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Energy-dependent rotational polarization in elementary rearrangement collisions
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A rigorous method of describing the energy dependence of rotational polarization in rearrangement colli-
sions is proposed by exploring both the kernel function of intrinsic nature and the distorted-wave functions of
dynamic nature. From this study the energy dependence of rotational polarization and favored geometric
configuration is well understood in an explicit manner. It is also found that the rotational polarization is not
affected by the interference of partial waves.

PACS numbds): 34.50.Lf, 34.50.Pi, 34.96.q

We propose a rigorous approach for explaining the energgcule rearrangement collision processes depends on both col-
dependence of rotational polarization in rearrangement colliision energy and interaction potential. According to our
sions by introducing a combined examination of both theDWBA theory, information on dynamics is obtained from the
kernel function and the distorted-wave functions. Based omlistorted-wave functions, which depend on the former, and
this approach, the energy dependence of rotational polarizantrinsic or static property is extracted from the kernel func-
tion is well understood for elementary atom-diatomic mol-tion, which depends on the latter.
ecule reaction processes. Further, a recently introduced Despite its failure in the prediction of absolute magni-
pseudokernel function is found to be a highly useful tool fortudes for integrated cross sections, at low collision energies
revealing a favored geometric configuration in elementanthe single-channel DWBA has proven to be accurate in re-
rearrangement collision processes. producing the relativébut not absolutemagnitudes of the

To the best of our knowledge, there exists no simpleintegrated cross sections, the structure of the angular distri-
theory to reveal physical mechanisms of elementary reactiobutions[3], and the product rotational-vibrational distribu-
processes without excessive computation. It is thus of gredions [4—8]. The DWBA is a useful tool for qualitative un-
demand to devise a method which is simple to use in order tderstanding, but not for quantitative accuracy. In order to
extract useful information on a reaction mechanism. Our obexamine the energy dependence of favored rotational polar-
jective here is to propose such a simple method of studyingzation, we propose a rigorous approach by introducing a
the energy dependence of rotational polarization, by utilizingcombined examination of both the distorted-wave function
the space-fixed representation in our distorted-wave Born amnd the kernel distribution function. Based on our earlier
proximation(DWBA) theory[1,2]. It has a unique merit of DWBA formalism[1], a reduced form of the integral cross
separating thd matrix into a static factofthe kernel func- section for the state-to-state reactive scattefirearrange-
tion) and a dynamic factofthe distorted-wave functions ment collision A-+BC(n,,j,.m,)—AB(Ny,j,,m,)+C
Preferential rotational polarization in atom-diatomic mol- can be cast into
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whereg(Rp ,Ra,feb. fza) is defined as coordinate transformation from the internal to external coor-
dinates. The definitions of coordinate vectors are shown in
o ujb(rb) A uja(ra) Fig. 1. u, (up) andK, (Ky) are, respectively, the reduced
9(Rp,Ra,Rp-Ra) = —er+—1W( Rp,Ra,Rp-Ra) et T mass and the wave vector for the reactgmoduci channel.
i G (K4, R,) and x{ (K, ,Ry) are the outgoing and ingo-

ing single-channel distorted-wave functions, respectively, for

Here n, (ny), ja (in), andm, (m,) are, respectively, the the reactant and product channej§é(ra) and ujb(rb) are
vibrational, rotational, and polarizational quantum numbersseparately the reactant and product molecular radial wave

of the reactantproduc) molecule.J is the Jacobian of the functions. The newly defined kernel function (8) differs
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FIG. 1. \Mector diagram of reactive scattering : :
A+BC—AB+C. The continuous line is for the reactant channel i i
configuration while the dashed line is for the product channel con- . | . | |
figuration. 0% 0 2.0 3.0

