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Selection rule in the theory of laser-assisted charged-particle scattering
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It is shown that the exchange of an odd number of photons in laser-assisted charge-particle scattering is
forbidden when the laser polarization is perpendicular to the scattering plane. It is proposed that this selection
rule may be used to test the satisfaction of single-collision conditions under critical geometrical conditions
where experimental count rates tend to become prohibitively shslD50-294{@9)08112-3
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The Kroll-Watson(KW) approximation of laser-assisted classically forbiddenn.<|n| [2,3]. When this is the case,
perimental1-4] and theoretica]5-11] investigations in re- s not well founded. Instead, one has to consider the full
cent yeargsee, e.g., Ref12] for a recent review Basically,  expression of Eq(1). This has been done in the case of a
tering from asymptotic initial momentuuﬁ\ to final momen-  range potential in Ref5]. In the latter case an exact analyti-
tum df in a short-range potential accompanied by the ex<Cal solution is possible. The zero-range potential may there-
o (92/2=9’/2—nw) is given by[13] [atomic units(a.u)  various theoretical approximation methods.
are used throughoit In a recent theoretical studyll], the possible role of
differences between the experimental res{i&s] and the
‘o KW approximation. The selection rule derived in this paper
X F(ps(t),pi(1)), (1)  importance of multiple scattering events. As discussed in
more detail below, deviations from the prediction of the se-
of the vector potential(jzﬁf—ﬁi the electron momentum scatt('enng or a low angular resolut|or) in the expenment..
- : . It is to be noted that the separation between classically
transfer, and (p¢(t),p;(t)) the field-free off-shell amplitude
evaluated at kinematical momengta=q;+A(t)(j =i, ). of the electron momentum transfer vector on the polarization
In the classically allowed region whefe| is less than the  vector of the field and that the orientation of the initial and
=|(Ag/w)e- Q| (see, e.g., Refl5] and references thergin formula of Eq.(2). The situation is more complicated in the
Eg. (1) may be evaluated in the stationary-phase approximagclassically forbidden region. Laser-assisted scattering in this
[13], jections of initial and final momenta. As a clear manifesta-
tion, we shall demonstrate that the impulse approximation of
- Ao =\ o oL L
fn(qqui):‘]n(EE'Q>f(qf+ Y.ait+ 7). (2> region allowing only the exchange of an even number of
photons if the polarization vector of the field is arranged to
“nod/(€Q) 1s exacty the momenm spiacement MOUTILON o Sal2 would g a vamiting ross st
needed to keep the field-free scattering amplitude on the erg- 9 P
ergy shell,|g¢+y|=[q;+y|. This expression is referred t0  Eq the derivation of the selection rule, we consider the
as the KW approximation and we adhere to that conventioryecia| situation where the scattering plane is strictly or-
(1), also given in the original paper of Kroll and Watson th°9°”"i" o the_fleld polanzatlorar,-qi_:e-qf:e-QzO. In-
[13], will be referred to as the impulse approximation in Sertinge-Q=0 into Eq.(1), we obtain
Detailed experimental tests of E) have been done in
the regime where the momentum transfer in the direction of ~

electron-atom scattering has been the subject of several ethe stationary phase argument no longer applies andZg.
the theory predicts that the laser-assisted amplitude for scaétatic model potential in Ref9] and in the case of a zero-
change ofn photons from a harmonic field of frequency fore serve as a unique testing ground for the validity of
double scattering has been discussed in order to explain the
fa(dr.G)= %J':ﬁ/wdt exp{ —i ( Nwt—
will provide a basis for an experimental investigation of the
with € the linear polarization of the lasef, the amplitude lection rule will be a signature of the presence of double
allowed and forbidden regions is governed by the projection
classical cutoff in the number of exchanged photoms, final electron momenta only plays a minor role in the KW
tion to derive the well-known result of Kroll and Watson region depends in a delicate way on the individual field pro-
Eq. (1) provides a selection rule in the classically forbidden
Here J,(x) is a Bessel function of integer order and Pe orthogonal to the electron scattering plane. The KW ap-
due to the presence of the Bessel function.
in the following while the more general expression in Eq. <
accord with standard terminology in atomic collision theory.
the laser fielde- Q, is so small that exchange of photons is

R w (27w ) N N
f yQi):zfo dtexd —inwt]f(ps(t),pi(t)). (3)
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When we expandp;=q;+A(t)(j=i,f) to zero order in

10* ; , . :

A(t), we find
. . n=1
fn(ds,0i)=f(ds, i) On 0, (4) o ’
which represents, as expected, field-free scattering withou n=2
exchange of photons. To study the inclusion of higher-order 3
- ()
terms in A(t), a more explicit expression of the off-shell ‘é‘ 10° | .
scattering amplitudé(ﬁf(t),f)i(t)) is needed. Generally, the 3§
off-shell scattering amplitude is defined in terms of the cor-
responding half-shell’ matrix, 10°
I 1 +
f(kek) == 5 (VI ), (5
ar | 10—10 " 1 1 L
85.0 86.0 87.0 88.0 89.0 90.0
¢ (degrees)

whereqﬁgf is a plane wave and'ki_ is an ordinary scattering
1

state, both normalized to unit amplitude at large distances.
Upon expansion in partial waves, assuming that the interac-
tion potential between the incident electron and the targe]
atom is represented by a spherical potentiét), the off-
shell amplitude may be expressed as

FIG. 1. Differential cross section in the one- and two-photon
mission channel as a function of ttezimuthal angle ¢ between
e laser polarization and the scattering plane in a geometry where
€-0O=0. The scattering angle is 156°. The initial kinetic energy of
the electron beam is 10 eV. The laser is a linearly polarizeg CO
% laser ¢Gw=0.117 eV) operated at an intensity of,
f(ke, k)= (21+1)a(k; k)P, (cosé,), (6) =10° \_N/cmz. The potential is as-shell potentialV(r)=Vod(r
=0 —a) with shell radiusa=5 and potential strengtkl,=0.25.

