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Abstract: The two-potential HHOB approximation is formulated parallel to ~
the two-potential eikonal approximation. The theory developed for any target atom is
applied to the special case of elastic ¢~—H atom scattering to calculate the differen-
tial scattering cross sections ab the sample energy 200 oV, The results agree well
with the recent measured and theoretical valnes. A significant improvement over

+
the basic HHOB approximation is obtained.

1. Imtroduction

The High energy Higher Order Born (HHOB) approximation proposed by
Yates (1979) is recently applied to various scattering problems (Rac and
Desai 1981-83). It, being a computationally simple approximation, gives
reasonably good results for the scattering parameters in the electron-Atom
scaftering processes. But as the scattering angle increases, the differential cross
sections (DCS) deviate more and more from the corresponding experimental
values. It is well-known that the Born approximation gives better results for weaker
potentials. Keeping this in mind, we have made the present two-potential
formulation, where the interaction potential ¥ treated in the Born approximation
will be replaced by ¥—¥,, V, being an arbitrary potential. The formulation
is done in the same line as the two-potential eikonal approximation (Ishihara
and Chen 1975). The basic formula is derived for potential scattering and
is generalized to the case of a target. In order to see the usefulness of
this method, it is applied. to elastic e —H scattering at 20) eV. The
improvement over simple HHOB approximation (Yates 1979) is quite appreciable.

2. Theory
Consider the scattering by a central field V{(#) an arbitrary potential ¥, is
so chosen that ¥,=V—V, satisfies the semiclassical conditions.
Now
V(r)=Vo(r)+V.(r).
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We write the scattering amplitude in the two-potential form (Rodberg and
Thaler 1967). ' '
=1 ’ 1

FO)= ¢ Z(Zl—i—I)Tsz (c0s 0) oo
with .

T;=ei%1t0 gin 840) J- g2 8 10)g i8 (1) gin §i)
and

801 =5, — 8v )
where §; and 8% are the Ith phace shifts for the potentials ¥ and ¥,, 6 is the
scattering angle and X; is the incident momentum.
Hence
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We now evaluate 3% by Born approximation. The radial part of the Schroe-
dinger equation for V,(r) is

2P I0+0
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where )
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The solution of this equation is
UD() = Fi(Kin+\ drg(r, PV USE) )
[+]
where g, (r, ') is the Green’s function.

Now the exact phase shift is given by

tan 8% = -R,% S dr F;(K;r) Uo(r)m“)(r) | 5

In second Born approximation
O =F &0+ & g, YU E ) (6)
0
Thus phase shift bacomes

tan 8=~ L\ dr (&0 U0 [ 1)
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+ dr gy, 060 Fy (K 1) Y

e



192 O N Chandra Probha and H S Desas

The first part of (2) is the amplitude factor for the potential U,. When ()
" is small, we have

. .
O =5 Z (214+1) 8 Py (cos 8) | (8)
Substituting for §( from (7),

AF“”:}%;,Z 2141y P, (cos\ 6) {—kl—;§dr | Fy (K.7) |2 Uo(r)}

1 1§
+KZ @I+1) P, (cos o){-}.{.;§ dr Fy(K;7)

U\ dr'g(r, YU Fs (ir)}. ©)
N . 0 .
ie. FO'=FQ+F©) ,
The first part of (9) can be simplified as
F{o)= -—Z% Sei 217, (r)dv, which is the first Born amplitude. A similar

procedure will give F{8)=second Born amplitude, a slight modification on which
will give the corresponding expression\in HHOB.
Thus

1
F(O)=FP+% Z (21+1)Py(cos 0)
eZiB(‘O)eia(’l)sin S
Generalising this to the case of target,
1 ,
. 3 (0) i n
Fro@)=¢f| FQ | iy+g Z (20+1)
i85, 1) i5.(
P(cos 0)e* sin 8¢ (£ | F iy
ie. Fy1(0)=funos+/ew ; (10)
where )
Surop=fi ¥ +fi P+
as given by Yates (1979) for the potential V,(r, r,).
3. e¢”—H elastic scattering

