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Resonance enhancement of relativistic effects for the scattering of very slow electrons
by heavy atoms
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Polarization of scattered electrons is enhanced up to 1 near p- and d-wave resonances or weakly bound
negative-ion energy levels (IEI 80. 1 eV, v /c ~ 10 ). We consider as example Ra and Ba. We also
note that the cross section for Ra is very large ( ) 10"b at electron energy —10 eV).

PACS number(s): 34.80.Nz, 31.20.Di, 31.30.Jv

Usually one can roughly estimate the value of relativis-
tic corrections as a ratio U /c, where U is the velocity of
the electron, and c is the velocity of light. However,
sometimes the magnitude of the effect can be essentially
larger. An example is the "Fano effect" in photoioniza-
tion [1]. This enhancement is also possible in resonance
electron scattering (see, e.g. , Ref. [2) and references
therein). The relativistic effect in this case is the polariza-
tion of scattered electrons [correlation s(n X n'), where s
is the electron spin, n and n' are the initial and Anal
directions of the electron momentum]. For example, in
electron-neon scattering polarization near the resonance
exceeds 10% (see, e.g. , Refs. [3] and [2]). Feschbach reso-
nance occurs here due to negative-ion formation in the
excited state of neon. The electron in this case has
enough energy (16 eV) to excite the atom to the quasista-
tionary state.

There is another possibility for very slow electrons.
The effect can arise due to potential scattering (shape)
resonance or due to a negative-ion energy level close to
the continuous spectrum. In heavy atoms spin-orbit in-
teraction is strong, and the splitting between the com-
ponents of the spin-orbit doublet can be larger than the
resonance width. In this case the value of the electron
polarization can reach unity.

The purpose of this work is to present an interesting
example of such a situation. In Ref. [4] we calculated the
energy levels and fine-structure intervals of negative ions
using many-body perturbation theory and the correlation
potential method. We found that the 7P»2 level in the
Ra negative ion lies in the discrete spectrum
(E= —0.0109 Ry; calculations in Ref. [5] give
E= —0.0055 Ry) and the 7P3&2 level lies practically on
the border between the discrete and continuous spectra
(E=0.0013 Ry with accuracy -0.001 Ry). In our
present work we have found that for electron-radium
scattering, electron polarization can exceed 90% in the

energy interval 0.01 Ry 5E ~ 0.02 Ry near the scattering
angle 0=90'-100'.

Note that the energy region of large polarization is
essentially higher and wider than the energy of the P3/2
resonance. Actually, the scale here is determined by the
distance between the P, /2 and P3/2 levels. We have con-
sidered also polarization effects in electron-barium
scattering. Large polarization here appears only in the
narrow region near d-wave resonance since the distance
between d3/2 and d»2 levels is twice as small as the d-
resonance width. This resonance with E=0.016 Ry was
predicted in Ref. [6].

The amplitude of electron scattering on a spinless atom
can be written as follows (see, e.g. , Ref. [7]):

f= A+2Bv.s,
A = g [(l+1)(e ' —1)

2ik )

+l(e ' —1)]Pi(cos8),
I+ 2,I~

I3 = g (e ' —e ' )Pt'(cos8) .
2k, ,

dQ
+ I&I +2Re(AB*)v P, (2)

where P =2(s) is an initial polarization of the electron

Here v=(nXn')/InXn'I is the unit vector normal to the
scattering plane, s is the electron spin operator, 6+ is a
phase corresponding to j=l+ —,', and 5 corresponds to
j=I—

—,'. For the zero spin-orbit interaction, 5+=6
and B=0, i.e., the value of B determines the discussed
relativistic effects.

