1268 WILLIAM B.

®See Ref. 18, Fig. 2, for an example,

%The cross section for N,* +N, — N, +N," is in very good
agreement with the same cross section measured by J. J.
Leventhal, T. F. Moran, and L. Friedman, J. Chem.
Phys. 46, 4666 (1967).

*See Ref. 1, p. 662ff; the factor f is not in Eq. (101)
on p. 663, but is in Eq. (107) on p. 667. See also Ref.

41, Particular states of A* and B may give rise to several
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electronic states of the AB* molecule. f is the probability
that the colliding atoms A* and B approach each other
along an A*B potential curve (Ref. 36) which crosses an
appropriate potential curve for B*A at a point such that
dissociation into B* and A is possible.

521t is here assumed that ( +3)2/R%*=0 when =0 and
that x =« when I=L; compare Egs. (101) and (108) in
Chap. XIX of Ref. 1.
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The coupled equations of the adiabatic-state expansion method for quasiadiabatic transitions
in atomic collisions are reduced in the eikonal approximations to a form that allows straight-
forward computation. The multistate eikonal approximation is then applied to the He"(1s)

+H(1ls) —~ He*(1s) + H(2p) excitation process.

The partial and total 2p-excitation cross sections

as well as the polarization of the light emitted by the excited H atoms are calculated. Our

results compare well with recent experimental measurements.
coupling is dramatically illustrated by the above 2p-excitation process.

The importance of final-state
The qualitative fea-

tures of the nonadiabatic effects are also investigated in the eikonal Born approximation as
functions of the position and distance of closest approach of the two adiabatic states.

I. INTRODUCTION

In Paper I of this series,! the adiabatic-state
expansion method for atomic scattering and rear-
rangement collisions was critically examined.
Several difficulties and ambiguities for rearrange-
ment collisions were resolved. It was then shown
that the use of the eikonal approximation to describe
the motion of the atoms or ions or both permits the
coupled equations of the adiabatic-state expansion
method to be reduced to one-dimensional equations
defined along classical trajectories. Several prac-
tical techniques for evaluating wave functions and
Green’s functions in the eikonal approximation were
introduced in Paper II.2 A variational technique
based on the “principle of least action” was also
developed in Paper II for the calculation of the tra-
jectory. Numerical illustrations of these various
techniques were carried out for the (H*, H) and
(He®, He) collision systems in both the classical
limit and the nonclassical regime of the eikonal
approximation.®® In all these applications, we
were dealing essentially with potential-scattering
problems. In the present paper we shall consider
the problem of quasiadiabatic transitions in the

multistate eikonal approximation.
The eikonal approximation will be valid if (in the
notation of Paper I)

ns=M/pag<<1,

where p is the relative momentum of the colliding
particles.” Our approximation scheme is expected
to converge rapidly if the adiabatic criterion is
met:

ny=v/(e?/M) <1 . 1.2)

Let E be the initial kinetic energy (in a.u.) of the
colliding particles in the c.m. system. We shall
assume conditions (1.1) and (1. 2) and, further,
that

E>1,

(1.1)

(1.3)

which permits us (see Paper II) to calculate the
eikonal with the approximation that the trajectories
lie along straight lines. When condition (1. 3) is
met, the eikonal criterion [Eq. (1.1)] will always
be satisfied.

In the adiabatic-state expansion method, the state
function ¥; is represented by the expansion [see
Eqgs. (12.14) and (13.20)]



|on

Ua=225 05 T4(R) 1.4)

with ¥,(R) satisfying the coupled equations [see
Egs. (12.18) and (13.45)]

Uy =0 Wigg+ (E+in =KWy =0,)1 20 Jop¥, ,

" (s
where W, + U, are the eigenvalues of the adiabatic
states ¢,, K is the appropriate kinetic energy oper-
ator of the colliding system in the c. m. system,
and J ., are the appropriately modified nonadiabatic
interactions [see Egs. (I2. 16) and [13. 28)]. In Eq.
(1.5) we have labeled the initial state as @=0 with
incident relative momentum p. Thus, the coherent
state ¥y represents elastic scattering. The scat-
tering matrix, for a final state « and relative mo-
mentum K is

(0[, E' T‘ 0) 5 >: ¢ ao()‘ks UD\I’:oiS) + (\I’;aﬁ y Z#—; JaB‘I/B> .
B a

(1.8)

We shall make use of the techniques developed
in Paper II for evaluating wave functions and Green’s
functions in the reduction of the transition matrix
elements. In Sec. II the matrix elements for quasi-
adiabatic transitions are reduced in the multistate
eikonal approximation to a form that allows straight-
forward computations. We then consider the appli-
cation of the multistate eikonal approximation in
subsequent sections.

In Sec. II, a model (He*, H) collision system is
constructed based on the adiabatic HeH" states re-
cently calculated by Michels.* The (He*, H) model
is constructed to provide a reasonably realistic
representation of the 2p-excitation process

He*(1s)+H(1s)~ He*(1s) + H(2p) . (1.7

In this (He*, H) model, we have included six adiabat-
ic molecular states. The nonadiabatic interactions
between these adiabatic states are represented in
this model by semiempirical formulas obtained from
the exact asymptotic expressions of the nonadiabatic
interactions.

A detailed investigation of quasiadiabatic transi-
tions is carried out in Sec. IV in the eikonal Born
approximation. In this investigation we have studied
the qualitative features of the nonadiabatic effects
as functions of the position and distance of closest
approach of the two adiabatic states. The saddle-
point approximation for the evaluation of the path
integral® is then investigated and compared with the
corresponding numerical results. The error re-
sulting from the eikonal Born approximation is ex-
amined in the two-state eikonal approximation in
which the back-and-forth coupling between the two
states is explicitly accounted for.

The application of the multistate eikonal approxi-
mation to the 2p excitation of H atoms by He* ion
impact is then carried out in Sec. V. We have cal-
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culated both the partial and total excitation cross
sections as well as the polarization of the light
emitted by the excited H atoms. Our results com-
pare well with recent experimental measurements.®
The importance of final-state interactions’ is
dramatically illustrated by the 2p-excitation pro-
cess of Eq. (1.7). A brief account of this work has
appeared elsewhere.®

II. MULTICHANNEL EIKONAL APPROXIMATION

In this section, we consider the evaluation of the
scattering matrix (o, kKI710,p ) given by Eq. (1.6)
for multichannel quasiadiabatic atomic processes.
We shall consider first the simple eikonal Born
approximation. This corresponds to the well-known
Born approximation in which the coupling of other
participating states is neglected. The eikonal Born
approximation, however, improves the usual Born
approximation by providing a more careful analysis
of the phase relations between the two states. After
deriving the eikonal Born approximation, we then
investigate the coupling of participating states. In
the multistate eikonal approximations, a set of
coupled first-order differential equations is then
derived for the eikonal amplitudes as well as the
transition amplitudes. The cross section for the
quasiadiabatic transitions can then be calculated in
terms of the solutions of the coupled equations for
the amplitudes.

A. Eikonal Born Approximation

The Born approximation to Eqs. (1.5) and (1. 6)
gives us the scattering matrix

TZOE(\I’;aE5 Jao(ﬁ’ —iv)\p;oi!) . (2 1)

The matrix elements may be reduced to path inte~
grals in the eikonal approximation. We have for
the coherent state ¥%; and the modified nonadiabatic
interaction J,,(R, - iv) [see Eq. (13.28)] the forms

V! or(R) = (21) %2 4, (R)e! Sk®) | (2.2)

JaoR, = i¥) = J0(R, K(R)) = 40(R) (2.3)

The matrix elements in the eikonal Born approxi-
mation then take the form

T8, = (21)2 [ PR AL(R) Ay(R) J oo (B) e LS5E)- S3E00
(2.4)

The eikonals S*(R) have been evaluated in Paper II.

