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A relativistic formalism is used to include spin-orbit coupling in calculating cross sections and po-
larizations for one-photon free-free absorption of electrons scattering from mercury. A local ex-
change approximation and phenomenological polarization potential are used in the calculations.
The scattering amplitudes are computed exactly. Off-shell effects are found to be important in
determining the polarization of the scattered electrons. Polarizations in excess of 95% are found
for some directions in the energy region where phase shifts are changing rapidly. Polarizations and
off-shell effects are smaller where the phase shifts are slowly varying.

I. INTRODUCTION

There has been considerable experimental and theoreti-
cal interest in the Fano effect:"? the production of spin-
polarized electrons by photoionization of unpolarized
atoms using circularly polarized light. The polarization is
a result of the spin-orbit interaction between the ejected
electron and the atom. This effect is especially important
in high-Z targets. The influence of the spin-orbit interac-
tion has previously been studied by Fermi® for the discrete
spectrum, and Seaton* for the continuum. Although the
spin-orbit interaction is weak, it can cause a high degree
of polarization of the ejected electrons. In Fano’s original
’cheoryl and its experimental verification,?2  this
phenomenon was explained as a manifestation of a Cooper
minimum on the photoproduction cross section. Later
studies’ were to show that the presence of autoionizing
channels in the photoelectron continuum® strongly favors
the production of highly polarized electrons ejected from
atoms other than alkali metals. More recently,” experi-
mental evidence for the effect of photoionization of the
nS? atomic subshell with unpolarized light leading to a
high degree of polarization has also been reported. In par-
ticular, measurements have been made of the polarization
of photoelectrons ejected from mercury (6S2) atoms by ul-
traviolet radiation. The spin polarization is believed to de-
pend essentially on the phase-shift difference between
€P, ,, and €P;,, continua.

The spin polarization of electrons scattered elastically
from atoms has long been the focus of theoretical and ex-
perimental considerations.® The scattering of low-energy
electrons from a heavy atom particularly necessitates the
relativistic formulation® which naturally incorporates the
spin-orbit coupling to account for the spin flip of elec-
trons. At low energy, exchange effects between the in-
cident electron and the bound electrons, as well as the po-
larization of the target, must be taken into account. The
spin polarization of a scattering beam of electrons in-

29

teracting simultaneously with an atom and an external ra-
diation field has not been calculated previously. More-
over, the calculations are generally limited to the on-shell
approximation.

It is the purpose of this paper to investigate polarization
effects in free-free absorption. Photoabsorption by an
electron as it is scattered by a target (i.e., inverse brems-
strahlung) has recently been studied both for an electron
beam!® and an electron swarm.!! In our recent work!? it
has been shown that an analog of the Fano effect does ex-
ist in free-free radiative absorption. In this paper we con-
sider the polarization of low-energy electrons scattering
from a heavy spinless target (e-Hg) due to one-photon ab-
sorption. The formulation is relativistic and includes a lo-
cal exchange potential'® as well as a polarization potential.
We present numerical calculations of differential scatter-
ing cross sections and polarization. Off-shell effects play
an important role in determining the polarization of the
scattered electrons.

The formalism is developed in Sec. II. The results of
calculation are presented and discussed in Sec. III. Final-
ly, Sec. IV includes the conclusions.

II. FORMALISM

We assume that the electron is described by the Hamil-
tonian

H=H,+H, (1
where

Hy=cd B+Bmc?+V(T) ()
and

Hy=—ed@ AT . 3)

V(T) is the potential for the electron-atom interaction and
A is the vector potential for the laser field which we treat
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classically using a box normalization:
A(END=V"12doRe! ¥ T=00 yc ). @)

A is a unit polarization vector for the laser field.

We use the usual time-dependent theory to obtain a
transition rate.!* The rate for one-photon absorption for
an electron scattered into a solid angle d (2 is (p =#k)

Ia m Ql’f
wEX# V

dT, = | g |2 . (5)

a is the fine-structure constant, a, is the Bohr radius, ps
is the final electron momentum, E, is the photon energy
expressed in hartrees, and the radiation intensity is
w*4 (2,
T 2weV

In the dipole approximation

Jq,:%r/w‘,—)w-fwg“) . 6)

) and 1/'(—) are the initial incoming and final outgoing
states of the electron, respectively, for electron-atom
scattering in the absence of the laser. They are eigenstates
of H,. The absorption cross section is obtained by divid-

ing dT"4 by the incident electron flux:
|

dUA_ Ia maon
dQ  27E} # pi

| Mg |?. ©)

If we make the transition to a continuum normaliza-
tion, the wave functions may be computed from the
Lippmann-Schwinger equation

P (B)=w(p,s)e T T/
d’p’
d3 ’