The interaction potential is given by
1 1
Plrsry)= . ;+T7‘_“_—m
and

Vol 1) =V 1) =Vil) » Coan
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We choose for the arbitrary potential ¥,(r), the static potential given by
Bonham and Strand (1963) because of the simplicity in calculations and the ease
with which it may be extended to other atoms. The summation of partial
waves is done similar to Jhanwar er al (1978). Now the scattering amplitude
given by (10) is easily evaluated from which DCS is calculated.
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Figure 1. DS for ¢~—H abom elastic scattering at 200 eV.
Solid Curve a—present calculations, Solid Curve b——HHOB
without third Born term, broken Curve——HHOB with third
GES term ( Yates 1974 )
@ —experimental data (Williams 1975)
A——experimental date (van Winger den ef al 1977
rp === agitlls (Dynon sud Joaslaia 07T
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4. Results and discussion

The DCS for e~—H elastic scattering at the sample energy 200 eV is shown
in Figure 1. It is compared with other theoretical and experimental data.
The agreement is nice, and as expected, the improvement over the basic
HHOB approximation is qute appreciable. As in the case of simple HHOB
approximation, better results may be expected at higher incident energies.
It should be specially mentioned that the two-potential formulation gives
better results than simple HHOB approximation even at large angles.
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Abstract. The differential scattering cross-sections for e~ H(23) elastic scattering
are calculated at intermediate energies by using the two-potential eikonal approxima-~
tion. The results are compared with the recent theoretical data and the conventional
Glauber cross-sections.
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1

1. Introduction N -
The study of electron scattering from the excited states of atoms has important appli-
'cations in various branches of physics, besides the intrinsic theoretical interest asso-
ciated with it. Very little work has been reported on the electron scattering from the
excited states of atoms as compared to the large amount of calculations involving
‘the ground states. Motivated by the recent successful application of the two-
potential eikonal approximation (Ishihara and Chen 1975) in various scattering
phenomena (Tayal e al 1980), we have made a generalized application of the above
approximation to study the electron scattering from any of the excited states of hydro-
gen atom. As 2 special case, we study the scattering from H(2S)—a fundamental
process for which it is reasonable to expect thai experimental data wiil become
available in the near future.

The Glauber approximation is known to be in appreciable error at all angles when
applied to the elastic electron-atom scattering at medium and lower energies.
Ishihara and Chen (1975) have shown that this is mainly due to the inadequate
semiclassical treatment of close-encounter collisions. The two-potential eikonal
approximation provides an effective method to treat such collisions properly.

2. Theory

The basic idea underlying this approximation is to pull out an arbitrary potential ¥}
from the interaction potential ¥ such that the rest of the interaction potential i.e.
Vy =V — ¥, satisfies the semiclassical conditions. V; is treated in the Glauber
approximation and the contribution of ¥; is calculated quantum-mechanically by -
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taking a few partial waves. For the scattering of an electron from a Z-electron atom,
the interaction potential is given by

z ‘
- - —Z 1
1% s Fy) = Z -,
o= Z [F=7] ®
rL

where 7, ry, «ve» ;Z are the incident and target electron co-ordinates. A short range
central potential V,, which is the static potential of the target atom, is chosen for V.

NOW ‘];)(;s ;1, hAs ] FZ) ,=~" V(;, ;13 wery ;Z) - Vst(r)‘ - (2)

In the two-potential eikonal approximation, the transition amplitude from the initial
state [ i) of the target to the final state I [ is given by (Ishihara and Chen 1975).

By ) = [ @ bexp (a8) T B) — 1

1 s 3
\ +EZ(21+ 1) P, (c0s 6) exp (&) sin 5" [ g;f; L) 0
1

The notations are same as in Ishihara and Chen (1975).
Here, Ip® = Sflexp ()| ) . : 4@

where X=X+ A% e

with — xo=—z [4ZV SN

The correction AX to the Glauber phase function contributes very little for energies
greater than 100 eV and hence can be neglected. ~

To make use of (3) to study the electron-scattering from any of the excited states
(nlm) of hydrogen, it is necessary to have the ¥, and y, corresponding to those states.
The general form of ¥V, for elastic scattering is given by