We shall use a coordinate system with the z axis
parallel to p. In this coordinate system, we shall
suppose that J,y has cylindrical symmetry with
the form

Juo(R) = do0(z, ), (2.5)

where b is the distance of a point R from the z axis,
i.e., the impact parameter. The path integrals
then take the form, to relative order 16,1,
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72,=2m)2 [ pdp de dzJ oz, b) 1S3~ Si®1
(2.6)

1 (which is valid to rela-
From Eqs. (II3.14), we have for

where we have taken A(R) =
tive order 16,1).
the eikonal

Sg(ﬁ)=p§ secf - pbtang + dy(z, b) (2.7)
S;(R)=kzsecp +kbtang + 3} (Z, b) , (2.8)
with
®4(2, b) =—pf [[p? )]+ UpR)}dz’ , (2.9)
3,(z,b)=k f:{é[sz -BE)]+ U, R} a7, (2.10)
B=%6,.=1im B(3) , (2.11)
Faco
UR)=1-[1-0,(R)/¢, ]2, (2.12)

where 8(z) and V(R) are defined by Egs. (II2.2)
and (12.9), respectively. The coordinate Z, which
was defined in Fig. 2 of Paper II, is related to z
by a plane rotation through an angle 8.

We shall use the straight-line approximation for
the evaluation of the eikonal. This is valid when

[see Eq. (111.22)]
es= (920 A, /E3 21, (2.13)

where A, is the value of the reduced mass M, ex-
pressed in units of the proton mass. We then have

3= —K,) R—kbO.+ A4z, b),

z<0 (2.14a)
=(Po~K)* R—pbo,+Ad,4(z, b) ,
z>0 (2.14b)
with
A® 40(Z, b) E—pf Up(Ry) dz” —kf Uy(Ry) dz’
(2.15)
Ry= (2 + %)%, (2.186)

where P, and K, are the asymptotic relative mo-
menta in the post and prior regions, respectively.

Let K lie in the xz plane and P, be radial. It then
follows that

K, R=kcos6![zcosd +p sing cosg]
- ksind.[p — z cosé sing cosy] ,
=pz,

=pcosb z+ppsing, ,

Po-

k- _ﬁ:kcosezkap sinf cosg ,

T
o )

(2.17)

where 6 is the scattering angle, 6 =cos™ (Z)- 1}).
To relative order 16,1, we then have for all values
of z
S;—Si=(p—k)z—kpsingd cosg + Ad,,(Z, b) .
(2.18)
After integrating over ¢, the path integrals given
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by Eq. (2.6) reduce to the form
T8,=(21)2 4 b db Jy (kb sing)

£
X [ A2 oq(z, b) il =Pz a0a0@m

(2.19)
where we have made use of the approximation

pdpdz=bdbdz , (2. 20)
which is valid to relative order 16,].
The identity
A‘I)ao(z, b):é‘pao(b) +6¢a0(2’ b) B (2 21)
with
B40(0)= 8, (0) + By(b)= = [ _ [RUL(Ry) + pUy(Ry)] dz
(2.22)
and
5@ 40(7, b):—foz[on—kUa]dE', (2. 23)

permits Eq. (2.19) to be rewritten as

5= (21)2 [ bdbJo(kb sing) @2,(b) e /200 |

(2.24)
with

) ifz(p~R)+b (Dao(é",b)]

ozo(b f dz J azO(

(2. 25)

The local phase difference §& ,y(z, ) can be rewrit-
ten as

- Z /1 1
6@040(2, b)':f <'— Ua—"lJ())dZI 5
A Up Vp

where we have assumed that U, and U, are small
in comparison with the total energy E.® The transi-
tion amplitude given by Eq. (2.24) may be solved
by the stationary-phase approximation in the clas-
sical limit. This is shown in Appendix A.

The differential cross section in the eikonal Born
approximation may be obtained from Tf,o:

(2. 26)

oy 2| .20
The total cross section
o= — dﬂ (2. 28)

can then be obtained from Eq. (2.27) in the simple
form

2 (T
Uﬂzvk/; bdb | @By(0)|2

where we have made use of the approximation giver
by Eq. (II5.23).

(2. 29)

B. Multistate Eikonal Approximation

In atomic collisions, a number of adiabatic states
which are closely spaced would participate in the
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interaction simultaneously. To provide an adequate
description of such collisions, one must account
for the dynamic coupling of these states. For such
collisions, Eq. (1.5) may be solved directly. We
consider the case that only a finite number of adia-
batic states a need be included and that the energy
E is large compared with the spacings of these
states.

We rewrite Eq. (1.5) as

¥ —5a0‘1’coﬁ+>4  Colusls »
B(#

(2. 30)

where in our eikonal approximation the Green’s
function takes the form

G, R, R)=-(M,/2m) |[R-R'| el Sa®ED
(2.31)
Here
= ﬁ —
Sa(®, R)= [, ka(R)ds, (2. 32)
with
Ko=[2M,(E - W,-0)]"2, (2.33)

and the path of integration runs over that trajectory
which passes through R’ and R.
We attempt to solve Eq. (2.30) with the ansatz

T, (R') = (21)%/2 y4(R") € S8R 2. 34)

where it is supposed that the eikonal amplitude y,
is a relatively slowly varying function of position
and S;(R) is the eikonal function

- bt
Ss®) = kyds . (2. 35)

Here, in the straight-line approximation, the path
integral is taken parallel to p and

lim S,R)=[2M,(E - W,)]'/23- R . (2. 36)

PO - P
(See Secs. II and III of Paper II for a discussion of
boundary conditions for the eikonal.)
Now, let us define

=R'-R (2.37)

and write
S, @&, R )=k, (R)r, (2.38)
Sy(R")=k,(R) - T+S,(R) , (2.39)

where k;=kzp. When Egs. (2.31), (2.34), and
(2.37)-(2. 39) are used, the quantity G.J,z¥; takes
the form

o

God 4s¥s = —_W(ZJZS efse‘f*’/ rdret*a®T[ (R, 7),
0
(2.40)
with
IR, 7)= [ dr et ® P (R+7)y,R+T),
(2.41)

where the angular integral can be approximately

IN SLOW COLLISIONS...IV..

1271

evaluated to give
I,[R, )= = (21/ ik g7) [ 67 T o (R + D7) v, (R +H7)
e J L R-pr)rR-pr] . (2.42)

Then for «,7> 1, the conventional asymptotic eval-
uation gives us

Meissu’i) . .
God ¥ = W dr J 4 (R = p7) v4(R = p7)
(2.43)

Because of the assumed cylindrical symmetry of
Jes, We have

X ei[xa(R)-xs(R) r

Jos(R = pr)=d o(z =7, b) , (2. 44)
'yﬂ(ﬁ—fw):yﬂ(z—r, b) . (2. 45)
Let us define
Z'=z-7r; (2. 46)
we then have
[k o(R) = ks(R)]7= S, (2, b) — Sz, b)
~[Sa(z",0) = Sp(e", D)) . (2.47)

Taking this together with Eq. (2.43), we write,
finally,

N ZetSa(z,b)

¥, (R)= Fia )

aO‘I'cuis( )
z

xf dz' J o5 (2', 0) va(2', b) e” 1208t (2, 48)

Here we have set

Vg =K/ My =0
and
?45(2, 0)= S, (R') - (2. 50)

Equation (2. 48) can be further simplified. Sub-
stitution of Eq. (2.2) for ¥},;(R) and Eq. (2.34) for
¥, (R) into Eq. (2.48) yields the set of coupled
equations for the eikonal amplitudes vy,

(2.49)

S,(R’) .

z

N
val2, D) =8 49—i 20 dz' Nog(z', b)ye(z', b)
B#ta J/_
(2.51)

or

dve(z, b R

—&ﬁ_—l: -7 7_;‘ Aos(2, 0) 75(2, 0) (2.52)
with

Aos(z, D) =03 I (2, b) e 10 aB@D) (2.53)

The boundary condition for the eikonal amplitudes
is
Yolz, )= 1 as z— -

’

(2. 54)
vol2,0)=0 as z— - for a#0,

which merely states the fact that in the asymptotic

prior region the scattering system is in the 10p)

state.
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The scattering matrix (oK | T/0p ) given by Eq.
(1.6) can also be evaluated in the multistate eikonal
approximation. Considering the case a#0, we

have

N
TS =(2n)° 2
Bt «

dsRAa(ﬁ) Ja/g(—ﬁ) YB(E)

x ei[SB(R)- Sp(R)N . (2 55)

