PHYSICAL REVIEW A

VOLUME 28, NUMBER 1

Theoretical study of intramultiplet transitions in collisions of atoms
in 3P electronic states with structureless targets: Ca(*P)+He

Millard H. Alexander, Tadeusz Orlikowski,* and John E. Straub'
Department of Chemistry, University of Maryland, College Park, Maryland 20742
(Received 17 January 1983)

The quantum close-coupling (CC) treatment of collisions of an atom in a *P electronic state with a
structureless target is developed, based on earlier work of Mies [Phys. Rev. A 7, 942 (1973)], and a
Jjs-conserving [coupled-states (CS)] simplification presented. There is no direct coupling between the
J=0 and J =1 levels; transitions between these levels will occur only as a result of Coriolis coupling
involving the J =2 state. Actual CC and CS calculations are reported for collisions of Ca4’P° with
He, based on the potential curves of Malvern [J. Phys. B 11, 831 (1978)]. In the CC results, of the
three independent cross sections, J =21 is predicted to be largest, and J =2—0 smallest, over the
entire range of collision energies sampled. By contrast, the CS approximation predicts the 1—+0
transition to be forbidden, and yields only fair accuracy for the CC 2—1 and 2—0 transitions. The
coupling between spin-orbit states is also interpreted within an adiabatic model. A comparison with
the experimental results of Yuh and Dagdigian (preceding paper) is made by averaging the CC cross
sections over the experimental translational energy distribution. The experimental cross sections for
the 2— 1 and 2—0 transitions are 3—4 times larger than the theoretical values, and the 2—0 cross
section is found experimentally to be ~3 times larger than the 1—0 cross section, in direct contrast
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with the theoretical prediction for this ratio.

I. INTRODUCTION

There has been much interest in the past in the theory
of fine-structure changing collisions in atomic collisions,
in particular collisions of atoms in 2P electronic states
with closed shell atoms. Nikitin and collaborators'? have
carried out a continuing series of investigations of these
processes, within a semiclassical treatment of the collision
dynamics. There have also appeared a number of fully
quantum studies,”~ " based on formalisms presented first
by Reid and Dalgarno®* and by Mies.* Relatively little
attention has been paid to collisions of atoms in 3P states,
where three distinct fine-structure-changing transitions
will occur, as compared with the unique transition which
characterizes the well-studied 2P systems. There have
been several studies of P systems using semiclassical
methods !¢ or elastic-scattering models'’; Cohen, Col-
lins, and Lane'® have determined cross sections for the
Ne(*P)+ Ne system using an approximate closc-cou?ling
treatment; and, recently, Aquilanti and co-workers'?~?!
have discussed quantum decoupling approximations which
may be suited to this type of collision. Ab initio poteniial
curves for the interaction of noble-gas atoms with
alkaline-earth atoms in °P electronic states have been re-
ported by Malvern?? and by Demetropoulos and Lawley.?

Motivated by the recent experimental study by Yuh and
Dagdigian,?* we have undertaken a companion theoretical
investigation of fine-structure changing collisions of
alkaline-earth atoms with helium atoms, using a fully
quantum description of the collision dynamics. The for-
malism, presented in the next section, is an extension of
the work of Mies.> The Ca-He potential curves of Mal-
vern,?? discussed in Sec. III, were used to describe the in-
teraction. Calculations were carried out within a full
close-coupling treatment and within a j,- (or 2-) conserv-
ing simplification, identical to that described by various
authors. !0 1820.2L25 Oyr goal is to explore the range of va-
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lidity of this dynamical approximation and to investigate
the degree to which accurate quantum-scattering calcula-
tions can reproduce the experimental data of Yuh and
Dagdigian.?* These calculations are described in Sec. III
and the results presented and discussed in Sec. IV. These
results are interpreted in terms of an adiabatic formula-
tion" !¢ in Sec. V. The comparison between our calcula-
tions and the experimental intramultiplet cross sections re-
ported in the preceding article’® is made in Sec. VI. A
brief conclusion follows.

