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Rescattering of photodetached electrons from a polar molecule in a static electric field:
Spatial distribution
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We investigate the spatial distribution of electrons photodetached from a polar molecular anion in an
external static electric field. The large electron-molecule scattering amplitude strongly enhances the rescatter-
ing effect. This opens an opportunity for experimental investigation of collisions of ultraslow ele@mdhs
energy range below 0.1 me\Wy polar molecules.
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The influence of a static electric field on photodetachmenthat the forceF acting on the electron in the static field is
of negative ions has been studied experimentally since 198directed along positive axis. The center of mass of the
[1]. Theoretical description of spatial distribution of elec- molecular anion is placed at the origin. We start with the
trons photodetached in a static electric fig2e-5] has stimu-  equation[2,5] for the ratioR of the electron current density
lated first experimentis,7] of this type. All theoretical treat- tg the photon current density
ments used so far neglected the final-state interaction
between the electron and the atomic residue. Nevertheless 27w
they describe perfectly the existing experimental déta]. R= ¢ Im
This result agrees with the intuitive picture of photodetach-
ment in a static field: if the field is not too strong, at the firstwhere w is the photon’s frequency; is the speed of light,
stage of the process the spatial distribution is completehand
controlled by the photon-electron interaction. Very close to
the photodetachment threshold this distribution is indepen- , ) o
dent of the electron-atom interaction; in particular, it is u(r):J G(r,r')(€n-r")i(r')dr’, @)
spherically symmetric for photodetachment from state. At
the second stage the electron current is redistributed due twherey;(r) is the electron wave function for the initial state,
the static field, and this process is independent of the@ndG(r,r’) is the retarded Green’s function for the motion
electron-atom interaction. However, this simple picture doesn the combined static electric and atomic fields. It satisfies
not take into account the rescattering effect: a part of thehe equation
electron flux, moving initially in the direction of the static
field, is reflected from the potential barrier and rescattered
from the atomic residue. This effect was stud{&j9] for

w1, M

du(r))

G(r,r’)=GF(r,r’)—f Ge(r,rHU(r"G(r",r")dr”,

total photodetachment cross sections, and it was found that it (©)]
becomes significant either for strong static fields or for atoms _ ) ) )
with large elastic scattering cross sections. where U(r) is the electron-molecule interaction potential,

Typically, elastic cross sections for electron-atom scatterand Ge(r,r’) is the Green function calculated without the
ing are not large enough to induce a substantial rescatterirccount of potential. It can be expressed through the time-
effect at moderate static field9]. This was recently con- dependent propagator pk3]
firmed by experimental studieglO] of photodetachment
from S . The situation might be different for polar molecules i * . Y
due to the large values of electron-dipole scattering cross 5| OIS, (r,r)]r M, (4)

. N . . (2mi)*'<Jo
sections. This is also of a great interest with regard to the

connection between negative-ion spectroscopy and electrqnere S (r,r’) is the classical action for the motion in the
collisions, since the investigation of electron scattering byfie|d F as a function of coordinates r', and timer. Calcu-
polar molecules in the sub-meV range allows detection ofatjon of the integral in the right-hand siglas) of Eq. (4) by

very diffuse dipole-supported bound and virtual st@l§. A the stationary phase method leads to the following quasiclas-
dipolar potential is an intermediate between a short-ranggjca| presentation foBg(r,r’) [5]:

and the Coulomb potential. Photoionization microscopy rel-

Ge(r,r')=

evant to the second case was recently studied experimentally 1

[12]. In the present paper we investigate the rescattering ef- Gi(r,r")=>, gn(r)e P’ (5
fect in spatial distribution of electrons photodetached from a n=0

dipolar anion.

Consider the current of photodetached electrons through \g{here
plane perpendicular to the static field at the distané®m . 1 32 o B - 1/2
the molecular anion. We will use atomic units and assume ~ 9n(")=(2m) "7y exili(S, —an/2)]IS; [T (6)
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and p,, is the initial momentum of electron, escaping from
the origin and arriving at point at timer,,. Double prime in
Eq. (6) designates the second derivative in time. Two terms
in Eq. (6) correspond to two classical parabolic trajectories
contributing to the electron current at point

To solve Eq.(3), we find first a presentation f@g(r,r")
andG(r,r') near the origin where the effect of static field is
small compared to the atomic potential. In addition we make
the long-wave approximatiorpry<<1, wherep is the mo-
mentum of the detached electron, angdis the range of the
potentialU. Under these assumptions we can generalize pre
vious resultg8,9,14 obtained for thep-wave part and the
s-wave part ofGg(r,0). The result can be written as a sum of
the Green function foF =0 and the rescattering correction
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due to the static field which is expressed as a bilinear com:
bination of solutions of the Schdinger equation with the
atomic potentialJ.

