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Elastic scattering of electrons by metastable 2s atomic hydrogen
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The elastic scattering of electrons with incident energies from 20 to SOO eV from the metastable 2s state of

atomic hydrogen is calculated by using the Born and Glauber approximations (including the exchange effect).

The results for the angular distributions are compared with some other theoretical calculatioris. It is found

that the Born and Glauber integrated elastic-scattering cross section is well represented by
a.sj„„.,(2s~2s;K,.) = {4162/105)(Ha JK,') for F, & 20 eV.

Although study of electron scattering by atoms
initially prepared in an excited state (in particular
the long-lived'metastable states) has important ap-
plications in astrophysics, plasma physics, and
various gaseous phenomena, relatively little work
has been done even on the scattering from excited
states of simple atoms. In addition, such an in-
vestigation is interesting in itself since "the com-
parison of the scattering from an excited state
with that from the ground state yields useful in-
formation on the dynamics of the collision pro-
cess."' Several theoretical calculations have been
performed to study the elastic' and inelastic."
scattering, of electrons by metastable hydrogen.
Although only one experiment4 has been carried
out to measure the electron-impact ionization
cross section of atomic hydrogen in the metastable
2s state, more experimental works on electron
scattering (elastic and inelastic) from metastable
hydrogen are now under way at the Queens Univer-
sity at Belfast.

In this paper we analyze the elastic scattering
of electrons by the 2s state of atomic hydrogen in
the framework of Glauber theory' ' (including ex-
change effect). Results on the inelastic scattering
will be presented in a forthcoming paper.

The Glauber direct scattering amplitude FD(q)
describing the elastic scattering of an electron with
velocity v, by a metastable hydrogen atom is given
by' '

where

(2)

and q = I/v; = I/K;, (in atomic units). In Eqs. (I)
and (2), b and s are the respective projections of
the position vectors of the incident electron and
the bound electron onto the plane perpendicular to
the Glauber. path. The Glauber amplitude was
evaluated by taking the Glauber path integral along
the direction perpendicular to the momentum

I

transfer q. The Glauber direct-scattering ampli-
tude Evo(q) can be expressed in. a closed and com-
pact form in terms of a generating function':

8 9~ 1 83

where the generating function i(X; q) is defined and

given by
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In Eq. (4), ,E, is the usual hypergeometric func-
tion. After some manipulation, one can reduce
I(X; q) into a form suitable for high incident ener-
gy limit, (7)-0):

i(X; q) =I,(X;q) +27)I,(X;q) + O(7i'),

where
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In the limit of q-0, substituting Eq. (6) into Eq.
(3), the Glauber direct-scattering amplitude Ev(q)
is found to be identical with the Born direct-scat-
tering amplitude EDs(q), namely,

E',(q)=rll-F (q)),

where
I

I 3 —q' 3(l —q')
H(q) =(I 2)2

—I 2 + (I 2)2

We remark that the first. term in Eq. (9) is the
Rutherford scattering of the electron by the nuclei
whereas the second term represents the electron-
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the direct- and exchange-scattering amplitudes
in the usual way, namely,
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FIG. 1. Differential cross section for scattering of
electrons by H(2s) at 30 eV. Solid curve, total Glauber
(symmetrized) results; single-dot-long-dashed curve,
direct Glauber results; double-dot-long-dashed curve,
exchange Qlauber results; dashed curve, total Born
(symmetrized) results; single-dot-short-dashed curve,
direct Born results; double-dot-short-dashed curve,
exchange Born results.
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electron scattering.
The Glauber -Bonham-Ochkur exchange amplitude

for electron-H(2s) scattering is given by""
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If we let q-0 in Eqs. (10) and (11), the Glauber-
Bonham-Ochkur exchange amplitude Foe (q) is
immediately recognized to be the Born-Bonham-
Ochkur exchange amplitude; thus

&'"(q) = - (2&I~';)+ (V). (12)

The direct, exchange, a.nd symmetrized (re-
presented by subscripts D, E, and T, respectively)
differential and total cross sections are found from
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FIG. 2. Differential cross section for elastic scat-
tering of electrons by H(2s) at 100 eV. Solid curve,
di'rect and total {symmetrized) Qlauber results; dashed
curve, direct and total (symmetrized) Born results.
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E=400eV=
as the symmetrized cross sections for elastic scat-
teririg of electrons from the 2s metastable state.
of hydrogen for various incident-electron energies.
Our theoretical results are shown in Figs. 1-6.
No experimental data are presently available for
comparison with our works. However, a compari-
son with the eikonal-Born series (EBS) calculations
of Joachain et aL' is possible at incident energies
E& of 400 and 500 eV.