Vg;m == f d’ 5} ‘/‘flm ‘ﬁnlm ("’ 1/" + 1”!,‘ —n Da (6)
where the standard form of the wavefunction is given by -
Yuam = 2/n? {(n—1—1)Y| [(a+1) |}/ (2, [n)" exp (—ryfn)
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Using (6) and (7)
w n—l—-1 n—I-1

NN G e R
p=0 m=0 j=0 «

( n *%:l ) ( BT )(2/”)'"+j+2l X 4fnt
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Sz
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}where S;=p+2+4+m-+j+ 2land
Sy=14m+jd2—p

.(Ipl

0o o) are the usual Wigner notations.

nlm

The general form of xg

For all states of H, the interaction potential

V (b, 2, by, 2,) = — (1) +(1/|r — 1y |), so that -

__dez b[
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Now f Vi dz may be calculated from (8) using standard integration techmques
Smce thxs is a very lengthy expression, we take up the {(ns) states
vs) ’ n—1 n—1

J et SS S

<nf-?-;) <n::ﬁ>@4+f £33

L LIS
kT @2JnySs*i

(2 K 0w

S 1. ) - .
- S D gy 0 .
kZO B V@ § v

wherc Sy =m -+ j+ 1 and XA =2/n. Using (10) and (11) we can find the general
expression for x5° for any (ns) state.

As a special case, we find ¥, ¥, and x, for H (25) from (7), (8) and (10)

Yo = @ —rpexp (—rf2) - 12
\/ﬂ
K,x-—( Firp)e - )
2 27 353 .1 a8 133]
=4 2 —bbl—2l1 =22 429 29
and Xo +kiln{b 1/bl k{[l. 4%-;-482 H K, (), (14
where A==1,

I'(b) given by (4) may be easily evaluated now.

The summation of partial waves is done similar to the procedure adopted by Jhan-
war et al (1978). The exact and Born phase shifts are calculated for the potential V,
and the ! value is so chosen that beyond this / value, the phase shifts differ by less
than 3%. The rest of the partial wave contribution is taken as described by Jhan-
war et al (1978). Now the scattering amplitude and hence the DCS may be'evaluated
using (3).
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3. Results and discussion . e e .

The e~—H (2S) elastic differential cross-sections are calculated at 200 ¢V and 400 eV
when data are available for comparison (figures 1 and 2). The results are compared
with eikonal-Born series (EBS), optical model (oM) and the Glauber (G) results along
with the most recently reported two-potential results (Pundir ef al 1982) and high
energy higher order Born (4HOB) results (Rao and Desai 1983). In the absence of
any experimental data at present, it is rather difficult to comment on the accuracy
of the various approaches. In the study of electron-scattering from H, He and Li,
two-potential eikonal approximation is in good agreement with the experimental
data and the other sophisticated theories. The HHOB results are always overestimat-
ing, especially in the large angle region (Rao and Desai 1981, 1983). Glauber approxi-
mation is well-known for its shortcomings—appreciable under estimation of the
cross-section except at small angles where it logarithmically diverges. The present
results lie between the above two results and nearer the ERs results and are in good
agreement with experiments in other scattering processes.

sF')
i

2
0

DCS (a

2x16°> L | Lo 4
. 20 60 100
Scaftering angle, € (deg)

Figure 1. Differential scattering cross-sections for the elastic scattering of electrons
from H(2S) at 200 eV.

Solid curve a,—present calculations, broken curve—present calerlation in the Glauber
approximation. Solid curve b—data,of Pundir et af (1982). dash-—dot curve HHOB
results (Rao and Desai 1983). + — EBS results (Joachain ez af 1977). . — OM
results (Joachain and Winters 1980).
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Figure 2. Differential scattering cross-sections for the elastic scattering of electrons
from H(28) at 400 eV. References are same as in figure 1.

