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Elastic Electron Scattering from CH;I Molecules Oriented in the Gas Phase
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A novel experiment on elastic electron scattering from free, spatially oriented molecules has been per-
formed. CH;l molecules state selected by an electrostatic hexapole lens were oriented in a homogeneous
electric field. The differential scattering cross sections were measured at an electron energy of | keV in
the angular range of 4°-14° with the orientation switched on and off. From these data the orientation-
dependent contribution to the molecular interference was determined. The results show a distinct oscil-
latory pattern as a function of momentum transfer as predicted by theory.

PACS numbers: 34.80.Bm, 35.20.Dp, 35.80.+s

In gas-phase electron diffraction the geometrical struc-
tures of unoriented molecules can be determined very
precisely from the interference of the various atomic
scattering centers [1-3]. However, such data sets are in-
herently one dimensional, due to complete averaging over
the randomly distributed orientations of the molecules in
the sample gas. Therefore, the structural results obtained
by a multiparameter fitting procedure can contain strong-
ly correlated parameters. On the other hand, if the mole-
cules are spatially oriented in the laboratory frame, the
scattering distributions contain three-dimensional infor-
mation similar to results obtained from x-ray diffraction
of single crystals. Consequently, by recording the dif-
fraction patterns from oriented molecules, not only the
absolute values of the intramolecular spacings 'l'ijl and
vibrational amplitudes |I;;| between the atoms i and j but
also the individual x, y, and z components of these quan-
tities and, therefore, the molecular bond angles may be
extracted in a direct way. It has been pointed out in a re-
cent theoretical study that a real-space image can be
reconstructed from gas-phase electron diffraction data for
state-selected, oriented molecules by special Fourier
transform inversion techniques [4].

A strong orientational dependence of the elastic
differential scattering cross sections was first predicted by
calculations in 1989 for molecules assumed to be rigidly
fixed in space [5,6]. Kohl and Shipsey then extended the
calculations to fully rotating symmetric top molecules in
selected quantum mechanical rotational states oriented or
aligned in an electric field [4]. A general theory for the
discussion of spin-dependent elastic electron scattering
from oriented molecules has also been derived [7]. The
theoretical studies based on the independent atom model
(IAM) [4-6] showed that sizable effects might be ob-
served. We present here the first experimental results for
electron scattering from free oriented molecules.

Axis orientation of polar symmetric top molecules [8]
in the gas phase can be achieved in molecular beam ex-
periments via the linear Stark effect by using an electro-
static hexapole lens and orientation field plates (for a re-
view, see Refs. [9,10]). The hexapole acts as a state
selector focusing only molecules in states that exhibit a

positive Stark effect. This method has the advantage that
although the field strengths within the hexapole are high
the oriented molecules can be transferred to a weak-field
region by adiabatic transition through a subsequent guid-
ing field. This technique was used with good success for
photoionization studies of oriented CH;3I molecules [11].
The electron scattering experiments reported here have
also been performed in a low-field region. The term
*“orientation” is used here to describe the orientation of
the molecular dipole moment p with respect to an exter-
nal electric field E (angle ©). Symmetric top molecules
in specific rotational states |J,K,M) with {cos®) =KM/
J(J+1)=0 are oriented and the rotational probability
distribution Psxp(cos®) can be calculated quantum
mechanically [12]. (K and M are the quantum numbers
of the projection of the total angular momentum J on the
molecular symmetry axis and on the electric field direc-
tion, respectively.)

Apart from the usual scattering angle 9 between the
momenta ko and k of incident and scattered electrons, re-
spectively, the scattering process considered here depends
in addition on the orientation of the electric field direc-
tion with respect to the scattering plane described by the
polar angle ©; and the azimuthal angle y,; see Fig. 1.
The elastic differential cross section in the IAM for

FIG. 1. Schematic of the scattering geometry illustrating the
relative orientations of the vectors E, p, ko, k, and s.
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oriented (or aligned) molecules in a specific rotational
state |J,K,M) was derived in Ref. [4]. It can be written
as the sum of the electron cross section for randomly
oriented molecules (indicated by the subscript R) [13]
and of a new interference term M xp containing addi-
tional contributions originating from the molecular orien-
tation:

do

do

do
dQ

+Mkm (O;,9,1,) .
R

)

