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The problem of the scattering of a charged particle by a two-state atom in the presence of a low-frequency
laser is considered. The atom is allowed to distort adiabatically due to the laser, and the scattering is
obtained as a power series in w, the laser frequency. When the distortion of the atom is neglected the .
multichannel generalization of the Kroll-Watson result is obtained but the distortion introduces new terms in
first order of w which are not simply understandable. The relevance of the model to the real problem is

discussed.

I. INTRODUCTION

When an electron scatters from an atom in the
presence of a laser field the laser photons may
play the role of a third body thereby allowing off-
shell electron-atom scattering and other exotic
effects to be observed. The laser is a particularly
useful “third body” in that its coupling to the other
two is simple and its “density” may be high. The
full problem is too difficult to have been solved
in full but it can be handled in a variety of special
cases. One useful one is the limit in which the
laser photon energy w (% =1) is low compared to
the other relevant energies of the problem. Kroll
and Watson? have treated this problem in the ap-
proximation in which the internal degrees of
freedom of the atom could be neglected. In that
case the problem is one of potential scattering of
a charged particle in a laser field. They showed
that the scattering could be expressed in terms of
the on-shell T matrix for the scattering in the
absence of the laser in the lowest two orders in
w, w° and w'. Another method® confirmed their
results and showed that off-shell effects entered
in order w?.

A recent experiment® in which 11-eV electrons
were scattered off argon in the presence of a CO,
laser beam (w~ 1.2x107% eV) gave qualitative
agreement with the theory and thus raised the
question of the effect of the internal degrees of
freedom of the target on the scattering.

In this paper the second method® is used to
describe the scattering of a charged particle on a
model atom in a laser field. The atom is de-
scribed by a two-state model, but it is clear that
the results generalize simply to a multistate atom
as long as only a finite number of states are al-
lowed and exchange is neglected. The result, Eq.
(42), shows that the effect of the laser in lowest
order w® can be described by the appropriate
average of a T matrix, but that the next higher
order w! introduces off-shell effects due to the

internal degrees of freedom of the atom.

In Sec. III some conjectures are made concern-
ing the real problem in which both the effect of the
Pauli principle and the atomic continuum are in-
cluded.

II. FORMAL DEVIATION

In describing the scattering of an electron by a
two-state model atom our starting point is the
atomic wave functions in the presence of the laser.
These can be obtained analytically® in the adiabatic
approximation in which the laser photon energy is
low compared to the energy difference between the
atomic states,

WKW, 1)

(We shall set the energy zero such that the two
states lie at +3W.) The details of the states will
not be needed but they are included for complete-
ness:
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where u, and », are the bare atomic states, A is
the dipole matrix element of the laser-atom in-
teraction connecting the two, €(wt) is a generaliza-
tion of the Rabi frequency,

e(wt) = (W2+ 4|A |2cos?wi) /2, 4)

and T is the average value of € (wt). The total
wave functipn of atom plus projectile is then
written )

p=F,(F,1)e' %@, + F_(F,1)e 20 _, (5)
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where T is the projectile coordinate. This can be
substituted into the Schrodinger equation and with
the use of the orthonormality of &, equations for
F are obtained of the form

[z% - (%c,+ E%* %5-&(;)) ~V(7T, wt)]F(Y', t)=0,
(6)

where a matrix notation has been introduced:

F(5, 0= FrE0 (1)
F_(%,1)
and
V(E,wt)= [ V- (8)
V_y V__

The choice (5) assures that V can be expanded in
a Fourier series

V(E wt)= 2 V(P ©)
n=—w
since the e**¢* factors have been removed. The
initial and final states can be taken as the states
of (6) in the absence of the interaction, V=0.
These can be written

x=explik-F—ik- () —iegt —2icto, Ju,  (10)
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where

2

> _€ ¢ PR = _ k
a(t)——”-l?fo dt’' At')=a,sinwt, €,=5—

aor s (11)

and u is the atomic state which in this notation
is u= () for the ground state or u = () for the ex-
cited state. ‘

The exact S matrix for scattering from the initial
to final state is

Sy = =i fIV+VGVi), (12)

where G is the Green’s function for the full prob-
lem. It can be expanded in powers of V yielding