II. FORMULATION OF THE DYNAMICS

As stated in the Introduction, we follow the approach
presented by Mies® for collisions of F(®P) with H™.
Asymptotically, the wave function for the M(*P)+ N('S)
system will be written as |N)|AZnLS), where |N)
denotes the wave function of the noble gas and the wave
function of the metal atom is specified by the orbital and
spin angular momenta (L and S), their projections along
the M-N axis (A and Z), and an index n which denotes the
electronic state of the metal atom. The total electronic
Hamiltonian is given by °

Hyn(Fa TRV =Hyn (Fa, TR+ Vis n
where
Hyn(Fa, T R)=Hp (Fa )+ Hy(Tn)+ Vagn (T, TasR)
(2)

Here Hy and Hy denote the electronic Hamiltonians of
the M and N atoms; Vs is the spin-orbit operator; the
coordinates of the electrons are denoted by T and Ty;
and V. denotes the electrostatic interaction between the
two atoms, which depends parametrically on R, the M-N
distance. We assume that Vy,y vanishes as R — .
Within the Born-Oppenheimer approximation the elec-
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tronic eigenfunctions of a diatomic system are traditional-
ly designated by the quantum numbers A,X,L,S. We
have

HYn |R,ASALS Y =W 5, s(R)|R,AZnLS), (3)

where, as before, the index n will designate the particular
electronic state of the two-atom system. The eigenfunc-
tions |R,AZnLS) are the adiabatic electronic states of
the molecular system, as would be given by an ab initio
calculation, and behave asymptotically as

Jim |R,AZnLS)=|N)|AZnLS) . ()

The corresponding relation for the Born-Oppenheimer en-
ergies is

Rhm WAZALS(R)zEnLS +EN , (5)

where E,; s and Ey denote the electronic energies of the M
and N atoms.

The electronic states which correlate asymptotically
with atoms in the >P and 'S states are *I1 and 3Z. The re-
flection symmetry of the latter state will be =% if the
atom has an sp configuration (*P,) and X~ if the atom
has a p? configuration (*P;).2” The electronic energies are
independent of the signs of A and I, and for simplicity
will be denoted as W (R) and Wg(R). Since the quantum
numbers n, L, and S have the same values for both the *I1
and 33 states, these indices will be dropped unless explicit-
ly needed.

Linear combinations of the electronic eigenfunctions
can be taken which are eigenfunctions of the total angular
momentum J =L +§, namely,

|[RJQ)= 3 (LASZ|LSJIQ)|R,AZ), 6
AZ

where ) is the projection of Bj along the M-N axis and
(LASZ | LSJQ) is a Clebsch-Gordan coefficient. The ma-
trix elements of the electronic Hamiltonian between these
total angular momentum states are given by

)

(R,J'QY |HYy | R,IN)
= (LASZ |LSIQNLA'SE' | LSI'Y')

%
X{(R,A'Z|HJn|R,AZ). (D

Since
(R,AN'Z|Hiyy | R,AZ) =8pa835Waz(R), (8)

it follows that the matrix elements vanish unless =9,
so that Eq. (7) becomes

(J'Q | HYyy |IQ)
=8na (2T + 1027’ +1)]'2

LS J Ls Jv
XZ Az —a|az —a|¥aR),
9
where
Ls J Ls J
Az -0l A3 0
are 3j symbols.
The spin-orbit interaction can be written as
- -2 o2 2
V.s(R)=a(R)L-S=+a(R)[T ~L -S]. (10)

Since 2the | R,JQ) functions are eigenfunctions of -32, _I:z,
and § , it follows that the spin-orbit Hamiltonian is diago-
nal in the | JQ2) basis. These diagonal terms can be added
to Eq. (9) to give an expression for the matrix elements of
the full electronic Hamiltonian [Eq. (1)]. Since the Born-
Oppenheimer energies are independent of the signs of A
and 2, it is easy to show, using the orthogonality proper-
ties of the 3j symbols, that the summation over A and X
in Eq. (9) can be evaluated analytically. This leads to the
following expression:

(J'Q | Hyw 1 IQ) =8ag: |81 Wn+%uu+1>-ul.+1)—s<s+1)]
) A LS J||lLs »
+D+D DI 2AWs—Wa) g g _allo a —all- (n
TABLE I. Matrix elements of electronic plus spin-orbit Hamiltonian in body-frame basis.*
|00)* 120) [10)
|00) %[ZWn(R)+W;(R)]—2a(R) ?[W“(R)—WI(R)] Y
| 20) —?[WH(R)—-W;(R)] T Wn(R)+2Ws(R)}+a(R) 0
110) 0 0 Wn(R)—a(R)
l1#1) [2+1)
f1£1) +[Wn(R)+ W3z(R)]~a(R) + 5[ Wn(R)— Wx(R)]
[2£1) +3[Wn(R)— Wx(R)] +[Wa(R)+ Wi(R)]+a(R)
1242)
|242) Wu(R)¥a(R)

*See Eq. (11); the states are denoted |JQ) with L =S =1 understood.
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Explicit expressions for these matrix elements are given in
Table I.

