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General equations are derived for differential cross sections for collisions between anisotropic molecular
ensembles and electrons or atoms. In the obtained expressions geometrical and dynamical factors are separated.
The initial anisotropic axis distribution is characterized by “order parameters”; the information on the dynamics

is contained in “steric factors”. The results can be used to analyze experimental results and also as a basis
for numerical calculations. Several examples are discussed in order to point out the geometrical importance
of the relevant parameters for diatomic and polyatomic molecules. As an illustration, all relevant steric factors
are numerically calculated for elastic collisions between electrons and anisotropic ensembles of CO molecules.

1. Introduction will illustrate the theory with numerical results for elastic
) . . ) collisions between electrons and CO molecules. For a scattering
The dependence of chemical reactivity on orientation and energy of 10 eV all relevant steric factors are plotted as a

alignment of the reactants is a key issue in stereodynamics.qnction of the scattering angle, and their general behavior will
Extensive investigations of steric effects have been performed. o yiscussed. Finally, in section 6, we summarize our main

For a review of these developments, we refer to the articles by oqits.
Bernstein et alt, Simons? Delgado-Barric, Loesch? Parker and
Bernsteir and Stolté’. The treatment given in the present paper
is also appropriate for molecutsurface scattering (see for
example ref 7).

In the present paper we will develop and generalize the 2.1. General Expressions.The description of orientational
existing theories of stereodynamical effects. We will derive order plays an important role in the investigation of anisotropic
some basic formulas that will be useful for an exploitation of systems. Its first objective consists of the identification of a
the spatial aspects of collisions with diatomic or polyatomic set of parameters that characterize the sample of interest. Our
molecules. The prerequisite for measuring steric effects is thefirst task is therefore to discuss a way to systematically introduce
preparation of an anisotropic distribution of axes of the these parameters. Several formulations have been given in the
molecular target system prior to the reaction. Our first aim is literature (see e.g. ref 8 and references therein). Here we will
therefore to characterize the anisotropy of the initial ensemble. apply and develop a description in terms of so-called “order
We will discuss this in section 2 by developing the concept of parameters®?®
“order parameter”, introduced previously in other contexts (see  Consider an ensemble of molecules with a nonuniform axis
for example the treatment by Michl and Thulstfup Some distribution. These can be molecules adsorbed at surfaces or
examples of experimental interest will be given in subsections in stretched polymers, or it may be the instantaneous axis
2.2 and 2.3 in order to clarify and visualize the geometrical distribution of an anisotropic ensemble of rotating molecules
importance of the order parameters. in the gas phase.

Our main topic, the description of reactions between projec-  We introduce a right-handed coordinate systgmwhich is
tiles (electrons, atoms) and anisotropic molecular ensembles,defined by the process by which the anisotropic molecular
will be developed in section 3. General equations will be system has been prepared (“director system”). If the distribution
described that relate the observable differential cross section topossesses a symmetry axis, this will be chosen ag-thes.
the order parameters and that will allow to identify the relevant This might be the direction of an orientating static field, the
“steric factors”. These expressions generalize former results electric field direction in laser pumping with linearly polarized
given in the literature (see e.g. ref 4 and references therein)light, or the molecular beam axis in supersonic expansion
and can be used for an analysis of experiments and as a basigxperiments.
for numerical calculations. The maximum information on the e introduce a coordinate systetyZ rigidly connected with
stereodynamical properties of the collision, which can be the molecular framework. For diatomic molecules we will
obtained under given experimental conditions, is contained in choose the internuclear axis @s For p|anar molecules the
the full set of all independent steric factors. molecular plane will be taken 3&-plane. The orientation of

A comparison of experimental and theoretical data for all the molecule with respect to the director system is specified by
relevant steric factors gives therefore the most detailed test ofthe three Euler angles3y (see Figure 1). Hergs is the angle
the theoretical model under the given experimental condition. betweenz andZ. a is the azimuth angle of in the director
The main experimental problem is therefore the measurementframe; that is, it defines a rotation around the sanméis.
of all steric factors, and we briefly consider the “theory of The third Euler angle’ specifies a rotation of th&'y'-plane
measurement”. By plotting experimental results, some immedi- aroundZ. Fory = 0 thex'-axis would lie in thezZ-plane.
ate conclusions can be drawn on the directional properties of The axis distribution of the molecular ensemble can be
the collision, and we discuss this in section 4. In section 5 we characterized in terms of the distribution functiv(a5y),
defined in such a way that(ojy) da dB sin 5 dy is the
€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  probability of finding a molecule witix'y'Z-axes at a specific
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Throughout this paper the notation of ZHrevill be used.