This path integral can be evaluated just as before
for Eq. (2.4). We obtain

700 = @n)2 [ babJo(kd sing) QLY () e /2P a0® |

(2. 56)
with
Q;(J%)(b): e(i/a)[q)a(b)-d)o(b)] g} / dZ’ JaB(Z,; b)
Bt a J.»
X e-idlaﬁ(z',b) YB(Z’; b) , (2. 5,7)

where the ¢,,4(z’, b) are given by Eq. (2.50). For
the case with 3=0 we have

— ooz, B)=2(p =) +6B ,o(2, b) +3 [84(b) - 3,(b)] .
(2.58)

It is then clear that Eqs. (2.56) and (2. 57) reduce
to Eqs. (2.24) and (2. 25) in the eikonal Born ap-
proximation by setting y,=1. The total cross sec-
tion can again be expressed in the approximate
form given by Eq. (2.29) with @5,(b) replaced by
Qo' (B)-

It is, however, convenient to introduce the mod-
ified equations obtained from Eq. (2.57):

z

/ dz' A2, ) 74(2', B) , (2.59)

-0

N
Qq(z,0)=2)

B#ta
with
Qa(Z: b)EU;elx Q%)(Z, b)e(i/Z)[cDo(b)-Qa(b)J . (2. 60)

From the comparison of Eq. (2.59) with Eq. (2.51),
it is clear that

Va2, ) =640-1Q4(2, b) . (2.61)
Consequently
d ,b) &
-%‘—f——h 20 Noglz, ) v4(2, b)
N
= Aa()(l - 6&0) -1 Z/‘ AaBQB . (2- 62)
B+ a

It is apparent that Qa(z, b) in the limit z -~ « is the
transition amplitude. Interms of Q,(x, b), the
total cross section takes the form

002 [ bdb|Qyle, b)|% . (2.63)

1II. MODEL (He*, H) COLLISION SYSTEM

In this section, we construct a reasonably realis-
tic multichannel model system for quasiadiabatic
collisions. In Sec. IV we apply our eikonal Born
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approximation to this model system and investigate
the qualitative features of the quasiadiabatic (diabat
ic) transitions. In Sec. V, an application of our
multistate eikonal approximation to this model sys-
tem is carried out in order to investigate the final-
state interactions in a quasiadiabatic excitation
process. With these applications in mind, we con-
struct our model to represent the (He*, H) system.
This is the simplest two-electron heteronuclear
molecular system. In addition, experimental mea-
surement of the

(3.1)

2p-excitation process has recently become avail-
able.®

He*(1s)+H(1s)— He*(1s)+ H(2p)

A. Adiabatic He H" States ¢

The nonrelativistic Hamiltonian for the (He*, H)
system can be written as

H=-(1/2M,) Vg 2 +h,+2¢%/R | (3.2)
with
2 2 2 2
e 2e 2¢ e
n, = -~ T = Ky———=——=—5—
Fa (Kl A IR1+r,I)+<2 A |R1—r2l>
2
e
(3.3)

toEs— s =,
IRy +Ty — T,

where K, and K, are kinetic-energy operators of
the two electrons labeled as 1 and 2. The adiabatic
states are defined to be the eigenstates of the adia-
batic Hamiltonian 7, :

ha‘ﬂa:wa(ﬁl)(;oa . (3.4)

The eigenvalues wa(ﬁ) give rise to the adiabatic
potential v ,(R)

Ua(ﬁl)Ewu(ﬁl)—lim We (3.5)

Ry~
for the He*-H interaction.

For a reasonable description of the 2p-excitation
process of Eq. (3.1), we need to consider a number
of such adiabatic states. For the 2p excitation in
the singlet spin multiplicity, we take into consider-
ation the A'>, C!, and E'T adiabatic HeH" states.
For the triplet 2p excitation, we take the a®%, ¢°I,
and f %5 adiabatic HeH* states into consideration.
The correlation of these adiabatic molecular elec-
tronic states with the separated as well as the united
atomic states is summarized in Table I.

These adiabatic HeH" states have recently been
calculated by Michels for several values of the
internuclear separation.* Using these calculated
values, we have constructed a model set of adia-
batic HeH" interaction potentials by extrapolating the
calculated HeH" molecular states to their appro-
priate Li* united atomic states. This set of model
adiabatic HeH" potentials are shown in Figs. 1 and
2 with and without the 2/R nuclear interaction, re-
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TABLE I. Correlations of atomic and molecular states for HeH*,
Molecular
United atom (R =0) state Separated atoms (R = «)
Li*[1S(1s2s)] —5,04715 Als He'[2S(1s)] + H[?S(1s) ] - 2,500
Li*['P (1s3p,)] —4,720325 cl He'[%S(1s)] + HI2P(2p,) ] -2.125
Li*[!D (1s3dy)] —4,7222 Els He'[25(1s)] +H[P)2p)] —2.125
Li*[’S(1s2s)} —5.111025 a’s He*[>S(1s)] +HI[%S(1s) ] —2,500
Li*[3P(1s3p,)} —4.730573 el He'[*S(1s)] + H2P(2p,)] -2.125
Li*[’P(1s3p,)] —4.730573 fi= He'[’S(1s)]+ H[*P(2p,)] -2.125

spectively. Analytic fittings of these potentials are
given in Appendix B.

In this six-state model we have included the
coupling of channels arising from the asymptotical-
ly degenerate 2p, and 2p, states. There are a num-
ber of channels also asymptotically degenerate or
near degenerate with the 2p excitation channels
which were not included in this model. For ex-
ample, we have neglected the coupling with the 2s
excitation channel as well as the electron-transfer
rearrangement channels in which the He atom is
formed in the (1s5)(2s) and (1s)(2p) atomic states.
As a first example for the application of the multi-
channel eikonal approximation derived in Sec. II,
we shall neglect the latter channels and confine our

ADIABATIC INTERACTION POTENTIAL (hartrees)

! | I |
2.0 4.0 6.0 8.0 10.0 120 140
INTERNUCLEAR SEPARATION {ay)

FIG. 1. Adiabatic interaction potentials for He* and H.
These potentials which are relevant for the 2p excitation
of H atoms by He* ion impact are constructed from the
recent calculation of Michels (Ref. 4).

treatment in the simple six-state model which
should give a reasonable description of the 2p-ex-
citation process.

B. Nonadiabtic Interaction J 8

In addition to the adiabatic HeH" states, we re-
quire in the model the interaction between adiabatic
states. Such a nonadiabatic interaction is essen-
tially given by the Born-Oppenheimer (BO) matrix
elements [see Eq. (I3.22)]

1
Bop=— 2_117[(%’ Vr,2®s) + 2(04 VR, 90) " Vg, ]
(3.6)
To account for rearrangement collisions, we write
this nonadiabatic interaction J,; as

'
™

NS
~
T
L

(hartrees)
E3
x

'
~
o

1
o
o

-34

-456 7

ADIABATIC ELECTRONIC INTERACTION ENERGY

-5.0

-54 1 ] | 1 | |
0 04 0.8 1.2 1.6 2.0 24 2.8
INTERNUCLEAR  SEPARATION [00)

FIG. 2. Electronic energies of adiabatic HeH" states.
These states which participate in the 2p excitation of H
atoms by He* ion impact are constructed from the recent
calculation of Michels (Ref. 4) with particular attention to
the united atom limit.
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Tap™ Ao — lim Ay, (3.7)

Ry-
(for a detailed discussion, we refer to Sec. III of
Paper I). This guarantees that J,; =0 in the limit
Ry~ .
In the eikonal approximation, the nonadiabatic
interaction may be written as [see Eq. (2.3)]

K,
M,

r

- 1
JozB(Rl) == ((pou Vquoﬂ) __2—]‘47 ((pa s VR12¢B) .

