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ABSTRACT

.

We obtain an expression for the scattering amplitude in
the Glauber approximation for ns-ms electronic excitation of
alkali atoms. The interaction potential between the incident
electron, the core eléctrons and N-1 protons is approximated'

by an appropriate spherical potential.

RESUMO  °

Apresentamos uma expressgo para a amplitude de espalhg

mento de Glauber para o processo de excitagao eletrdnica

ns -» ms dos atomos alcalinos. O potencial de interagao en-

tre o eletron incidente, os eletrons do carogo e N-1 & apro-

ximado por um potencial esférico apropriado.




l. Introduction

Calculations of differential cross sections for-electron—
atom collisions in the region of intermediate incident energy
are, generally, complicated and severél type of approximations
are used. Approximations of the Born type are not satisfactory
to describe second order effects and close-coupling approxima-
tions are quite involved‘fqr this energy region because of the
great number of .open chahnels. In 1959 Glauberl proposed an
approximation fo: high energy and small scaﬁfering angles.When
Glauber's approximation is genéraiized to the problem of compo
site targets, it corresponds, in some sense, to én approxima-
tion complementary to the close*éoupling. After Franco's
workszn6 this approximation has been extensively used in ato-
nic problemé in the intermediate region of incident energy.

The Glauber approximation, in its formal point of view,
has various attractive aspects. As mentioned previously, it is
conplementary to the close—doupling, in the sense that it ta-
kes into account, in an approximated manner, the contribution
of all scattering channels7—lo. It is an eikonal semiclassi-
cal approximation for small scattering angles and high energy
and in this region the Glaubér treatment for composite targets
is consistent with the optical theorem, but doesn't satisfie
the detailed.balance principle. Another important point is the
fact that the Glauber appfoach is essentialy a classical
approach for the incident elect;on and exchghge terms are not
present in the final expression fbr the scattering amplitude.

: 8-10

Some authors _proposed modifications in the Glauber formula

to describe exchange effects, but these treatments are not
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fully satisfactéry. This is an important restriction for elec
tronic excitation of atoms in thé intermediate energy region,
when exchange terms could be fundamental to'describé some
pfocesses.

Another critical point of the Glauber approach, when
used in atomic problems, is the great numérical work related .
to the many-particle character of the problem. The Glauber
approximation without any other aditional approximation for
the collision problem has been empibyed to Study‘electron

2—7'1;—16. The Glauber expression

scattering by H, He and Li
for the scattering amplitude involves integrals of order 3N+2,
where N is the number of atomic electrons. Francoz, Thomas and

Chan17 and others7’18’l9

, proposed reduction methods for the
order of integrals, when the atomic orbitals are approximated
by gnalytical.functiéns of Slater's type. These methcods redu-
ce;the 5rder of integrals to one, when the interaction between
the incident particle and the atom is purely coulombian.

In the present work we present an expression for the
scattering amplitude for ns-ns électronic excitation of alka-
li atoms. Calculations of Glauber cross sections for many-elec
tron atom collisions are very difficult even with the use of
Slater's orbitals because of the large number of terms that
are present when the reduction methods are used. We use an
one—~electron approximation to describe the alkali atom, where
the interaction of the incident electron with the core elec-
trons and N-l'protons is substituted by an appropriate struc-
tureless potential.

- In section 2 we present the Glauber scattering amplitu-

de, emphasizing some particular points. In section 3 we discuss
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the approximation adopted to describe the interaction poten-
tial and in section 4 the scattering amplitude for the consi |
dered processes is obtained. Finally in section 5 we éomment
some aspects of this result and the possibility of its gene-

ralization to different excitation processes.

