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Azimuthal dependence of the differential cross section in electron scattering
from free oriented CH5;CI molecules
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An azimuthal dependence for 1-keV electrons scattered elastically at a fixed polar angle from a beam of free,
spatially oriented CECI molecules prepared by an electrostatic hexapole technique was observed. Pronounced
azimuthal distributions with orientation-dependent contributions of several percent were measured, demonstrat-
ing that for preferentially perpendicular orientation of the molecules with respect to the electron beam the
diffraction pattern is no longer cylindrically symmetrical and reflects directly the orientation and alignment of
the scattering state ensemble. The data are compared with model calculations using the independent-atom
model and hexapole transmission calculations of the focused rotational state mixtures, taking both the linear
and the quadratic Stark effect into account. Inclusion of the second-order Stark effect changes the calculated
azimuthal distributions significantly and improves the agreement between experiment and theory.
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Electron scattering from molecules in the gas pHdseS]  obtain a real-space image of the molecule, independent of a
leads to a characteristic diffraction pattern of diffuse concenmodel[8]. In the field of ultrafast electron diffraction from
tric interference rings. It can be analyzed by fitting proce-laser-aligned molecules, Williamson and Zewail have dis-
dures to obtain information on the molecular structure. Thecussed the expected azimuthal depend¢@teGeneral the-
differential cross section has cylindrical symmetry aroundoretical formulas characterizing steric effects in electron-
the electron beam direction since the distribution of the mol-molecule scattering were given by Blum and co-workers,
ecules is normally isotropic with no preferred axis orienta-who presented numeric&-matrix results at 2- and 8-eV
tion. In contrast, in low-energy electron diffraction from sur- scattering energy for aligned,N10].
face atoms and adsorbatg€EED), the diffraction pattern of In 1992 we reported the observation of additional molecu-
elastically backscattered electrons exhibits a pronounced aar interference contributions in electron diffraction from free
muthal dependenc@EED spotg that is analyzed to deter- oriented moleculed11]. The dependence of the elastic-
mine the surface topology. Similarly, if an orientation or scattering cross sections on the polar angle was obtained for
alignment of free gas molecules can be introdu@deast a continuous beam of GH molecules, which were state-
partially) in a direction perpendicular to the incident elec- selected by an electrostatic hexapole and oriented in a weak
trons, the cylindrical symmetry is lifted, and it has been pre-homogeneous electric field. Subsequent studies withGCH
dicted that more detailed spatial information on the molecu{12] and CHyl [13], also oriented preferentially parallel or
lar structure(e.g., bond angleswill be obtainable. Here we antiparallel to the electron beam, showed oscillating devia-
report experimental results that show that an azimuthal detions from the scattering pattern of unoriented molecules up
pendence exists in electron scattering from a beam of freto 4% as a function of momentum transfer, quite similar in
molecules oriented by means of the hexapole technique. shape to IAM calculations. Steric effects of similar magni-

The novel characteristics and inherent advantages of thieide were observed recently by two other groups in indirect
scattering from anisotropic gaseous targets have been dikt4] and direct[15] electron-impact ionization of Cil
cussed in several theoretical studies in recent years. Whilmolecules with parallel and antiparallel orientation. How-
calculating the electron scattering for state-selected polagver, due to the axial symmetry of this collision geometry
molecules, Allan and Dickinson first pointed out that therethere can be no dependence on the azimuthal angle in all
should be a pronounced azimuthal dependence of the diffethese experiments. Since an azimuthal dependence of the dif-
ential cross sectiof4]. In their calculations in 1989, Fink fraction pattern is a prerequisite for a two-dimensional struc-
and co-workerg5,6] obtained a strong angular dependenceture analysis and since significantly different effects were
of the cross section for Cfi molecules held fixed in space predicted for preferentially perpendicular electron-molecule
using the independent-atom mod&\M) [1-3]. Kohl and  collisions[7], we have modified our apparatus to record the
Shipsey developed this model furthgf] and treated the orientational interference pattern in the perpendicular scatter-
scattering from oriented molecules in specific selected rotaing geometry. Here, we discuss our first results for,CH
tional states. They also discussed the advantages of the pabtained in this configuration.
pendicular over the parallel scattering geometry. Further- The apparatus has been described in detail bé¢idrd 3;
more, they showed that the two-dimensional scatteringnly the essential features and necessary modifications will
pattern with both polar and azimuthal dependence can bke outlined here. A continuous supersonic beam of@H
inverted by a special two-dimensional Fourier transform to(stagnation pressure, 1850 mbar; rotational temperature,
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electron field strength in the scattering region was reduced to 20