2. Order Parameter and Axis Distribution Functions
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z which provides us with an average angle of orientation, and
D@ 0= (3 co f — 1)0 (5¢c)

From the symmetry properties of the rotation matrices follows

() order parameters wit' = Q =0 are real (5d)
(i) YL = D, & (5e)
, (i) &L= (-1 °m¥,_, O (5f)
Figure 1. Relation between molecular systeyZ and the director ~ Where UDES% Ois defined by eq 4 Witm(QK'Z) substituted for
systemxyz (only Z is shown). DX

. o . ) ) 2.2. Conditions Following from the Symmetries of the
orientation fixed byoy. This function, as any other function  preparation Process. Equation 1 simplifies under certain

of the Euler anglﬁg, can be expanded in terms of the rotation ¢ongitions. We will consider here a few cases of practical
matrix elementDqy (08y): interest. Assume that the anisotropic molecular ensemble has

oK + 1 the following symmetry properties: (@) It is axially symmetric
W(oBy) = K;

EIDS?Z?* EID%% (aBy) (1) ar(_)undz. _ (b) It is invariant under reflection in any plane thro_ugh
z (in particular in anyzZ-plane). Both conditions are satisfied,
for example, if an initially isotropic ensemble is aligned by

We will use the convention of Zafé that is, pumping with linearly polarized laser light or by orienting the
A A molecules with the help of an external electric fild.
Dggg (0fy) = e Q° dg% (B)e'¥ (2) Axial symmetry around means that the probabilitj(o,3y)
must be independent of. From egs 1 and 2 follows that this
We will normalize according to is only possible if all order parameters wifh = 0 vanish. We

obtain therefore for axially symmetric axis distributions

[ dof"dB sing [ dy W(ay) = 1 3)

W(By) = ﬁ[ﬂ)(@* m® (0By) (6)
The expansion coefficienﬁ)%* Care defined by the relation % 4r % e
[ng%*Dz where an integration over has been performed. Since the

2, 2 function DY) (aBy) is independent of, we have put. = 0 in
S do 7B sin [Ty WiaBy) DY (aBy) (4)  gag 0 P79 INAER P
) ] ~ Let us now consider condition b. Singe is the angle
where the star denotes the complex conjugate. Equation 4 ispetween thez-andzZx'-planes of a given molecule, it follows
obtained by multiplying eq 1 wittD§L*(08y), integrating  thaty is transformed into<y) under a reflection in thez-

over all angles, and using the orthogonality of Béunctions. plane. Invariance under this transformation requires
The knowledge of the set of all relevant coeﬁicielﬂl%f)Q*D
completely specifies the distribution. The parameters W(oBy) = WaB,~y)

EIDS%*Dare usually called ¢rder parameters8® For ran-
domly oriented molecule¥W(oSy) is constant, and all order
parameters withkK = 0 vanish.

In general, the sum ove( is infinite. In several cases the
sum is limited to a few terms. Excitation by light (from an
initially isotropic ensemble) produces only order parameters with
K =< 2. For rotating molecules with sharp angular momentum
Jwe haveK < 2J.° In other cases it has been found that only
the first few terms are of practical importa§ée!! (see also
section 5).

For rotating molecules there is a close relationship between
the axis distribution of an ensemble, described by order
parameters, and its corresponding angular momentum distribu-
tion, described by state muItipoI@'EQ (O The relevant W(aBy) = W(o,7+5,7) 8)
relations for linear rotors, symmetric tops, and pendulum states ' ’
can be found in the literature (e.g. ref 9) and will not be given Since

Substitution of this result into eq 4 and, using the symmetry
properties of the rotation matrices, yields the condition

D{y* 0= MY O ©)

Hence, all nonvanishing order parameters are real.