Spu= =i 2. (fIVGV)lay = DS, (13)
n=0 . n=0
where G is the Green’s function for the operator
in Eq. (6) with V=0. It can be written
G(Tt;7't")
=—30(t-1t')
3
x| s expilk: (F=F) - [a0) - (")
—(ex+t3E0,)t~t")}. (14)

Let us consider one of the terms, S&%'V, in (13).
If we make explicit use of (14), it can be written

Jll(Kl' ao) tee Jln+1(Kn+1' &0)(— I)Ejlj

117 ipea
S1°° *Sp+1
x(“femltu;sl(Kn t1)eiA2t2Vs2(K2, ) e
Vsn.,, I(Kni» 1 tn+ 1)ui) ) (15)
where we have used
ei'ﬁj-'&(tj) - Z i, (Rj . &O)e-itjwtj (= 1)4 (16)
lj==co
and
Vsj (I’Ej , t) - ei?tog/zf/‘vsj ( I-Ej)e-i'e_toz/z ='[d37 e_{K j-?e{?tog/zvsj (T)e—i?taz/z . (17)
We have also defined
Klzf)f‘ka2=E1‘E2' . Kn+1=-ﬁn—-ﬁi (18)
and
Aj=epy_ —€g = +85)w —in
(19)

with

€k0=€pf’ Eh"+1=€pi.

The first objective is the extraction of the energy-conservation & function. This can be accomplished
by noting that the time dependence of the potential matrix (17) has a simple form which can be written as
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an expansion in Pauli matrices: .
Vo(K, )= VO (R) + V@ K)o, + 74 (K)e' fo, + V9 (K)e~* o _ . (20)
The algebra of these matrices limits the combinations of o, and o_ that can occur in (15). For instance,

if u; is the ground state and u, the excited state than one more Jpower of ¢, than of o_ must occur in (15),
and from (20) this says that one more power of ¢! than of e~*¢* must occur. Now with the substitutions

ta=t,~T7y,
b=t =T, =Ty,

@1)

bpa 1Sl =T =Tt * =Ty,

(15) becomes

d*k > . > -
(n+1)_(_z)n+1f dt1f dry -« L dr, f((Z )3) le(Kx'ao)' . 'J;"“(K,.“‘Oto)("l)til‘
il

x (ufe‘Altlfisl(Ku tl)eiAz(tl_Tl) ‘732( 122, tl. - 71) ¢t

e‘An+1(‘1'7'1'Tz‘ . --1-,,)‘7

Sp+ 1( Kpipty =700 0 = ‘r,,)u‘) .
(22)

Since ¢, enters in every potential and since the number of e*¥¢* factors from the potential product is fixed
by the initial and final states then the total ¢, behavior from the product of potentials is also fixed by them.
The ¢, integral can then be done yielding the energy & function of the form

n+1l

€
6(59, —€p = (0 —5f)"2‘ -w ‘Z (34+l¢)) >
=1
where

Oathy,p =04 Uy 5 - (23)

The summation variables in (22) can be shifted by writing
n+l n+1

L=l-2 8= 2L, (24)
i=1 i=2

yielding

Sprd=_2m ) 5(,,+6, 3= =03 —wl)T‘"*”(l), @25)

[=mo

thereby defining the transition matrix for scattering with transfer of / photons

T(nu)(l):(_,-)\nf”dT f dr, f dsk) Ty (R @o) + + . (Kye &)= 1)F-Lest
fi o 1 (2.”)3 1\ Ins 1\ P22 ]

Sn+ 1
Ins+y

X(ussl(Kp 0)6-‘A2T“7 (ﬁzs -T) e
e"An+1(T«\+' : H.") sn+ 1(Kn+ =Ty = Tn)u ). (26)

The 7 dependence of the potentials can be extracted with the use of the first part of (17) and then all the 7
integrals can be performed with the result

THY(@) = (-1) f( ) r"Ln( 1)s°Jz-so-L1(iZ1'JO)JLr.Lz(Kz’ao)‘"JLn(-ﬁnu‘ao)

so...s"