gun V/cm. Even at 20 V/cm the degree of orientation for the
F  orientation field |111) state of CHCI was not substantially lowered, see Refs.
[14-18.
By switching only the guiding field off, the orientation of
beam dump the molecules can be turned off before they reach the scat-

tering region, without any influence on the incident electron
beam and the trajectories of the molecules. The scattering
intensitiesl ,,(xs,®) andl,.(xs,®) for both oriented and

~
g:::lﬁqcumr Y unoriented molecules can be obtain€tihe upper index+
azimuthal or — denote§ an Qngle?s of 90° or 270°, respecnvely,. bg-
detector scan () tween the orientation fiel& and the momentum of the inci-
I dent electron,.) By taking intensity differences, the con-

tributions from purely atomic scattering and from the
molecular interference of unoriented molecules are elimi-
nated, in contrast to the data analysis for unoriented mol-
ecules where the atomic contributions have always to be
modeled[3]. The new orientation-dependent mean interfer-
ence termM*(y,,®) for the focused molecular state en-
semble can then be extracted directly as a fraction of the
cross section for unoriented molecules,oynor
=(do/dQ) yner, according td13]

M_t()(s,ﬁ) _ Iotr(Xs )~ | a_—nor(Xs )
T unor Iinor()(srﬁ)

(€

FIG. 1. Upper part: geometric arrangement for measurements of
the azimuthal scattering distributions for molecules oriented preferBefore Eq.(1) was applied the background count rates were
entially perpendicularly to the electron beam. The lower diagramsubtracted from the scattering intensities, since a large frac-
illustrates the relevant vectors and angles in this scattering geonion of the total count rate arises from residual gas scattering
etry. (vacuum pressure in the scattering chamies3x10 8

mbal). This background signal was determined by switching

T.o~25 K) [12] is partially state-selected and focused by athe hexapole off, since its central beam stop then effectively
hexapole field through a guiding field into the orientationblocks the molecular beam and prevents it from reaching the
field region where the scattering takes pldcé Fig. 2 of  scattering region.
Ref.[11]). Depending on the hexapole voltagg, different Azimuthal distributions were recorded by rotating the de-
molecular state ensembles with different orientational axigector in steps of 10° at fixed polar angleand given field
distributions reach the scattering region. Using an electromrientation angleds (90° or 2709. At each detector position
beam of 1-keV electron energy and cau8-current, the four intensity measurements were madgy switching the
intensity of the electronically elastic scattering is recorded byguiding field on and off and the hexapole voltage on and off,
a rotatable detector consisting of a retarding field analyzerespectively; the orientational interference terms were then
and a channeltron. To achieve a preferentially perpendiculadetermined as outlined above. By taking the intensity ratio of
orientation of the molecular symmetry axis with respect toEq. (1), residual eccentricities of the azimuthal scdns.,
the incident electrons, a different guiding and orientationsmall azimuthal intensity variations in the scattering distri-
field plate arrangemer(ttO-mm plate distange rotated by butions for unoriented molecules, which should not exist for
90° around the molecular beam direction compared to th@erfect cylindrical symmetjyare also eliminated. Each dis-
previous one, was used inside a grounded metallic fram&ibution shown below represents the average of many scans
shielding the scattering regiofentrance hole, 6-mm diam- with a total data accumulation time of typically 2—3 h/point.
eter; exit slit, 12-mm height, 100-mm length In contrast to the parallel and antiparallel scattering con-