2. Theorz

We consider the system electron N-electrons neutral atom. .
Relativistics corrections as well the nuclear motion are not
considered. In atomic units (h = m,A=e= 1) the hamiltonian

for this systém is:

H=Ha+He+V (1)

where

- : N 2 N 4 N :
1 N : 1
H = - = z V. — E —— — (2)

is the hamiltonian operator for the atom, and:
= - 1v _ .
He == 3 (3)

is the free-electron hamiltonian

> ->
vV = V(rl,...,rN+l) is the potential that describe the

Coulonb interaction between the inciéent electron (;N+l)’ all
the atomic electrons and the nucleus, defined by
N T
1 1
v= 3y V. , V,= - + (4)
j=1 J N+l TNl

In eqgs. (2)-(4)
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The scattering amplitude in the Glauber approximation

is:
> o ) iko 2 -> > L
£op(korkg) = 53 a"b< ¥ (rl...rN)lexp(lq.b)
. > *
{1 - expux(b,i’l,...%N))}|wf(‘fl...‘fN)> | (5)

-

Eg. (5) is the Glauber éxpressionAfor‘the scattering
amplitude associated to the process of excitation of the até
mic state Wf from the state Wd when the iﬁcident électron,
initially with momentum ﬁo’ is'scattered and, assymptotically,

has momentum ﬁf.

k2 kz.
o _ _ o . .
5 = (Eo Ea) + 5 where E0 and Ea are the energy- of
the states Wo and Wf. 3 = Ko - Kf is the transfered momen -

tum.x(B,fl,...fN) is the phase of Glauber:

X(A—B'—_fil,ooo,—fN) = - '—](';— f-oo dz, V( Iy’z'l_fl'-.._fN) =

. e
. 1 >
= . with L = - dz'v. L
§ X3 X3 X, j‘ 2'Vy(xyy,2t,ry)

(6)

The incident electron coordinates are expressed in caxr

.tesian coordihates, (x,y,2), and B is the classical

—). —
N+l T

impact parameter, projection of T over the plane perpendi-

N+1
cular to the incident direction, Z. The integration over z'
is made over the Z axis.

Directly from the eq.(5) it is easy to see that fOf

envolves the determination of integrals of 3N+2 orders. Some



reduction methods for the order of these integrals were propo-

Z—7'l7-19. These method assume the

sed for atomic collisions
atonic functions as described by a linear-combination of Slater
orbitals.

For the case of atomic excitation, eq. (5) takes the

form:
ik - . _
£ ¢k, Kg) = ..??H_E f~d_2b exp (ig.B)< v | ry--onlve > (7)
whe:g
ry = exp (1 x5 and <y lves> = 5. |

was used.

The atomic functions Yo and Y are antisymetrized with
:espect to the change of two electrons coordinates. If these
functions‘are written in terms of one-electron orbitals (cen-
tral field approximation) eqg(7) is'composed by N! terms which,
eventually, are rearranged. For aioms others than H and He
the nunber of terms which appears in eq(7) is very large and
the use of the Glauber approximation is complicatedll’lz.

For a better undexstanding of the kind of difficulties
involved, it is interesting to particularize our study to the
case of excitation of Li (three atoﬁic electrons), and consi-
der the processeé associated to each of the Glauber terms.

~ Figure (1) shows some cf the possible p;ocesées. In
Fig. (l.a) we present the "direct" excitation process, wheh

the valence electron is excited from the initial level to the

final level, and the core wave function relaxes. This process



corresponds to the term:

> ' > '—)-' vV - ->
<¢ . (xyryle ls(rl)><¢ls(r2)Ir2!¢ls(r2)><¢2 (£y) gl (r3)>
s ng
and in the high energy region it reduces to the Born approxima
tion.Figure (1.Db) shows a possible "indirect" process: the
valence electron (?3) is de-excited to one relaxed core orbi-

tal and a core electron is excited to the final level.