XVE(r')xp‘*)(f') (8)

where E2=p2c2+m?c*. In doing the calculations we use
a local approximation for exchange effects.!* In this ap-
proximation the potential is energy dependent and re-
quires for its computation the atomic electron density.
This is taken from the Dirac-Fock calculations of Mann.!®
The w(P,s) are positive-energy solutions to the free-
particle Dirac equation:

172
~ E +mc? Xs
W(PaS): P - — ’ 9
2mc co'p
7 Xs
E +mc

where X;,,=(3) and X_,,=(%). We define the off-shell

scattering amplitudes by

=, = 2m N " = =
Fy (k' k)= —m;(w(p s KT Vp(E) |9 D) (10)
If the potential is invariant under time reversal and parity, then
- o, (=)= =2m L . . o
F_;s(k,k )=——‘——————4ﬂﬁ2 (lp%,fs,(r)l VedT) | w(B,s)e’* 7). (11)

We can use the off-shell scattering amplitudes to obtain an expression for .#; in the dipole approximation. The result

is

2
2may 2mce?

—

A [K'Fy (K K)—(—

/Al E’,s’;ﬁ,s):

D= =KF_, _(K,k")]

E, E+E'
2 amsr [ ran i o F g (K"K )Fy (K7, K)
=>(=1)""% | d’k"A"k . (12)
+ T ? f (k:2_k112+i6)(k2__k112+i6_)
This has the same form as the nonrelativistic expression'? in the limit 2mc2/(E +E')— 1.
We expand the wave function as
o , 112 . j,(kr)@}M(rA)
w(P,se’ kT = ‘% S awilim;5s | 15;JM) Yo, (k) , (13)
me JII:: gJI(k") @JM(")
172 Fu(k,n)% Ly (7)
2 . JIVRs JM
XS EXmET | diliim;ds [ 150M) Y3 (K) L (14)
2me i, Gnlhe,r) T fpy ()

Im
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Jji is a spherical Bessel function of the first kind,

itic ) 14k |,
= — kr), 15
gn(kr) E 1 me? [ar+ Jikr) (15)
j#ic 3 . 14k
Gplk,r)=——"25 | = Fylk,r), (16)
n(k,r Eme—v(n |3r n(k,r
k=—JWJ+D)+IU+1)—5, (17)
and
(P =3 (Im;%s | 13;:0M) Y}, (PIX, (18)

m,s

Using these expansions we find that

172
Fo (K%)= — 8rm | (E +mc?)NE'+mc?)
I # (2me?)?
X S (LM —s'sLs" | I IM LM —s;5%s | 150Mug (K", K) Yy a0 o (KD Yiag (k) (19)
I M,1
where
v(k',k)= fow rzdr[jl(k'r)VE(r)FJI(k,r)+gJ,(k’r)VE(r)GJ1(k,r)] . (20)

We can now obtain an exact expression for .#(k's’,k,s) in terms of off-shell matrix elements for electron-atom
scattering. If we define

«w F 2 "3dk"
Qurrk' k)= [, Ezicnéc (k'z—k"zfie)‘fiz_k"%ie)UJ’(k”’k')U"'(k”’k) o
then
- o 167%a3 2me? (E +mc?)E'+mc?) 2
M(k',s";k,8)=—
oo ﬁzEp E+E' [ (2mc?)? ]

X 3 (LM —s';5s" [ 15 JM (LM —s;5s | 153JM)
LLM

X A[Kvp(k's k) —Kvy(k, k") Y) ag — (K Y ag_ ()

1/ 1/
L2 [8mm | [ (B 4+meE +me?) ’ s [@enersnersnerey ’
7| #® (2me?)? = 3
JI',m
1
: 11|z 1!
s—s'+tM+Y, oLy gd.
X(—l) 0 0 0 [ll 1 J;](IM“—S,ZS |12,JM)

X(I'\M +m —s;5s | I'5;J'M +m)

X(IM;J'—M —m | JJ';1—m)A,,

X Yzt - A K Y ag o —s Qs (K ) 22)
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In this paper we compute off-shell scattering ampli-
tudes at energies up to a few electron volts. Thus we can
make the approximations of setting E =mc? and neglect-
ing the lower components of the wave functions. In the
nonrelativistic limit

(k' k)= fo‘” r2dr ji (k') Ve(r)Fy(k,r) 23)
and

I k"3dk"”
gk’ k)=
Qi fo (k?—k'"?4ie)k2—k'"?+i€)

Xvg k", k" p(k" k) . (24)

The integration over k" in Eq. (24) is slowly convergent,
but fortunately this integration can be done exactly. By
using Eq. (23) we see that Q; ;- can be written as

Qy,yr(k’,k)

= fo ridr fo r'2dr'Fu(k,r)Vg(r)Ve(r')

XFpp(k'r ) Hyk'k;;r'r) , (25)

where

© kll3dkl’
Hy (k' k;r'r)= X
i e fo (k% —k'"4ie)k?—k'+i€)

Xjik"r)jp(k"r’) (26)

can be evaluated exactly by rewriting it as a contour in-
tegral in the complex k' plane. Note that / and !’ differ
by one because of the factor (355) in Eq. (22).