The detector(effective acceptance angles:0.5° polar, figuration, a reversal of the orientation field polarity does not
+1° azimuthal was mounted off axis on a rotary motion provide any new information in the case of the perpendicular
feedthrough and carefully aligned. A beam dump for the ungeometry, sinceM ™ (xs,9) is equal toM ~(ys+180°,9).
deflected electrons was attached to the rotation axis so that @he total orientational interference contribution can still be

a fixed polar scattering angk the electron-scattering distri- divided into pure alignment and pure orientation pavig

bution could be recorded on a circle covering thg azimutha] ndM, representing even and odd interference terms, simi-
an_gle fr_omXS=0° to XS=_360°, see Fig. 1y, describes the larly as ,discussed previousig2,13;

orientation of the scattering plane with respect to the electric- '
field vector E. With this detection geometry the electron
beam is slightly deflected when it passes through the perpen-
dicular orientation field. This was compensated for with the _ _ _
deflection plates of the electron gun; also, the orientation Mo(xs,®)=[MF(xs, ) —MF(xs—180°,9)]/2. (3)

Ma(xs,®)=[M*(xs,®)+M*(xs—180°,9)1/2, (2)
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FIG. 2. Azimuthal dependence of the molecular orientational F|G. 3. Same azimuthal distribution as in Fig. 2, but for the
interference contribution® * /o ynor, Ma/ynor, @aNdM g /0 ynor Ob- oriented state mixture focused df=*+10 kV.
tained at a fixed polar angle of 8° for the oriented rotational state
mixture focused allp= =4 kV. Data points, experimental results; that mixtures with different rotational state populations are
curves, IAM calculations using the linear Stark effect ofdgshed present in the scattering region for differdsg. WhenU, is
lines) or _the linear and qgadratic Stark effeétll lines) to model changed from=4 kV to =10 kV the calculated mean degree
the relative state populations. of orientation is reduced from 0.43 to 0.17 and the beam
intensity increases by about a factor of 2. That the measured
distributions of Figs. &) and 3a) are fairly similar can be
considered accidental; this is not expected for azimuthal dis-
tributions at other polar angles. The corresponding diffrac-
tion patterns in the parallel geometry changed quite dramati-

Figures 2 and 3 show the results /o yno, Ml unors
and Mg/ono Obtained at a fixed polar anglenomentum
transfer,s=22.6 nm'1) for a hexapole rod voltage dfl,
=*+4 kV andUy==*=10 kV, respectively. The polar scat-
tering angle was measured geometrically to bet®6°, as- cally when the state mixture was changda.

suming that the molecular beam and the electron beam cross By applying the 1AM to oriented molecule¥,13], we
at the center of the orientation field. The orientational inter- ave also calculated the azimuthal scattering ’dist,ributions.
ference contributions represent several percent of the tot§

iion: th v | than th he population fractions of the various molecular rotational
cross section, they are generally farger than the corréSponGz,ies focused into the scattering region were determined by
ing oscillations found for the parallel geometf$2]. The

g e - 9 calculation of the Boltzmann state distributi¢ior a single
distribution M */o o, is only symmetric with respect ts  rotational temperatureT,,=25 K corresponding to the
=0° and xs=180° and has no symmetry with respect to nozz|e expansion conditionand the transmission and focus-
Xs=90° or xs=270°; this reflects that there are also odding of the hexapole using the Stark effect and neglecting
interference contribution® o / oo [shown in Figs. &) and  nuclear hyperfine couplingsee also Ref{12]). With these
3(0)]. In principle, this is different from the expected azi- population fractions and the molecular structure data for
muthal distributions for the case of laser-prepared moIecuIa@Hsg [17] the mean interference termd™*, M,, andMg
scattering_tar_get&)], since i.n the static electric field .the MO- \vere calculated without vibrational dampitgee Ref[13]),
lecular axis is not only aligned but, moreover, oriented inpyt taking the experimental angular resolution into account.
space. _ ~ The numerical results are also shown in Figs. 2 and 3 for
Our data confirm the general trends, already found in theomparison to the experimental data. The dashed curves rep-
polar scattering distributions fofs=0° and 180712], that  resent the case when only the linear Stark effect is taken into
in the interference contributions even parld ) are gener- account for the motion of the molecules in the hexapole field,
ally larger than odd ones\M); with respect toy the total ~ as in our previous calculatiorj§2,13.
interference patterns reflect mainly the periodicity of the In order to improve the modeling, we have now addition-
alignment contributiongFigs. 4b) and 3b)]. The differ-  ally included focusing by the quadratic Stark effect, employ-
ences in the results of Figs. 2 and 3 originate from the factng the approximate formulas for the peak shift with respect
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to Uy as described recently by Ohoyareaal. [18]. The In summary, the comparison of model calculations with