where 6, is the angle betweeﬁ andla and where we have f(ﬁf(t),ﬁi(t))= f(‘if ﬁi)*‘g(af 'ai)Az(t)Jro(Azl(t))’
introduced the off-shell partial-wave amplitudes (12)

ay (ks ,ki):2ei5|(ki)fw dr r2j,(kr)V(DR(k;r)  (7)  Where the explicit form ofy(dy,q;) is readily derived but is
0 immaterial for the present discussion. Using the harmonicity
of the field, we find
given in terms of ordinary scattering phase shifégk),

spherical Bessel functiong(z), and radial waves with stan- f (GG =G0 )8 ot 1 (G0 GVAZ(25. o= 51 )
r—ow ,di = , Qi — , Qi [—

dard normalization at large distance®,(k;r) ~ j,[kr (A Gr:)0n0™ Z9UG1 4Rl 20n 07 2

+8(K)1. +O(AY). (13

Note that the expression in E¢7) on the energy shell,
I.e., forki=k;, reduces to the ordinary partial-wave ampli- This clearly means that the laser-assisted differential cross

tude section satisfies the following selection rule:

al(ki):iem'(k‘)?’i”‘sl(ki)- ®) d—a(* 3i:2n+1)=0 for n=0,1,2 (14)
ki do gs,4;i; = =U,1L,4...
Let us now return to the expression in E8) and assume i the considered geometry.
that the following property, trivially derived from Eg6) in The selection rule in Eq14) was derived in this paper in
the case of a spherical potential, is valid: the impulse approximation but applies more generally. This
N follows from purely geometrical considerations since, for a

f(ps,pi)=f(ps,pi,cosby), © spherically symmetric potential, the system must remain in-

variant under simultaneous rotations of the laser field and

with 6, the angle betweep; andp;. Referring to the special  jncident and scattered electrons. This implies that the depen-
geometry where the scattering plane is orthogonal to the pQjence on vector quantities such as electron momenta and

larization vector, we obtain vector potential only may enter in scalar combinations such
BN ~o o
(1) =2+ A(1)2=q. + O(A2(t 10 asA-qg and A“. .Slnce the exchange pf an o_dd number of
Pi(U=aj ("=q (A"D) (10 photons clearly involves at least one interaction term of the
and type A-p, wherep is the electron momentum operator, the
selection rule of Eq(14) is readily established. The present
cosf,=cosby+ O(A%(1)), (11 derivation in the impulse approximation is, nevertheless, use-

o R R ful since it clearly reveals how the finite value of the cross
whered,=d;- q;/q;q; is the angle betweegy andq;. When  section for the exchange of an even number of photons is
these relations are applied in E®), we find intimately connected with the off-energy shell intermediate-
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state motion of the electron. Note that the KW approxima-matic way in this particular geometry. Note that a resolution
tion of Eq.(2) would predict a zero value for the cross sec-of about 1° would be sufficient to experimentally resolve the
tion also for even values af. dramatic difference in the angular dependence of the one-
To illustrate the situation by a simple example, we con-and two-photon processes. Since the angular resolution in the
sider laser-assisted scattering od-ahell potential. Figure 1  €arlier experiments by Wallbank and Holmes3] is 2°-4°,
shows the laser-assisted differential cross section as a fun#€ situation is considered to be quite adequate for an experi-
tion of the angle¢ between the scattering plane and themental realization of the effect. _ .
polarization vector of the laser. The scattering angle is 156° In summary, we have derived a selection rule in the
and the geometry is such thatQ=0. The parameters of the theory O.f Iasgr-ass!sted charged-parnc_le scattering. The rule
laser and the scattering potential as well as the kinetic energgz‘as Qerlved in the impulse approxmatlon,'but IS was qrgugd
of the electron are detailed in the caption. The one- an at it would apply_ general_ly for Iaser-as_5|sted scattering in
two-photon emission channels are considered. We note th Pherlcal symmetric potentials. We have illustrated the selec-

the scattering for the chosen parameters takes place in t jon rule by a calqulathn shovymg how _the two-photon ex-
change cross section will remain essentially unaffected while

wings of a resonance centered arounfl.5 eV and of width e one-photon exchange cross section vanishes as the spe-
~1 eV. The cross sections for off-resonance scattering arE‘—,t.1 P 9 P

somewhat smaller than the cross section in the figure, but th%gt?eer?r:netrlér\:\gt?sthae liig;ﬁg?”;iﬂg? d?rfrfer:?'gu:%;gfj?:_
qualitative behavior is the same. First, the figure illustrates’ gp P ' aw.

that the impulse approximation predicts a nonvanishing cros\g\)enltdm Sn exrperlrl’r:ent vr\1“tf'[] f:\r) ?n%li"flfa'; rif(f)rlu::??hm arE)outrl
section in a geometry where the KW formula is ill-defined ould give a result quantitatively ditterent fro € one pre-

and where various lower-order theories would predict a Van_sented in Fig. 1, it would be a sig_nature that the experimen_tal
ishing cross section since the Bessel function, which deterga'[a are not properly analyzed with respect to the satisfaction

mines the weight on the field-free cross section, fquiIIsOf single-collision condition$11].
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decrease and drop to zero in the geometry where the seleScientific ResearcliGrant No. KBN 2P03B 087 17 A.J.
tion rule applies. As predicted by the analysis above, thavas supported in part by Stypendium Krajowe dla Mtodych
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