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Product angular distributions in dissociative recombination
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The dependence of the dissociative recombination cross section upon the angle between the
incoming electron beam and the ion internuclear axis is determined for diatomic molecules. Product
angular distributions are derived for the component partial waves of the Coulomb wave function. In
agreement with earlier results for dissociative attachment, it is shown that in the slow rotation
approximation, if electron capture is dominated by a single partial wave, the product angular
distribution is given by the square of the absolute value of the partial wave spherical harmonic
describing the incoming electron. @004 American Institute of Physics.
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I. INTRODUCTION An accurate fitting procedure can also lead to the experimen-

tal prediction of the symmetries of the dissociative states.
A remarkable amount of progress has been reporteg, some molecules, the fitting can be difficult if DR in-

recently in both theoretical and experimental studies of dis-;qes many dissociation routes, often of different molecular
sociative recombinatiofDR) reactions, symmetries, giving rise to a variety of angular distributions
AB* +e” >A+B, (1) from a single'ion vibratipnal level. Clear!y, the determipation
of quantum yields requires both theoretical and experimental
whereAB™ is a molecular ion and andB are neutral frag- contributions.
ments, i.e., atoms if the ion is a diatomic and atoms and/or  Although there has been no prior work on the angular
molecules if the ion is a polyatomic. These studies have redistribution of products in DR, pioneering theoretical work
ported cross sections as a function of electron energy, raten the distribution has been reported for dissociative
coefficients as a function of electron temperature, and quarattachmertt (DA) in which a neutral molecule captures an
tum yields. An aspect of DR that has received little attentionelectron followed by dissociation to a neutral atom and a
is the dependence of the quantum vyields, cross sections amegatively charged atom. DA shares some features with DR
rate coefficients upon the angle between the ion internucleaand the derivation of angular distributions in this paper fol-
axis and the direction of the incoming electron. This anglelows the important earlier work of O’Malley and Tayfor.
does not appear in most DR analyses where the cross seghuch of the work reported here also closely follows the
tions, rate coefficients, and quantum yields are averaged ov@ioneering scattering theory treatment of DR developed by
all directions for the incoming electron. However, in the deri-Bardsley® and Giusti-Suzor, Bardsley, and Derkits.
vation of DR product quantum yields from storage ring data,Bardsley° derived an expression for the direct DR cross sec-
knowledge of the angular product distribution is neetidd. tion and accounted for the nonlocal nature of the potential.
In these experiments, the ions circulating in the ring argThe nonlocal character of the potential was not treated in
merged in a straight section with a collinear electron beanDA.°) Giusti-Suzor and co-worketsrevised the Bardslé
guided by a magnetic field. The neutral DR products impinggprocedure and included Rydberg states within the scattering
upon a phosphor screen located several meters downstreaheory framework. However, the product angular distribu-
from the capture position. The shape of the projected imagéons were not addressed in either of these papers. An addi-
on the phosphor screen is dependent upon the angle betwegional pioneering contribution is that of Durf,who re-
the electron and the ion internuclear axis, the kinetic energported selection rules, derived solely from symmetry
release of the neutral products, the distance from capture tonsiderations, for orientation of the internuclear axis at 0°
the imaging screen, and the velocity of the ion beam. Foand 90° relative to the electron beam. These rules were dis-
more details, the reader is referred to the original papérs. cussed in the context of electron impact excitation, capture,
The quantum yields are determined by fitting predictedand dissociative ionization of neutrals. Angular distributions
model projections to the image shape displayed on the phosvere not considered and the role of different electron partial
phor screen. Each model projection is for DR from a singlewave symmetries was not described.
ion vibrational level along a single route that generates atoms The direct DR cross section is approximately propor-
with a known kinetic energy release. In deriving these modetional to the square of the electronic capture width. Before
projections, the appropriate angular distributions must beleriving the angular dependence of the cross section, the
used or the model projections and the deduced quantumngular dependence of the electronic width is derived in the
yields will be incorrect. The neutral particle distribution can next section. In Sec. Ill, the DR cross section angular distri-
be anisotropic and the assumption of an isotropic distributiorbution is derived. Section IV has the discussion and conclu-
can lead to the incorrect interpretation of experimental datasions.
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X polynomial. The Legendre polynomial in E@) is expressed
- in terms of spherical harmonic¥,,,, by using the addition
ke theoremt*
e- ~ 41 ‘ “
Puferk =57 2 Yem(Fe)Yim(ke), @
? 6 m=—+¢
» Z wherem is the projection of the electron angular momentum
== ¢ onto the internuclear axis. Substituting E4) into Eq.(3)
R leads to

