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Differential cross section measurements are reported for scattering of an improved He-atomic beam
by crossed beams of Pyrrole, Furane and Thiophene. The damping of the DCS diffraction oscillations
is used to extract reliable anisotropic intermolecular potentials, applying the infinite order sudden

approximation (IOSA).
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I. Introduction

As has been reported in [1], potentials of the in-
teraction between He and rather anisotropic aromatic
molecules can be determined from rotationally un-
resolved total differential cross sections (DCS), ob-
served from the scattering of He atoms by these
molecules. In consequence of our experiments with
Benzene and Pyridine, molecules with a so-called
high electron density aromatic structure such as Pyr-
role, Furane and Thiophene were used to investigate
their interaction potentials with Helium atoms.

Results of an infinite order sudden approximation
calculation (IOSA) were fitted to the experimental
DCS using a modified Hartree Fock dispersion poten-
tial (HFD) to model the atom-molecule interaction.

I1. Experimental

The main configuration of the experimental equip-
ment has already been described in detail in [1 - 3]. It
is a crossed molecular beam unit with in-plane geome-
try and a mass-spectrometer detector rotatable around
the scattering center. Two supersonic nozzle beams
are crossed rectangularly. Damping of the diffraction
oscillations in the DCS curves is mainly due to the
anisotropy of the scattering molecules. But this damp-
ing may also be somewhat influenced
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a) by the geometry of the scattering volume, defined
by the angular divergence of both molecular beams;

b) by undesired components in the molecular
beams, such as dimers;

c) by the geometry of inspection of the detector
system.

Since the anisotropy (less symmetry) of the 5-ring
aromates is more pronounced compared to the sys-
tems HeC¢Hy or HeCsHN, the primary He beam
had to be improved appreciably. This was achieved
by means of diminished cross sections of the noz-
zle, the skimmer and the collimator, and enhanced
nozzle pressure. Consequently pumping of the whole
primary beam section was to be improved (Figure 1).
Nozzle and skimmer could be adjusted separately by
an arrangement of 5 stepper motors. A He-Ne laser
tube was used for adjustment control.

After the improvement of the primary beam sec-
tion, the experimental quality of the whole equipment
was tested by means of the well known scattering sys-
tem He-Ar [4 - 6], which is a reliable testing method.
In comparison with experimental data obtained be-
fore the improvement [1], no significant change in
the He-Ar results was observed. Beam conditions of
the primary beam and the parameters of the secondary
beams are given in Table 1.

Since an adiabatic expansion occurs in the genera-
tion of a nozzle beam, the formation of clusters may
generally be expected. To which extent cluster con-
densation occurs depends considerably on the polar-
izability of the molecules and on the nozzle pressure.
In the range of the He source pressure, the formation
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Fig. 1. Schematic view of the improved He beam source.

Table 1. Beam conditions.

H

Gas Helium Pyrrole Furane Thiophene
Gas purity (%) 99996 ~96 >99 >99
Nozzle pressure (bar) 45 0.1 0.1 0.08
Nozzle diameter (xm) 20 100 100 100
Nozzle temperature (K) 303 363 343 352
Skimmer diameter (mm) 0.3 0.5 0.5 0.5
Nozzle-skimmer 20 20 2.0 2.0
distance (mm)

Collimator diameter (mm) 1.0 — — —
Angular divergence (degree) 0.9 6.3 73 7.4
most probable velocity 1645 662 627 576
Vip (M/5)

velocity FWHM FANVA 0.043 0.4 0.26 0.36
Speed ratio S 40 4.1 5.8 4.4
Collision energy (meV) — 60.5 60.5 60.1

of clusters is not to be expected for the primary beam.
Therefore only secondary beams were examined with
an indirect method. Clustered molecules do not only
show different signals in the mass spectrum but they
are also responsible for a different time of flight (TOF)

Diffusion pump
3200 I/s

Table 2. Speed ratio measurements as a function of the
nozzle pressure.

Pyrrole Furane Thiophene

Nozzle Speed Nozzle Speed Nozzle Speed
pressure ratio pressure ratio pressure ratio
[mbar] [mbar] [mbar]

200 4.0 400 1.9 150 1.4

150 43 300 23 100 3.6

100 4.1 200 5.8 80 44

55 4.1 100 5.8 50 4.0

spectrum than is expected for the lighter monomeres.
A sufficient number of clusters in a beam causes the
corresponding TOF-peak to be widened. The width of
the TOF peak serves (among other details) to calcu-
late the speed ratio of a molecular beam [7]. Thus, the
speed ratio itself can be used as a qualitative criterium
for cluster formation: It appreciably decreases when
clusters contribute to the beam.