A further conditions holds if the preparation process defines
only anaxis, but nodirection This is the case, for example,
in excitation processes with linearly polarized light because of
the rapid oscillation of its electric vector. Hence, the molecules
are unable to distinguish head from tail, and we have the
condition

here.
From the normalization condition (3) follows d88 (B) = (_1)Kdg8 (r + p)
[Dg()))*D: 1 (5a) it follows that we shall only need to retain terms wkheven
e ) in eq 6. In this case an equal humber of molecules t#&ve
From the definition (4) we obtain for example axis pointing in the 2) and (2) direction.

(I Of course, this result holds in any case if the molecules have
Dge* U= [eosU (5b) themselves a nonpolar shape (e.g., homonuclear diatomics).
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In general, we will call an axis distributicorientedif at least Let us consider an explicit example: assum®Hnolecules
one order parameter witK odd is different from zero and  have been aligned by pumping with linearly polarized laser light.
aligned if only order parameter witlK even contribute and In this case only parameters witk = 0 and K = 2 are

simply anisotropicif at least one order parameter wikh= 0 nonvanishing (because of dipole selection rules). By using

is nonvanishing. conditions 5f, 6, and 7 and the structural information contained
2.3. Conditions Following from Internal Symmetries of in eqs 11 and 12, we obtain for the distribution function:

the Molecular Shapes. Example.Internal symmetries of the

molecules are in particular reflected by thedependence of 1

— 2 —
the distribution function. We give two examples in order to W(By) = 4:1[1 + 5o [%(3 co§,6 1+

clarify further the geometrical importance of the order param- 3

eters. 5@ 2 \/é sin? 8 cos a/] (13)
(i) Diatomic Molecules.We choose the molecular axisas

Z-axis. Because of the axial symmetry of the molecules around

Z, thex- andy'-axis can be chosen arbitrarily, and the third . . @ . .
Euler angley becomes superfluous. (Usually one sgts: O; For diatomic moleculesDg; Cwould vanish, and the axis

that is, the molecular coordinate system is chosen in such adistribution would be COm%l?tely determined by knowledge of
way that thex-axis lies in thezz-plane.) The molecular ~ the alignment parametéBq, L] given by eq Sc which mea-

distribution must be independentpfand this requires thatall  Sures the alignment of the moleculiaxis with respect t@.
order parameter witlQ = 0 vanish (as follows by inspecting ~For HO molecules we need an extra anglén defining the

where we have inserted explicit expressions Befunctions.

egs 2 and 4). Equation 1 reduces to the expression alignment of thex'y’-plane relative to the director system and
an extra parameter
W(aB) = gw* N (B) 9)
KQTKQ D@ [= (3/8)28ir? B cos 201 (13a)
where we applied the relatiobl) (o8y) = [4a/(2K + 1)]12 This parameter specifies the difference between the alignment

Yko(Bo),the corresponding relation for the order parameters, of thex- andy-axis. If all molecules would be perfectly aligned
and used that((a) is real. Furthermore, an integration over  yjth their Z-axis parallel toz, we haveg = 0 andm® 0= 1,
v has been performed. o P 0= 0. If the Z-axis of all molecules would be perpen-
Assume now that the molecular axis distribution is axially ~yi~\jar to z corresponding tg8 = /2, we would have an
symmetric with respect to theaxis of the director system. In ali nmentﬂb(z) O= —1 Ifin additior; all X-axes are per-
this case all order parameters wi@ = 0 vanish, and eq 9 9 i 00 z @ P
fectly aligned parallel ta (y = 0), thenDy; U= (3/8)*2. We

reduces to an expression in terms of Legendre polynorRials @ i YR
(cosp) would havelDg; [= —(3/8)2 if the y'-axes would all point in

z-direction (¢ = 7/2).

