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Effects of the fine structure of atomic oxygen on collisions of O with iave been investigated theoreti-
cally. The starting point of the analysis was a set of potential curves §ord@lculated inLS coupling.
Potential curves and matrix elements were derived that include spin-orbit effects and properly dissociate to the
three asymptotic limits ©-O(3P;) (J=2,1,0). Quantum-mechanical, coupled-channel scattering calculations
were performed to determine inelastic, charge-exchange and momentum-tfdifiision) cross sections in
the energy range 0.002—1.9 eV. The results exhibit a strong dependence on the initial fine-structure level. For
example, the momentum-transfer cross sections are typically about 50% larger for the initidl=#e&¢han
for J=1 or 0. A weighted average of the present cross sections, appropriate for a statistical distribution of
fine-structure levels, can be compared with previous results based on performing uncoupled, single-channel
calculations. The comparison confirms the accuracy of the single-channel model as long as the collision energy
is greater than about 0.03 eV. For lower energies, the single-channel model overestimates the cross sections.
The problem arises because angular momentum coupling effects lead to considerable cancellation of the
charge-quadrupole terms in the asymptotic interaction potentials. As the collision energy decreases, these terms
become increasingly importarii§1050-294{®@7)09011-2

PACS numbes): 34.50.Pi, 34.26:-b

I. INTRODUCTION The discrepancies between previous calculations and the
available data led us to consider whether significant effects

The scattering of © and O is one of the most important might have been omitted from the theoretical analysis. Con-
collision processes in the upper atmosphere. The diffusion cfiderable simplification of the previous calculations was
O" in O plays a crucial role in models of global wind circu- achieved by assuming that the fine-structure energy levels
lation and in determining the ion density in the ionospherewere degenerate. The actual splittings are on the order of
The importance of the scattering process has stimulated se¢00—200 cm?, which corresponds t&T for T~300 K.
eral theoretical calculations, but there have been persista@nce the range of temperatures important for atmospheric
discrepancies between theoretical results and information irapplications isT~300-2000 K, the fine-structure splitting
ferred from experiments. appears large enough to have an effect.

The quantities that have been calculated or measured most The neglect of fine-structure effects leads to an analysis of
frequently for this system are the charge-exchange anthe scattering based on several separate, single-channel cal-
momentum-transfer cross sections. Early calculations wereulations. Wherl S coupling is used to describe the interac-
performed by Dalgarnfl,2], Knof, Mason, and Vanderslice tion of O"(*S) with O(®*P), the resulting @ molecule has
[3], Banks[4], Stubbd5], and Schunk and Walkg6]. Most 24 distinct electronic states denoted By"*AY9, whereS
recent theoretical calculatioi3,8] have been based on the =%,3,3 (corresponding to doublets, quartets, sextets
potential curves calculated by Stallcop, Partridge, and Levin=0,1 (corresponding tc, IT), andq=g,u (gerade, unger-

[7], although other potentia]€] are available. A preliminary ade. Neglecting the rotational coupling between these states
account of the present work has recently appeaté€dl during the collision, one can formulate the dynamics entirely

Only two groupd11,12 have reported laboratory data for in terms of the phase shifts for single-channel scattering on
O*-0O collisions. These experiments were performed at coleach potential curve separately. The calculations for each
lision energies of several keV, far above the range approprig-u pair (>S**A9 and 25*'AY) are combined to form
ate for atmospheric applications. However, several studiesiomentum-transfer or charge-exchange cross sections, and
[13-17 based on the analysis of observations of the uppethen these cross sections are averaged over the possible elec-
atmosphere have inferred values of an averaged cross sectitnnic states.
that can be compared with calculations. Until recently, all of Introducing the finite splitting of the fine-structure levels
these studies led to values larger than the predictions afaturally complicates the collision dynamics. There are then
theory, by factors of about 1.3. A discrepancy of that sizeseveral possible energy levels of the system, and one must
was troubling, considering the importance of thé-O scat-  implement a coupled-channel approach to handle the transi-
tering to so many atmospheric models. More recent workions among the various levels. It is also necessary to formu-
[16,17] analyzing the observations has led to smaller cros$ate the momentum-transfer and charge-exchange cross sec-
sections and a reduced discrepancy with theoretical calculdions in terms of T matrix elements instead of scattering
tions. phase shifts.
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This paper is organized as follows. Section Il discusses TABLE |. Energy levels of OtP;).

the calculation of adiabatic molecular potential curves that

incorporate fine-structure effects. The technique imple E; (cm™) E; (eV) E; (a.u)

mented is a generalization of previous wilg] that allows

. . . 2 0 0 0

us to start with the available molecular potential curieal- .,

culated inLS coupling and then add spin-orbit effects. Sec- 158.5 0.01965 1.22210
226.5 0.02808 10.3210°*

tion Il discusses the formulation of the coupled-channel
scattering dynamics. Results are discussed in Sec. IV, and
Sec. V contains concluding remarks.

sections are insensitive to the detailsHf; in the region of
small R where the approximation might break down.

Il. MOLECULAR POTENTIAL CURVES The matrix elements dfi,, are most easily determined in

& set of states corresponding to a different angular momen-

The calculations require molecular potential curves an ) ) .
tum coupling scheme. This scheme is

matrix elements for @ that include spin-orbit effects. We
determine this information using a generalization of a
method developed by Cohen and Schneidd. This sec-
tion briefly describes the analysis. The Hamiltonta(R) at
each internuclear separati@consists of an electronic com-

ponent and a spin-orbit component: (J'K' Q' |Hed IKQY= 8338¢ kS0 0Ey, 3)

Lo+ So=J, J+S.=K.