As in &-H(1S) elastic scattering (Ishihara and Chen 1975), here also the two-
potential eikonal approximation should improve the conventional Glauber results
because of two reasons: ({} The singularity in interaction V, is properly taken care of
by partial wave analysis (ii) The semi-classical condition necessary for the Glauber
approximation is better for the interaction ¥V, than for ¥. This aspect is clearly
brought out by the comparison of the eikonal phase function I'(b) for the potentials
V and ¥V, (figure 3). I'(b) for ¥, is a smooth function of & while that for ¥ oscillates
for small b values. The first term of (14) is the usual Glauber phase for the scattering
process considered here. The singularity of this term at & = 0 is cancelled by the
second term. Hence, in contrast to Glauber approximation, I'(b) varies smoothly
in the two-potential formulation. Similar behaviour is observed in electron scattering
from H(1S), He and Li (Ishihara and Chen 1975; Tayal ef ol 1980). It may be
poted that as in é-FI(1S) scattering, here also Re [I'(5)] > Im [I'(h)] everywhere.
Hence I'(b) contains almost no scattering, but mostly absorption. -

The -H(2S) scattering cross-section at 100 eV (not shown here) is compared with
corresponding &-H(1S) cross-section and are found to approach each other for
larger angles where the interaction between the incident electron and the target
nucleus progressively dominates the scattering. Similar type of behaviour was
observed in the EBs (Joachain et 4l 1977) and two-potential (Pundir et al 1982)
calculations. The present approximation is good for lower energies also whereas
others like HHOB are good for E > 200 eV only. In view of the simplicity of the
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Figare 3, Real and imaginary parts of 1'(}) for the potential ¥, (solid curve) and
for the total interaction ¥ (dashed curve) for elastic ~-H(2S) scattering at 100 eV.

present approach, we expeot that it would provide reasonable description of the scat-
tering process from the excited metastable states of hydrogen atom.
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The two-potential formulation in the high energy higher order
Born approximation (HHOB) 1s apphed to the case of elastic
scattermng of electrons by hehum atom, at intermediate energres, The

calculated scattering parameters are found to be m good agreement
with other theoretical and expenimental data,

The two-potential formulation in HHOB! is
developed along the same lines as the two-potential
eikonal approximation?. The basic idea in this
formulation is to pull out from the interaction
potential 7 an arbitrary potential y/, such that the rest
of the interaction V,=¥— ¥, satisfies semiclassical
conditions. For the scattering of an electron from the
helium atom, the interaction potential is given by
-2 2 1

Virg.ri,ra) o +;=ll"o'“",§
where r, r,, and r, are the position vectors of the
incident and target electrons, For J/,, we have chosen
the static potential V,, given by Bonham and Strand3,
Hence ¥/ = V-V, is slowly varying and | V| < E for
all r,.

Now the contribution of V, to the scattering
amplitude can be obtained in the HHOB approxi-
mation and that of V, by partial wave analysis (PWA).
The transition amplitude from the target state i > to be
state |f> is given as
F,0)=Fppop+Frw
where  Fypop= f, + /2 +...
as given by Yates for the potential ¥/ =}/ ¥,, and
Fpy 15 the scattering amplitude in the PWA,

For the ground state of helium, we have used the
Hartree-Fock orbitals ¢, of Byron and Joachain®,
The first and second Born amplitudes in HHOB are
obtained in the closed form's. Similarly F ., is
calculated for the potential V. The procedure for the
summation of the partial waves is similar to that given
by Jhanwar et al.¢ Knowing the scattering amplitudes,
the differential cross-section (DCS) can be obtained
through O(1/k?).

The total cross-section is calculated using the
formula

g = % Im F(9=0)

The DCS curve obtained in the present analysis at
200eV is shown in Fig 1. As expected, the present

1
o E=200eV
L \ Exptt Values '
)
=" AY Oz Ref 8
AN
- \ \ A =Ref 8
.i._.. |
b
~NS
210
o F
L L
a f—
152 ] 1 L ] |
10 20 40 60 80 100

SCATTERING ANGLE {8}, deg
Fig. I—DCS for electron-hetium elastic scattering at 200eV

Table 1—Comparison of the Total Cross-sections (in units
" of ad) for e -He Scattering from Different Sources

Ref 10
Energy Present Ref.5 Winters Byron&  EBS
eV study (HHOB) et al. Joachamn
200 358 293 3.55 337 292
400 2.08 1.69 2.00 1.86 n

results agree well with other available data: both
experimental’~9- and theoretical®!%!!, It may be
noted that the two-potential formulation in HHOB
approximation yields better results than the simple
HHOB approximation, especially at large angles. The
total cross-section (TCS) results shown in Table 1 are
also encouraging, ’ .
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