We notice that in the 2=0 block the J =1 state is not
coupled with either the J =0 or J =2 states. This is be-
cause the 3j symbols in Eq. (11) vanish when
L=S=J=1 and Q=0. Since the J =0 state only ap-
pears in the 2 =0 block, this implies that there is no cou-
pling at all between the J =0 and J =1 levels (the J =1
and J =2 levels are coupled in the =1 blocks). The
physical origin of this lack of coupling involves the sym-
metry of the wave functions with respect to reflection in a
plane containing the M-N axis. The electrostatic potential
Hyy is, of course, symmetric under this operation, and,
for =0 the symmetry of the | R,JQ) functions is given
by (—1)’*1.2% Thus within the Q=0 block, the even-J
states will never be coupled with the odd-J states, regard-
less of the detailed nature of the electrostatic potential.
Since the J =0 state only appears in the {2 =0 block, it can
thus never be coupled with any odd-J level. Alternatively,
in line with the discussion given by Voronin and

}

al

(J'Q' | Hyy | Q) =8¢ 2

&u! [Uo(R)'f‘

— (=1 =00(6/5020 +1)(20" +1)])'/2 \

where

JJ 2

111
is a 6j symbol and the vy(R) and v;(R) potentials are ob-
tained by integrating the ¥3(7,R) and V,(r,R) terms over
the coordinates of the p electron. The requirement of

equivalency between Eqs. (11) and (13) implies, as previ-
ously derived by Aquilanti and Grossi,"

vo(R)=[Wz(R)+2Wy(R)]/3 (14)

and

v2(R)=5[W3z(R)—Wg(R)]/3 . (15)

An expression for the body-frame potential matrix ele-
ments, analogous to Eq. (13), but for the case of collisions
of 2P atoms, has been given by Fitz and Kouri.® As
pointed out by Aquilanti and Grossi,'® Eq. (13) facilitates
the connection between the present problem and the
scattering of an atom by a rigid rotor, where vs(R) would
be the spherically symmetric potential and v,(R), the an-
isotropy.

Up to this point we have expanded in body-frame states;
the space-frame |JM,) states are related to the |JQ)
states by the transformation

|IM;)= 3 Difa(6,4,00]JQ) , (16)
0

where 0,4 describe the orientation of R in the space

R) g+ L +1-ss+1)

Kvlividze'* or Cohen ef al.,'® we can say that the
|/=2,0=0) and |J=0,0=0) atomic states correlate
with linear combinations of the *IT _ and ’%,- molecular
wave functions, while the {J=1,2=0) atomic state
correlates with the 3HM wave function.

Another formulation of the dynamics, which follows
the initial approach of Reid and Dalgarno,** is to expand
the electrostatic Hamiltonian H gy [Eq. (2)] as an effective
interaction involving only the lone p electron, namely,

Hyn(F,R)= 3 V,(r,R)Py(cosh) , (12)
A

where 6 is the angle between T, the vector describing the p
electron, and R. For the case of collisions involving an
nsn’p 3P atom, one can show, with a little angular momen-
tum algebra, that only the A=0 and A=2 terms will con-
tribute and that the body-frame matrix elements {Eq. (11)]
are now given by

J 22U

000 (13)

JJ 2
{1 1 l}l)z(R)J,
[

frame, and our definition of the Euler angles follows that
of Brink and Satchler,”® To describe the collision we ex-
pand the total wave function in eigenfunctions of the total
angular momentum }’ =7 + T, where T denotes the orbi-
tal angular momentum of the two-atom system. We have

LMY= (UM,Im; | JLEM)|IM,) |Im,) |

Ml,m,
an

where the ket Jlm,) is a spherical harmonic. As dis-
cussed by Mies,” the coupling scheme used corresponds to
Hund’s case (e).?” The spherical harmonics in Eq. (17)
can be expressed in terms of rotation matrix elements?;
the resulting froduct of two rotation matrix elements can
be collapsed?’; and the sum over the M. ; and m; indices
can be performed, using the orthogonality properties®® of
3j symbols. We find

[IFM) =[(2F + )2 +1)/4m)H( —1)/

s .
09 —qlPhali).