Writing the corresponding staté3K(), we have

H(R)=Het+Hsgo. (1)  whereE; denotes the energy of the atomic oxygty, level.
The values ofE; are available in the literatufe20] and are
Potentials calculated using standard electronic structurgiven in Table |I.
codes, such as the electronic potentials of Stallcop, Partridge, Equations(2) and(3) provide the eigenvalues and eigen-
and Levin[7], provide information abouitl,, but no infor-  vectors, separately, of the operatbtg(R) andH,. In order
mation aboutHg,. Information aboutHg, available from to evaluate explicitly the matrix elements ld{R), we must
spectroscopy can be combined with the electronic potential@rite the matrix elements dfiy(R) andH, in a common
to obtain the necessary matrix elements of the F(R). basis set. For the scattering calculations, it is convenient to
The available potential curvefs’] provide matrix ele- choose théJKQ) basis. Using standard techniques of angu-
ments ofH in a set of states corresponding to particulariar momentum algebrg21], it can be shown that the K()
values of the molecule’s angular momentum quantum numbasis is related to thi& SA Q) basis by the following unitary
bers in theL S coupling scheme. For the,® molecule, we  transformation:
denote the electronic, spin, and total angular momentum by
Lo, So, andJ, and the spin of O by S, . Then theLS (LSAQ'|IKQ)= 8 o(—1)StSot S+ tK-Q
coupling scheme is

X \J(2K+1)(25+1)(23+1)
Lo=L, SotS:=S. {L s K] L s K)
X )
Following Durup[19], we use the notatiofLSAQ) to de- Si J SJiA OQ-A -0

note the states in this coupling scherhe.the total orbital (4)
angular momentum quantum number, is 1 for the ground

electronic state of G@). A gives the projection of onthe {} and() refer to 6§ and 3§ coefficients, respectivelj21].
internuclear axis, and has the value 0¥ostates and 1 fofl By using Eq.(4) to express théJK(Q) states in terms of
statesS s the total spin quantum number. Eatfor IT state  the [LSAQ) states, we can evaluate the matrix elements
may be a doublet§=1), a quartet $=3), or a sextet§ (J'K'Q'|H¢|IJKQ). We then have all the matrix elements
=3). QO is the projection ofL+ S on the internuclear axis. of H(R) in the [JKQ) basis. This matrix,

All electronic states are also denoted either gerade or unge¢d'K’'Q'|H(R)|JKQ), has both diagonal and off-diagonal
ade, but we will suppress this notation since the present seterms and contains all the information needed to describe
tion applies equally to either symmetry. The matrix elementslastic and inelastic scattering and charge exchange involv-

of Hg(R) in the stategLSAQ) are given by ing the fine-structure states of atomic O and.O
Adiabatic potential curves that include fine structure are
(LS'A"Q'|Hg(R)|LSAQ) = 855842800 Vsr(R). obtained by evaluating the eigenvalues of the matrix

(2  (JK'Q'[H(R)|IKQ) as a function oR. These curves are
shown in Figs. 1-4. Sindd(R) is already diagonal i), we
The functionsVg, (R) are the potential curvegr] for the  show a separate set of curves of each valu@.ofhe limit-
states®S* 1A defined above for @ . ing behavior of these curves at small and lafgecan be
We also need the matrix elements &f,,. In the understood as follows. For small valuesRyfthe magnitudes
asymptotic limit R— o), these matrix elements may be de- of the Vg, (R) are much larger than the fine-structure energy
termined from spectroscopic data. We then assumeHbat level splittings, andd, may be regarded as a small pertur-
is independent oR. Our results provide justificatior pos-  bation. In this limit each curve becomes approximately equal
teriori, for this approximation. It turns out that the crossto one of theVg,(R). As R—, all matrix elements of
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FIG. 3. Adiabatic potential curves fét = 2. The solid(dashedl
lines are for the geradaingeradg curves. The labeld=2 and 1
denote the asymptotic limits corresponding t¢B{)-O*. Note the
scale is nonlinear foR>10a,.

FIG. 1. Adiabatic potential curves f& = 3. The solid(dashed
lines are for the gerad@ingeradgcurves. The label§=2, 1, and 0
denote the asymptotic limits corresponding to'P{)-O*. Note the
scale is nonlinear foR>10a,.

of these potentials can be calculated separately. Then the

Ha(R) [that is, theVg,(R)] approach O; in this limit the
o(R) [ si(R)] app charge-exchange and diffusion cross sections for e

adiabatic energies are determined entireljHay and are just .
the fine-structure energy levels of atomic O. Asymptotically,States are given by
then, each potential curve approaches one of the three fine-
structure levels of atomic O. In contrast, the original curves
of Stallcop, Partridge, and Levif¥] are all degenerate as-
ymptotically.