© ' 1
b (T)=am>, > ‘el
e (=0 m=—¢ ker e
FIG. 1. Coordinates for electrore() capture by a diatomic ion. The inter- R . 0
nuclear axis, Ris oriented at an anglé from thez axis and lies in thez X Ff(kere)Yfm(re)Yfm( Ke). ®
plane. The incoming electron at positigp, relative to the center of charge

of the ion, has wave vector,land is moving parallel to the axis. The coupling that drives DR is a matrix element of the elec-

tronic Hamiltonian,H(q,R), between the dissociative state,
lpd ’ and lva ’

Il. ANGULAR DEPENDENCE OF THE ELECTRONIC Ve(ke,R) = (hg(q,R)[H(q,R)|#,e(q, ke, R)), (6)
WIDTH MATRIX ELEMENT R
where the integration is ovey. V(ke,R) is related to the
'_rhe nomenclature u;ed_ hgre is similar to t_hat use@|ectronic capture width byF(R)z%fVé(Re,R)dQ. From
previously’ The angular distribution of the DR atomic prod- Egs.(2), (5), and(6) we have
ucts is a function of the polar coordinate anglbetween the

momentum vector kof the incoming electron and the mo-
lecular axis R(see Fig. L k. is taken to be parallel to the

space fixedz axis and has Ris its polar axis.gis the posi- o ¢
tion vector of the incoming electron relative to the molecule giog T
: . b . ) x> > it
fixed coordinate origin at the center of charge. The incoming (=0 m=—¢ Kel e
Coulomb wave is taken to be cylindrically symmetrical .
about thez axis and is independent of the polar coordinate XYin(ke), (7)
azimuthal angleg. . . o0 - .
In the treatment used here, it is assumed that dissociatioff €€ POthYim(fe) and Yip(ke) have Ras the polar axis.
occurs much more rapidly than rotation. For most diatomics, '€ intégration is over the electron coordinates in the mo-
dissociation proceeds in the time needed for a vibration, i lecular frame so that Ed7) can be rewritten as
about 101%-10 1% s and for the low rotational levels, the © ¢
rotational time is usually about 167 s. Ve(ke,RI= > 2 Vim(Ke,R)YH (Ke). )
The electronic wave function of the reactants on the left ¢=0m=-¢
side of Eq.(1) is an antisymmetrized product of a target ion
wave function and a continuum Coulomb orbital,

H(a.R)

ve|(Re,R>:4w< ¥a(a,R) [ bion(q",R)

Ff(kere)YIm(?e)] >

The angular dependence vtg,(Ee,R) is expressed by the
spherical harmonic on the right side of E&). A spherical
U,6(0, ke, R) ={bion(A,R) i (To)}, () harmonic with QRa?s the polar axis and with coordinatég
and ¢g, Y}, (ke), is equivalent to a spherical harmonic with

whereq andq' represent the coordinates of all the electronsk, or z as the polar axis and with coordinatég , and ¢y,

and of the target electrons, res pectllvely,.m the body f|xec§{|*m(§). O’Malley and Taylor have pointed out that in this
frame.E is the total energy and is the ion vibrational level.

case,¥g= U and ¢r=— ¢ . Therefore, we have
v is included as an index becauge=k%2m-+E,. The R™ ke Pr="
braces{} denote the antisymmetrization of the target and, (ko) = Y%, (9r, dr)

Coulomb electrons. The implicR dependence of the elec- '™
tronic target wave function is denoted by includiRgn the =Y% (9, — D) =Yem( D, b )=Yem(R). (9
parentheses. The coulomb wave can be expanded in partial ' ¢ ¢ ’ e e
waves:? Equation(8) can now be replaced with
© o0 '
- (2 a0 1 s T - -
$i(Te)= 2 (20+1)i'e76 ——Fy(kare)P(ferke), (3 Ve(ke,RI=2 2 Vin(ke.R)Yin(R). (10
€ =0 ele (=0 m=—¢

where o is the Coulomb partial wave phase shift is a  In Eq.(10), the angular dependence of the dissociating prod-
confluent hypergeometric function, arf®, is a Legendre ucts is given byY7, (R) with polar anglesﬁke and¢ke of the
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internuclear axis relative to the polar axior k.. In addi- reducefjl SmassC is a Wronskian(see Ref. 11 and pyx

tion, the value ofm is restricted byAy=A;+m whereA; ~ =(n*)~~>wheren* is the effective principal quantum num-

and A4 are the ion and dissociative state angular momenturer. The vibronic coupling between the ion level and the
iacti - : P Rydberg levels is given By W,, = (v'12M wo)Y?du/dR

projections on Rrespectively. Each of these projections can 4 ) Wy e/ GUMIUR,

be positive or negative depending upon the direction of pre?Where v’ =v+1, w is the vibrational frequency of the ion

cession of the angular momentum vectors aboutTRe and u is the quantum defect of the Rydberg series, ie.,