W(B) = llZZ(ZK + 1)P, P, (cosp) (10) At the first sight it might be surprising that the distribution
function depends on the angjeafter excitation by linearly
polarized light. We will discuss the physical reason for this in

where we have integrated overand where the relevant order  the Appendix.
parameters are defined by the relation
3. Orientation/Alignment-Dependent Cross Sections

T .
P = fo dp sin fW(B)Py(cos/3) 3.1. General Derivations. Steric Factors.In this section

we will consider reactions between an ensemble of molecules
This case has often been discussed in the literature (see forand projectiles (atoms or electrons). We will derive some basic
example the reviews by Stolferiedrich et al}? Simons? and formulations useful for an exploitation of the spatial aspects of
LoescH). The axis distribution is completely specified in terms - molecular processes, generalizing former attempts (see e.g. refs
of the setlPxl] The angles specifies the directional vector 12 and 13 and references therein). Assume that an anisotropic
correlation between the molecular axis and the “directar” (  molecular ensemble has been prepared in the director system
axis). and that its axis distribution is given by eq 1. In order to have

(i) Molecules with G, Symmetry.A rotation of the molecules g definite situation in mind, we will consider freely rotating

around theCz-axis () about an angler leaves all observational  molecules in the gas phase with a nonuniform instantaneous

properties invariant. Hence, we require axis distributionW(a3y).
_ This ensemble reacts with a beam of projectiles. The reaction
W(oBy) = W0,y +) is most conveniently be described in a coordinate fra¢v&

where theZ-axis is parallel to the initial relative wave vector
ko and where the scattering planky{ki-plane) is chosen as
the XZ-plane wheré is the final relative wave vector (collision
(K) % 1\ (K) system). The relation between director and collision system is
Dgq* = (—1)" Do 0 (11) fixed by the three Euler anglesdy. Here, d is the angle
betweenz and Z, ¢ is the azimuth angle of in the collision
frame, and the third Euler angjerefers to a rotation of the
x-ly-axis aroundz. If the initial molecular ensemble is axially
symmetric around, theny is superfluous and can always be
W(aBy) = W(aB,7—y) (12) put to zero, and the-axis lies in thezZplane. This case is
illustrated in Figure 2 wherd is the scattering angle. For
Specializing to axially symmetric systems (eqs 6 and 10), we example, if the molecular ensemble has been prepared by a static
obtain that all order parameters wiheven are real. electric fieldE||z thend is the angle betweek andko. In

Substitution of this condition into eq 4 and use of eq 2 yields
the condition

Only order parameters wit) even contribute.
A reflection in the molecular plang’¢ -plane) transformg’
into —x'. Invariance under this condition yields
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Figure 3. Relation between molecular systedy'Z and the collision
systemXYZ (only Z is shown).

parameters transform as irreducible tensors under rotation and
have the simple transformation property

Figure 2. Scattering geometr)XYZdenotes the collision systemis ®+ ) % (<) %

parallel toko; theko—Kk plane is theXZ-plane.f is the scattering angle. E[Dq'q U= 6kK6qQZ DDQ’Q l:[Dq’Q’ (€dy) (17)

0 ande are polar and azimuth angle of the “directoz),(respectively,

in the collision system.

which can be derived by using the corresponding transformation

supersonic expansiond would be the angle between the . >
yd property of the rotation matric&s

molecular beam axis arigy. The angle: will allow to describe
the azimuthal steric effects
Our basic approximation is that the collision time is much DY (py) = akKanZDg’% (ed) D&Y (apy)
shorter than the average rotation time of the molecules. The
“elementary” process is then a collision between a projectile
and a molecule with a specified orientation of its axgéz. Substitution of eq 17 into eq 16 yields finally
We will denote the differential cross section for the “elementary
collision” by o(6,a'5'y"), whereo!s'y" specify the orientation K+ 1
of Xy'Z relative to the collision frame (see Figure 3). For (g e6y) = —[ID(Q'%* DD('%.*(E(SX) x
inelastic collisions a sum over excited degenerate states is KqZQ' 872 g
assumed to be included o(6,0'3'y"). 2 7 . 21
In our present case of io;l(tereft}':i?e molecules are not sharply Jo 9% b/(‘) dp’ S'nﬁ'fo dy’ Dg% (@'By") o(0,0'fy") =

oriented but are distributed according to the prepared axis 2K+1

distribution (1). Thus, only the corresponding cross seation Z EL* D *(edy) 152 (6) (18)
(0,e0y) can be measured. This observable is obtained by kfoe  8x?

averagingo(6,a'('y") over the given initial axis distribution.