(3.8)
The identity

(wa_wB) (qpa) VR1</JB):_ (¢a! Vtha(pB) (3~9)

permits us to rewrite Eq. (3.8) as

_iE' ((pou (Vtha)(pB) 1
T M (wg — wy) T 2M, (Pas Vi, *5) -
(3.10)

The second term on the right-hand side of Eq.
(3.10) is comparatively much smaller and will be
neglected in the following considerations. It is
understood that if A ;#0 in the limit Ry~ o, J,
should be redefined according to Eq. (3.7).

The gradient of the adiabatic Hamiltonian for the
(He*, H) system may be written as

Jos(Ry)

(Vr,h,) =¥ ( e A i >
Ry’%a/ = VR, |ﬁ1+;1_;2| l§1+f1l |R’1_fzi s
(3.11)
with
2 D - -
¢ __ 2 Ry+F -7
m(m> T ,(3.12)
262 _ 2 ﬁ +;1
VRI( |R1+F1!> =2e I§1+;1|3 s (3.13)
2 > -
- e = 2 }11—1'2
VR!( lﬁ,-;zy> CIR -1, (3.14)

The BO matrix elements in Eq. (3.10) can then
be computed if the adiabatic states are available.

It is rather unfortunate that in the past such BO ma-

trix elements were not calculated when the adiabat-
ic states were optimized in the determination of
the energy eigenvalues. The inclusion of BO ma-
trix elements will not greatly increase the compu-
tation. This is particularly true in the straight-

line approximation, for which we have, for example,

((pa(Fy ﬁl): VRl(pB(Fy §1))

= 2(0 (T, b, 2), (8/82)¢, (T, b, 2))
=(2/82)[(@o(F, b, 2), @s(T, b, 2+ A2)) = 644] ,

(3.15)

where we have taken R, = (b%+22)!/2,

These matrix elements at large internuclear
separations can be determined analytically using

the separated atom approximation. It can be shown

that, in the limit R,~«, we have, for finite », and
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7y, the asymptotic expressions for the potential
gradients [see Eq. (C1)]

2 2R 2

e Ry e ;- -
v, = T - - -z Ir,—-1r
R1<|R1+r1—r2l> R} R} (@ -%)

- 3R1[R1 - (r-1)]}, (3.16)

2¢°R, 2¢° -

-I{—?——+E§_ [1’1 - 3R1(f€1 . ;1)] N

(3.17)

v ~ 262
R1 IR, +1,!

2 25 2
& \_eR_ e ep(p T
VRI ( |§1—f2|) R? R:; [rz 3R1(R1 rz)] .

(3.18)
Consequently, we have
Zezﬁ 2 - A A > 1
(Ve ) =?1——1+§—:1, [ry -8Ry (R- 1))+ O(Eg>
(3.19)

In this asymptotic region, the adiabatic molecu-
lar states go over to the atomic states

lim ¢,=g, . (3.20)

Ry~
For the 2p-excitation process of Eq. (3.1) including
only the adiabatic states given in Table I, g, are
simply the proper antisymmetric product of He*
and H atomic wave functions:

8o= @ [RIS (ry) Yo(7)RE,(ry) YT ()], (3.21)
8o= @ [RYS (r,) Y3(i)RYE(r) Y 3(3)] . (3. 22)

The nonadiabatic interaction between the initial
and final states takes, in this asymptotic region,
the form

. 2
i b )=tC (RN gls—2pg,y)
I:-i{fl Jao(ls 2!)0, *1) AWaO (Mr> R:I; y
(3.23)
with
AWQOZ lim [wa(Rl) - w[)(Rl)] ) (3. 24)
Ry~

g(ls=2py . 1) = (R (1) YT (3y),
x b [Fy -8R, (Ry- T IRE(r)YG,), (3.25)

where we have taken the local tangent & to be in the
direction of % parallel to the z axis. Now, let R,
lie in the xz plane and %- R,=cosy. We then have

k. [f;-3R, (R,*T)]=2(1-3cos?) - 3xsinycosy .

(3.26)

Thus, we obtain
g(ls—2py)=(215/3191/2 (1 — 3 cos?y) , (3.27)
glls—2p,)=+(2"/3% siny cosy . (3. 28)

We also need the nonadiabatic interaction J .4 be-
tween the final states in the asymptotic region.
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From parity considerations, it is clear that the
corresponding matrix g(2p,—~ 2p,) is zero. We must
therefore consider the higher-order terms in Eq.
(3.19). We then obtain (see Appendix C) the asymp-
totic expression for the nonadiabatic interaction be-
tween final states

.2 -
lm Jos(200~ 20, 1) = —— <‘Mk—> g(zbgR 2.1

Ry~ Awmﬂ 1
(3. 29)
with
2(2po~ 2p, 1) = (90/V2) siny(cos®y — 1) .  (3.30)

This then completes the derivation of the nonadia-
batic interactions in the asymptotic region.

In our model (He*, H) system, we shall adopt
semiempirical expressions for the nonadiabatic
interaction obtained from the above asymptotic ex-
pressions upon replacing R, by (R?+4%)!/2. We have

Jav(ls - 2150)

_ie vm\/_( >< 1 __ 32
AW 40 I \RE+22 T (Re+ad)°2)

(3.31)
R it (27 bz
Jm(ls 21),: 1)—-:t AWD‘O (?) (R?+a )5/2 3 (3. 32)
and
- i€®veg (90 b # 1
smton= 20,050 (73) ey (R s)
(3.33)
where we have made use of the relations
cosy=2z/R,, siny=b/R;. (3. 34)

The parameters g, are to be determined semi-
empirically. We note that in Egs. (3.31)-(3.33)
we have labeled the nonadiabatic interactions by
their corresponding momentum along the molecular
axis.

IV. APPLICATION OF EIKONAL BORN APPROXIMATION

As we have already noted in Sec. III, from the
spacing of the adiabatic states it is clear that a
reasonable treatment of the 2p excitation in the
(He*, H) system requires at least the explicit con-
sideration of the close couplings of those states
given in Table I. Before engaging in such a calcu-
lation, we first examine the qualitative features
of quasiadiabatic transitions in the eikonal Born
approximation. A comparison of the eikonal Born
approximation with the Glauber approximation as
applied to the e-H excitations! is given elsewhere.!!

To calculate the cross section for the quasiadia-
batic transitions in the eikonal Born approximation,
the quantity @2,(b) given by Eq. (2.25) must be first
determined. This can be done numerically using
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Eq. (2.23) [or Eq. (2.26)] for the local phase dif-
ference 5&,4(z, b) and Eqs. (3.29) and (3. 30) for
the o0 -~ o and o - 7 nonadiabatic interactions, re-
pectively. At high energies, v,Zv,=v,,, and con-
sequently 6® ,,(z, b) is given by the potential
difference AU,=Vq -V,

(4.1)

640z, 0)= (1/ve01) [ AV(Z', ) 2

A. Constant-Spacing Model

As a first example of the two-state eikonal ap-
proximation we consider the special case in which
the potential difference is zero. In this case 6® 4,
is zero and @5,(b) can be evaluated analytically.
We have

Qb= [ dzdgg(z, b) e 2@, 4.2)
The nonadiabatic interaction J,, is given by Eq.

(3.31) for o~ o transitions and by Eq. (3.32) for

o-7 transitions. We have
. 2 9+1/2 ®
eV (2
Qao(b, 0—»0)=—Zur/—1 ( 3 > [ dzcos(¢z)
3(b%+a?) 2
x((z:2+b2+a§)5/2 (2% +b2+a)3/2> ;@3

AW

ie® 28
Qalty 0= m =+ (%)

* . bz
X{ dzsm(Ez)W , (4.4)
with
t=(p-t)=r—ot AW a.5)

(p+)/@M,)™ v,

~where we have labeled @3, according to the type of

transition.

The integrals in Egs. (4.3) and (4. 4) can be
evaluated in terms of the modified Bessel functions
by making use of the integral

cos(xy dy 7’2 /x\?
/ (y +2) v+1/2 Tw+5\2e K,(cx) .