The cross section for polarized electron scattering is
(see, e.g., Ref. [7])
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beam. For an unpolarized initial state (P =0) there is
eRef. 7):po ai"olarization of scattered electrons (see e . [ ]:

3.140
I

l
I p„

2 Re( AB*)
(3)

IA I'+IBI'
It follows from Eqs. (1)—(3) that polarization effects are
large near the resonance with fixed j, where a difference
between + an6 d 6 is large ( -~/2). However, it is easy
to verify that in the one-wave approximation (e.g. , or
only one resonance term in A and B) there are no polar-

does not suppress the effect substantially. Thus, for very
small energy the s wave dominates. Near p resonance,
the wave dominates. Therefore, in the case o low-t ep wave o

resonance, there always must b p
'

be a oint whereenergy p re
ble. Their in-s-wave and p-wave amplitudes are compara e.

terference produces the discussed effects.
It is easy to carry out a simple estimate of the effect in

this case. For very small electron energy the nonreso-
Ref.nance part of the amplitude A is equal to (see, e.g. ,

[8]):

A = —A. — k sin(8/2) .
2

(4)

Here A. is the scattering length and a is the atomic polari-

The second term arises due to the long-range po ariza ion
potential:

A
V(r) ~—

The contribution of P3 /2 resonance is

A
1 I (~) cosO,
k E—E, +ir( k) /2

1 I (s)
2ix E E+il (k)/—2

I (k) =I (k„) (k/k )

A =A„+A, B=Bp .

(6)

Here we have ta en in oh k to account that the nonresonance
phase in the p wave is small. In atomic units ~= E, E
is the energy of P3/2 resonance.

The maximum effect is at A =+B [see Eq. (3 ]. There
are two energy poin st (before and after resonance) where
lB l

=
l
A

l
(it is possible to choose A~ in an optimal way

b var in the angle I9, in particular, for 0=~/,
Pl

~ ~

H there is a question about the relati p've hase ofowever,
0 FarA and B. In the resonance, arg(B) =arg( A„)=

from resonance there is no phase q
'

ye ualit and it could
suppress the effect. However, in the region above p reso-
nance the phase of B changes very slowly due to a rapi
increase of I with energy [see Eq. (6)]. Therefore in the

at the an le 9-~/2 the
olarization P' reaches a value close to unity.po ar
Note that the same formulas describe the eeffect for

E (0 (bound level close to continuum). The parameter
I in this case is defined only for E & 0 & E (

depends analytically on potential parameters at fixed E.
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FIG. 1. Dependence of s, p, /2, p3/2 and d phases on energy
for Ra.

P'=2 Re( i~B)=2(—6,+ —6, )sing . (7)

a 6 . It is easy to ver-Far from resonances 5&
—

6& — a 6&. y
iy is es'f th timate using the perturbation theory formula
for orusinga w-t o-resonance approximation, see q.—E -Z' 'Eand a fine-structure estimate E+ —E —Z n
6 -k R, where R is atomic size (R -a~, a~a is the Bohr]
radius). ] Therefore, far from resonances aat v «v
(U -ac is the velocity of external atomic electrons)V~t CXC is

r

P'-Z o. k R -Z V V
8)

C Vat

Note that there is a large enhancement factor Z here
which can be explained by the singularity of spin-orbit in-
teraction (H —1/r ). The main contribution to the ma-Is

trix element of H&, is given by small distances r-a~/Z.
In this region v c — a, '/ -Z a i.e. relativistic effects are
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FIG. 2. Di6'erential cross section in atomic units & )nits a ) for Ra
(at electron energy 0.005, 0.015, and 0.02S Ry).

There ore, in e a cth Ra case for E-0.01 Ry polarization
does not change essentially if the level E crosses t e

d f the continuous spectrum under variation of
potential parameters (remember that lE„ l

—. y .
For comparison, it is also useful to estimate this effect

all k 5 «6 «1.in the nonresonance regions. For sma
In this case we ave eh the simple formulas (first order in 6, ~

and second in order 60)
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FTlIG. 5. Di8'erential cross section in atomic units for Ba in

the d resonance (energy between d3/2 and d&/2).
FIG. 3. Polarization of scattered electrons (at E=0.005,

0.015, and 0.025 Ry) for Ra.

that reproduces correctly the positions of the levels:

enhanced by Z times. Nevertheless, far from resonance
P' is not larger than a few percent at E ~ 1 eV.