JKM

M jkp is a function of the scattering angle 9, the azimu-
thal angle z, and the angle O, and is given by

2
Mjkm(6;,9,x,) =QJ +1 );lf,l |£ ZI Ckmn Relexpli(n; —n;)1F i (s)}
1<y n=

where the functions F,;;(s) are defined as

Frij(s)=2Q2n)%"P,(cosa) @y (P,(cosp) ju (sr))  (3)

in terms of the Legendre polynomials P, and the spheri-
cal Bessel functions j,. Here, f; and n; are the direct
scattering amplitudes and phases of atom i, respectively,
Cykmn are expansion coefficients [12], s =2k sin(9/2) is
the transferred momentum, Qy is a differential operator
for the vibrational damping, and « is the angle between
the electric field E and the transferred momentum s
which is related to the other angles by

sin?sin©; cosy; + (1 —cosy ) cosO,
2sin(9/2) ’

as derived and discussed by Kohl and Shipsey [4]. The
parameter B in Eq. (3), with

4)

cosa =

(5)

cospi} =zij/ri} ,

leads directly to the bond angles in terms of equilibrium
distances. With our molecular beam apparatus an en-
semble of quantum states of oriented molecules is pro-
duced in the scattering region. The individual states
denoted by i=|J,K,M) are populated with a relative
population fraction w;. Hence, the intensity / of electrons
scattered into a solid angle AQ can be written as

](Gx,z9,}(‘v)=2w;[,'+13=IRB+10NwaMiAQ . (6)

Iy is the current density of the electron beam, /N is the
number of target molecules, /p is the background scatter-
ing intensity due to the residual gas, and Igp is the sum
of Ig and the orientation-independent part of the contri-
bution from the target molecules.

The apparatus is shown in Fig. 2. A cw supersonic mo-
lecular beam with a translational energy of 100 meV is
generated by expanding CHjl through a 0.15-mm-diam
nozzle at a stagnation pressure of 250 mbar into vacuum
(p=6x10 "3 mbar) using a skimmer of 0.4 mm diam.
The beam passes through the hexapole assembly (6-mm-
diam entrance aperture located 20 cm behind the nozzle,
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FIG. 2. Schematic view of the apparatus.

(2)

[

p=<5%10"% mbar). It consists of six chromium-plated
brass rods of 6 mm diam on a circle of 12 mm charged al-
ternately to & Ug and is divided into two equal parts 0.25
m in length. A central beamstop (2 mm diam) blocks the
direct beam preventing molecules with ({cos©); =0) from
reaching the target region. Molecules in states exhibiting
a positive Stark effect ({cos®); <0) can be focused into
the target region 0.52 m behind the hexapole. The beam
passes through a guiding field (U= %200 V, length =23
cm) to avoid loss of molecular orientation by mixing of
the M quantum states (Majorana flops). Behind the hex-
apole exit aperture the molecules are transferred via an
adiabatically decreasing guiding field (U= %100 V) [11]
into a final homogeneous orientation field (U= %25V,
field strength £= %50 V/cm) in the scattering chamber
[p < (2—3)x10"8 mbarl. A slit of 2 mm width mount-
ed inside the orientation field 5 cm in front of the scatter-
ing region defines the scattering volume.

The electron beam (1 keV, 10 p#A) produced by a
telefocus electron gun [14] travels perpendicular to the
molecular beam and parallel to the orientation field. It
passes through an entrance hole (4 mm diam) and an exit
slit (4 mm height, 10 cm length) centered in the orienta-
tion field plates. This way, elastically scattered electrons
in a range of ¥ = * 60° can be detected. The orientation
field plates are mounted inside a grounded metallic frame
with similar openings to minimize stray fields. The detec-
tor, consisting of a retarding field analyzer [15] and a
channeltron, can be rotated in the scattering plane by
means of a stepper motor. With a second detector at a
fixed scattering angle, changes in the intensity of the elec-
tron beam and in the background pressure are recorded.
The molecular beam was monitored by means of a quad-
rupole mass analyzer mounted behind the orientation
field. The data acquisition is controlled by a personal
computer.