1 J
X3 (—1)°
1]

(18)

The matrix clements of the Hamiltonian Hyy + Vg
can be evaluated from Eq. (18) by integration over all
values of 0,¢ and using Eq. (11). We find, after some
straightforward angular momentum algebra,
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al

Vip n(RYS(IT M | Hyy | JIFM) =88 5

Wn+

RIIU+1D=LOL +1)=S(5 +1)]

+L2L+ DRI+ 1T + DI+ DIYAW s — W)

1J s
0o —-Q

x2

n

As in the case of the simpler body-frame potential [Eq.
(11)], one can show from the restrictions on the 3j symbols
in Eq. (19) that there is no coupling between the J =0 and
J =1 states. Collision-induced transitions between these
states will occur only through the second-order sequence
J=0,l=f—J=21l=,, fFr2J=11=/F. As dis-
cussed by Aquilanti and Grossi,'® the space-frame poten-
tial matrix [Eq. (19)] for a given ¢ will separate because
of parity into a 5X5 matrix involving states of parity
{—1Y*! and a 4X4 mdtrix involving states of parity
(=1)7. An expression, equivalent to Eq. (19), for the
space-frame potential in terms of the vy(R) and v,(R)
terms [Eq. (13)] has been given by Aquilanti and Grossi."®

The total Hamiltonian for the collision can be written as

— 2
w Ve+Hyy ,

H= (20)
where Hyy is defined by Eq. (1). We will expand the total
wave function in terms of the |JI £ M) states as

)

# (
Uy 1 (R)= JUFM
{0 (R) R? e

3k

where T4 =?—7.

If these non—Born-Oppenheimer terms are neglected
the coupled equations become entirely equivalent to those
which appear in the treatment of atom-molecule rotation-
ally inelastic scattering,’® and which have been presented
and solved by several authors>#6~!3 in the case of col-
lisions of atoms in P electronic states with noble-gas tar-
gets.

Furthermore, if the centrifugal term in Eq. (23) is re-
placed by a constant value I{/+1)/R? for all channels,
then, exactly as in the coupled-states (CS) approximation
for rotationally inelastic collisions,*’32 a centrifugal
decoupling of the CC equations can be achieved. This re-
sults in a block diagonalization in the index Q with the
potential matrix given by Eq. (11). Obviously, then, from
the discussion following Eq. (11) we see that within this
CS (j,-conserving) approximation, there will be no cou-
pling between the J =0 and J =1 states. The CC equa-
tions become reduced to three uncoupled equations
(J=2,0=+2 and J=1,{=0) and three sets of two cou-
pled equations (J=0,2;Q2=0 and J=1,2;Q2=+1). This
quantum decoupling approximation has been applied to
the study of fine-structure changing collisions by several
different groups,'®1820.21.25  apparently independently.
Several semiclassical treatments containing a similar
decougling approximation have also appeared in the litera-
ture,!26:33

The CC equations (22) are solved subject to the boun-

2 2 82
IB—1(1+1)—R*Z-—2R

rry rglles vlLs »
on -qfloa -afloa -0 a9
]
YR, = 3 CumRIIFM) . @1
LLygM

The C;; ,u expansion coefficients satisfy the usual close-
coupled (CC) equations

3 (848D (R)+Vip y(R)
J

+Ufp n(RICrr ym(R)=0, (22)
where
#8238 D
DRI= |+ rar—ri | B @

where E designates the total energy and V{, s(R) is de-
fined by Eq. (19). The third term on the left-hand side
(LHS) of Eq. (22) designates the so called non—Born-
Oppenheimer terms and is written®

9 JI/M) _ jz—<J'1'/M 2 Jl/M)i . )
aR 2 oR oR
I
dary condition®
Rlim Citym{R)=8,,8exp[ —ilk;R —$1'm)]
—(ky 7k V2S5 g
xexpli(k;R —+1m)], (25)
where
ky=[20(E — Eyn 5)/#]'/? (26)

with the internal energy E,,; ¢ being defined by

a(R=ow)

Epps=Ens+Ey+ )

XWJUI+D-LIL+DH-SES+D]. 2D

The inelastic cross section for the J— J' intramultiplet
transition, averaged over projection quantum numbers, is
given by the expression

Orr="5 S Py, (28)
ki “f
where Py, ;, the weighted partial opacity, is defined by
2/+1)
P y= > 18580 —Sfrnl?. 29
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