from the earlier ong1] in that it now has an advantage of
allowing the study of angular dependence betwBgnand FIG. 2. The ratio ofo(1) to o(0) for the reactive scattering H
R, or, equivalently, betweenr, and R,. Finally, + D,(n,=0,j,=1)—HD(n,=0,j,=0) + D as a function of col-
W(Ry,R4,Rp- R,) is the perturbation potential responsible lision energy.
for opening a product arrangement channel.
The state-to-state reactive transition of present interest i§ional polarization is readily understood from the structure of
the kernel function alone, this indicating the importance of
H+Dy(na=0,j,=1m,)—HD(n,=0,j,=0)+D, (3) the static (or intrinsio property of reactive systems. At
higher collision energies, we find that the combined exami-
with my=0 and 1. The potential-energy surfa@@ES used nation of both the kernel distribution and the distorted wave
in this study is the LSTH(Liu-Siegbahn-Truhlar-Horowitz function is necessary.
PES which is the same as that used in R&fl. The compu- In Fig. 3 we display the contour map of the distorted wave
tation of the distorting potential and the distorted-wave func{functions|x(*)(K,,R,)| at the incident collision energies of
tions are based on our earlier metHdd-3,6—-10. For sim-  E,=0.55 and 2.61 eV, respectively. The origin is chosen to
plicity, we select the rotational states pf=1 andj,=0. be the center of mass of D The positivex axis is defined
Hereafter we denote(01m,—000) aso(m,) for brevity. by R=-R,//K, and the positive y axis by
The present space-fixed DWBA method has a clear meriR, =—R,1K,. Following Fig. 1, each point in the
of separating the transition amplitude in the energy-(R|,R,) plane represents R,, i.e., the location of the in-
independent static part, i.e., the kernel distribution functiongident atom H with respect to the center of mass of the di-
and the energy-dependent dynamic part, i.e., the distortecitomic molecule . lts direction is defined by
wave functions. In the present study we take full advantage=cos }(—R,-K,), that is, the angle betweeK, and
of this merit. Information on the favored geometry of the —R,. The contour values in Fig. 3 are meaningful only in
triatomic system can be obtained from the angular structurgne order of magnitude sense. The greatest contribution to the
of the kernel g(Rp,Ra,Ry,-Ra) or equivalently distorted-wave function is seen to come from the positive
d(ra,Ra.Ta,Ry). On the other hand, the product of the R axis, judging from the density of contour lines in Fig. 3.
distorted-wave functiongg*)(Ka,Ra) and Xﬁf)(Kb,Rb) in  That is, the projectile is more likely found in the backward
(1) directly yields information on the dynamics of rearrange-direction during the moment of reactive transition. This is
ment collision processes which, in turn, affects polarizationOwing to the repulsive part of interaction between the pro-
We first examine the variation of the rati®(1)/0(0)  jectile H atom and the target Dmolecule.
with collision energyEy . As shown in F|g 2, the lower the In Flg 4 we p|0t the kernel distribution as a function of
collision energy, the smaller the ratie(1)/o(0), thus indi-  interatomic displacement vectar, at two fixed reactant
cating thatm,=0 is a preferred rotational polarization. En- channel classical turning point®3=3.0 and 1.5 a.u., which
couragingly this qualitative prediction is in perfect agree-correspond to the collision energies Bk =0.55 and 2.61
ment with the exact close-coupling study of Schatz anceV, respectively. The contour values are labeled by the pow-
Kupperman[9]. We find that the relative strength af,=1  ers of 10. The positivex axis denoted as| represents that
polarization compared tan,=0, that is, (1)/c(0), in- I, is antiparallel withR,, and they axis denoted as
creases with collision energy, showing a strong nonlinearitystands forr,L R,, with rj=0.5r, andr, =0.5,, respec-
in collision energy, as shown in Fig. 2. Importantly, we notetively. Each point in the plane representsrQ.5i.e., the dis-
that interference of reactive transition probability amplitudesplacement vector of the atom D with respect to the center of
does not affect the favored rotational polarization, showingnass of D, for a fixed reactant channel radius vedRy [see
the nature of incoherence. The rotational polarization is thugset in Fig. 4a)]. The origin of the (;,r,) plane corre-
seen to be dynamic in nature as it depends on the incidersiponds to the center of mass of, DPoints on thex axis
collision energy. At low collision energies the favored rota-represent collinear configurations of HD Departure from



53 ENERGY-DEPENDENT ROTATIONAL POLARIZATION IN ... 787

4.0

LR R R N A RN AN A e
(a) E1{=0.55 eV

,\’//\

aN
\

— \
S 22

3.5
[23

TTITTTTTIT g

\

R; (inau. )
o
TTITTTTTTTTTTTITTTT
\
N
/
/of
/4

3.0

S 25

20

LIt er e eveciat

N
\\) SAIARE! \

7,
< N o : )
&
N
~
/
\>\ \ o

EEEEREEEEAEE]