RO @S @+DsitE ) ©

and

4

Ill. SCATTERING FORMALISM QSA(E): ?2_ 2 (I+ 1)SiI’T2( ﬂls'jg\_u— nls_xl’u_g), ®)
A. Single-channel theory '

We begin by summarizing the single-channel formalismyherek?= 2, E/#%?, andu is the reduced mass. The notation
for charge-exchange and momentum-trangdiéfusion) col-  g.y andu-g in the phase shifts means that eitfgeor u is
lisions of homonuclear diatomic ions. We present the resultgaken according to whethéris even or odd, and whether
in a manner that clearly exhibits how the extension to thejenotes & or I state. This effect arises from the quantum-
coupled-channel case is carried out. In the single-channghechanical indistinguishability of the nucléuclear sym-
limit, eachg-u pair of potential curves is treated separately.metrw. For the detailed formulas, which depend on the
Using the present notation, such a pair fos"Ovould be  pyclear spin, the reader is referred to the literafdr@,23.
VZ,(R) andV{, (R). The phase shiftgd, and 74 for each  Mason and McDaniel22] have noted that the nuclear sym-
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FIG. 4. Adiabatic potential curves fé = Z. The solid(dashed
lines are for the gerad@ingeradg curves. The label=2 denotes
the asymptotic limits to Gf,)-O". Note the scale is nonlinear for
R>10a,.

FIG. 2. Adiabatic potential curves fé = 3. The solid(dashed
lines are for the gerad@ingeradgcurves. The label§=2, 1, and 0
denote the asymptotic limits corresponding to'P{)-O*. Note the
scale is nonlinear foR>10a,.
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metry effect is very small for the energies we consider. They TABLE Il. Coefficients(in atomic unity determining the long
rearranged Eq(6) to yield a term independent of nuclear range behavior of the S potential curves.

symmetry, plus a small correction. This symmetrized version

of Eq. (6) is Symmetry Cs C, Cs

20 s, -0.8 —2.55 13.0

SA(E)=F El (14 D)[sirf(7d, — 75\ M) + (g—u) ] I 0.4 —255 9.6
+nuclear symmetry terms, (7)

The values ofC;, C4, andCgy are given in Table II(These
where the notationg«u) denotes a second term in whigh coefficients were obtained from the authors of Réf). Note

andu are interchanged. In Sec. IV B we present numericafla! theC, are the same for ang-u pair. The effect of the
calculations confirming the small size of the nuclear symmeR ~ térm in the potential is that the sum ovein Eq. (6) is

try terms. very slowly convergent. To facilitate the evaluation of this
The total momentum-transfer cross section is a weighte§Um, we calculated the phase shifts numerically for ¢agh
sum of theQS) . We can write the general expression to some value ., and then invoked the Born approximation
b for 1 >1,,ax. Forl sufficiently large, theg andu phase shifts
1 L 57 are nearly equal and can be obtained from the Born approxi-
Qp(E)= N E 2 gSAQSA(E), (8 mation for inverse power law potentials. The re$aH] is
A=0 S=1/2
Csk C,k?
wheregs, = (2— 8,0)(2S+1) is the degeneracy of each of I— 2’“ 3 - T;’M 4 A .
the SA levels, and the total number of statesNis= 36. AT(+D) an2(1-H+5H(1+3)
Equations(5) and(6) are derived by writing the differen- 2 4Ok
tial cross section in terms of matrix elements, which are — K5 ’ (13
related to the phase shifts by (=Dl +1)(1+2)
Td=1—exp2ind) (q=g or u). (9  where we drop the subscrifA since the analysis does not

depend on it. We verified that the numerically calculated
The expressions fo@SA and Q?Q in terms of theT matrix  phase shifts approached the Born formula. The terms in Eq.

elements are given below: (6) for 1 >1,, are approximated by an integral:
7T oo
SQ(E):WZ (2|+l)|TISgA—T|§jA|2, (10) |:|2+ (I+1)sin2(77'—1]'+1)
T * .
5 (B)= 5z 2 [+ DITE 2= (14 DT (T M) ~ fl I DSIP (o 7gomdl, (14)
TS (T ") * +(geu)] where the Born phase shifts are regarded as continuous func-

tions ofl. A change of variable tg= (I na+3)/1+1/2) con-
verts the right hand side of E¢L4) into an integral from 0O to
1 that can be evaluated by a low order Gaussian quadrature.

+nuclear symmetry terms, (17

where ( ¥ denotes the complex conjugate. These expres
sions can be reduced, after some algebra, to the phase shift

expressiong§Eqgs. (5) and (6)] for the single-channel case. B. Coupled-channel theory
However, for the coupled-channel case, Thenatrix formu- This section describes the formulation of the coupled-
lation must be used. channel equations and the calculation of the cross sections.

An important difference between the expressions@@t  The coupled equations are set up in a standard fashion, and
and Qp concerns the convergence properties. For the O e will refer the reader to the literature for many of the
system, the difference betweengau pair of potentials be-  details. The definitions of the charge-exchange and diffusion
comes small exponentially @&— . Therefore for largd  cross sections for ©O collisions in terms of th& matrix

the sum in Eq(5) or Eq.(10) converges rapidly because the elements for the coupled-channel system will be presented in
difference between thg and u terms for the samé ap-  greater detail.

proaches zero. In contra§), mixesg andu phase shifts for We consider the channels in both space-fix8# and
different|, and the contributions to the sums in Ef8l and  body-fixed(BF) frames. Our analysis follows that of Walker
[11] converge much more slowly with and Light[25]. In the SF frame, we define the states by

Considerations of convergence are important for thé O extending the angular momentum coupling scheme based on
system because the potentials are very long rang®-Ase, the |JKQ) states defined in the preceding section. We define
the leading terms behave & 3 due to the electrostatic
charge-quadrupole interacti¢®3], and two additional terms I+K=P, (19

were included 7]:
wherel is the orbital angular momentum of the"@ mo-

Vg (R)—C3R™ 3+ C4R 4+ CsR 5. (12)  tion, K is the internal angular momentum of,Q andP is
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the grand total angular momentum. The SF states are délocks of theT matrix are calculated separately for egh
noted by|JKQI). These states split into two uncoupled setsandq, and thenT ..., is set to zero unless(1)'*¥
according to whether<1)"*?*K=+1. The plus or minus  _ _ 7y +k’

denotes whether the total wave function changes sign when The calculatedl matrix elements can be used to deter-

reflected in the scattering plane.