We obtain from Eq. (4.3)

(4.6)

. 2 } 294-1/2
Q5o(b, <7*0)=%%l ( 3 ) e <K2(T )—_Kl(r‘,) s
(4.7)
with
T,=L B2+t 2, (4.8)

Similarly, from Eq. (4.4), we have
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e,
QBo(b, o~7) =2 —eL
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rel 2 __b__a_
Aw \3% ¢ A (.z'2+b"“+a,§)5/‘2

The identity

;ld_x [x%%" K,(x)]= Pe™ Ky (x) (4.10)
reduces Eq. (4.9) to the form
;2 8 b 3
ng(b,o-n)zileAl;;a (%) ——é—Kl(T",) , (4,11)

with
T, =0 +ad)!? .

The total cross section for the special case of
8®,0=0 in the eikonal Born approximation can then
be obtained from Eq. (2.29). For the o— o transi-
tion, we have

4pt (920 > 2 2
cﬁo(o»c)=?—§—é—)2(§ﬁ)'/o- bdb(Kz(Ta)—-_’;Kl('ra)> .

(4.12)
For the o— 7 transition, we have

4.8 /917 ° 1 2
0§0(0~7T)=%[%)'§ (él_(’)_/ bsdb<;— KI(T,,)) .
0 T

(4.13)

In Fig. 3, we have plotted as an example the
cross section for the o — 7 transition given by Eq.
(4.13) for several values of the constant level spac-
ing AW. In this calculation we have taken q, = 1a,.
It is seen that the cross section drops rapidly with
decreasing energy and the over-all magnitude of
the cross section decreases with increasing level

100 T T T T T T
8.0

6.0

T

—

40+

061~ AW 0375

02+

|
o 0.1 02

1 | ! ! [
04 06 0810 2.0 40 60 80l
CENTER-OF-MASS ENERGY (keV)

o

FIG. 3. Variation of cross section with energy for
quasiadiabatic transitions between states with constant
level spacings as predicted by Eq. (4.13).

cos(tz)dz ) _

ictv.g (2° b B .2 2 21/z>
+ N <34> <—§G)2_+—a{) oC [E2K, (L (B + aB)2)]) .

4.9)

[
spacing. This is, of course, expected since the
nonadiabatic (or diabatic) effect would increase with
a decreased level spacing. For a more relatistic
two-state system, the level spacing is generally not
constant. We would then expect that the nonadiabat-
ic effect depends on the position and distance of the
closest approach of the two adiabatic states.

B. Two-State Model

Examining Figs. 1 and 2 for the (He*, H) system,
we have found that the level spacings Aw,,=w, — w,
of these adiabatic electronic states may be reason-
ably fitted by an analytic function of the type

Awyo(Ry) = AW 4o+ AV 4o(R,)
=AWqg— Bog/Ri+ Cag/ R, (4.14)
with
AWaO: lim [wa(Rl) - wO(Rl)] )

Ry=w

(4.15)

where B,y and C,, are constants. In this subsec-
tion, we shall adopt Eq. (4.14) for the level spac-
ings as a model and investigate the qualitative fea-
tures of the cross section (for quasiadiabatic tran-
sitions) as a function of the characteristic param-
eters of the level spacings. We examine the energy
dependence of the cross section on variation
in the characteristic parameters, such as the posi-
tion and distance of closest approach of the levels.
The position and distance of closest approach of
the levels for Eq. (4.14) are given, respectively,
by

Ry= ano/Bao ’

(Awao)min = AW«:{O - é Biﬂ/caﬂ

(4.186)
(4.17)

In Fig. 4, the level spacing Aw,q(R) is displayed
for the case where the position of closest approach
is taken to be Ry=5a, and the distance of closest
approach is taken to be Awp;,=0.1 a.u.

One of the convenient features of the analytic
form of Aw,y(R) given by Eq. (4.14) lies in the fact
that the local phase differences 5& ,,(z, b) given in
Eq. (4.1) can be solved analytically. With the help
of the integrals

x

yadj)b =% tan! (%‘) , (4.18)

¥ dy - X +itan‘1 X
A (PP + 02 202(:2+0%) " 2% )’

(4.19)
we obtain for 6& ,4(z, b)
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FIG. 4. Example of level spacing vs distance as given
by Eq. (4.14) with the position and distance of closest
approach of the two states set at Ry=0.5a, and Awyyy,
=0.1 a.u., respectively.

— C zZ Cuo— sz - <E>
— a0 a0 al 12,
5@0,0(2, b) = 2b2 (_2 b2> + 3 tan b

(4. 20)

8.0

a0 |

10 —
08 |~
06 +

o (10" em?)

02 _

] | 1 ! 1 ! 11
0l 0.2 04 060810 20 40 6.0 80100

CENTER-OF - MASS ENERGY (keV)

FIG. 5. Effect of varying R, (the position of closest
approach of the states) on the energy dependence of the
cross section for quasiadiabatic transitions between
states with a level spacing given by Eq. (4.14). The dis-
tance of closest approach of the states was fixed at Aw,,
=0.1 a.u. The nonadiabatic interaction given by Eq.
(3.32) with a,=1q, was adopted in the calculation.

Now we are in a position to calculate the quantity
@5, and then the total cross section using Eq.
(2.29).

We have carried out a numerical model study of
the total cross section for the o — 7 transition using
Eq. (4.20) for the local phase difference and Eq.

(3. 32) for the nonadiabatic interaction (with a, = 1a,).
The results are given in Figs. 5 and 6. In Fig. 5,
we have taken the distance of closest approach of the
two states to be Aw,;,=0.1 a.u. and displayed the
energy dependence of the cross section for several
values of the position of closest approach Ry It

is seen that the cross section is considerably in-
creased at the low-energy side when the position of
closest approach is located at a smaller internuclear
separation. If we fix the position of closest ap-
proach at Ry=1a, and change Aw,,,, we again find
that the cross section at the lower-energy side in-
creases when the magnitude of Aw,,, decreases.
This is shown in Fig. 6.

C. Saddle-Point Approximation

The z integral for Q2.(b) given by Eq. (2.25) can
also be evaluated using the saddle-point approxima-
tion for the two-state model of Sec. IVB. We re-
write Eq. (2.25) as

Qo) = [ dzd oz, b) &7 e0=D (4. 21)
with

Vaolzs D)= (1/ ) [ t1wgq (B) a2’ 4. 22)

100 T T T T | T T T T

8.0 - SADDLE - POINT 7 7

opprox\//
6.0 - , }
40 |- i
AW= 0.05

20 |- |
10 | _
% 08 B
< 06 [ _

04 |

02 -

0.1 1| 1 | L1

0l 02 04 06 0810 20 40 60 8010

CENTER-OF-MASS ENERGY (keV)

FIG. 6. Effect of varying Awg,, (the distance of closest
approach of the states) on the energy dependence of the
cross section for quasiadiabatic transitions between states
with a level spacing given by Eq. (4.14). The position
of closest approach of the states was fixed at Ry=1 q.
The nonadiabatic interaction given by Eq. (3.32) with a,
=1la, was adopted in the calculation.
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where we have made use of Eq. (4.5). We assume
that the nonadiabatic interaction J,4(z, b) is a slow-
ly varying function of z so that it can be removed
from the integrand in Eq. (4. 21):

@o(0) 2T 000, 1) [ dzeiaot=) 4.23)

The integral in Eq. (4.23) can be evaluated by the
method of steepest descent.
From Eq. (4.22), we have

Daqlz, b) Awg(z, b) .

rel dz (4 24)

The saddle point for y,y(z, b) is therefore the solu-
tion of
Awgg(z, ) =0 . (4. 25)

To solve Eq. (4.25), we expand Aw,, in a Taylor
series around z= z; (2= R2 - b%):

1
AW o(2, D) = Ay, + 2 dz—fiAyw—"‘—Ol (z=29)%+- -
zZ Z= ZO
2y + (2= 2] 0per 4. 26)
with
_Awgy o _2Beg f, _ i)
®= Urel % vrele Rs ' (4. 27)

When the approximation for Aw,, given by Eq.
(4. 26) is used, we obtain from Eq. (4.25) the sad-
dle point zg:

2= 2o+ (ay/an) 26772 (4.28)
In the neighborhood of the saddle point z, we have
14
Ya0(2, B) =Yoo zs, b)+§ _Z_D_dya (z - zs)2+ cee
A R
4.29)
with
Yaol2s, D) =i%(a}/a)" 2 + zo(ay + $a523) ,  (4.30)
2
d '}’zgg =2(a1a2)1/2 ei™/2 4. 31)
dz z=2g

Substitution of y,4(z, b), which is given by Eq.
(4.29), into the integral in Eq. (4.23) yields

o
/ dzei)’uo(z,b)

-0

FIRVE 2 (a 1/2 ( L
= - 3 + 3
e |5 (5) vistm s3]
(4.32)
where a factor of 2 was introduced to account for
the case where the trajectory passes through the

saddle point twice. The condition for validity of
the saddle-point integration is that

3\1/2
% (%) > 1 (4. 33)
2

This implies that the transition integral is small.
For quasiadiabatic transitions, such integrals are
indeed small.