0.¢57) where the “steric factor1{} (6) is defined by the integral.
o(f. 2’? ) Equation 18 generalizes definitions given for diatomic molecules

jé) do’ L”dﬁ' sinﬁ’f0 “dy' W' B'y") o(6,0/B'y") (14) (see e.g. refs 12 and 13). The factﬂﬁ% (6) are responsible

for the orientation alignment dependence of the cross sections

Here W(o''y') is the distribution function of the initial and can in principle be determined experimentally (see for
molecules relative to the collision system. In order to separate example the review by Loesth
geometrical and dynamical properties, we proceed as follows.  For diatomic molecules we obtain from eq 18 by settiig
Expanding the probability in terms of order parameters with = Q:
respect to theollision system, we obtain similar to eq 1

2k + 1 o(0,edy) = KZ Yo DS (€67) lkq(0) (19)
W@ )= 5= =D D () (19) o i

ad 87

Here the steric factorkq(6) are defined by the relation

which gives
o(0.c07) = gz" ] 180 = 21527 0 (20)
ad 87
Y0/ o [7dp' sing' [ dy' DY, (@ f'y") x with
o(6.a'f'y") (16) ltg(6) = [7dot ['dB sinf' Yeg(Bot) o(B.B)  (21)

It is convenient to express the order paramemg*m in

terms of the parameteEE)g%* (defined by eq 4 with respectto  Finally, we list some symmetry properties of the steric factors.
the director system since this will then easily allow to take the Generalizing the argumentation given in refs 9 and 13, we obtain
symmetries of the preparation process into account. The orderequation



7480 J. Phys. Chem. A, Vol. 101, No. 41, 1997 Busalla and Blum

(i) the steric factors are real a z
158 (0) = 133%(0) (22a) i
(i) 152 ©0) = (11 4 (22b) .
iy 153 ©0)=183(x)=0 forq =0 (22c)
3.2. Discussion and ExamplesThe advantage of eq 18 is | X

that geometrical and dynamical factors are separated and can -

be determined independently of other. The initial axis distribu-

tion of the molecular target system is characterized by the order

parameteréD{,* Cdefined with respect to the director system, >

which allows to take easily the symmetry properties of the

preparation process into account. The full information about

the dynamics is contained in the steric factors which are most

conveniently calculated in the collision frame. The elements

DY (edy) describe the geometry of the experiment, that is,

the orientation of the director system relativekipandks. 0 is

the angle betweenandk (Figure 2) and can be considered as

an average angle of attack. is the angle betweenand the m

XZ-plane (scattering plane). By varyirgthe azimuthal steric )

effects can be studief. \i/ - X
The order parameter[ﬂ)g.)Q* Oin eq 18 can be expressed in

terms of parameters that characterize the initial angular mo-

mentum distributior. Inserting the relevant relations into eq

&l

18, one obtains an expression that essentially describes the vector e
correlations betweehRy, k;, and the initial molecular angular ’
momentum. Figure 4. Polar plot of (a) Yio(8'a’)| and (b)|Re(Y11(5'a'))| projected

Let us specialize eq 18 to the case where the initial axis into the scattering plane.

distribution is axially symmetric arourel From eq 6 we obtain . )
by settingQ' = 0 in eq 18 the assumed conditions three steric factes®?), 121(6), and

I22(6) must be determined which requires three independent
2K+1 K () ® measurements. The dependence on the azimuth angle
200 = >ZD—2DD0Q* Dy0*(€00) Igq (6) (23) particularly simple. A possible way of determining the steric
aQ 8w factors would be to fix0 andd and varye. Differential cross
sections for electron collisions as a function eohave been
measured by Bweering et al* (see also the review by
Boweringtd).
1\12 It follows from eq 24 that for diatomic molecules a prepara-
0(0,e0) = Z(—) [H’KDDg'fg*(eéo) leq(0) (24) tion of an initially axially symmetricensemble is sufficient in
g\ 4n order to determine all relevant steric factors. Equation 24 is
L . .. therefore sufficient as a basis for a complete discussion.
The physical importance of the additional order parameters with The experimental situation is more complex for anisotropic