In the BF frame, the corresponding states will be labele ing elastic, inela;tic, .charge—excha.nge, and diffusio_n cross
1JKQ =), where a’s usual wep take ?inear combinations o ections. For the diffusion cross sections, the appropriate for-

. mulas can be adapted from the analysis of Arthurs and Dal-
the states witff} and —{). garno[27] by noting thatK, |, andP in the present paper
correspond tg, |, andJ in Ref. [27]. We also adopt the
(16) symmetrized treatment aj andu T matrix elements de-
scribed in the preceding section, and thereby neglect the
small nuclear symmetry effect for the diffusion cross sec-
It should be understood th& >0 in the above equation. tions. Theg andu dependence of the results is obtained by
The BF states are therefore also split into two sets accordingsingg for T matrix elements that depend érandu for T
to the = symmetry, and the two sets correspond exactly tonatrix elements that depend ém 1. The final result is the
the two sets defined above in the SF frame. The followingaverage of this term and thg<{-u) term.
matrix elements define the unitary transformation relating the The elastic, inelastic, diffusion, and charge-exchange

1
[9KQ2) = — [JIKO)£[IK(~ Q)]

BF and SF states: cross sections can be defined as sums of partial cross sections
that depend on the total angular momentum quantum number
(PIKQ+|PIKI+)=(—1)P*+2 2021 +1) P. We also sum over the internal quantum numbers in order
to obtain cross sections for specifiec»J’ transitions. We
" I K P an obtain
0o Q —-Q) .
J—-J J—J'\P
Note that the+ BF states only connect with the SF states, D = Pzzllz (Qp ™) (20)
and similarly for the— states. This symmetry block diago-
nalizes the coupled equations. Y

We consider now the evaluation of the matrix elements ofNd s!m|lar formulas forQg,™” and Q7 in terms of
the HamiltonianH(R) in the BF frame. Applying Eqs(2)  (Q2”)P and @’Y')P. We consider first the diffusion
and(4) from Sec. ll, it can be shown that the matrix elementscross section, which is defined by
of the electronic Hamiltonian are

, - O_\]*?J,
o QLY =27Tf (1—cosh)sing do.  (21)
(I'K Qi|He|(R)|JKQt>=§ IS 5 Var(R), P o do
(18) In order to evaluate this expression, we use the Legendre
where polynomial expansion
SAQ da.JHJ' .

5 >, A(J,J")P,(cosd).

F‘]/K”JK:hKK’(ZS—'_l) —
d6 (25, +1)(2+ 1K o

XV(2K+1)(2K'+1)(23+1)(23" +1) (22)
L K’ L K . . — - .

X S )( S ) Explicit expressions for thé\ coefficients are obtained
A OQO-A Q1A O-A -Q from the work of Hickman and Smitf28], who showed that

L s KI(L s K one can express them as a single sum d®efThis result
x[ i H ] (19)  enables us to relate the partial cross sections to terms of the
Se J SISy I S form Af(J,J’). With minor modification, we can adopt the

_ ) explicit expressions given in Re28]. The result is
wherehgg,=1 if K=K’=0, andhgyk:=0 otherwise, and

again(} is taken to be positive. The matrix elements of the
spin-orbit componerit ., are diagonalEqg. (3)], and the cen- (QY)P=
trifugal matrix elements can be easily obtained from the
work of Launay[26].

The above analysis leads to four sets of 18 coupled equé@md
tions: one set of 18 for each of the and — symmetries for
the gerade states, and again for the ungerade states. From tk(153_>y)p: ™
asymptotic behavior of the solutions we determineThea- D (2S,+1)(23+1)
trix elements, which are Writtefl';gHJ,K,l,, (q=g or u). (24
We do not include thet notation in theT matrix elements _
since anyl—1’ transition can be specified. The appropriateExplicit expressions for thé, (J,J') are

“ AP, 23
2S5, D2ar 2 o) (23

2 [A5(3,0)~5AT(3.3)].
J
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o J+S, P+K J’ +S+ P+K'
AL(,9)= 2 ; ; D
S,| 1= K| k' = ‘Jr S.| 1'=|P—K'|
X[|TJKHJ'K/|/|2+(9<—>U)] (25
and
J+s,  P+K  J'+Sy P+K’

AP(3,3)=Re ; ; > >
K=[3=S [ 1=[P=K[ k'=|3'—s,| I"=|P—K'|

X[GPIKILI'K'I")+HPIKI,I'K'])],
(26)
where

GPIKILI'K'l") =%

2 Z(1,P,\,P;K,1)
A=lx1 AN =1"+1

XZ(", P\ ,P;K',1)
P
X[TJKlﬂJIKll/(TJ;)\*)J,K,}\,)*
+(g<u)], (27
and
HP(IKILJ'K'1")
=3 2 2  [Z0.PAP-1K.Y

xXZ(",P,\N'",P—1;K",1)

P-1u
XTJKIﬂJ’K’I’(TJK)\HJ’K’)\’)*
+Z(1,P,\,P+1;K,1)Z(1",P,\",P+1;K’,1)

XTJKI—>J’K’I’(T.?I:—)\l—LfJK’A’) t(g—u)l, (28)
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eracies. Then an averaged value that can be compared with
the single-channel calculations is

0
(Qo)=52, (23+1)Qp. (3

For this comparison, note that a given set of coupled-channel
calculations is performed for a fixed value of the total energy
E. E is the sum of the kinetic enerdy,;, of relative motion

of the atoms(initially, when they are infinitely separatgd
and the internal energy if the OP) is in an excited fine-
structure level. For the comparison of the coupled-channel
and single-channel theories, we hold the inikg}, constant.
Hence, in Eq(31), (Qp) is the average value at a particular
Eyin, and each of theQJD must be evaluated by a coupled-
channel calculation foE=E,;,+E;. In practice, the cross
sections were evaluated at a grid of points and then interpo-
lated as needed using cubic splines.