Our results for the differential cross section are present-
ed by factoring out the dependence on the laser intensity
and the electron density. Using Eq. (5) we define a dif-
ferential absorption cross section by
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FIG. 1. Phase shifts for e-Hg scattering as a function of in-
cident energy. I corresponds to spin up (P3,,). II corresponds
to spin down (P,,). III is also spin down (P;,,) but includes
the polarization potential.

0,(10%cm® )

0 70 7.0 30 0

EleV)

FIG. 2. Differential cross section for e-Hg scattering with
one-photon absorption (E,=0.62 eV) as a function of incident
electron energy for 6=45°. 1 represents scattering in the xz
plane and II in the yz plane.

dT,
dQ
where F=I/(#w) is the photon flux in cm~2s~! and

N=V"! is the number of electrons per unit volume.
Hence

=FNo,(0,p), 27)

. .
04(6,p)= 5 AWML (28)

mmcE, #
o4 has units of cm®. We assume here that the incident
electrons are traveling in the positive z direction and that
the laser field is polarized along the x axis. The cross sec-
tions which we show are obtained by averaging over the
initial electron polarizations and summing over the final
polarization.

If we suppress the momenta and write #+4+
=K'+ %;Ei%) the polarization components are

LOF
E=01eV
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FIG. 3. Differential cross section for e-Hg scattering with
one-photon absorption (E,=0.62 eV) at 0.1 eV incident energy
as a function of 6. I represents scattering in the yz plane and II
in the xz plane.
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The component perpendicular to the scattering plane is

P, =—P,sinp+P,cosp .

ponent of polarization along the beam direction is zero.

III. RESULTS AND DISCUSSION

Recent theoretical investigations!®!” of low-energy elec-
tron scattering from mercury have shown that the polari-
zation potential resulting from atomic distortion makes an
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FIG. 4. (a) Differential absorption cross section (E,=0.62
eV) for e-Hg scattering as a function of azimuthal angle. (b) Po-
larization as a function of azimuthal angle. Dashed curve
represents polarization along the direction of the scattered elec-
tron (Py). Solid curve represents the polarization component
perpendicular to the scattering plane (P,). Dotted curve is the

magnitude of the polarization. Incident energy is 0.1 eV and
0=45°.
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(29)

(30)
We note that if off-shell effects are neglected, the com-
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important contribution to phase shifts and cross sections.
The potential is proportional to »~* at large distances
from the atom.'® We have included this potential in our
calculation and have chosen it to be of the form!
Vp(r)=—0. 5ar¥(r’>+r3)=3. a is the static dipole polari-
zability of Hg. 5.1 A 3 is believed to be its most reliable
value. The presence of the cutoff distance r, ensures
that the potential remains finite at small #; it is, however,
very sensitive to the variation of ry. Relativistic phase-
shift calculations give two sets of values corresponding to
spin up and spin down. The spin-down phase shift is
larger because the potential is more attractive. Thus in
Fig. 1, the P, /, phase-shift curve lies higher and possesses
a broad maximum. On including the polarization poten-
tial and considering some variation of r(, the calculated
P,,, phase shift shows resonant behavior (Fig. 1). For
ro=1.693 A, the phase shift increases sharply and attains
a maximum at a much lower energy value (E =0.3 eV).
Sin Fai Lam!7 obtained a similar curve having the peak
centered at E~0.25 eV with the second-order Dirac po-
tential, and at E~0.35 eV with the Pauli approximation
used in his calculation.

The integrals defined in Egs. (23) and (25), respectively,
were evaluated numerically [J'=I't+4; + (—) sign
represents spin up (down)] using the dipole selection rule
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FIG. 5. (a) Differential absorption cross section (E,=0.62

eV) for e-Hg scattering as a function of azimuthal angle. (b) Po-
larization as a function of azimuthal angle. Notation is the

same as in Fig. 4. Incident energy is 0.1 eV and 6=105".
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| I'—1| =1 which emerges from the 3-j symbol present as

an overall multiplicative factor in the expression for the
transition amplitude. These integrals were used in the
partial-wave expansion to compute the scattering ampli-
tude from Eq. (22) for given initial and final spin orienta-
tions and the spatial direction of the scattered electron.
For low-energy scattering, though the most significant
contribution results from the p-wave, we have carried out
the partial-wave summation through d waves (I =2). Dif-
ferential inelastic scattering cross sections and the polari-
zations are calculated corresponding to various angular
directions (6=0°15°...,180% ¢=0°15"...,360°) of
the scattered beam at different incident energy values
from E =0.1 to E =3.5 eV).