Q = 0, occurring in eq 23 has bfen dISCUSS’(,Ed In section 2.3 ensembles of polyatomic molecules as follows by inspecting
(eq %3)' .It should be noted t.hat brute fqrce _technlques are eq 23. Here, the steric factors depend on bgtrandQ. In
requwed_ln order to produce linear rotors in oriented _Stﬁ%és' order to see the consequences, consider for example molecules
(K)Equatlons.18, 1.9’.23' and 24 shgw that the. steric factors with C,, symmetry. Assuming preparation by linearly polarised
lqo (0) can in principle be determined exp_erlmentally by light only the order parametdﬂDgzo)Dz ®,0and DDézz)D:
measuringo(0,e0y) for several angle® ande, if the order D@ 0O ishi h - tion 2. Specialisi
parameters are known. The main problem for theoreticians is ~ 0.2 aré nonvanisning as shown in section . speciaiising
to calculate the steric factors for reactions of interest as a 9 23 to this case, we obtain

function of energy and scattering angle. The numerical results _ 5 @ @

will point out most favorable kinematical regions and will be 0(0,€0) = 0(0) + (5/87 )ZDq'o (650)[[szq'o 0) +

helpful for experimentalists for planning measurements. A q

comparison between theoretical and experimental results for all [ID(%) EQI% 6) + Ig?),z (0))] (26)
relevant steric factors will provide a detailed test of the theory.

We will briefly consider an example assuming that only terms Equation 26 shows that by varyinjande only the brackets
with K = 0 andK = 2 contribute to eq 24. Following Loesch can be determined as a whole, but not the steric factors
and Stienkemeiét and making use of eq 22 we obtain separately. In order to obtain more information, one has to

prepare initial molecular samples without cylindrical symmetry.

For diatomic molecules we obtain from eq 10 by settg-
0 in eq 23 and using egs 20 and 22a

0(0,€0) = 04(6) + (5/47)"P,I,(6) P,(cosd) +

21,,(6) d{3 (9) cose + 21,56) dif (9) cos 2] (25) 4. Geometrical Interpretation of the Steric Factors
The initial molecular samples can be prepared experimentally
oo(0) = (1/47)Y00(0) is the cross section for collisions with  in various ways. For example, preparation by linearly polarized

randomly oriented molecules. Equation 25 shows that under light produces order parameters wikh= 0 andK = 2 only. If
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molecules are oriented in external electric fields, also order
parameters witlK odd contribute. The steric factors, however,
can be calculated independently of the experimental preparation
process once and for all. In this section we will consider the
geometrical importance of the steric factors for diatomic
molecules. This discussion is closely related to former treat-
ments in the literature (e.g., refs 4, 6, and 12), generalizes
however certain aspects. In the following section we will
illustrate our results with numerical data (Figures 6, 7).
Let us start with the factor

Lo(6) = f"da’ [7dB’ sin B Yy ot) o(0.0¢ )
= (3/47)"? Ohda' JdB sinp' cosp' a(6.0'B) (27)

The cross sectior(6,0'(") is weighted by the spherical
harmonicYio(3'a’) for any direction off’. Yio(8'a’) is zero
for g = m/2 and maximal for axes parallel or antiparallel to
ko. It follows that molecules with axes perpendiculakipdo
not contribute td10(6) and thatl1o(6) picks out predominantly
the_contributions from axes directions parallel or antiparallel
to ko. FurthermoreYio(5'a’) is positive for 0< ' < 7/2 and
negative forr/2 < ' < w. These properties are illustrated in
Figure 4a, which shows the polar plot fidfio(5'a’)| and where
the sign ofYio(8'a’) is indicated by the=£) sign in the upper
and lower lobe, respectively. Note that the factor£iin eq
27 is always positive in the integration region<03' < .
Hence we can write

Lo(6) = ["°dB' sinf’ cosp’ o(6,6) —
S 98 sinp' cosp| o(60.5) (28)
where we have defined
0(6.,8) = (314n)" ["da o(6,0'f)

Assume that;o(0) has been calculated or measured as a function
of 6. Equation 28 allows then to draw some immediate
conclusions from the results by inspecting the sign of the steric
factors. Ifl1o(6) is positive, then the first term in eq 28 is larger
than the second one. This means-tha the averageo(6,5')
is larger for molecular orientations within® ' < /2 (pointing
in the upper lobe of Figure 4a) than for axes orientations within
7l2 < B' < m (pointing in the lower lobe of Figure 4a). The
opposite result holds ifio(6) is negative. These results are
clearly independent of the values of all other steric factors. It
should be mentioned that this result ftwp(@) allows no
conclusion on the head/tail asymmetry of the full cross section.
Several terms contribute tg(#) which may partly compensate
each other. In order to obtain more detailed information, one
has therefore to consider the steric factors individually.

