4.55 4.51
€, [meV]  -0.05 -0.10 -0.10 -0.06
€5 [meV] — -0.40 -0.49 —

£, [meV] 0.33 0.17 0.31 0.95
Rg [pm] 391 418 438 447

R) [pm] -6 -5 -6 -16
R, [pm] -1.28 -0.85 -0.65 -1.21
R3 [pm] — 44 42 —

Ry [pm] 75 -2 13 65

c 0.93 1.18 0.97 0.99
cg 0.68 0.60 0.67 0.57
cyo 0.61 0.37 0.56 0.40
a 1.50 0.99 1.03 0.81
b 13.63 13.14 13.62 14.96
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Fig. 4. He-1,1,1,2-C, H,F, potential energy surface. Expla-
nations as in Figure 2.
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Fig. 5. He-C,F¢ potential energy surface. Explanations as
in Figure 2.
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Anisotropy of the well-depth may be recognized for
each system. It is found most pronounced for two
different collisional orientations:

1) the He atom approaches perpendicular to the
C-C axis.

2) the He atom approaches in-line with the C-C
axis.

In the latter case two different in-line orienta-
tions exist for molecules such as 1,1-Difluoroethane
or 1,1,1,2-Tetrafluoroethane. Well-depth minima for
these orientations are given in Table 4; corresponding
potential curves are shown in Figure 6.

Obviously, for the perpendicular case, the distances
R, of the potential minima for He-Ethane and He-
Hexafluoroethane are close to those for the almost
spherical systems He-CH, (378 pm [2]) and He-CF,
(396 pm [3]). Expectedly the respective in-line results
are found to be larger, the difference corresponding
approximately to about one half of a C-C bond length
(154 pm [17]). For an in-line approach of the He atom
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He-C,Hg He-C,Hg He-1,1-CH F, He-1,1,12-C,H,F, He-C,Fg Table 4. R,, and e-values for charac-
[182] teristic orientations (data in brackets are
R, [pm] 376 (375) 381 209 (414) 427 (405) 412 412) calculated using a different anisotropy
Roi00) [Pm] 459 (456) 483 455 (472) 486 (501) 501 (491) model [1] similar to the one used by Keil
m(1800) [PM] 459 (456) 483 367 (457) 392 (464) 501 (491) et al. [18]).
€my (meV] 3.10(3.04) 3.74 3.91 (3.50) 4.38 (3.99) 4.37 (4.42)
Emyo0y (MeV]  350(3.70)  1.05 3.68 (3.99) 427 (4.52) 5.40 (5.19)
€my(1800) (MeV] 3.50(3.70) 1.0 4.64 (6.07) 5.25 (6.68) 5.40 (5.19)
System He-CF, [3] He-CHF;[19] He-11,12-C,H,F, He-C,F,  Table 5. Well depth for a He approach
€ for in-line approach on a 5.33 5.13 525 54 towards a F3C-group.
F;C-group
204
3 He-1,1,1,2-C 5.6
184 2H2F4 e =(3,60+0,56 * n_) meV
3 | m F *
165 | 524 Ae_=0,2meV *
145 i = m
124 2 u
=" 3 o 4.8
> 104 | E
E 87 ! E
=~ 6 I o 44
o 4: | £
3 = \ -
> £ 40]
03
E 36 ke
*
0

V(R) [meV]

B P
3 456 7 8 3456 7 8
R [100 pm] R [100 pm]

Fig. 6. Best-fit potential curves for in-line and perpendicular
approach of the He atoms.

towards the F; plane of 1,1,1,2-Tetrafluoroethane or
Hexafluoroethane the well depths are found similar to
results for He-F;CH [19] and He-F;CF, respectively
[3] (Table 5). Comparing results for He approaching
in-line to the differently substituted methyle groups
of the ethanes the well depths are found to depend
linearly on the number of fluorine atoms (Figure 7).
Contrary to the range parameters (R ) for He-
C,Hg, which agree well with data of Keil et al. [18],
the energy parameters ¢, of the present potential are

1 2 3
number of F-atoms at the C-atom

Fig. 7. Well-depth for in-line approach depending on the
number of subsituting fluorine atoms.

different from the respective results of these authors.
In addition the equilibrium configuration He-C,Hj is
found to be linear (not T-shaped), i.e. the absolute
minima of the well-depth exist for either in-line ap-
proach of the He atom. This is equivalent to the find-
ings for the Fluoroethanes. Considering the model
dependent differences in ¢, we calculated best fit
potential parameters for a potential model which has
been used previously [1] and which is quite similar to
the one used by Keil et al. [18]. In this case, results for
R, and ¢, correspond to our present results. But ¢,
results from this model appear not to be very likely
(Table 5) in the case of the fluoroethanes. Thus, from
the consistency of the results of Table 5 and from the
linearity of the ¢, data (in-line, Fig. 7) we assume
our potentials to be reliable. Since from experimen-
tal DCS to the “true” interaction potential no direct
route is available, several potential models may be
used to portray molecular interaction for scattering of
atoms by various molecules [7, 20, 21]. Thus, data
calculated for the same system usually turn out to be
slightly different if suitable potential models are used
for which modelling of the molecular anisotropy is
somewhat different.
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B) Macroscopic parameters

Once the interaction potential V(r, #) is known,
binary macroscopic paramaters such as the second
virial coefficient B ,, the diffusion coefficient D,
and the viscosity coefficient 7,, may be calculated as
described in [3]. Using results from Table 3, hetero-
geneous second virial coefficients were computed for
the temperature range 100 K < 7" < 500 K (Figure 8).
For comparison, values for 290 K, 300 K, and 310
K are available from macroscopic investigations of
Dunlop et al. [22].

Binary diffusion coefficients and the coefficients
of viscosity were computed via respective collision
integrals [23]. D, data are given for 280 K < T' <
400 K in Figure 9 together with results of Dunlop et
al. [24, 25]. Deviations range between 12 % and 25 %.
As has been shown by Maitland [26] for the system
He-CO, such deviations may be due to the Mason and
Monchick approximation [27] which was used in our
calculations.

Coefficients of viscosity were computed for 1.013
bar and 298 K to a first order approximation according
to [23]. Results are presented in Figure 10. Viscosities
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