Figure 2 shows the energy dependence of the cross sec-
tion for an electron scattering after the absorption of a
single photon (E, =0.62 eV). It has been shown for laser
radiation linearly polarized in a direction perpendicular to
the incident electron beam that the on-shell cross section
is proportional to cos’$ and should be zero for scattering
in the yz plane.’? The inclusion of off-shell effects results
in a nonzero cross section [Eq. (46) of Ref. 12] which is
expected to be small.?! Comparing the cross section in the
yz plane with that in the xz plane confirms this prediction.
At higher energy it is seen that in the former case the
cross section is about one sixth the corresponding value
for scattering in the latter (6=45°) which has both off-
shell and on-shell contributions. In the forward as well as
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z 0.04
o
= oo02}
<
g o
3
o) -0.02 |
a
-0.04
-0.06 ¢(deg)
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FIG. 6. (a) Differential absorption cross section (E,=0.62

eV) for e-Hg scattering as a function of azimuthal angle. (b) Po-
larization as function of azimuthal angle. Notation is the same
as in Fig. 4. Incident energy is 3.5 eV and 6=45".

in the backward directions the effect on scattering is en-
tirely due to off-shell contributions. As the energy in-
creases (up to E =3.5 eV) the forward scattering shows a
gradual increase whereas the backward scattering, as ex-
pected, tends to decrease beyond the incident energy
E=0.5 eV. At E=0.1 eV the cross section in the xz
plane attains a maximum (for about 6=110°) which de-
creases to lower values as the plane of scattering becomes
coincident with the yz plane (Fig. 3).

Off-shell effects play an important role in determining
the polarization of the scattered electrons. In Figs. 4, 5,
and 6 we show the components of polarization perpendic-
ular to the scattering plane (P,) and parallel to the scat-
tered electron momentum (Py) for selected values of 6
and E. The magnitude of the polarization is also shown.
If off-shell effects are neglected, only P, is nonzero.'? It
is clear from the graphs that off-shell effects must be con-
sidered in computing the spin polarization of the scattered
electrons.

In Fig. 4 we show the polarization and the cross section
as a function of azimuthal angle for E=0.1 eV and
6=45°. This is in the resonant region where we expect po-
larization and off-shell effects to be large. We note that
the polarization remains large (~88%) where the cross
section is maximal. This is in contrast to the Fano effect
and polarization by elastic scattering where large polariza-
tions are associated with small cross sections. The max-
imum differential cross section for E =0.1 eV occurs near
6=105° (Fig. 5). At this angle the polarization is minimal
(=~18%) where the cross section is largest. From Fig. 6
we see that the maximum polarization decreases signifi-
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FIG. 7. (a) Total absorption cross section (or/4w) as a func-
tion of incident energy. (b) Average polarization perpendicular
to the scattering plane as a function of the incident energy.
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cantly in the non-resonant region (E =3.5 eV).

In Fig. 7 we plot the total cross section and the average
component of polarization perpendicular to the scattering
plane as a function of energy. The average polarization
decreases rapidly away from the resonant region.

Assuming the off-shell contribution to the amplitude to
be 10% Coulter and Ritchie'? found that the polarization
along the incident beam direction becomes large in the re-
gion ¢=80° for some fixed 6. The present calculation
shows that the polarization is maximal (84%) for 0=105°
at ¢~75°. P, makes the major contribution to the polari-
zation here. The cross section is relatively small in this
direction (Fig. 6). The fact that the magnitude of the
maximum is larger here indicates that the off-shell contri-
bution exceeds 10%. This is not unexpected in view of
the resonant behavior for low-energy electron scattering
from mercury.!””?? Walker?? has pointed out that the res-
onance occurs only if the effects of atomic distortion pro-
duced by the electrostatic field of the incident electron are
included. The resonance is not sharp, however, because
the excitation of the target electrons is to a large number
of states rather than to a discrete one.

IV. CONCLUSION

The cross section and the polarization components for
one-photon absorption by a low-energy electron scattering

from Hg atoms have been obtained using a relativistic for-
mulation. For scattering in the yz plane (including the
forward and the backward directions) the cross section is
entirely due to the off-shell contributions. The off-shell
effects completely determine the polarization of electrons
along the incident beam direction. If the scattering occurs
in an arbitrary direction, the on-shell and the off-shell ef-
fects together give rise to both the cross section and the
polarization perpendicular to the scattering plane. At
higher energy (E > 1.0 eV) and 6=45°, the off-shell con-
tribution to the cross section (yz plane) is one sixth the
corresponding value of the cross section if the scattered
direction lies in the xz plane. No polarization occurs if
the electrons scatter in the forward or the backward direc-
tion. At low energy and for specific directions of scatter-
ing, an incident unpolarized beam of electrons can emerge
with any component of polarization having a magnitude
greater than 0.7.
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