The total cross section given by Eq. (2.29) can
now be written in the saddle-point approximation
as

£

. 2n° |749(0, b) 12 4 (ai 12
%Ozviel /0' bdb——ﬁ——(alaa)1 7 €Xp|—3 !lz> .

(4. 34)
If we further assume that J,4 is also a slowly vary-
ing function of b, Eq. (4.34) reduces,® after chang-
ing the variable to «#=1- b?/R2, to the approximate
form

2 1
Tao z3g0(§ﬂ—R—°—> ‘Jao‘ 2/ % e %o/ (4. 35)

alvrel
0
167°R} e*o
el | T 0] 2 (4. 36)
[2a1BaOUre111 2 ‘ 0£0| g(] ’
with
003 (2t B (28R g
3 B, 3Vrer By

A comparison of the saddle-point approximation
with the numerical result is given in Fig. 6 for the
case with Aw,,;,=0.3 a.u. Itis seen that the sad-
dle-point integration of the path integral is reason-
ably adequate in the regime of quasiadiabatic en-
ergies.

D. Comparison of Eikonal Born and Two-State Eikonal
Approximations

We now estimate the error introduced by the
eikonal Born approximation in a two-state model
with the level spacing given by

Awgp=0.375~0.056/(R%+1)? (4. 38)

and the nonadiabatic interaction given by Eq. (3. 30).
In our estimate of the error, we consider the two-
state eikonal approximation [obtained from Eq.

(2. 62) by taking N=2]

49

2= a0 = i0ag@0 (4. 392)
9 _ _in,,0, (4. 39b)

dz

to be reasonably accurate. This differs from the
eikonal Born approximation in that it allows for
the back-and-forth coupling between the two states.
If we were to drop the @, term in Eq. (4.39) and
solve for @,, we would obtain the eikonal Born ap-
proximation.

The fractional error in the eikonal Born approxi-
mation, |[0-05|/0®, can now be estimated by solv-
ing Eq. (4.39). The result is shown in Fig. 7. It
is seen from this figure that the error introduced
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by the eikonal Born approximation is reasonably
small in the regime of quasiadiabatic energies.

V. MULTISTATE EIKONAL APPROXIMATION FOR 2p
EXCITATION IN THE (He', H) SYSTEM

In this section, we apply the multistate eikonal
approximation discussed in Sec. IIB to the 2p ex-
citation in the (He*, H) collisions. For the two-
electron system, we may treat the singlet and the
triplet spin multiplicities separately. For each
of the two spin multiplicities, we take into consider-

(1 0 0
Q(s) A( s) A( s)
d = i
e (s) §~ (s) - (s)
dz\ @ Agg Azg
(s) (s) (s)
Qs Agp Asgo

where the superscript (s) is introduced to denote
the spin multiplicity with s=1 for singlet and s=3
for triplet.

Physically it is clear that Q§® accounts for the
elastic scattering. The 2p-excitation amplitude
coming from the three final states is given by Q{,

¢, and Q§®. Thus, for excitation, we need to

solve
Q(s) A;g) (s) Q(s) - iAS’QéS’ ZA(s)Q(s)

:;Z (s) — A(s) (s) Q(s) - l-Aé.:)Q;s) _ iAég) Q‘S;S), (5. 2)
Q§S) _A(s) (s)Q(s) A(s)Q(s) Aé?Qés’ .

ation two ¥ states and one II state. The II state is,
of course, doubly degenerate. These states are
shown in Figs. 1 and 2. To simplify our notation,
we shall label these states in the numerical order
0, 1, 2, and 3, where 0 and 1 denote the initial and
final © states, respectively, and the degenerate
final II state is denoted as 2 and 3 for A=+1 and
A=-1, respectively.

A. Determination of Excitation Cross Section

In the four-state approximation, we need to solve
the following coupled equations [see Eq. (2.62)]:

AL AL A(s) Q4

0 AP AL QL
Aéf’ 0 A(s) Q(s> s (5.1)
A AL 0 Q4

r

We have observed that the spacings between the
initial and any of the three final states are much
larger than the spacings among the final states

(see Figs. 1 and 2). This suggests that the back
coupling of the final states with the initial state
should be much smaller than the coupling among the
final states. In solving Eqs. (5.2), we shall, there-
fore, neglect the back coupling with the initial

state. Equations (5. 2) then reduce to the form
Q(s) = AL — A QS - IAD QS
Q(s) (s) zA(S) {s) _ iAég)Qés’ , (5. 3)
___ng = AL — AL QP — AL QL .
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From the symmetry of the gradient matrix ele-
ment in the nonadiabatic interaction, and the fact
that the final states are close together, we may set
A(s)~ A(s) .

A== A, (5.4)

For the degenerate II states 2 and 3, we have

A(s) - Aég)’ A(s) = Aéf) (5 5)
and

Q:(iS) Q(s) , A(s) (s) =0. (5 6)
When the relations given by Egs. (5.4)-(5.6) are

used, Eq. (5.3) reduces to a pair of coupled equa-
tions:

d
- AY=Af -20¢f
(5.7)
Q(s) Aég) +A(S) Q§S) ,
w1th
A = A(s)_ZA(s)_ZA(S)__ZA(s) (5.8)

This pair of coupled equations may be decoupled.
We write

QY =c1Qf” + 2@ ; (5.9)
then from Eq. (5.7)
(s)
L7 (cohff) + coff) + A9 11" - 20505) -
(5.10)
Now, by requiring
2@ = 2¢,Q5V=c3(c1Q1° +¢,Q5°) (5.14)
we obtain
C2=iiﬁcl . (5. 12)
Upon setting ¢, =1, we obtain
QY= Q{7 +1V2 QY (5.13)
Equations (5. 7) are then decoupled to give
in (A(S)d: FA(S))i -ﬁAQ(s) (5 14)
dz 10 1 (A & . .
To solve Eqgs. (5.14), we let
Q=g expiV2 [ Adz") (5.15)

Substitution of Q{® from Eq. (5.15) into Eq. (5.14)
yields

dqi —(A(S (s) . 2 g1
= (A V2 A )expEiV2 [ ADaz") .

dz
(5.16)
We then obtain for ¢{*
g = [ az [AQ (2, 0) £ VI AL (2, b)]
x exp[+ z\/—f Az, b)dz'"],  (5.17)

and finally
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e

is) f dZ [A(s) Z b inA(S)(Z b)]

x exp[F i\/fle Az b)dz""]. (5.18)

The 2p-excitation amplitude coming from the final
= and II states can now be recovered from @%.
We have

Q1% (2, 0)=3[Q (2, b) + Q' (2, b)]
(2, b) = (i/2V2) [ (2, b) - (2, b)] .

