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Abstract. The recent theoretical work by Bartlett et al. [J. Phys. B 38, L95 (2005)] and the latest mea-
surements on the reduced Stokes parameters P 1, P 2 and P 3 for 54.4 eV electron impact excitation of
the 2p state atomic hydrogen by Williams and Mikosza [J. Phys. B 39, 4113 (2006)] has motivated the
present work. A coupled-channel-optical calculation with 9 and 12 atomic states supplemented with the
continuum optical potentials for the stronger coupling channels has been performed. The calculated n = 2
and n = 3 differential cross sections and the reduced Stokes parameters are comparable with the state-
of-the art calculations. There is closer agreement between the present calculations and the experimental
measurements for the reduced Stokes parameters P̄1 and P̄3 in the n = 2p excitation at 54.4 eV. The
present CCO calculations also display good accord with the limited experimental data for the reduced
Stokes parameters in the n = 3p excitation.

PACS. 34.10.+x General theories and models of atomic and molecular collisions and interactions – 34.80.-i
Electron scattering – 34.80.Dp Atomic excitation and ionization by electron impact

1 Introduction

The present work was initially motivated as an interest of
this group to probe for the similarities and differences be-
tween the physics of positron-hydrogenic-type atom and
electron-hydrogenic-type atom [3–6] at intermediate en-
ergies. With the advent of recent experimental measure-
ments [2,7–12] on the electron impact excitation of 2p and
3p states of hydrogen atom has provided us an interest-
ing challenge to test the coupled-channel-optical calcula-
tion (CCO) [13] with the best available theoretical calcu-
lation [1,14,15] and these experimental measurements.

The present state of the art theoretical methods such
as the propagating exterior scaling complex (PECS) [1],
the convergent close-coupling-Laguerre (CCC-L) [14], the
close-coupling of Wang et al. (CC17) [15] and the box-
based convergent close-coupling method (CCC-B) [16],
have reached a high level of accuracy in predicting to-
tal and differential cross sections (DCS) for electron scat-
tering from atomic hydrogen. The CC17 had utilized a
large 17-state target basis set that consisted of seven ex-
act atomic states (1s, 2s, 2p, 3s, 3p, 3d and 4f) together
with ten pseudostates (5 s-like, 3 p-like and 2 d-like). They
reported the DCS, and the angular correlation parameters
λ, R and I at energies ranging from 16 eV to 100 eV that
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showed good agreement with the experimental measure-
ments for some of these physical quantities.

The CCC-L method [14] which employs the orthogonal
basis of Laguerre functions to represent the target states
has been very successful in studying the electron-hydrogen
scattering system. The benefit of using this method is that
the convergence can be achieved by expanding the basis
size without suffering from the linear dependence prob-
lems associated with the ordinary Slater type basis sets
in the limit of large expansions. Further improvements by
Bray et al. [16] were implemented in the CCC-B method.
In this variant of the CCC method, the Laguerre basis was
replaced by the box-based eigenstates to find the eigen-
state φ (r) of the Hamiltonian. The DCS calculated with
the CCC-B method was in close agreement with the CCC-
L method.

The latest implementation (PECS) of the exterior
complex scaling method (ECS) (Rescigno et al. [17])
was reported by Bartlett et al. [18] and Bartlett and
Stelbovics [19], is considered the most complete method
to solve the non-relativistic time-independent scattering
problem. The propagation technique was used originally
by Poet [20] to solve the Temkin-Poet [21,22] model for
e-H ionization. This technique reduces significantly the
computational complexity in the ECS method. In their
recent work [1], both the PECS and CCC-B showed
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excellent agreement with the CCC-L method for the three
reduced Stokes parameters by Williams and Mikosza [2]
and thus adding further controversy to the measurements
of the P 3 parameter data of Gradziel and O’Neill [7] and
that of Chormaic et al. [25].

The early measurements of the 54.4 eV e-H(2p) angu-
lar correlation parameters started in the 1980’s [23,24].
With technological improvements over the last
two decades, we have seen an array of measure-
ments [2,7,9,10,25] that have reported either the angular
correlation or reduced Stokes parameters for the electron
impact excitation of H(2p) at 54.4 eV. The difficulties in
detecting the outgoing electron in coincidence with the
2p photon are very challenging and these measurements
are also very vital as they provide extra information from
the collision process.

The theoretical challenges in describing the details of
the collision process particularly concerning the excited
state charge cloud plays a vital role in gauging the qual-
ity of the method [26–28]. Besides the 2p excitation mea-
surements of the reduced Stokes parameters, there has
also been limited measurement for these parameters in
the 3p excitation [29,30]. Thus in view of the recent de-
velopments, it seemed timely that a CCO calculation be
attempted.