Formulas (1)—(6) could be used only for qualitative
consideration of the effect [the low-energy approximation
(4) is not good enough due to the closeness of the Ram-
sauer minimum, and resonance approximation (6) is not
good far from resonance]. Therefore, we have carried out
accurate numerical calculations of s-, p-, and d-wave
phases [other phases can be estimated using formula (4),
see Ref. [8]; they are very small]. This calculation was
carried out by the Hartree-Pock method taking into ac-
count correlation (polarization) effects. In our calcula-
tion of the bound level 7P&/2 and resonance 7P3/2 of the
Ra negative ion, the nonlocal correlation potential [in-
tegration operator JX(rz, r&)dr@] was found using

many-body perturbation theory in residual electron-
electron interaction (see, e.g. , Ref. [9]). The positions of
the negative-ion levels are very sensitive to the accuracy
of the calculation. But if we know the positions of the
levels we do not need extremely high accuracy because
the amplitudes near the resonance are described reason-
ably well by general formulas. Therefore, in the present
work we use a simple local fit of the correlation potential

V(r) =-
r4+a4 (9)

Parameter a in potentials for the p wave and s wave has
been found from the asymptotic form of the calculated
nonlocal correlation potential (for Ra, a=206). Parame-
ter a =7. 1 was fitted to reproduce correctly the P and1/2

P3/2 1~v~is(E, ~, = 0 0—109.Ry, E,~, =0.001 Ry).
Calculations [6] that predicted low-lying d resonance

in barium (Ez =0.0162 Ry) have been communicated to
us by Gribakin. He supposed that a similar resonance
should be present in radium too. Our calculation
confirms this supposition. %'e have found that at the en-
ergy E&=0.044 Ry there is resonance with the width
I (Ez) =0.03 Ry [for the d wave we chose the following
parameters of potential (9): a=260 and a =7.1]. We also
calculated the fine structure of the Ba d resonance:
E& —E& =0.001 15 Ry. According to our calcula-

tions, the width of this resonance I (E&)=0.0025 Ry is in
agreement with that in Ref. [6].

Calculated phases, differential cross sections, and po-
larizations P' are presented in Figs. 1 —6. In radium,
maximal electron polarization is about unity in the region
above the P3/p resonance at 0.01 Ry ~E «0.02 Ry.
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FIG. 4. Dependence of s, p, d3/2 and d, /2 phases on energy
for Ba.

FIG. 6. Pol arization of scattered electrons near d resonance
for Ba (energy between d3/2 and d5/p ).
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FIG. 7. Total cross section for Ra as a function of energy. FIG. 8. Total cross section for Ba as a function of energy.

Note that due to the slow energy dependence in this re-
gion there is no substantial suppression of the eA'ect if the
experimental energy resolution is not worse that 0.01 Ry.
In barium, polarization is large only near the d-wave res-
onance (it does not change essentially within the width of
the resonance).

Both Ra and Ba cross sections have Ramsauer minima
[zero of s wave amplitude —see Eq. (4)]. The energy
dependence of phases clearly shows P3/p resonance in Ra
and d3/2 d5/2 resonances in Ba. The phase in Ra is 6tted
by the width I (E)=(E/0. 001 Ry) ~ 0.5X10 Ry. The
angular maximum of polarization in Ra is close to the
point where the spin-independent resonance amplitude is
zero since it stands in the denominator of formula (4) for
P' [for Ra, A~ =0 at 0=m/2 —see Eq. (6)]. This point is
close to the minimum of the di6'erential cross section.

For Ba, the angular dependence of the polarization is
more complicated since here both spin-dependent and
spin-independent resonance amplitudes have zeros inside
the interval 0 & 0 & vr.

It is interesting that in radium the electron cross sec-
tion is very large at small energies (o & 10"b at E —10
eV) due to low-lying P3&~ resonance. Graphs of total
cross sections as a function of energy for Ra and Ba are
presented in Figs. 7 and 8.
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