The partial cross sections for the 1s- 2p, and
1s-2p, , excitations of H atom by He" ion impact
can now be calculated using Eq. (2.63):

08 =0{?(1s~ 2p,) = 27rf bdb
0

(5.19)
(5. 20)

lim Q{* (z, b)|1 ,

(5.21)
ol¥ =0 (ls~ 2pi1)=2n‘£ bdb|lim Q5% (z, )]2
oo
The 2p excitation is then given by (5. 22)
o¥(1s—~2p)=0!9+ 2089 . (5.23)
We then obtain for the total cross section
olls =2p) =30V + 3@ | (5.24)

B. Numerical Results

For the evaluation of the amplitude @{®(b) and
Qs®, we need the energy differences between every
two states. From our model (He*, H) potentials
given in Figs. 1 and 2, it is seen that the potential
difference between the AT and E'S HeH* states
is not appreciably different from that between the
A'S and CII states. This is also the case for the
(a%z, £32) and (a®s, e3M) pairs. In view of the
uncertainties in these model potentials, we shall
assume them to be equal:

AV = a0, AL = a0 | (5. 25)
These potential differences, which are shown in

Fig. 8, can be fitted analytically by the forms

A - 2.16 ____10.94 2.2
(R2+1.99) (R®+1.997  (R%+1.06)°°’
(5.26)
Av® - 226 8.0 _ _ 17.35
(R?+0.83) (R%®+0.83)?%" (R%+0.94)°
(5.27)

This then permits the phases ¢ 53 in ALY [see Eq.
(2.53)] to be evaluated analytically as shown in
Sec. IV B.
The equality assumed in Eq. (5.25) implies that
(s) ¢(S) . (5.28)

Consequently, we have from Eqs. (5.18)-(5.20)
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FIG. 8. Energy-level difference assumed between the
A's and E !5 singlet adiabatic HeH" states between the
a®s and £%5 triplet adiabatic HeH* states. These energy-
level differences are adopted for the calculation reported
in subsequent figures (Figs. 9-12).

z
1 ,
@7 (e D=5 [ s’ [1gcosloat?)
Urel -
s (8)
V2, sin(4)] %10,  (5.29)
1 z
9 (z, b):v f dz'[2712,,sin(6¢55)
rel J_
. (s)
+dgpcos(8gis))]e®10,  (5.30)
with
54i3 (2, 2)=V2 [, A9(2", b)dz"" (5.31)

where 8475 is the local final-state coupling ampli-
tude.

In view of the assumed equality given by Eq.
(5.25), the potential difference between final states

may be taken to be zero. This, together with the
fact that these final states are asymptotically de-
generate, allows §¢{5 to take the approximate
form [see Eqs. (2.50), (2.53),and (5.8)]

5q§g) (Z’ Z/); ﬁ/vrel ‘fz‘ JlZ(ZpO-' zpt 1) dZ” .
(5.32)

When Eq. (3.33) for the nonadiabatic interaction is
adopted in Eq. (5.32), we obtain, in the z— « limit,
the simple results
180 bz’
baty (o, 2') = B+ a2 (22402 +a2) 20
(5.33)

360 bz’

(3)
(b2+a$1)1/2 (zrz+bz+a§1)5/’2 ’

6ayp (=, 2)

1

(5.34)

where we have taken Aw{}’=0.1 and aw(}’ = 0. 05.
We note that these are not the asymptotic values
but are reasonable approximations in the required
R range (see Figs. 1 and 2).

Calculations were carried out using Eqs. (5. 29),
(5.30), (5.33), and (5. 34) with the nonadiabatic in-
teractions J;, and J,, approximated by Eqs. (3.31)
and (3. 32), respectively. In this calculation, we
have taken q,=a, =a,,=1.2a, for the nonadiabatic
interactions. The calculated cross sections are
not sensitive to variation within 20% of the «’s. The
result for the total 2p-excitation cross section
[see Eq. (5.24)] is compared with experimental
measurements® in Fig. 9. It is seen that the agree-
ment is remarkable in view of the approximations
that we have adopted in the calculation. For com-
parison, we have also included in Fig. 9 the result
obtained in the eikonal Born approximation without
final-state interactions. It is seen that the coupling

b
(=]

o
S}
T

TOTAL CALCULATED CROSS SECTION

1/5 TOTAL CROSS SECTION WITH
NO FINAL-STATE COUPLING

o
=3
I

»
o
l

~
o
T

)
T

| ]
N

FIG. 9. Comparison of the energy
dependence of the 2p-excitation cross
section in the eikonal Born and multi-
state eikonal approximation with ex-
perimental measurements (Ref. 6).
The dashed curve is obtained in the
eikonal Born approximation in which
the coupling of final states is not con-
sidered.
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0 T T T T T with
(\ang He*(Is) + H(Is) = He*(Is)+ H(2p) _ wbaECk:(Wb— Wa)/ﬁ’ (5.36)
= where c is the velocity of light and d is the dipole
Z.0L _— vector. The intensity of the light so emitted is
= (EZ) given by
240~ — e wé T oA 2
e (%) Iba(9)=—““2 235 | (bld- &;la)|?. (5.37)
© (c'm cd
230 3
= V_/\/A (e” The sum in Eqs. (5.35) and (5. 37) sums over the
g0 | N | L polarization direction &;.
02 04 06 0810 20 40 60 80100 For a 2p—1s transition, the intensity is given by
CENTER—OF-MASS ENERGY (keV) - .
a sum of contributions coming from the 2p;~ 1s and
2p, 1~ 1s transitions:
FIG. 10. Energy dependence of the partial 2p-excitation

cross sections coming from each of the four final states
considered in the calculation.

of the final states is extremely important.

The contributions to the 2p-excitation cross sec-
tion coming from each of the four final states are
shown in Fig. 10. In general the o— o transitions
have a larger magnitude than the o - 7 transitions.
To test the sensitivity of our results on the approx-
imation adopted for the local final-state coupling
amplitude 6¢{5’, we have repeated our calculation
for different values of 54{3 as shown in Fig. 11.

C. Polarization of Emitted Radiation

1(0) = 1(0, 2pg—~15)+21(6, 2p,~15) . (5. 38)

The intensity of light emitted for a 2p,—~ 1s transi-
tion is

I(8, 2py—~ 1s) = é?r—cz— ® (| (2pold|1s) |?
~ 12| (2o d- K| 1) ?)
St dl
62;:’5‘ ®, (1 - cos?9) , (5.39)

where ®, is the probability of the atom being in the
2p, state. Similarly, the intensity of the light
emitted for the 2p,, ~ 1s transition is

(J) ->
16, 2p, 1~ 15) =228 o, (| (2p,,]d| 15 )| 2
The probability of an atom undergoing a transi- Ds1 2mc I (2, 1' ‘ >‘
tion from state a to b and emitting light into a solid 2 > - 2
angle dQ per unit time is -k |<2p“1d k‘ls)l )
___m_., e ‘Uz P 2
Wo(Q)dQ=5—"" b D | b|B- 2,|a)l2an 5 @, 3(1+cos®),  (5.40)
é wm I <b\ d- e \a)\ 240, (5. 35) where @, is the probability of the atom being in the
“ 2t 7 ’ 2p, , state.
70 T T T T T T T T
6.0 [ -3,
50 0.58q,
s
"2 40 - -
Z FIG. 11, Effect of varying the local
5 final-state coupling amplitude 6q§2) on
& 30 ] the energy dependence of 2p-excitation
2 cross section.
3
€20 _
1.0 + —
0.0 1 I 1 1 | L I I |
0.1 0.2 0.4 06 08 1.0 20 40 6.0 80100

CENTER-OF - MASS ENERGY (keV)
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Substitution of Eqs. (5.39) and (5. 40) into Eq.
(5. 38) yields for the intensity

Pway 2 2
19) = 21Tc231 d3(®)+®,) (1 - Pcos?) , (5.41)
with
Sl (5.42)
0 +

where P is the polarization which can be experi-
mentally measured.

The polarization of the light emitted from the 2p
state of an H atom excited by He* impact can be
calculated from the partial cross sections o{* and
0i® for the 2p, and 2, states, respectively. We

have for the probabilities

1 (1), 3 _(3) 1 (1), 3 (3)
_491  + 40y _ 403 +30
@=L . , ®@,.= - , (5.43)

where o is the total cross section given by Eq.
(5.24). This then yields for the polarization

(o~ ) - 8(of® — of?)

(0P +05V) + 30 + o)

P (5.44)
We have plotted in Fig. 12 the calculated polariza-
tion of Eq. (5.44) using the partial cross sections
given in Fig. 10. For comparison we have also
included in Fig. 12, the polarization based on the
partial cross sections which are calculated without
allowing for the final-state coupling. The theoreti-
cal results (including final-state coupling) are
larger than the experimentally estimated magnitude®
by approximately a factor of 2.