Results of speed ratio observations for different
nozzle pressures are shown in Table 2. In the inves-
tigated range of the nozzle pressure no change of
the speed ratio was found for Pyrrole. Thus, cluster
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Table 3. Experimental total cross section measurements; experimental DCS measurements /(€) and standard deviations

AI(0) are in arbitrary units.
He-Furane He-Thiophene He-Pyrrole
6 1(6) AI(6) 6 1(6) AI(9) 0 1(6) AI9)
2.0 10000.0 248.84 2 10000.0 457.31 2 10000.0 268.69
25 5025.02 127.87 2.5 5105.17 102.04 25 5318.97 104.47
3.0 3339.38 81.15 3 3565.74 56.28 8 3852.91 65.94
35 2852.86 83.08 35 3117.21 28.40 35 3296.08 48.09
4.0 2470.97 56.19 4 2625.44 25.30 4 2688.43 56.32
4.5 1774.35 47.00 4.5 1826.85 29.40 45 1779.62 32.39
5.0 1071.96 28.84 =) 1077.63 11.43 5 1042.43 23.93
55 654.26 16.82 55 657.35 13.41 5.5 693.13 13.33
6.0 563.42 12.29 6 631.30 3.92 6 692.51 11.71
7.0 601.15 14.58 6.5 680.74 8.13 6.5 736.55 8.47
7.5 511.59 10.95 7 641.67 5.90 4 655.76 11.42
8.0 365.06 9.07 75 492.43 6.16 7.5 499.07 6.65
85 233.25 7.54 8 325.28 5.37 8 332.98 7.42
9.0 166.42 6.77 8.5 217.71 7.63 85 238.45 7.63
9.5 160.04 434 9 177.96 4.12 9 201.61 5.86
10.0 169.10 2.67 9.5 175.58 4.80 9.5 198.90 4.82
10.5 171.24 4.51 10 184.35 3.59 10 190.83 5.03
11.0 151.12 4.05 10.5 171.53 3.39 10.5 167.81 3.43
11.5 124.22 4.16 11 129.50 2.85 11 141.82 3.92
12.0 94.53 2.59 11.5 104.73 323 115 116.38 3.97
125 82.30 2.56 12 83.23 3.13 12 91.13 4.24
13.0 78.28 3.06 12.5 84.40 3.06 12.5 88.65 2.10
13.5 76.09 2.19 13 80.40 3.13 13 85.13 3.68
14.0 67.47 2.94 13.5 73.61 3.71 13.5 74.44 3.48
14.5 63.10 1.83 14 60.11 4.67 14 69.93 3.17
15.0 55.07 2.52 14.5 53.89 1.89 14.5 58.82 244
15.5 50.52 2.23 15 42.85 3.69 15 59.30 7.41
16.0 45.56 1.77 15.5 42.27 233 15.5 50.17 1.44
16.5 43.99 2.04 16 39.66 3.39 16 45.78 1.91
17.0 41.49 1.91 16.5 40.53 3.14 16.5 45.61 3.36
17.5 41.87 1.57 17 43.42 2.38 17 44.30 2.38
18.0 37.58 1.43 17.5 35.24 2.64 17:5 35.59 243
18.5 37.45 2.02 18 29.79 1.59 17.9 33.99 1.8
formation is assumed to be negligible. Contrary to frep(r) = a - exp[—b - (r — 1)], 2)
Pyrrole, the speed ratio for Furane and Thiophene is
drastically lowered above a nozzle pressure of 100 _ c6 Cg§ Cio 3
mbar, thus indicating reinforced formation of clus- faulr) = — (7.—6 + 8 i m) ’ G)
ters. The result for Thiophene confirms measurements
from other authors [8]. 2
[8] exp [— (L2 1) ] for r > 1.28,
d(r) = ¢ 4)
. rr < 1.28.
IIL Analysis k fory & L8
A) Intermolecular potential All constants were used in a reduced form:
The experimental DCS data were analyzed by ap- r=R/Rnm (5)
. % 9
plying the IOSA [9 - 12] based on a modified form of
Aziz et al. [13]. For the isotropic part of the interac- -
tions we used the HFD potential as follows: cn = Cn/ Ry em, (6)
V(R)=¢- f(R), (H a=A/en. )
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Fig. 2. Laboratory differential cross sections for the scatter-
ing of He by Pyrrole, Furane and Thiophene, respectively.
The ordinates are shifted arbitrarily. Points with error-bars
are experimental measurements of the total differential
cross section. Solid lines are calculated using potentials
extracted from the experimental data.

For c,,,, one of the combination rules of Douketis [14]
was used:

2

Cio & 1.2252—2. 8)

Furthermore, the parameters a and b are fixed by the
minimum of the potential:

a= 09246(()6 +cg + CIO) -1, (9)

_5.2832c¢¢ +7.2832c5 +9.2832¢y
- C(,+C8+Cl()—1.0816

b

(10)

However, the molecules under investigation deviated
considerably from isotropy, so certain anisotropic
contributions were to be added. Therefore ¢,,, and R,
were expanded by means of Legendre-polynomials
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according to the symmetry of the molecules under
investigation.