This term corresponds to:

<016 EPIT] 4ny By)>e oy ER) T,y (rp) <ty Fy) T3l (F5)>

3. Collisions with Alkali Atoms: Approximation to the Atomic

Problem

In several aspects the alkali atoms behaves as an one-
electron atom. In the centrél field approximation the alkali-
ne is descfibed by a core with complete shells and one valen—
ce electron. An approximation usually adopted in atomic physics
is to substitute the inperaction between the valence electron
and the core electrons and N-1 protons by an average spherical
potential. We can writte the interaction beﬁween the incident

electron and the atomic electrons and the nucleus as:

S S _ 1 sy (8)
{r -r | €
TN+l N+1" TN

-> >
V(rl”"rN+l)

. —> n‘ ‘. . »
where rN is the wvalence electron coordinates and VC describes

the interaction of the incident electron and the N-1 core elec



trons and N-1 protons

N-1
VC = S.—l + Z —:—'l—'——:—- . (9)
N+1 i=1 ]rN+l—ri]

The frozen-core approximation is obtained when the rela-
xation effects are not considered and Vc is approximated by an

average core potential defined'by:

<V> =<¢CIVCI¢C >

The inert frozen-core approximation13 corresponds to put

'<Vc> = 0, ‘
At large distances from the atom the interaction is of
the formzoz

VI = ~A exp (-2 rN+l)/rN+l v (10)

where A and X are, respectively, the depth and the range of
the potential, and are determined by the asymptotic behavior
of <Vc>.

The approximation adopted in this work is to consider

Vo = Vg in all space and describe the interaction of the inci

dent electron and the atom by the approximate potential:

)

5 1 L Aexp (-} Iy

> —_— e o -—
V(rl,""rN+l) = — + == =
IN+1 | T4 Tyl

IN+1

. 2 (11)

foYre S?J'hd <

This corresponds to consider approximatly the "indirect" contri

butions to the excitation process.



4, Collisions with Alkali Atoms: Glauber Amplitude

Using the approximation described in section 3 for the

interaction potential the Glauber phase defined by eqg(6) is:

X = xg* xXe _ (12)

where Xg is the Glauber phase for the electron-hydrogen colli-

sion and X is the core contributions. The analytical expres-

sions for x, and- are?76721,22,
| c
+ o0 ’
. . S T
Xg = .k_l__. j dz|< 1 - — 1 —~ ): E—Z__ wn _l._b__..b_. (13)
o N I+l |rN+l—rN[ o - b
and
: | o A exp(~x ry, ) '
X = o | dzt ———— M- 2B ¢ (14)
o ' N+1 o. :
S is the projection of fN in the plane perpendicular
to the direction of incidence (Z) and K is the Modified Bessel
functionzz.
Using these approximatiohs we reduce the collision pro-
blem with alkali atoms to an electron- "hydrogen" - core poten

tial problem.:

Using eqgs(13) and (14) in (5):

. : . ‘ 2in .
ik . R > %, 2i A K_(Ab)
£ (kK k) = =2 \f d2b<Wf|exp(ia;b){lr-(bbg{) exp( © )}i;

21 k
o i

-(15)
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or, for the case of atomic excitation, and integrating over

the core electron coordinates:

. . 2in .
ik N o iz i AK_(Ab) N
fof = -27]?9 f dzb <q>f(rN)] exp (ig.b) (—’%;EJ-) expC R 9—-——-) M’o (rN)>
. o

with n = l/ko for electronic collisions gnd ¢jK?N) the j-orbi-
tal of the valence electron.

Considering only ns—ms excitations and the atomic wavé
functions described by an appropriate iinéar combination of
Slater orbitals, we can use the method propoéed by Thomas and
Chanl6 to reduce the order of the integrals. The generalization

for others excitations processes is possible.

The atomic orbitals %o and ¢f are written as:

ns o a5

exp(-a. ¥
p.(OLJ )

= = , ~ j-1 —c
¢f ¢ms JZE ; b. r exp ( Bj ;)

Since relaxation effects are not considered we have the

orthogonality condition for the atomic orbitals:

<¢0 l¢f> = Sfo

or, expressing the above condition in. terms of the coefficients

aj, b .apd Yis = oy + BL:

k 3j i J
,Z a. b.. (i+3) 0 (16)