<}
[4)]

0.0 mNERAAREAN NN AN HEREARNEE

_30 -25 -2.0 -15 -10 -05 00 o 15 20 25 3.0

Ry (imau. )
FT T T TV TT1IT T T T T 1T T T 1T 1T TT T T T TT T T T T T T T T 177110 I_
L (b) Bx =2.61eV ]
20 .
— 0 -—
. - \ .
S sk . . M o -
R - \\4 o @ .
- | \5 .
_‘ - —
= - i
10 —1
05 | \ 7
B N \ \ i
- TR T ¢
0.0 C | D 1N S SR T I T N N N I Y S WO o 1NN N T Y (O T O N S N I O A O | ]
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

R, (inau.)

FIG. 3. Polar representations of contour maps of the reactant channel distorted-wave fungfidis, ,R,)| at the collision energies of
(a) 0.55 eV andb) 2.61 eV for the reactive scatteringHD,(n,=0,j ,=1)—HD(n,=0,j,=0) + D. The values are labeled by the powers
of 10, e.g.,— 3 stands for 10°.

this x axis measures the degree of nonlinearity. We now findinational examination of both the distorted-wave functions
that the collinear configuration is dominant at a lower colli- and the kernel distribution function brings forth useful infor-

sion energy of 0.55 eV. This occurs where a trajecigng ~ mation on the energy dependence of rotational polarization.
solid circle with R,=R, crosses the axis, as seen from The kemel distribution, i.e., the static factor, is mdepen'dent
Fig. 4@a). As the collision energy increases, the angle madé@! collision energy whereas the distorted-wave functions,
by R, andR, (or r, andR,) is seen to increase, suggesting I.e., the dynamic factors, are energy dependent. Thus it is of

. . : great interest to see how the rotational polarization is af-
departure from collinearity. This alters the best overlap 'acted by the interplay of the static and dynamic factors. The

gion of the kernel distribution, which allows us to find the ayored rotational polarization can be rigorously understood

most favored transition-state geometry. The solid circles repsom the information of both the preferred orientation of

resent the trajectories of classical turning points;R, relative toK, and the favored geometric configuration

R,=R,=3.0 and 1.5 a.u. Indeed, at a sufficiently high col-defined by an angle betwe&, andR, orr, andR,. To be

lision energy of 2.61 eV, the largest contribution of the ker-specific, from the distorted-wave functiqﬁ;) we can de-

nel evaluated at the classical turning point is predicted tdgermine the favored locatioR, of the incoming projectile

come from the area near a point denotedkan Fig. 4(b). atom. This, in turn, defines its best overlap region with the

Thus the favored transition-state geometry is no longer colkernel distribution function.

linear at high collision energies. There can be reactive scattering systems for which the
We are now ready to explicitly demonstrate that the com-angular structure of(g” shows no backward peak. In such a
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FIG. 4. Polar representations of contour maps of the kefg(aia,Ra,fa-liaﬂ for the reactive scattering HD,(n,=0,j,=1)
—HD(n,=0,j,=0) + D at two different values of the reactant channel classical turning ptintsH distanc¢ R,=3.0 and 1.5 a.u.