The oblate shape of the scattering molecules was
taken into account by

Py = (3cos*(6) — 1)/2, a1
6 : polar angle (Figure 3).
The “five-fold” symmetry in the equatorial plane was
modelled by

Ps = —21cos(5¢) sin’(8)/32,

12
¢ : angle in the equatorial plane (Figure 3). (12)

As a consequence, the following energy and radius
parameter was used, respectively:

Em =E0+P2E2+P5E5, (13)

Rm=R0+P2R2+P5R5. (14)

B) Data Analysis and Fitting

To analyze the DCS data, the IOSA [9-12] was
used. DCS were calculated for various spatial ori-
entations (f, ¢) by partial wave analysis using
phase shifts from the semiclassical Jeffreys-Wentzel-
Kramers-Brillouin (JWKB) approximation as modi-
fied by Langer [15]. Scattering phase shifts were cal-
culated applying a ten-point Gauf3-Mehler quadrature
[16]. According to the IOS formula

2 T
I(ﬂ):% / / |f(®,6, )| sin6 d6 do, (15)
0 0

where ¢ describes the scattering angle, the DCS were
averaged with respect to 6 and ¢ [17] by means of
two 16-point Gauf3-Legendre quadratures.

In order to compare calculated DCS data with
our experimental results, the calculated data were
to be transformed from the center-of-mass system to
the laboratory system. This transformation was per-
formed using the elastic Jacobian. Transformed data
were averaged with respect to the angular and veloc-
ity distributions of both beams, and with respect to
the finite aperture of the detector as described in [18].

IV. Results and Discussion

The total cross sections of the investigated scat-
tering systems are listed in Table 3. Figure 2 shows
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Table 4. Best-fit potential parameters.

Parameter He-Pyrrole He-Furane He-Thiophene
E, [meV] 4.39 4.57 4.65
E, [meV] 2.59 2.92 1.99
E [meV] 243 1.43 1.57
R, [pm] 442 435 453
R, [pm] —69 -60 —68
R [pm] 18 26 14
s 1.38 1.34 1.47
g 0.44 0.35 0.46
0 0.18 0.11 0.17
A 0.85 0.66 0.94
B 13.22 14.86 12.48
E)| [meV] 1.42 2.12 2.57
E | [meV] 5.38 6.55 5.60
R [pm] 464 447 476
R, [nm] 361 358 374
©]

x 0

Fig. 3. Energy surface of the interaction potential He-
Furane.

measured and calculated DCS results; the latter were
obtained using the best fit parameter set for the re-
spective potential (Table 4).

Compared to an isotropic scattering system, €. g.
He-Ar, appreciable damping of the diffraction oscil-
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Fig. 4. Hartree-Fock-Dispersion function for both orienta-
tions, perpendicular and parallel, of the He-atom towards
the Furane molecule.

lation is observed, as was to be expected. This is due
to the anisotropy of the target molecules. Although
it can be assumed that the rings have a flat structure,
the observable diffraction oscillations of the scatter-
ing curve indicate that the He atom in this case is able
to detect a nearly isotropic part of the potential. If fur-
thermore the parameters /| and £ , R, and R from
Table 4 are taken into account Wthh represent the
properties of the interaction potentials for § = 90°(||)
and 6 = 0°(L) (Fig. 3), it is obvious that the interac-
tion energy perpendicular to the equatorial plane, F |,
is up to 4 times that of the corresponding E Con-
sidering that each of the target molecules possesses
an aromatic system of 6 m-electrons with appreciable
density above and below the ring plane, this result
appears to be plausible. The value of the parameter
R, which is responsible for the oblate structure of the
ring molecules is only about 100 pm. Taking into ac-
count that the respective isotropic parameter R, has
a value of about 450 pm, one may realize that there is
no marked anisotropy perpendicular to the ring plane,
with respect to the radius parameter.

Moreover, the relative small difference between
R, and R, gives evidence for this fact. Figure 4
shows the IHFD potential curve for two spatial orien-
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tations, (¢ = 0°, marked L, and 6 = 90°, marked ||) of
a Helium atom approaching a Furane molecule.

One aim of the present investigation was to ob-
serve whether or not any anisotropy in the ring plane
of the target molecules can be detected. As a result,
anisotropy of the energy can clearly be recognized
from E, ranging between E, and E,. This is pre-
sented in a 3D plot of the potentials for the system
He-Furane (Figure 3). The energies are pictured in
different grey colours on the resulting net in which
a darker grey represents stronger interactional energy
in general.

However, the results are very similar for the two
other scattering systems. Therefore additional plots
are omitted. Due to the similarity of the aromatic
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