X ( O'S 1(I{ ) Vs].'sz (K ) _' .o 1_)}—' VS"(Kn+].)uL> (27)
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where we have shifted variables by

n+l

nel
Si= D.Siy Ly= Y 1; (28)

i=j+1 i=j+1
and defined
Dj=E;i+%€5i—(€kj+%€02)+w(3j+Lj). (29)

Equation (27) is our starting point for the expansion in powers of w. If only terms up to w’ are retained
this becomes

L dSk n
TP 0= (-1 j(w> Ll-zo;z, (=1)%,. =So~Ly (K a )JLI'LZ(K KR (Km )
So***Sp

n

x(l - s L)~
s

2 )(“fvs S, (K ) +— Vsl-sz(K ). “i' V (Knu)“z> ’

ki

(30)
where
A;=D;(w=0).
The inverse of (9) can be Fourier transformed to give
. 21 0 ., ~ =
V(K = f & e y(R,6). (31)
o 2T

If each of the n factors of V in (30) replaced in this way then the S sums can be performed with the aid of
the identities

Z e-iroJT(Z) =e-iesinf (32)
and

Z eir(e-o')=2ﬂ 5(9 _9!)’ (33)

7=

which then allows the performance of all but one of the # integrals. The L sums can then be done in a
manner identical with that used in Ref. 3, with the result

dEN\" (7 d = e =
T;r:u)(l):J‘((z_‘S%_) o 91 pi101+id+ 30100, {14.(.02(1(" pi).aocose

2m e ' 3¢y,
n n+l 1 9
Z ;17 r 3€k }
1 \
(us(K 6 ) (K 0 )' s V(Km-b n+1)u>81=9 ’ (34)

where ‘&:f)f -D;. The factor cosf, in the second term of the curly brackets can be replaced by

- 1 9 -
e 19" @0sing, cosGl= —~ e i aosinel’ (35)
iq-a, 96,

and then an integration by parts on 6, results in a modified form of the curly brackets which is

o (k,-P,)d, @ 2, (k,-P,) 3,1 o o a2t 1 8 8 )
=1—l —J..—.tr—g'—'—w ——Jt‘r—o—j—— + W - —_— ., (36)
{h { w-Zl: q-a, aikj ; q°a i 96, B¢y, S Sh 190, d¢y,

The first two terms of this expression are identical with those occurring in the potential scattering prob-
lem and have been dealt w1th previously.®® They can be absorbed by a shift in momenta in the zero-or-
der term

- - - - -

P,=p;-%, P,=p,-%, kj=k;-}, A=mwld/(§*d,)- (37)
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Then summing over all n, we obtain

dg . d3kl n n
T,i(l) [ 1 e 101413 dosmﬂlzi; I(W> {1 - jZ;

—+tw

(kj-P)ral 8 & & gil s a}

q-a, i 96 8ek e S7h 190, B¢,

. 1~ .
X (us(Klel)‘A“{‘ V(Kzs 92) tee V(Knﬂ’ enﬂ.)ux) 65612 (38)

where the primes indicate the shift to the new variables of (37). The » sum in the first term is simply

performed by use of
) < 75 1 -7, Vn,lu,) =(B,,7|1(6) B, 1),
n=0

where
T(6)=v(6)+V(6)[1/(E; -RH)]T(6),

where V(6) isvthe potential of (9) with w¢=¢ and
Ej=€p;+36,€+in, H=P?/2m+}eo,.

(39)

The last two terms may also be expressed in terms of this T operator with the result

Tﬂ(z)f 46 uoriGoino(p, £7(g)eL (T(G)w&o-(F—P'L)T(O)

which can be written in a more symmetric form as

T A6 sesithos v iw
T.. (1 =J‘ i16+iqapsin® ﬁ LFIT(6) + =
MURE -F B, 7170+ 5% 5

1 aT(8) )

The interpretation of the first term is interesting:
V(wt) is the electron-atom interaction matrix as
modified by the distortion of the atom by the
laser. T(6) is the exact scattering T operator in
the approximation that the distorted atom is
frozen during the scattering (a low-frequency
approximation), and the ‘¢ integral is a coherent
average over the cycle of the laser. The last two
terms are difficult to understand but if one makes
the approximation that the atom is undistorted by
the laser, then T is independent of ¢ and equal
to the T operator in the absence of the laser.
Thus, the last two terms vanish, and the first
term is just the multichannel generalization of
the Kroll-Watson result.