IV. RESULTS AND DISCUSSION

We have performed numerical calculations of inelastic,
momentum-transfer, and charge-exchange cross sections for
O*-0 collisions in the energy rangé=4.0x 10" to 0.07
a.u.(1.1x10°° to 1.9 eVJ. The major result of the work is
the strong dependence of all of the calculated cross sections
on the initial fine-structure level of O(3P;). In the follow-
ing subsections, we first present in detail the results of the
coupled-channel study, then we discuss some of the numeri-
cal techniques necessary to solve the equations reliably, and
finally we compare the present theory with experiments and
with other theoretical work.

A. Calculated cross sections

The analysis of the preceding section provided various
cross sections fol—J' transitions, for any values af and

and where th& coefficients are defined in terms of Clebsch-J’. For the cross sectior@’ 7, we report only the inelastic
Gordan coefficient§27]. The partial charge-exchange crossresults §#J"). The purely elastic casgd € J’) is less inter-

sections are given by

TP m(2P+1)
(Qex™ )™= 2
(2S5, +1)(23+1)kj]
J+S, P+K J'+s, P+K'
SRR S
K=[I=s [ 1=[P=K| k'=|3' =5 | I"=|P—K'|
P P
X|TJI3I—>J’K’I’_TJIEI—»J’K’I’lz' (29)

esting and would require extra attention to the convergence
of the partial wave sum ove?. For the momentum-transfer
cross sections, the elastic cakeJ’ converges more easily
and is easily calculated. For the energy range we considered,
the inelastic cross sectio@%”' are much smaller than the
elastic ones. In this case, we sum over the final valuek .of
These resuItQﬂ, are the appropriate values for considering
the diffusion of particulard levels of O" in atomic O. Fi-
nally, we also present charge-exchange cross sections.

The momentum-transfer cross secti@ are shown as a

We now specialize to ©O and consider the total diffu- function of kinetic energy in Fig. 5. For these calculations,
sion or charge-exchange cross section for initial states of we performed calculations at 33 energies betwden

particularJ. We therefore sum over the final states and de=1.0x10"°

fine

2 QyY . (30)

J'=2

and 0.07 a.u., with spacing varied between
2% 10 % a.u. at the lower energies to 0.01 a.u. at the highest
energies. The plateau ndar0.015 eV in thel=2 curve is
probably due to a Feshbach resonance. One of the adiabatic
potentials shown in Fig. 1 that approaches the 1
asymptotic limit clearly shows a well near &4 This well

For comparison with the single-channel model of the pre<could cause resonance structure in @ 2 cross sections.
ceding section, we consider the limit in which the fine- However, examination with a finer energy grid near this en-
structure levels are populated in proportion to their degenergy revealed no additional structure. The lack of sharp



56 CALCULATION OF FINE-STRUCTURE EFFECTSN. .. 4639

1000 LRI TTHTT 1 LR L 1 LR 1 VETTTTT g T T T T T T T T T T
8 4
so0k [ — Eq=0.002 a.u)
« 600} o
° 5,
a =
= C 4 4
\g/ 400} S
(@] S0
200} 1 S
1
O 1 i1 ||l||| 1 Ll |||||| 1 Ll |||||I 1 L1 1 1ttl
-3 —2 - 0 ! % 10 20 30 40 50 60 70 80 90 100 10 120
10g10Ein (eV) Partial Wave P
FIG. 5. The momentum-transfediffusion) cross section for FIG. 7. Comparison of the coupled-channel results with the
eachJ, summed over all final’, as a function of the incident Rpa (random phase approximatjonFor each leveld, the total
kinetic energy in eV. energy is chosen such that the initial kinetic energy is 0.002 a.u.

. (0.0544 eV. The partial cross sectlonsQ@)P shown are the
structure may reflect that the cross sections presented haYSJHJ } summed over final level¥ . In the limiting case of small
been averaged over several internal quantum numbers. impact parameters and strong coupling, the coupled-channel theory
The cross sections shown in Fig. 5 exhibit a strong depe%elds essentially the same results as the RPA.
dence onJ: QD is typically 50% larger if the initial level is
J=2 rather thard=1 or 0. The strong dependence dican
be explained qualitatively. The asymptotic form of the po
tential curves includes a charge-quadrupole term, which b
haves a<;R™ 3. The value ofC; is — 0.8 a.u. forY, states of
O," and+ 0.4 a.u. forll states. This term makes tRestates
lower in energy than thél states asymptotically. Therefore
the adiabatic potentials arising from the lowest fine-structure
level (J=2) correlate preferentially witl states. However,
the g-u splitting for a pair of> states is larger than fdi
stateq 7]. Figure 6 shows explicitly the absolute value of the
g-u splittings for each of th&.S potential curves. One can
see, for example, in Figs. 2 and 3 that tha splitting of the
lower states tends to be larger than for the higher state
Previous work[1,7,8 has invariably shown that the smgle )
feature of the potentials that has the largest effecQgnor
Qe is the rate of splitting of each pair aj-u potential o
curves. Faster splittings lead to larger cross sections. This (Q%)P=F (P+1). (32
same behavior persists in the coupled-channel calculations.