A L
value ofmis fixed once the values of4 and A; are speci- n—n®.d, is given by

fied. SinceV,,, andV,_,, are identical(as long as the ap- d,=(x(R)[V¢m|(ke,R)[s4(R)). (15
propriate signed values &y and A; are used in each cgse )
we have In Eq. (14), V,, andV, are given by
o - . R) — ,m R
V?'(ke'R):g;m\ Vi (ke ,R) Y em(R), (12) V,,i(E,R) vai\Pa (ke,RIF1e(R)dR, x

(16)
which is equivalent to the expression found by O'Malley and v (g R)= J XVV\eI’m(kevﬁ)FlE(R)dRi
Taylor for electron attachmen{Note that a factor of 2 is
now included inVyy to account for bothm=£ andm  where y, is the initial ion vibrational level ang, is ion

=—{.) For some diatomics, the summation in B§1) is jp ational levely. F1e(R) is a solution of the homogeneous
given by a single term because of the small valu¥ gf; for equation:
¢>|m|. For this case, the angular distribution is given by '
h% d?
“ovare TER-E

V™ (Ke,R) =V jmi(Ke ,R) Y ¢rn(R) F1e(R)=0. (17)

=Vmfiml(Ke R Y (R (12 If only a single partial wave is dominant for the incoming
electron, Eq(12) can be used to rewrite Eg&l6) as
I1l. ANGULAR DEPENDENCE

OF THE DR CROSS SECTION V, (E,R)=Ym(R) f XoVeim(ke RIF1e(R)AR,

The reader is referred to the earlier pap&tsfor the (18)
details of the derivation of the angle-independent cross- V (ER=Y, (R f vV k. RIE-c(R)dR
section expression. Here, a slightly revised final cross- AER) =Y m(R) [ XuVejm(Ke,R)F1e(R)R.
section expression is used in order to show the product aRy; Egs.(18), Eq. (14) becomes
gular distributions. The total wave functiortis ’

=T M e Rl v, e
V(gk R=2 fdE’by<E'>waf<q,Re,Rm(R) oor(e.R)= 5 T IYen(RIF | ~Vu(B)
+¢d(qu)gd(R)+% apylﬂp(q,R)Xy(R), +i7T§V: dVVV(E)_% VV(E)PpapV

(13) 2, 19
where the index is for an electronic Rydberg state aag,
is the coefficient of thes vibrational level in Rydberg state
sq is the dissociative nuclear wave function and fhg€R)
are the bound ion or Rydberg state vibrational levels. The

final cross-section expression derived in Ref. 11 accounts for VVi(E):f XvVeim|(Ke,R)F1e(R)R,

only a single Rydberg vibrational level but can be easily

+iTy >, vy,(E)ppapVWW,)
pv

where

generalized to multiple Rydberg levels: Y (E):J' YoVeim (ke  RF1£(R)IR "
14 vyem e .
. mwhK|1 .
oor(e.R)=—5 15| ~Vy(ER) For a single dominant electron partial wave, /& angular de-

pendence of the DR cross section reducedfq,(R)|2. The
) . . angular dependence of the dissociation products, in this case,
i d,V,(E,R)— > Vi(E,R)ppayp, is the same as that for dissociative attachment. The dissocia-
" P tion products have the same angular dependence as the domi-
nant partial wave of the incoming electron. Table | lists the
Legendre polynomials for the electron partial waves up to
€ =3. Tables II-IIl have all possible product distributions for
wheree is the electron energyy is the statistical weight of molecular symmetries formed by capture of an electron par-
the dissociative state divided by that for the idf,is the  tial wave (up to €=3) by a diatomic ion in thed_ , 3.,
relative momentum of the dissociating atorv s the total Il IT,, =", andII states.