Relative differential cross sections for scattering angles
of 4°-14° were measured with the field polarities such
that the molecules were oriented preferentially parallel
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(field orientation angle ©;=0°) or antiparallel (©;
=180°) to the electron beam. In this geometry electron
scattering is independent of the azimuthal angle y;, since
ko and the direction of reference for the molecular orien-
tation, E, are parallel. At each scattering angle the in-
tensities 7(6,,9) were measured for ©; =0° (CHj3 group
pointing preferentially towards the incident electrons)
and for ©;=180° (all field polarities reversed). By
switching off only the guiding fields, the orientation was
turned off without affecting the electron scattering and
Irg(©;,9) was determined for each case. The orientation
field acts as a weak lens for the primary and scattered
electrons. Hence the intensities /grg were not identical for
the two polarities of the field, because the current densi-
ties of the electron beam were different. This apparatus
asymmetry varies from 0.05 for small momentum
transfer s to almost zero for larger values of s.

To determine only the intensity contribution from ran-
domly oriented target molecules,

I1r(6,,9) =c(6,,0)Irp(6;,9) ,

the background from residual gas scattering was mea-
sured with the hexapole voltages off (no molecular beam
in the target region) and subtracted from Igg(6;,9). ¢
was found to be equal to 0.14  0.03, independent of the
angles ©; and 9. In order to obtain a direct measure of
the orientational molecular interference contribution, the
relative change of the elastic differential cross section was
determined according to

1(6,,9) —IRB(GV,:?)
AO’ AE) = -
®;,9) 1x(6,,9)

do

9 @)

= [Z:: wiM;(6;,8) ] /

R
In contrast to the usual determination of the molecular
interference for unoriented molecules [1-3), A, is in-
dependent of a model; furthermore, the background in-
tensity, the current density of the electron beam, the solid
angle to the detector, and the apparatus asymmetry can-
cel. Figure 3 (top and center) shows the results [see Eq.
(7)) as a function of transferred momentum for both
orientations. (Data at positive and negative values of ¢
have been averaged; each point represents ca. | h of data
accumulation.) At a hexapole voltage of =7 kV the
data for the deviation from the cross section of unoriented
molecules show similar oscillations but with larger ampli-
tude for parallel than for antiparallel orientation. To ver-
ify that the results are independent of the apparatus
asymmetry, A, was also measured with the hexapole volt-
age turned off [for A,(6, =0°), see Fig. 3, bottom]. It is
zero within error, as required.

In accordance with Refs. [16-18] a rotational tempera-
ture of ca. 70 K has been estimated for our neat CH;l
beam. The population fractions for the ensemble of
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FIG. 3. Deviation of the elastic differential cross section for
oriented molecules from that of unoriented molecules obtained
using Eq. (7) at 1 keV electron energy (hexapole voltage Uy as
indicated). The data points (% 1o statistical error) are for the
field orientation angles ©, =0° (top) and ©,=180° (center),
and for molecular beam switched off (bottom). The full curves
represent the theoretical result for 7o =70 K.

states focused into the target region were calculated for
the expansion conditions of the molecular beam by a
ray-tracing procedure for a given hexapole voltage Uy
and molecular rotational temperature T, [19] neglecting
nuclear hyperfine coupling. At T, between 30 and 200
K and at Up= 7 kV the average degree of orientation
(cosB) was calculated to lie between 0.26 and 0.25. For
these ensembles the mean interference term M(©,,9)
=Yw;M; [Eq. (2)] and A,(8;,9) =M (8,,9)/(dc/dQ)r
[Eq. (7)] were determined using the IAM. For
simplification, the damping Qy was set to unity. In order
to compare A, with the experimental data, M and
(do/d Q) g were convoluted with the transmission func-
tion of the detector (angular resolution A9=*1.1°).
This convolution as well as the variation of Ty caused
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only small alterations ( < 5% and < 20%, respectively) of
the theoretical curves for Up==*7 kV. As seen from
Fig. 3, the shapes of the theoretical curves at T, =70 K
and the experimental data are similar. In this compar-
ison of ratios only effects which are different for oriented
and unoriented molecules play a role. Above s=2 A ™!
the theory predicts a larger maximum for parallel orien-
tation (ca. 4%) than for antiparallel orientation (ca. 3%),
which is compatible with the experiment. On the other
hand, there is a deviation for the minima at small
momentum transfer where the theoretical amplitude is
ca. (7-8)%. Furthermore, the zero crossings of A, for
both orientations seem to be shifted by 1°-2° to larger
angles as compared to the experiment. These remaining
discrepancies cannot be fully resolved at present; they are
attributed mainly to the limited knowledge of the rota-
tional state distributions (which were only calculated)
and the approximations made in the theory based on the
IAM. Several improvements to the experiment are
planned to obtain a more sensitive test of the theory in
the future.