Thus the tendency of thd=2 levels to correlate witl}

potential curves and the larggru splitting of theX, curves
eprovide an explanation for the larger cross sections Jfor
=2 levels.
An alternative, and somewhat more quantitative, way to
interpret the difference between tn?_e,]D is provided by Fig.
7. This diagram compares the behavior of the partial cross
sectlons QD)P for eachJ with the random phase approxi-
mation(RPA). The RPA, which is shown by the straight line
in Fig. 7, is appropriate in the limit of strong coupling. One
assumes that the phase of the sine function in(gqvaries
so rapidly (as a function ofl) that the siA(---) can be re-
glaced by its average value gf. In the coupled-channel
ase, the sum is ovér instead ofl, and the analogous result

The physical meaning of this approximation is that in the
strong coupling limit of O-O collisions, the electronic
charge is equally likely to end up on either nucleus.

The excellent agreement of the coupled-channel results
with the RPA for values oP up to a maximum value indi-
cates that the RPA is a very realistic model for the strong
coupling regime. The critical factor that determines the size
of the Qp is then the value of that divides the strong
coupling regime(small P) from the weak coupling regime
(large P). From this viewpoint, it is clear why previous cal-
culations have depended so strongly on the rate ofgthe
splitting: this splitting determines the critical value Bf For
smaller values oP, the coupling is strong enough for the
RPA to be valid, and the details of the potential are not
important. The present calculations show that the critical
value depends od.

FIG. 6. Splitting of the gerade and ungerdd® potentials cal- Inelastic cross section®’~” are shown in Fig. 8. In

culated by Stallcot al. The splitting is systematically larger f&  general the inelastic cross sectiods#J') are much smaller
states than fofI states. than forJ=J'.
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FIG. 10. Comparison of single-channel calculations that fully
FIG. 8. Inelastic cross sectio@é,”' as a function of the total include nuclear symmetry with those that use the symmetrized ap-
energy. proximation given in the text. The difference is displaced for clar-
ity, but is shown with the same vertical scale.

We also present charge-exchange cross sections. From ) o .
analytic consideration§l] it has been shown that in the Sureéaccuracy of the solution to within a prescribed tolerance.

single-channel case, one expeQs to be approximately After integrating to a suffici_ently large intern_uclear separa-
twice as large a®,, for temperatures above about 400 K. tion, we transform the solution to the space-fixed frd21g

Furthermore, the energy dependence of the cross section {& détermine thd matrix elements by the boundary match-

expected to follow the analytic foriii] Ing. o _ . L
Several numerical issues arose in the present investigation
(Qp)Y2=A+B log, E. (33) because of the long range behavior of the potential curves.

The convergence of the partial wave sums in the single-
In Fig. 9 we present the calculated results in a way thaghannel calculations was discussed in Sec. Il A. In addition,

facilitates comparison with these approximations. It can bdOr €ach partial wave, it was necessary to integrate the equa-

seen that for energies above0.03 eV, twice the value of tions to a sufficiently large value oR before boundary
Q. is indeed very close tQp, . In this energy range @p) 2 matching. For the single-channel phase shifts, we monitored

is also approximately a linear function of Igg. Both ap- the behavior of the phase shifts as a function of the angular
proximations break down, however, for lower energies,. ~ momentuml. We were able to verify that the correct behav-
ior was obtained for sufficiently larde as predicted by Eq.
(13). For the coupled-channel equations, we performed ex-
tensive convergence tests to make sure that the boundary

The coupled equations were solved numerically using anatching was carried out at a sufficiently large valueRof
method based on the log derivative algoriti29]. We used  Typical values used were 89-50a,. Note that the results
our standard codg30], which calculates the solution in the we report generally depend on the differencesTomatrix
body-fixed frame. The step size is chosen adaptively to enelements, which converge more rapidly than thematrix

elements themselves. We checked that sufficient conver-

35 TV LA T T T gence of the partial wave sums was achieved by monitoring
the asymptotic behavior of the partial cross sectitas a
function of P). After evaluating the sums for all values Bf
up to someP,.x, We fit the last few terms to a power series
in 1/P. By integrating this power series frofy,,,+3 to o,
we could estimate the contribution to the sum of the ne-
glected terms. Typically, we chos®,,,, sufficiently large
that the total effect of the terms with> P, was on the
order of 0.1% of the total cross section.

We performed numerical tests to assess the importance of
nuclear symmetry effects. It was straightforward to perform
single-channel calculations with and without the nuclear
BN I AT T W ET] R R symmetry terms mentioned in E@7). The results of these
_Izo 9 Ean(eV) - 0 calculations are shown in Fig. 10. The results are averaged

" over all theSA states, according to E). Nuclear symme-

FIG. 9. Comparison of the diffusion cross sectio@y with try effects contribute a small oscillatory term to the total
twice the charge-exchange cross secti@gs. For each value of, ~ Cross sections. The amplitude of the oscillations varies be-
the dotted line for B2, approaches the value f@} for high en-  tween about 1% and 4%. This effect is small and certainly
ergies. Note that the square roots of the cross section are plottedery sensitive to the details of the potential curve. It would
and the scale of thg axis does not begin at zero. have a negligible effect on the cross sections convoluted over

B. Numerical procedures
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TABLE lll. Comparison of several determinations of the <O collision frequencyy;, at T=1000 K
divided by the oxygen densiti(O). Results are given in units of 18 cm®s™1.