2

+imy, X vV,<E,?<>ppapVWW) . (19
pv

14

Downloaded 07 May 2004 to 24.147.253.170. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


s

s

s

s

s

s

s

s

s

s


9512 J. Chem. Phys., Vol. 120, No. 20, 22 May 2004 Steven L. Guberman

TABLE I. Angular distributions for the DR of diatomic ions. The distribu- TABLE Ill. Final neutral states formed by the capture of an electron by a
tions in column 4 are from the spherical harmonics of the waves in columrheteronuclear ion.
1. The distributions are normalized so thg"d¢ [ 7(distribution)sindd®

=1. For heteronuclear molecules, simply drop thend u subscripts in lon state
column 1. n
3 I
Electron
Electron Product angular partial wave Neutral dissociative state
partial wave ¢ m distribution
- - so P II
Soyg 0 0 1 (|s%troplo po s+ o
poy 1 0 2 C.O b pm 11 s + STA
pmy 1 1 2 SII"I2 D do S + 11
dog 2 0 3(3 cog 91y dm i} SY3CA
dmg 2 1 Lsi? 9 cog 0 dé A o
dsg 2 2 % sirt 9 fo Py l_l+ .
foy, 3 0 2(5 co$ 9-3 cos)> fm 1 2TETA
21 . 5 fo A I1o®
fm, 3 1 T sir? 9(5 cog 9—1) fo @ AT
fou 3 2 LB sint 9 cog 9
feu 3 3 3 sirf o

theses. Note that there are four values of the kinetic energy
IV. DISCUSSION AND CONCLUSIONS release. In order to form thH, states, symmetry consider-
It is instructive to examine the expected angular distri-ations require that the free electron must be captured into a

butions for a specific molecular ion.,O has been the sub- 30y orbital. The o, free-electron orbital hag=1 andm
ject of many DR experiments over the years because of its'0 and the ground-state atoms will have a’apsistribu-
importance in planetary atmospheres. From the low vibration (Table ). However, the remaining four states are all

tional levels of theX 2I1, ground state of @, six diabatic ~formed by attachment of ar, free electron, i.e.f=1 and
states provide routes for DR 311, (3P+3P,6.96 ev), M=1, and have a sfry product distribution. The contribu-

1, (3P+3P,6.96 eV), ASSt(3P+3P,6.96eV), tionof A°X) touv=0 DR atlow electron energies is small
B33, (®P+'D,4.99eV), f!3/('s+'D,0.80eV), and compared to that due to tHeé, states. The ]‘ogr pgaks dug to
1A,(ID+1D,3.02 eV). The states of the product atoms andeach kinetic energy release are easily distinguishable in the

the total kinetic energy released upon dissociation cap- ~ €xperimental projected distributiorisee Fig. 5 of Ref. P
ture of a zero energy electron b}t O) are shown in paren- although there is some OVerlap between the 6.96 and 4.99 eV

peaks. The results reported here predict that the atoms con-
tributing to the 6.96 eV peak will have mostly a é@san-
TABLE Il. Final neutral states formed by the capture of an electron by agular distribution but atoms giving rise to each of the other
homonuclear ion. peaks will have mostly a sfr# angular distribution.
Note that these predictions assume that the product an-

- - lon stare gular distribution is determined by the symmetry of the ini-
Electron 2 2y I M tial capture state and that there are no interactions between
partial wave Neutral dissociative state dissociative states that could change the distribution. How-
- = > m o ever, one well-known interaction is betwedn'S, and
oo st s i I, B33, .Y Indeed, most of the dissociative flux alohgs.;
s s for DR of v=.0, arises frqm |n|t|gl capture intB 33, . The
pr, 1, I, |Eu 3, flux transfer is due to spin—orbit coupling b_etween the Ryd-
A, A, berg states of these symmetrfésThe coupling affects the
dog 38 sk 11, I, kinetic energy release and the projected distribution but has
s e no effect upon the angular distributions since b&#s ;
dmy I, I, |2g 3, andf '3 have the same angular distributions.
Aq A A detailed comparison of these predictions to the experi-
dsg A A [Hg 1, mental results require_s the calculati_on_of projected distrib_u-
¢ ! D D, tions from the theoretical angular distributions. An analysis
fo, M 3 1, h of the experimental results for both,O and other ions will
3 3y be the subject of a separate pafer.
fm, I I, |2u %y The angular distributions reported here for DR are the
Ay 4 same as those reported eafitar DA. The nonlocal poten-
fsu A, A, [Hu I, tial, which is important for DR but not included in the prior
@y @y treatment of DA, does not affect the product distributions.
fou ®, @, [Hu 1, The results reported here are also consistent with the predic-
@, &g tions of Dunn for dissociation at zero and 90° from the di-

rection of the electron beam.
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