To calculate the spatial distribution for a realistic experi-

P

FIG. 1. Geometry of the problem. There are two parabolic tra-

ment, we have to propagate this solution to macroscopic diSectories leading to the arrival of electrons at pgin in the ob-
tancesr. This can be accomplished by substituting the ob-servation plane. Electrons leaving the source with momentum
tained result forG at smallr, r’ into Eq. (3) and using the —k, return to the source with momentuky and are then rescat-
guasiclassical representation fdeg(r,r’), Eqg. (5). To tered.

present the result for the electron wave function, we intro-

duce the electron momentuky, corresponding to propaga- state is als@® . Due to conservation of total angular momen-
tion parallel to the vectoF, and the scattering amplitude tum and dipole selection rules, the photodetachment matrix

f(Pn.ko) whose partial-wave expansion is element M(p) has a p-wave character, that isM(p)
=Mj(p)cosy. Furthermore, we will assume the case of so-
f(p, -ko):E (214 1)f,P,(cosby), 7) calledw polarization, that i, parallel toF. Then the scat-
[

tering amplitude entering Eq8) also can be written as a
function of y=6s. In spite of the dominance of thewave

where 6, is the scattering angle, i.e., the angle between vecin

M(p), the scattering amplitude in E@8) contains, in

tors p, andk,. (We assume one-channel scattering without general.all partial waves because of thenixing due to the
mixing). For the wave function, Eq2), we obtain static field[8]. For the quantal generalization of the quasi-
classical Eq(8) we will assume that onlg-wave andp-wave

u<r>=§ 9n(N{M(py) +M(—ko)[cF(pn, ko) +Cofo

scattering is important. This is true at energies well below the
rotational excitation threshold. In the two-wave approxima-

tion we have

+¢4f,cos6,]}, 8
whereM(p,,) is the photgdetachment matrix element in the u(r)= MoZ 9,(r)(bo+b;COSX;), (10)
absence of the electric field n
M(p):f lﬂé_)*(f)(eph‘ r)yi(r)dr, 9 where the coefficients, andb,; depend orE, F, and partial

amplitudesfy, fq. x, is the angle between the vect

andc, cg, cq are coefficients depending dhandF. The
physical meaning of this result can be seen from Fig. 1
While the first term in braces in Eq8) represents direct
photodetachment into the state with the electron momentum
p,, the second term represents photodetachment into the
state with momentum-k, with the following reflection by

the potential barrier and rescattering into one the stptes
(n=0,1).

andp, . The quantal generalization of E(.0) follows from
the exact integral representation of the Green func@aen
Eq. (4):

d

22— — =

b
o ox2 2 JE

U(r):MO ip

Ge(r,0. (1)

We will specify now the dependence of the matrix ele-The quantal expressiofil) should be used when either the
ment M (p) on the angley betweenp and the polarization parameteB=2p3/3F is of the order of 2r or smaller[5] or
vectore,,. For simplicity we will consider photodetachment for r close to the classically forbidden region. For calculation
from a molecular negative ion in the electronic state and of the rhs of Eq(11) we use the analytical form &g given
the ground rotational state below the threshold for rotationaby Slonim and Dalidchif 15]. At large (macroscopik dis-
excitation of the neutral molecule whose ground electronidancer, the following representation is valid:
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iZl/4(2F)1/12

°r

Gg(r,0)=— ex;{i(%z?”Z(ZF)l’z

77_1/

"\ 0.02 meV

2

LARDN wP”_E
+ 7 A|((2F) (42 F)) (12
where p2=x2+y2. Using this representation and takibg
=0 in Eg. (11), we can recover the resyl7] for photode-
tachment from an atomip state(isotropic angular distribu-
tion for F=0) without rescattering.

For presentation of results, it is convenient to introduce
the quantity 1 e -

0.02 meV

P (mm?