Theoretical Analysis of
Date Reference studies observations
1997 present work 9.0
1997 Buonsantet al.[17] 10.1+2.2
1993 Pesnell, Omiduar, and HogE8j] 9.2
1991 Stallcop, Partridge, and LeWi] 9.2
1991 Sipleret al. [15] 13.7+1.1
1987 Burnside, Tepley, and Wickwgt4] 12.3°3
1977 Carlson and Harp¢t 3] 9.6
1973 Schunk and Walkég6] 7.2
1968 Stubbg5] 9.3
1966 Bankg4] 7.2
1964 Dalgarnd2] 7.3
1958 Dalgarnd1] 21.9

aDetermined by extrapolating experiments of Stebbings, Smith, and EhfHdidt

a realistic energy distribution. We have therefore not in-those of[7,8]) and the averaged coupled-channel calcula-
cluded nuclear symmetry terms in the analysis of thetions of (Qp) are shown in Fig. 11. The single-channel and

coupled-channel calculations. coupled-channel calculations agree well for energies above
~0.03 eV, but there are significant differences for lower en-
C. Comparison with experiment ergies.

. . We interpret these differences by analyzing in more detail

There exist no Iaboratory data in the.energy range of th‘T?he expected behavior of the cross sections in the Enit0.
present CaICL}Iat;]O”S for a direct corznpanson. dAnaIy]:%ls of 0b=I'his behavior is determined by the long range form of the
servations of the upper atmosphere provide information : : .
about the ion-neutral collision frequency, for O*-O. potential curves. Equatiof12) gave the asymptotic form of

which is a transport coefficient defined by the potentials used in the calculations. For the single-channel
calculations, in whichL S potential curves are used, the value
12 of C5is —0.8 a.u. for¥ states and 0.4 a.u. fdf states. The
—) N(O)Qil(T), (34 charge-quadrupole term therefore depends on the orientation
TH of the O atom, and the average value is zero. In the single-
channel model, one-third of the trajectories begikistates
and two-thirds begin ifl states, and the molecule is as-
sumed to remain in the same state for the entire collision.

; 2
Vin(T) = §

whereN(O) is the oxygen number density aﬂt{’l(T) is the
standard collision integral

3 L[ b3 Hence the value of2; used for all of the single-channel
03 4(T)= Efo exp( —x)x“Qp(xkT)dx, (39 calculations is either- 0.8 or 0.4 a.u., and averaging is done
wherex=E_kin_/kT, andE,, is the initial kinetic energy. _ 2500 S —rrrr ——
In a preliminary reporf10], we calculated the appropriate \
averages of the coupled-channel cross sections for compari \ .
son with atmospheric studies. The theoretical results are nov ~ 2000f x\ T ig‘f‘leeghgﬁor‘:r']el 1
fully consistent with the latest atmospheric studigg. The \ o Stoﬁcop et al.
comparison of several studies at the representative temper¢© .| x\ x  Pesnell et al. ]
ture of 1000 K is summarized in Table Ill. s
[2]
D. Comparison with other calculations é 1000F 1
(jo

We can compare the results of the coupled-channel theor
with other calculations, all of which have neglected fine 590
structure. One comparison was discussed in a previous sec
tion (cf. Fig. 7), where the RPA was found to be reliable in o Lol Lol Y
the strong coupling regime. This section will focus on the -5
low-energy behavior of the cross section.

We must average the state-to-state cross sections provided |G, 11. Comparison of single-channel calculations with the
by the coupled-channel calculations to have a point of comayeraged coupled-channel calculations. The coupled-channel aver-
parison with less detailed approaches. The appropriatgge is calculated under the assumption that the fine-structure levels
degeneracy-weighted average of initial lev€l®,) was  are populated statistically, that is, in proportion to their degenera-
given in Eg. (31). Single-channel calculationtours and cies (21+1).

—4 -3
logyp Ewn(a.u.)
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TABLE IV. Values of C; andC, in atomic units for the space-

5 SRRALL BRRELL N R R AL
fixed, coupled angular momentum representationFfer1005. - N ]
Channel J K I Cs C, K .
TN -
1 2 1/2 101 0.0000 —255 Tl
2 2 32 100 0.0000 —2.55 s T ]
3 2 32 102 0.0000 —255 o
4 2 52 99 0.0162 —2.55 4 -
5 2 52 101 0.0563  —2.55 SE .
6 2 5/2 103  -0.0725  —2.55 ~ L =
7 2 712 98  —-0.0221  —255 s ]
8 2 712 100 0.1448 —255 21 }
9 2 712 102 0.0802 —255 2T 7]
10 2 712 104  -0.2029  —2.55
11 1 12 101 0.0000 —2.55 B3 -
12 1 32 100 00812 —255 °F ]
13 1 32 102  -0.0812  -255 ©r .
14 1 5/2 99  -0.0227 -255 ST 7
15 1 5/2 101  -0.0788  —2.55 oT ]
16 1 5/2 103 0.1015 —2.55 .
17 0 312 100 0.0000 —2.55
18 0 3/2 102 0.0000 - 255 2_|__|_|_|_|_|_ul__]__|_|_L|_|_u_I__|__|_LLL|_L\_| | 1 [|||||| i

-7 —

6 -5 -4

logy Eyn(a.u.)
ir@SA

after the cross section@;" have been calculated for each FIG. 12. The low-energy behavior of the momentum-transfer