inclusion of the quadratic Stark effect leads to a substantiaPUr experimental data shows that the diffraction patterns de-

change of the relative weight of some focused states. ThRENd Very sensitively on the state mixtures present in the

resulting scattering distributions for such modified state mix-SCattering region. F_urther effects tha_t cou_ld lead to a p(_JSS|bIe
tures are plotted as full drawn lines in Figs. 2 and 3. Thecnange of the relative state populations in the scattering re-
: — _ gion are nuclear hyperfine coupling, nonadiabatic transitions
agreement between model and experimentNbT/ouner IS petween rotational states, deviations from the ideal hexapole
improved at botlJ,=*+4 ky and Up==* 10 k\_/ when the_ field configuration due to cylindrical rods, higher-order Stark
second-order Stark effect is also included, since the aligngffects, and an incomplete switching off of orientation or
mentlike contributions are changed considerably. Howeverglignment, as discussed, in part, previodi§]. More elabo-
both calculations fail to reproduce the observed orientationrate trajectory calculations modeling the hexapole focusing
like interference parts of Figs.(@ and 3c) with sufficient by taking the exact Stark interactions and cylindrical rod
precision. The theoretically predicted phase change of theonfigurations into account are currently being developed by
oscillations when increasing, from =4 kV to =10 kV is  Anderson[19].
not seen clearly in the data. We have also measured the azimuthal scattering distribu-
Closer inspection of the numerical results shows that ations at 9=11.0°, which are, however, less pronounced.
Uo==4 kV the|111), |212), and|221) states together ac- Since the measurements discussed here are very time con-
count for more than 1/3 of the total state population. Whersuming, it will be advantageous to record the diffraction pat-
the quadratic Stark effect is included, the relative weight oftern with a two-dimensional detection scheme in the future.
the [111) state increases; it then accounts for 0.30, wherea$h€ implications of a two-dimensional analysis of the elec-
the [212 and |221) states contribute only a few percent. tron diffraction pattern from orlented_ molecules for molecu-
Thus, inclusion of the quadratic Stark effect leads to a mord?" Structure analysis have been discussed elsewiafe
1111)-like diffraction pattern, as observed experimentally. he modeling of the experimentally observed scattering dis-

Previously, the comparison for the parallel geometry has aIsI)rIbUtlonS carried out here and in Refd2, 13 for the azi-

shown that the influence of tha11) state was underesti- muthal and polar distributions has revealed the crucial im-
mated in the linear Stark effect modellag=+4 KV [12] portance of the calculated state populations and has not given

In the calculations fotJy= +10 kV many states contribute, any indication so far that the IAM description is not suffi-

with the largest weight for thé211) and [312 states and ciently precise for this application.

negligible population 0f112). Inclusion of the second-order ~ The authors would like to thank U. Heinzmann, D. A.
Stark effect changes the relative weights to some degree. Théohl, and R. J. Mawhorter for their continued interest and
shift with respect tdJ, due to the quadratic Stark effect is many stimulating discussions. Financial support from the
negative for thg211) state, in contrast to most othefsee  Deutsche Forschungsgemeinsché®onderforschungsbere-
Ref. [18]), explaining most of the differences of the two ich 216 and the Center for Interdisciplinary ReseafziF)
curves. at the University of Bielefeld is gratefully acknowledged.
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