-11-

The scattering amplitude is:

ik n 2i A K_(xb)
(o) 2 > o)
for = 57 _Z Z d“b exp(ig.b) exp ( K )
3j=1 k=1 . o
\ : %; 2in
3 j+k—2 ' - " (17
ajbk ‘j d r { rJ exp(-ijr) (L~B§l) ( -)

Introducing the generator function Io,.defined by:

r

N 2in ’
IO(XI%) _ er3r exp(—yr)--<|%;s|) (18)

-

16

we can use the method of Thomas and Chan to reduce the order

of fhe integrals that appear in eq(17):

| » -2 mn . -2in  -2i | .
Io(y,%) =47 y ¢~ 8Qige " b N 74N léin—l,o(le) (19)

where ii V(iz) is the modified Lommel's function with argument
4 . .

iz,defined byll’l7:

s _ s - inp) ,H-1 l+u+v l+p-v
Jéu,v(_lz) = sp’v (iz) exp( 2)2 r( 5 )r( 5 ) Iv(z)

[ (x) is the Gamma function, Spv‘is the Lommel function and Iv
A A

the modified Bessel function23.

Of course:

) . 2in
. > >
jd3r LJtk=2 exp (= 4cT) Q}ﬁ_l_)

b = (20)
k=1
. : j+k“l 3? : IO(YrE)
f-l) 5 7K1



Using egs(18),(19),(20) and the recurrence relations for
] : )
the modified Lommel's,functions*S, we obtain the scattering

amplitude:

ik n m .
(o) . -Jj-k-1
fe=—5 1} Yy a.b_ 41 [(3+k): Y
°f gn® 321 k=1 I K -

2i A K_(3b) : Ttk-l Lo
_Ide exp ( o :)_ 210 &M 7Ty gIvkmeel

ko 2=0

k

' j+k-2-1
(2in+p+l1) . (2in-2q)
p=0 _ g=0

(_l)j+k-2
Zin(21n+l)

He

d”b exp "

J , (21 A Kocxb))-b,21n+j+k—z—1 m2in =21
) ,

o (ivb)
2in-j-k+2,j+k-2-1 : (21)

Y=Y 4k

Using the orthogonality condition expressed by eq(16)

the first term in eq(21l) is zero. Using the relation22:

21

j exp(im ¥) exp(igq.b) d¥ =
O

= 21 exp(im(y + 1)) J_ (gb)
with a = (q,wq) and Jm the Bessel fﬁnction, the final expres-

sion for the Glauber scattering amplitude is given by:

In . . ) . .
X - —2in-2-g . j+k-gp .
“of 2in+ 1 j k ; LI (J+k=-g~1)!

j=1 k=1 g=0 J



-13-.

. J+k=0-1 ' [2i A K_ (1b)
I (2ip+p+l) 1 (2ip-2q) db exp\ m
p=0 . q=0 o o

Jo(qb)

C2intitkep & V5P . (22)

b 2in-j=k+1 , j+k-2~1

When b>> max{l/yjk ’ 17q; 1/»} the integrand has the

asymptotic behavior:

k 2)b

exp <2i A H)b-B/zcos(qb - %) ' (23)
o

5. Conclusions

- The effects due to the core electrons are expressed

by the factor:

2R ' {21 A X (Ab)
exp i

(@)

‘When A =0 (or, VI=0) we obtain an ex?ression'for the scatte-
ring amplitude of ns - ms electronic excitation of hydrogen, or
alkali atoms in the inert frozen~core approximation. |

- The introduction of core effects decreases the inert
frozen-core scattering amplitude.

- To generalize the method to compute the expression for
a general excitation ng» n'y' it is only necessary to coneider
the angular part of the atomic orbitals and define new genera-
tors functionsll’l7.

- The integrand in eq(22) presents an asymptotic behavior
adequated for numerical calculations. This is a direct conSequeg

ce of the fact that the orthogonality condition was explicity ta-

ken into account in eq(21) and spurious divergence are avoided.
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FIGURE CAPTIONS

Figure 1 - Some possible processes of excitation of lithium.
(la) fepresents the "direct" excitation

(1b) represents an "indirect" excitation
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