Symm_e”y- Since .the CIOSS Sections at IO\_N energy are NQl,qs sections. Results from the single-channel model are compared
sensitive to th? sign o€, the Crps_,s sections refl_ect the with results for each specifid of the present coupled-channel
average magnitudes of th@; coefficients of the adiabatic ethog.

potential curves. In contrast, the coupled-channel method is

based on a coupled angular momentum representation, ¥gerably smaller than the adiabaticS values shown in
which there is some cancellation of the charge-quadrupolggpje |I. Table IV gives the explicit values of tH@; coef-
interaction due to contributions from different orientations officients for each channel at one particular valuePofNote

the O atom. We will show that for the coupled-channel cal-hat the values fod=0 are exactly zero. One can show
culations, theC; coefficients are much smaller and in someqmaly that this is an exact result for all values®f Most

cases are exactly zero. _ _values forJ=1 and 2 are not exactly zero, but are consider-

We consider now the long range form of the interactiongpy smaller than the “pure’s, and Il values. Note that the
potentials in the coupled-channel calculations. These calcy;y) e of theC coefficient averaged over all the channels for
lations explicitly include theR™2 terms. However, since we a givend is zero, just as in thé S representation

perform the calgulation_s in the BF frame, there are even it is giraightforward to evaluate the expected energy de-
longer range R .). off-diagonal centrifugal coupling terms  pendence ofQ, for potentials whose long range form is
that cause transitions among the BF states and complicalgminated by terms such #& 3 or R~*. We evaluated a

any consideration of the asymptotic behavior of the potengjqie_channel model based on using the RPA approximation

tials. An alternative approach is to consider the long rangg, jow partial waves and using the Born approximation for

behavior of the pote_ntial curves in the coupled angular mohigh partial wavegsee Eq(14)]. The critical value of® (or
mentum representatiofSF frame. Although we do not ac- | iy 3 gingle-channel modebeparating these values is that

tually perform the ngmerical integration in this franifer value for which the argument of the &n-) in Eq. (6) is
reasons_of computatlonal economye would get _the same equal to a number of order unityThe results are not very
results 'f. we did S0. An advantage .Of c0n3|der|ng_ thegensitive to this number.Our calculations follow an ap-
asymptotic interactions !n.the SI_: fram.e is that the centrifug roach used in standard referen¢2d] to treatR~* poten-
terms are dlago_nal, SO0 it is easier to |soIa_te the effect_ of th als. The result is that foEsR~3 potentials, one expects
electronic coupling. Also, the SF frame might be considere
closer to the physical situation and easier to visualize. It has Qp(E)~|C3/E|?8, (36)

been showni27] that in the SF frame the off-diagonal terms

enter in second order, and the cross sections are determingdd forC,R™* potentials,

primarily by the diagonal electronic coupling matrix ele-

ments. By explicit numerical calculation, we have trans- Qo(E)~|C,/E|Y2, (37)
formed the interaction potentials to the SF frame and evalu-

ated the coefficients of thR 3 terms. These calculations The value ofCj is different for each channel, but we only
verify the qualitative interpretation presented earlier. The use the above analysis to predict the exponent of the energy
coefficients depend on the channel, but in general are corfer the scaling behavior ap .
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Figure 12 shows the low-energy behavior of the calcutions of the momentum-transfer and charge-exchange cross
lated cross sections. Note the log-log scale. The slope of theections show a strong dependence on the initial fine-
single-channel calculations corresponds almost exactly to th&tructure level. The calculated results, when averaged over a
power law dependence predicted by E2f). A least squares statistical distribution of initial levels, are fully consistent
fit to the points forE<2.0x10°° gave an exponent of with the most recent results derived from atmospheric obser-
—0.658. The corresponding slopes of the 1 and 2 cross vations[16,17.
sections are also close to the values predicted by(&&): The coupled-channel calculations have enabled us to as-
—0.643 forJ=1 and—0.613 forJ=2. The slope of the sess the accuracy of simpler approaches. The present work
=0 cross section in the same energy range 499, very indicates that the single-channel method based on adiabatic
close to the value of-0.5 predicted by Eq(37). potential curves is reliable for energies above about 0.03 eV.

The breakdown of the single-channel method occurs nedror lower energies, the dynamics of the long range charge-
a critical energy of about 0.03 eV. This energy is approxi-quadrupole R™3) interaction are not accurately handled by
mately equal to the fine-structure splittilge of the J=2  the single-channel method. The present study also has impor-
and 1 levels. This result leads to the hypothesis that théant implications for laboratory measurements. Our results
single-channel model is reliable as long as the collision enindicate that the measured values@j or Qg, will depend
ergy is larger than the splitting between the fine-structurestrongly on the distribution of initial fine-structure levels.
levels. This conclusion appears plausible, since the single-

channel model neglects the splitting entirely. However, we ACKNOWLEDGMENTS
do not have a detailed model that explains the breakdown. .
Further studies are in progress to address this point. This work was supported by Grants No. ATM-9409362

and No. ATM-9632707 from the National Science Founda-
tion. C.D.C. was supported by the NASA Delaware Space
Grant Consortium and by the REU program in the Physics

We have presented calculations of adiabatic potentiaDepartment at Lehigh University. Some of the final calcula-
curves for the @ molecule that include the effects of the tions were performed by Zach Watkinson. A.P.H. acknowl-
spin-orbit operator. The curves dissociate to the three fineedges helpful conversations and correspondence with Dr.
structure levels of atomic oxygen. Coupled-channel calculabean Pesnell and Dr. Harry Partridge.
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