This T matrix can then be used to form a cross
section in the conventional way,

Bii )~ 1o,/ p AT OF, (44)

which in the no-distortion limit can be written

2 2,0 P,1)
—“(p,(z),p.,(z» SHEUR ao]m Toi‘(n‘

x L’E&(F », B, (45)

(40)
(41)
d’D' q(E; —H)z > T(G) (E+ }{)2 ae T(9)|§nz)9
(42)
8 @ P aT() 1
2 (700 G20 700) + &2 (222 Gr—r T0)
(43)

r
Here the magnitude of the final momentum p,(1)

is obtained from the energy-conserving 6 func-
tion in (25). It, and the momentum transfer § both
depend upon [ as do the shifted momenta B,(1) and
? (I). If the product lw is small then these 1
dependencles are all weak and the multichannel
generalization of the Kroll and Watson sum rule
may be obtained from (45):

Y Bup, 550 20@,8) . @)
1 0g=0
It should be noted that the same type of sum rule
applies even when the distortions of the target
due to the laser are retained in (43). Again
neglecting the [ dependence in P, and @, we may
perform the [ sum

7 1Tﬁ(mz=jo"

22 \@ s ITONB, D, 4D

where terms of order w have been neglected.
This can be converted to a cross section with the
result

3 Lt (5, 5,51)-

1

" do do
2_” (pf; P;’ 9) (48)
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where the cross section on the right-hand side
can be understood as follows: The target states
are distorted by the laser and so depend upon the
phase (6=wt) of the laser. The scattering cross
section is calculated with the phase fixed and then
an Zncoherent average over this phase is per-
formed.

The calculation has assumed a single-mode
description of the laser which is unrealistic. A
more realistic description can be obtained by al-
lowing the laser amplitude to be slowly varying
(on the time scale of w™'). This modification can
be included by performing an ensemble average of
the cross section over the various possible
values of the laser amplitude.®

1. DISCUSSION

The development above made no explicit use of
the form of the atomic wave functions other than
the periodicity of V [Eq. (9)]. It is obvious that
there is no difficulty in generalizing to a multi-
state atomic model. Again, only the periodicity
is necessary but this is a general result for a
real atom.” However inclusion of the atomic con-
tinuum presents some real problems since these
states are dense and it is questionable whether
the adiabatic approximation for the wave func-
tions are ever justified.

The inclusion of exchange between the projec-
tile and one of the bound electrons can be effected
through the device of the optical potential. The
principal modification of that inclusion is to make
the interaction-potential matrix nonlocal. If one
~ returns to the procedure of Sec. II it is evident
that the only use of the locality of Vv was made at
the introduction of the translations (37), where
we used

&lv|k)=vE-K).

This is not true for a nonlocal potential so the
Kroll -Watson treatment of the first-order terms
will not work. This means that the effect of the
Pauli principle (exchange scattering) will intro-
duce a correction of order w in addition to the
ones already contained in (43). The zero-order
term is still justified so barring our misgivings
about the adiabatic treatment of the continuum
atomic states we may expect that the first term
of (43) can be applied in the real world.

The experiment of Weingartshofer et al gave
only qualitative agreement with the details of
Kroll-Watson result but gave quantitative agree-
ment with the sum rule

dog (1) _ (do
Z aQ ‘(73)%:0' 9)

If one assumes that the argon target was not dis-
torted at all by their laser, then Eq. (43) reduces
to the Kroll-Watson result and this sum rule is
justified. We see from the two-state model that
the condition

|A] <w

would justify that approximation. The excitation
energy of argon is a few eV and their laser inten-
sity was of the order of® 107 W/cm?, which yields
a value of A of the order of 5x107® eV which
justifies the approximation. However, the analy-
sis given above shows that the sum rule would be
satisfied for much higher laser intensities.
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