In studying how the exchange effect influences the
symmetrized differential cross sections, we find
that its inclusion is necessary only for energies
below 50 eV. We note from Fig. 1 that the Glauber
exchange part contributes to the symmetrized dif-
ferential cross sections constructively at scatter-
ing angles from 35' to 55' but destructively at an-
gles beyond 55'. This i.s in contrast to the elastic
scattering from the ground state" where the ex-
change effects tend to increase the differential
cross sections at all scattering angles.

For all the incident energies considered, we no-
tice that the Glauber differential cross section for
the 2s elastic collision is always more sharply
peaked at srpall scattering angles than those for

FIG. 3. Differential cross section for elastic scat-
tering of electrons by H(2s) at 400 eV. Solid curve,
direct and total (symmetrized) Glauber results; dashed
curve, direct and total (symmetrized) Born results;
dotted curve, corrected static approximation; single-
dot-dashed curve, EBS results.
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By means of Eqs. (18)-(22), we have calculated
the differential and the total direct exchange as well
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FIG. 4. Differential cross section for the elastic
scattering of 400 eV electrons from the 28 state of
atomic hydrogen at small angles. Solid curve, direct
and total (symmetrized) Qlauber results; dashed curve,
direct and total (symmetrized) Born results; dotted
curve, . EBS results and corrected static approximation.
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Our theoretical results for the total (integrated)

cross section for 2s elastic scatter'ing are present-
ed in Fig. 6. For comparison the corresponding
results for the 1s elastic collision are shown in
the same figure. We first note that the inclusion
of electron exchange for the 2s elastic collision
gives negligible contributions to the total integrated
cross sections (in contrast to ls elastic scattering
where the exchange terms tend to add up construc-
tively to the direct integrated cross section at all
incident energies). We also observe that although
the Born and Glauber angular di.stributions are
markedly different, their total cross sections
(integrating the differential cross sections over
all angles) are almost identical. The same pattern
also appears in the elastic e + He(2'S, 2'S) scatter-
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FIG. 5. Differential cross section for the elastic.
scattering of 4GO- eV electrons from the 2s state of
atomic hydroge'n at large angles. Solid curve, direct .

and total (symmetrized) Glauber results; dashed curve,
direct and total (symmetrized) Born results; dotted
curve, EBS results; single-dot-dashed curve, second,
Born approximation.

the 1s elastic scattering. The difference -between
the two cross sections becomes smaller and srpall-
er as the incident energy and the scattering angle
increase. This can be simply attributed to the
fact that the larger electronic orbit of the 2s state
is ~ore important for small-angle scattering
(i.e. , large impact parameter) whereas the same
Rutherford scattering is dominant for boih ls and
2s large-angle scattering. At E, =400 eV, as in-
dicated in Figs. 3-5, the Glauber prediction is
larger than those obtained using the EBS and cor-
rected static approximation, and the Born approxi-
mation at small angles (&7'). On the other hand,
the Glauber results are smaller than those pre-
dicted from the other methods for angles greater
than 25'. . Figure 4 also shows the, t the Glauber-
predicted do/dQ are very close to those of the EBS
and Born approximations for scattering angles
from - 7 -25'. A similar situation appears at E,
= 500 eV.
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FLQ. 6. Total (integrated) cross sections for the
elastic scattering of electrons from the lg and 2g states
of atomic hydrogen as a function of incident-electron
energy.
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ing. " From Eq. (20), one immediately finds

4162 1oe(2s 2s; K,.) = —,nao' (23)

of the simple equation (23). In fact, Eq. (23) is a
better fit to our Glauber numerical results than
to our Born results. lt is remarkable that

for && ) 20 eV (j,.e. , K,.) 1). The closed form
oo(2s-2s;K, ) can be obtained by using the analyti-
cal technique" of Thomas and Gerjuoy. We did not

pursue this line since the calculation is very in-
volved. However, because 0 approaches 0 . at
high energy, we expect the leading term in oo(2s- 2s; K;) should be identical to the corresponding
term in os(2s-2s;X, ). The high-energy correc-
tion terms, which may be different for the Born
and Glauber approximations, are very small for E,) 20 eV. Our numerical results [obtained by nu-
merical integration via Eq. (16)]are within 0.7/o

cr(2s - 2s; Ã,.) 4162/105
o(is - 1s K ) 7/3

is close to 16, the ratio between 2s and 1s orbital
geometric cross sections.

Since our knowledge of the subject is quite lim-
ited at the present time, extensive theoretical in-
vestigations as well as further experimental
studies of such collision processes involving long-
lived excited states would be of great value.

We are deeply indebted to Mark Newbold for
reading the manuscript and for his comments.
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