case, the dominance of the favored rotational polarizatiomlistorted-wave function and the collinear favored kernel
m,=0 is not likely to occur. As an example, we consider thefunction, we readily find thatn,= 0 is the favored rotational
reaction HerH,"(n,=0,,=1)—HeH"(n,=0,,=0) +  polarization at low collision energies. Further, we discover
H at low collision energies. Indeed, our computed ratiothat the favored collinear geometric configuration during the
o(1)/0(0) showed no marked preference of tng=0 ro-  reactive transition lies in the direction of the incident beam.
tational polarization, unlike the case ofHD,— HD + D. However, at sufficiently high collision energies, such col-
We find from the present calculation of BRhat the angular linearity disappears, reducing the relative strength of the
structure of the distorted-wave function is noticeably anisoin,=0 rotational polarization. This is owing to the gradual
tropic with a backward peak in the angular distribution of thereduction of the backward peak and the forward angle shift
projectile atom particularly at low collision energies, asin the distorted-wave function. Thus thorough understanding
shown in Fig. 8a). This enhances a chance to form a collin- of the favored rotational polarization is possible from the
ear configuration with the target diatomic molecule in paral-combinational examination of both the energy-independent
lel with the incident H atom beam direction during reactivekernel distribution function and the energy-dependent
transition. Our computed kernel function showed the preferdistorted-wave functions. If the attractive part of interaction
ence of a collinear configuration as shown in Figa)4Thus  is dominant, a backward peaked anisotropyxii’ is not
from this combined knowledge of the backward peakedikely to occur, thus causing a relatively weak,=0 rota-
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FIG. 5. Polar representations of contour maps of the pseudoKeiii ,R, ,ﬁ{b- ﬁea)| with the same reactive scattering as shown in Fig.
4.

tional polarization. Indeed, this is what we have found withthe pseudokernel distributions is similar to that of the origi-
the HeH,™ system, as discussed above. nal kernel function. Thus the use of the pseudokernel has a

In order to see whether the angular structures of the kerngherit of simplicity for investigating a favorite geometric
distribution functions can be determined by the radial partgonfiguration in elementary reaction processes before our in-
of the molecular wave functions alone, we now propose &olvement of complicated calculation of cross sections.

“pseudokernel function” defined by To the best of our knowledge, there exists no simple
method of studying elementary state-to-state reactive scatter-

B o Uj, (rp)u; (ra) ing. We have explic_:itly demonstrated the usefulness of' our
0(Ry,R,, R Ry = _Jb+—11:+_1 (4) approach for studying the energy dependence of rotational

" Ta polarization by the combined examination of both the

distorted-wave functions and the kernel distribution func-
Here we ignore the dependence of the perturbation potentigions.
W in (2). Thus it is of great interest to see if there exists a In summary, from the present simple approach we have
significant alteration in the prediction of favored geometricfound the following key featuregl) At low collision ener-
configuration due to the ignorance Wf. The pseudokernel gies, the axis of the collinearly favored configuration aligns
distributions are displayed in Fig. 5 for comparison with theitself preferentially with the incident projectile beam direc-
kernel distributions presented in Fig. 4. It is quite encouragtion during the moment of reactive transitio{2) as a con-
ing to find that the main feature of the angular structures okequence the preferential rotational polarizatiormis=0;



790 NARK NYUL CHOI AND SUNG-HO SUCK SALK 53

(3) at higher collision energies, it no longer remains thescattering processes. However, as demonstrated in our earlier
same, indicating the energy dependence of the rotational pevork [3], the structures of angular distributions are well re-
larization; (4) rotational polarization arises from incoher- produced, in agreement with the exact close-coupling calcu-
ence, that is, partial-wave interference does not affect rotdation [4], as long as collision energies are not exceedingly
tional polarization; and finally5) the pseudokernel function high. Thus introduction of the inelastic scattering contribu-
is found to be a highly useful map to easily study the intrin-tions is important for the absolute magnitudes of cross sec-
sic nature of favored geometry, thus avoiding complicated!ons. but not for the relative magnitudes of angular distribu-
calculations. tions, thus validating the present study of rotational

For simplicity we have considered only the casgjsfl ~ Polarization.
transferred angular momentum. Highieangular momentum Ve would like to stress that the present DWBA study has
transfer will not alter the general feature of energy depenyaI|d|ty of reaction mechanism for qualitative understanding.

dence found above, that is, rotational polarizationmof 0 For quantitative accuracy it is highly recommended to use

becomes increasingly important at higher collision energiesr.lonperturb"mve method$-11.

This is owing to the forward angle shift of distorted-wave This work was supported by the Center for Molecular

functions at anyj value of angular momentum transfer at Science at Korea Advanced Institute of Science and Technol-
high collision energies, as previously discussed. In thengy and the Korean Ministry of Education BSRI program.

present DWBA study, a dynamic contribution is introducedThe authors are grateful to Dr. Y. H. Jeon for helpful discus-

by allowing rearrangement, but not intermediate inelasticions.
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