Let us now considel;1(6), defined by

114(6) = f"do’ ["dp' sin ' Re(Yy,(B'a)) (0,0 (29)

where the reality property (22b) of the steric factors has been
taken into account. The polar plot BRe(Y11(5'a))|, projected
into theko—k3 plane, is shown in Figure 4b, where the sign of
Re(Y11(8'a)) is indicated by ¢) and (). The plot is axially
symmetric around thi-axis. It follows that molecules oriented
perpendicular tdko give the dominant contributions tQ(¢)

and that molecules oriented parallel or antiparalleddalo not
contribute at all. Furthermore, a positive sigri {6) indicates

a preference for molecules with axes pointing in the left-hand
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Figure 5. Polar plots of (a)lRe(Y2o(5'a))| and (b) |Re(Y21(8'a))|
projected into the scattering plane. Part ¢ shiRe(Y-,(3'a’))| projected
into the XY-plane of the collision system.

lobe of Figure 4b, and vice versa if the signl9f(0) is negative
(in the sense explained above).

The three factorq(0) can be discussed along similar lines.
These factors are independent of the direction of the molecular
axis and depend only on their alignment. The polar plots of
|Re(Y2¢(B'a’))| correspond to the usual plots of d-orbitals, and
their projection in theko—k; plane is given in Figure 5a,b.
Figure 5c shows the projection ¢gRe(Yzx(5'a’))| in the XY-
plane. Itis indicated in which parts of the lobes Rg(5'a'))
is positive or negative. From the sign of the corresponding steric
factors one can read off which part of the lobes gives the
dominant contributions (in the sense explained abovd fer
(0)). In particular, 125(6) gives some information on the
azimuthalsteric effects. A similar analysis can be performed
for the other steric factors.

In conclusion, an experimental determination of the steric
factors give some immediate insight into the stereodynamical
conditions of the reactions. A comparison between numerical
and experimental data gives a very detailed test of how good
the stereodynamics is described by the theory.
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Figure 6. Numerical results for steric factors with odd for elastic e=CO collisions.
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Figure 7. Numerical results for steric factors with odd for elastic e=CO collisions.
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5. Numerical Results for Elastic Collisions with CO
Molecules

In order to illustrate the general results, presented in the
preceding sections, we will give numerical results for the steric

factors for elastic collisions between electrons and CO molecules

in their vibrational and electronic ground state. Differential
cross sections for elastic and inelastic€O scattering for
randomly oriented molecules have been obtained by Morgan
and Tennysol for collision energies below 12 eV, using
R-matrix techniques. We refer to this paper for details of the
basic numerical procedure.

Using the partial-waveT-matrix elements, obtained by
Morgan and Tennyson, we calculated the steric factors #p to
= 6 (see ref 16 for details). Results are shown in Figure 6 for
steric factors with oddK and Figure 7 for everK. The
corresponding factorkq(6) with negativeq follow from eq
22b. In these calculation the direction of the molecular axis is
from the C atom to the O atom.

The figures present the normalised steric factsg0)/loo-

(0) as a function of the scattering angle at a collision energy of
E = 10 eV. Figure 6 shows the orientation effect upon the
collision and Figure 7 the alignment effect. Magnitude and sign
of the steric factors vary considerably with the scattering angle.

Busalla and Blum

symmetries of the preparation process into account and represent

a systematic way of approaching the structural information
contained inW(a8y). The information on the directional
properties of the collision is contained in the steric factors. The
experimental geometry is explicitly described by the rotation
matrix elements. These expressions might be useful for
experimental and theoretical investigations of steric effects for
elastic, inelastic, and reactive collisions. The theory of the
measurement is briefly considered.