APPENDIX A: CLASSICAL LIMIT OF MULTISTATE
EIKONAL APPROXIMATION

The inelastic transition amplitude in the multi-
state eikonal approximation given by Eqs. (2.56)

1283
and (2. 57) can be rewritten as

N o
T = (2m)2 2 / bdb Jo(kb sind)QE) (b) e /P2 as ) |

Bt a 0
(A1)
with
Q2 (v)= f_w dz' Jog(2', b) ei® a8y (27 b))
(A2)
Bop(2’, b)=3[3,(0) = &4(0)] = dou(2’,b),  (A3)

where Eq. (A2) reduces to Eq. (2. 25) for 8=0 if
Yo is set equal to unity. Equation (Al) resembles
the familiar eikonal approximation of Moliére for
potential scattering [see Eq. (II5.11)]. The gen-
eralization of the eikonal approximation to multi-
channel scattering give rise to the factors Qﬁ,"’;}’ to
account for transitions between states. A classical
limit of Eq. (Al) may be obtained in a manner sim-
ilar to that for Moliére’s expression.

The error resulting from the classical descrip-
tion of the collisions is of order [Eqs. (II5.19) and

(1m1. 25)]
d@c‘3/2 -1 ( E 1/2
b ) 920Am> ’

(A4)

where @, is the classical scattering angle defined
in terms of the appropriate phase. For the pres-
ent problem, the classical scattering angle is de-
fined in terms of 3&,, [see Eq. (2.22)]:

dée
N (class) :}EZ'Q (kl/z

Lo (e L
=395 <1>o,,3(b)—2 <ab &,(b) + 5 és(b)>

(A5)
On using the asymptotic form for the Bessel func-
tion

Mr vB®c B(b)

1/
Jolkb sine);(- >l 2cos(kbe -5m),  (A6)

kb sinf

FIG. 12. Comparison of the
~ energy dependence of the calcu-
lated polarization of emitted
radiation in the eikonal Born
and multistate eikonal approxi-
mations. The dashed curve is
— obtained in the eikonal Born
approximation in which the
coupling of final states is not
considered.
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we may rewrite Eq. (Al) as

(N) 1 2 1/2%1‘ ) 1/2 ()
=5 () 2, f BE Qo)

X eiPap®Ivicgr/4 , (A7)

with
es(b)= €,4(8)/] ©,,(0)] | (A8)
Yap() =53 o5 (b) = e5(R00) . (A9)

The integral of Eq. (A7) can be evaluated in the
stationary-phase approximation.

The stationary-phase point at b= 0., is obtained
from

@—ac%b—fﬁ M,5(®4(bys) - €48)=0 . (A10)
This then defines b4 as
0=105(b)] . (A11)
In the neighborhood of b,
Mg d®,,(b
as (6)= s (00) + 228 Locallia) (5
+O[n(class)] . (A12)

A stationary-phase evaluation of Eq. (A7) leads to
the classical limit of 7’

|

m_ L %‘ .1_<_.b_QL dbg )1/2
0 =00 2M, +7. v, \sing|de,,

(2)(b ) iraB(ch)-rieé.M’ (A13)
with

9., 20 /dbg
ld@ys/dbeg |

This then leads to the multistate classical approxi-
mation for the cross section

eg=eglbyg) - (A14)

do vy [ 1 (b |db |\
dQ T Uy | gz o Vs \SING | dO,

2
(2>(b Je irap(bog) +iTeg /4 (A15)

For the case with N=2, Eq. (Al5) reduces to

} Q% (b

The classical limit of the eikonal Born approxima-
tion is given by Eq. (A16) with Q'3 (b,,) replaced by
Q2 o(bso) [see Eq. (2.25)].

APPENDIX B: ANALYTIC MODEL HeH ADIABATIC
POTENTIALS

4o ) beg
dQ” v; |sind

[

(A16)

oo

d@)

The set of model He H" adiabatic potentials
shown in Fig. 1 can be represented by the following
analytic forms (in hartree units):

V(R)= —-2.5+ (2/R)e-l.2736R +6. 987R2 8-2.344413 - 8.9285x% 10-3R e-O. 62023R ,

—5.999X1073R ¢ 0221168

-1.2986R +92. 5RZ 6-1.85R +0.06407R 6-0.3041}3 ,
e-1.3055R +9. 3077R2 e-2.8549R -1. 6254X10-2R 6-0.68484R ,

(A'z)

(c') V(R)=-2.125+(2/R) e ®°"™ 40, 3RE ¢ 1+2F
(E'z) V(R)=-2.125+(2/R)e

(a®c) V(R)=-2.5+(2/R)

(€M) V(R)=-12.125+(2/R) e 138 10, 625 7040236 |
(F32) V(R)=-2.125+(2/R)e™ 3028R+0.42875e'°'313‘9R .

These potentials [V(R)=w(R)= W +V(R)] reproduce
reasonably well the calculated values of Michels?*
at intermediate internuclear separations and go
over to the exact united and separated atom limits
indicated in Table I.

APPENDIX C: NONADIABATIC INTERACTION BETWEEN
FINAL STATES

The nonadiabatic interaction between the final =
and II states in the asymptotic region vanishes to

order R3. We must therefore consider the higher-
order terms in Eq. (3.19). By utilizing the expan-
sion

’ ﬁl +§| -3

f

Ri-d 3 (q\* 15 (R~ §?
—p8q_lafM 9q 1o Uy
=R°1 l%; R, ~3 <R1> + 2 ———2—-—R1 + s

we obtain from Egs. (3.11)-(3.14)

20%R, & . s A
(Vg hy) ==Lt +=5[F, - 3R, (R-T,)
R1"a R? Ef[l 1 1].
3625AA.+21A72,A,
E‘I%—[ERI(Rl rl) _ER 1"1’1(R'I‘1)

+5(Ry - F1)(Ry " Tp) =T (Ry - T)

—F(Ry - Fy) = AR, - T4 ORT) . (C2)

Because the helium-ion electron 2 is tightly bound
to He™, we may neglect the contributions coming
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from electron 2. The matrix element in Eq. (3. 29)
then takes the form

g(2ﬂ0—~ 2p¢ 1) = (Rlz.lp('rl)Y‘; 1(;’1), ]% . ['125' ‘kl(él * .:f"l)z

= %1}7’? -37,(R- 1)) Ryp(r) Yi(1)) .

(C3)
We have

(v7i(y), (1%1 - 1,2 ¥3(3))
=72 [ ¥;'(#)* [cosy cose,

+sinycosf,cose, > YI(,) dr,

=(2/5)r2cosysiny , (ca)

1285
(YII("h), (,k . Fl)(k1 ) ;1) Y?(’ﬁ))
=7% [ ¥;'(#)* cosé,[cosycosh,

+siny siné, cose,] Y2(#,) d#,

=72siny/5V2 . (C5)
This then leads to
£(2pg—~ 2p,,) = (3/V2) siny [cos?y - §]
X (Rg,(r)), 73Ry (11)) ,  (CB)

which is equivalent to Eq. (3. 30).
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The conventional formula determining x-ray production cross sections from thick-target
yields has to be corrected for the effects of energy-loss straggling, x rays from recoil atoms, and
nonstraight ion trajectories when heavy (keV and low MeV) ions are used as projectiles. The
first two corrections are evaluated in this paper for the case where the last is small megli-

gible absorption).

Carbon K x-ray cross sections are deduced from published yield data.

Large corrections, up to one order of magnitude, are found.

I. INTRODUCTION

When heavy ions slow down in gaseous or solid
targets inner-shell excitations are created in vio-
lent collisions even at velocities v <e?/f.' Char-
acteristic x-ray production cross sections o, of the
order of up to almost 10° b have been reported.??
As a function of ion energy E, the reported cross

sections rise steeply from a rather well-defined
threshold energy®* U. At higher energies, o, in-
creases more slowly with energy. Eventually, a
dropoff of o, at still higher energies must be ex-
pected, similar to the case of light ions at veloc-
ities® v > e¥/n.

Experimentally, cross sections were determined
either directly, in gas targets under single-collision