In conclusion, we have reported experimental evidence
of a new molecular interference contribution to the elec-
tron diffraction pattern present when the scattering mole-
cules are oriented. The fair agreement of the experimen-
tal data with the theory of Kohl and Shipsey [4] applied
to the state mixture of CH;I molecules is encouraging in
view of future development of this method for molecular
structure studies.

The authors thank Professor U. Heinzmann for many
stimulating discussions and his continuous interest and
very generous support. We are also grateful to Dr. G. H.
Fecher, Professor D. A. Kohl, and Dr. N. Miiller for
valuable suggestions and discussions. A.M. and M.F. are
grateful for the hospitality at the Physics Department re-
ceived during their stay at the University of Bielefeld.
Financial support of the Deutsche Forschungsgemein-
schaft (SFB 216) for the project and the Fulbright Com-
mission (for A.M.) is gratefully acknowledged.

2292

(@)permanent address: CAMD, Louisiana State University,
Baton Rouge, LA 70803.

(®)Permanent address: Physics Department, The University
of Texas at Austin, Austin, TX 78712.

[1] Stereochemical Applications of Gas-Phase Electron
Diffraction, edited by 1. Hargittai and M. Hargittai
(VCH Publishers, New York, 1988), Pts. A and B.

[21 E. A. V. Ebsworth, D. W. H. Rankin, and S. Cradock,
Structural Methods in Inorganic Chemistry (Blackwell
Scientific Publications, Oxford, 1987), Chap. 8, p. 304.

[3] Gas Phase Electron Diffraction, Topics in Current Chem-
istry Vol. 53 (Springer, Berlin, 1975).

[4] D. A. Kohl and E. J. Shipsey (to be published).

[S] M. Fink, A. W. Ross, and R. J. Fink, Z. Phys. D 11, 231
(1989).

[6] A. Mihill and M. Fink, Z. Phys. D 14, 77 (1989).

[7] K. Blum and D. Thompson, J. Phys. B 22, 1823 (1989).

[8] In general, any molecule in a state where the electric di-
pole moment, averaged over rotation, does not vanish may
be oriented by this method.

[9] S. Stolte, Ber. Bunsen Ges. Phys. Chem. 86, 413 (1982).

[10] D. H. Parker and R. B. Bernstein, Annu. Rev. Phys.
Chem. 40, 561 (1989).

[11] S. Kaesdorf, G. Schonhense, and U. Heinzmann, Phys.
Rev. Lett. 54, 885 (1985).

[12] S. E. Choi and R. B. Bernstein, J. Chem. Phys. 85, 150
(1986).

[131 R. A. Bonham and M. Fink, High Energy Electron
Scattering (Van Nostrand Reinhold, New York, 1974),
Chap. 1.

[14]1 J. J. McClelland, J. M. Ratcliff, and M. Fink, J. Appl.
Phys. 52, 7039 (1981).

[15) H. D. Zeman, K. Jost, and S. Gilad, Rev. Sci. Instrum.
42,485 (1971).

[16] G. Marcellin and P. H. Brooks, J. Am. Chem. Soc. 97,
1710 (1975).

[17] K. K. Chakravorty, D. H. Parker, and R. B. Bernstein,
Chem. Phys. 68, 1 (1982).

[18] S. Kaesdorf, Ph.D. thesis, Universitiit Bielefeld, 1984 (un-
published).

[19] G. H. Fecher, Ph.D. thesis, Universitit Bielefeld, 1990
(unpublished).