The main goal is the determination of the steric factors. A
calculation of these parameters allows to point out favorable
kinematical regions which will be useful for the planning of
experiments. Measurements or calculation of the steric factors
allow to draw some immediate conclusions on the stereody-
namics of the collision as discussed in section 4 and illustrated
in section 5. A comparison between theoretical and experi-
mental data for all relevant steric factors would be the most
detailed test of the theory under the given experimental
conditions.

Appendix

In this appendix we will briefly consider thg-dependence
of the distribution function\M(3y) after absorption of linearly

The results can be analyzed along the lines discussed inpolarized light. We will concentrate on molecules with,

section 4. For exampléyo(@) is mainly negative, indicating
that contributions from molecules aligned mainly perpendicular
to ko are larger than from molecules alignedkp direction.
From the negative sign dbx(#) one can deduce that an axis

symmetry, assuming that initially all molecules are in their
electronic ground state ¢\ The relevant distribution function
is given by eq 13.

The absorption probability of a transition is proportional to

alignment perpendicular to the scattering plane is more favorablethe square of the projection of the relevant electric dipole

than an alignment in the plane.

An interesting result is that the steric factors vanish rapidly
with increasingK. The factors withK = 5 andK = 6 are
considerably smaller as the factors Kok 4. It can be expected
that similar results hold for other reactions if the dependence
of the cross sectiong(#,0/5'y") on the direction of the molecular

transition moment into the direction of the electric field vector
of the light @-axis), and this depends on the molecular
orientation, that is, o andy. In order to obtain the formal
relationship, one has to express the order parameters in terms
of the componentl,, My, andM; of the transition moments

in the molecular frame and insert the results into eq 13. Here

axes is not too strong. In addition, it has been shown for severalwe will not give the derivations but only the final result (see
cases that the order parameters become also small withfor example ref 8, eq 4.71):

increasingK,'%1114so that the product®xlkq(6) decrease even

more rapidly. Hence, it might be expected that one only need

to retain the first few terms in eq 24 in many practical cases.
In concluding this section, we point out that meneral

W(BY) = A{IM, > cog B + 1[(IMe[* + M [?) +
(IM,1? = M%) cos 2] sin” B} (A.1)

conclusion can be drawn on the convergence of the expansiongvhereA is a constant. Let us consider an A B, transition.

(18) and (19) (except for cases like excitation by polarized light
where only terms up t& = 2 contribute). Our conclusions on
the relative importance of the steric factors with differ&rdre
deduced from our numerical results. This situation may be
different in other cases. However, one might expect that only
few terms contribute to eqs 18 and 19 if the cross section
depends only relative weakly on the axis orientatiow (ifould

be completely independent on the axis distributions only the
term withK = 0 would be nonvanishing). Numerical calcula-
tions of the steric factors will therefore be very helpful as a
guide to experimentalists.

6. Conclusions

By applying the concept of order parameters and by explicitly
using their tensorial properties, we have derived general
expressions for differential cross sections for collisions with

Symmetry dictates that the transition moment is directed along
the molecular'-axis (which is perpendicular to the molecular
plane). OnlyMy is then different from zero and eq A.1 reduces
to
W(By) = (N2)IM,|* (1 + cos 2)sif B (A.2)

It follows that (for fixed = 0, ) W(By) is maximal fory =
0 (X lies within thezZ-plane) and zero fop = x/2. In fact, in
the latter case’ is perpendicular to thez-plane and therefore
perpendicular to the electric field vector, and no absorption is
possible. In other words, there is no excited molecule ina B
state with an orientatiop = z/2. The variation ofM3y) with
the angle 2 reflects the molecular symmetry.

For an A—A; transition onlyM; is nonvanishing, and only
My contributes for an A—B; transition. These cases can be
discussed similarly. Thg- andy-dependence of the molecular

anisotropic molecular ensembles. The derivations given heredistribution function is therefore a consequence of the relevant

generalize previous formulations given in the literature.

dipole selection rules, which in turn depend on the molecular

Our main results are eqs 18 and 23 for polyatomic molecules symmetry.
and eq 24 for diatomics. In these expressions geometrical and
dynamical factors are separated. The orientation and alignmentReferences and Notes
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