0.01 meV

______
oo

P:R/(TF:(), (13)

whereR is given by Eq.(1), andog_, is the total photode- 0.0 02 0.4 0.6 08
tachment cross section for the zero figkddoes not depend distance (mm)
on Mo, therefore its calculation does not require the know- FIG. 2. The electron flux distribution, E¢L3), as a function of

iong: (=)
edge O.f”the W?“’e fgnﬁtloﬁg' and wph ’ h h the distance between the center of the observation plane and the
For illustration of the theory we have chosen the Proces3pservation point, for photodetachment of Lifn parallel fields.

of photodetachment from LiF. The LiF molecule is known  tg glectic field iF =2 V/cm, the final-state electron energies are
to have a positive electron affinity, 0.33 ¢¥6], and a fairly  £—0.01 and 0.02 meV, and the distance between the interaction
large dipole moment, 2.49 a.u. supporting two excited stategegion and the observation planezis 50 cm. Solid lines, calcula-

of LiF~ [17]. The binding energy of the second excited statetion without rescattering; dashed line, calculation including the res-
is very small, of the order of IO eV or even les§l8]. This  cattering effect.

leads to a very large elastic-scattering cross section, of the
order of 10%°-10"° cn? in the low-energy region, and scattering amplitude creates a phase shift in the oscillating
makes the rescattering effect strong. It should be noted thderm that leads to shifting of maxima and minima. A combi-
such a large value of the cross section is a typical feature ination of these two effects can lead to disappearance of a
electron scattering by polar molecules, since a partial crossiinimum, as, for example, in cas&=2 V/cm, E
section for a fixed dipole is formally divergent at zero en-=0.02 meV.
ergy, and only the inclusion of rotation makes it finfte7]. The rescattering effect decreases fast for higher energies
The scattering amplitude was obtained by numerical integraand becomes weak when the number of interference rings
tion of the rotational close-coupling equations with a modelreaches 3. This trend can be described by two parameters:
potential fitted to reproduced the known electron affinity ofthe parametep, introduced above, which characterizes the
LiF. spreading of the reflected electron wave, and the rescattering
In Figs. 2 and 3 we present the normalized flux, B@®), parametery=aFY3 where a is the effective scattering
as a function of the distance between the center of the length which can be estimated g|. The strength of the
observation plane and the observation point, for two values
of the static field, 2 and 10 V/cm. The chosen values of the 7 N e B L e —
distancez, electric fieldF, and electron energk are in the --0.06 meV
range used in experimenits]. 6F . .
To understand the main features of the curves, note that ir h
the absence of rescattering the outgoing electron flux in the
quasiclassical approximation can be written 5k

(1) =hy(r)—hy(r)SITAS(1)], a4 e

a

whereh,(r), h,(r) are positive functions, andS(r) is the
difference between classical actions for the two interfereing
trajectories. At macroscopic distances between the anion an
the observation scredn = h,, therefore we observe zeros in
the flux distribution atAS==/2+2mn, n=0,1,... . Atp

=0 AS=p=2p%3F, and we observe a dark spot at the

center if B=m/2+2an, and the bright spot if3=— /2 o o1 oz s 0or . os  os
+2mn. The presence of the rescattering term in B).in-
fluences the flux distribution in two ways. First, functidns
and h, become unequal, therefore the flux does not reach FIG. 3. The same as in Fig. 1 fé6tr=10 V/cm, E=0.05 and
zero at minima(a contrast reduction Second, the complex 0.06 meV.

distance (mm)
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rescattering effect is characterized pyB~aF/p?. This ra- justified as long as they were dealing with a free electron
tio varies between 1 and 0.28 in the examples presented Wwave propagating in a static field. The results obtained in the
Figs. 1 and 2, and goes down to 0.077Fat2 V/cm, E  Present paper indicate a direction in which future experi-
=0.05 meV. ments should move towards practical realization of the “pho-

Observations of the discussed features can provide infmt_odetachment microscop¢3].

mation about scattering of ultraslow electrons by polar. mol- |t is a pleasure to acknowledge very stimulating discus-
ecules. In fact, even the term “photodetachment microssions with V. D. Kondratovich. This work was supported by
copy” used in previous studids,6,7] was not completely NSF Grant Nos. PHY-9801871 and PHY-0098459.
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