In this paper, the present CCO calculations are aimed
at providing a comparative view of the DCS and the re-
duced Stokes parameters for 2p, 3p excitation at 54.4 eV
and other intermediate energies with other theoretical cal-
culations.

2 Theory

When an electron is bombarded towards a hydrogen atom
in its ground state, several classes of reactions are possible:
1. elastic

e− + H(1s) → e− + H(1s);
2. inelastic

e− + H(1s) → e− + H(nl �= 1s) (atom excitation);

3. reactions

e− + H(1s) → e− + e− + H+ (ionization).

The Schrödinger equation for electron-hydrogen system is
given as(
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where r1 and r2 represent the coordinate of e− and in-
cident e− with respect to the proton, respectively. The
momentum space Lippmann-Schwinger equations for an
electron with momentum k incident on hydrogen atom in
state ψα (atomic units are assumed throughout) are

〈k′ψα′ |T |kψα〉 = 〈k′ψα′ |V (Q)|kψα〉

+
∑
α′′

∫
d3k′′

〈k′ψα′ |V (Q)|k′′ψα′′〉〈k′′ψα′′ |T |kψα〉(
E(+) − εα′′ − 1

2k
′′2) . (2)

The optical potential V (Q) represents the first-order
static-exchange potential together with a non-local com-
plex polarization term. In this complex polarization term,
we have the virtual and real excitations of the Q-space
which includes the target continuum and the remainder
of the discrete channels that are not explicitly coupled in
the coupled-channels calculation.

For the derivation of the optical potential, the
Feshbach projection operator P and Q are used to de-
compose the whole space of target wave function into a
subspace of wavefunction PΨ . P -space describes the fi-
nite set of the discrete channels considered including the
ground state while Q-space includes the continuum and
the remaining discrete states that are not explicitly cou-
pled in the coupled-channel calculation. The projection
operators are defined as

P =
∑
i∈P

|ψi〉 〈ψi| (3)

Q =
∑
j∈Q

|ψj〉 〈ψj | . (4)

The optical potential allows only for discrete states and
the continuum of H. From the projection operators, we
have the following properties of P and Q operators

Q = 1 − P Q−1Q = 1
PQ = QP = 0

P 2 = P Q2 = Q. (5)

All the equations below is given in operator form. The
Schrödinger equation is written as

E −K − v = 0 (6)

where K = K1 + K2 and v = v1 + v2 + v3. By using
the properties of P and Q in (5) into the Schrödinger
equation (6), we obtain the following:∑

α′
〈ψα |(E −K − v)(P +Q)|ψα′〉Fα′ = 0 (7)
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Since P and Q-space are necessarily different and orthog-
onal, we have the following relationship:

〈ψα |P (E −K)Q|ψα′〉 = 0

or
〈ψα |Q(E −K)P |ψα′〉 = 0. (11)

Substituting equation (9) inside (11), we obtain:

⇒
⎧⎨
⎩

∑
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〈ψα |P (E−K−v)P |ψα′〉Fα′ =

∑
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〈ψα |PvQ|ψα′〉Fα′∑
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〈ψα |Q(E−K−v)Q|ψα′〉Fα′ =

∑
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〈ψα |QvP |ψα′〉Fα′

(12)
or

⇒
{
P (E −K − v)P = PvQ
Q(E −K − v)Q = QvP

.

The second equation from equation (12) can be written as

Qψα′ = Q
1

Q(E −K − v)Q
QvPψα′ . (13)

Substituting equation (13) into the first equation of (12),
we have

P (E−K−v)Pψα′ = PvQ
1

Q(E −K − v)Q
QvPψα′ . (14)

Since v2 does not connect the P and Q spaces, equa-
tion (14) can be written as

P (E −K − v1 − v2 − v3)Pψα′ =

P (v1 + v3)Q
1

Q(E −K − v)Q
Q(v1 + v3)Pψα′

P (E −K − v2)Pψα′ = P (v1 + v3)Pψα′

+ P (v1 + v3)Q
1

Q(E −K − v)Q
Q(v1 + v3)Pψα′ . (15)

From equation (15), we can define the optical potential
V (Q) as

V (Q) = v1 + v3 + (v1 + v3)Q
1

Q(E −K − v)Q
Q(v1 + v3).

(16)
The second term of the optical potential V (Q) formula is
called the complex non-local polarization potential W (Q)

and V (Q) can be simplified as

V (Q) = V +W (Q). (17)

The Green function can be written in a spectral represen-
tation and is given as

1
Q(E −K − v)Q

= Q
∑

n

∣∣∣Ψ (−)
n

〉 1
E − En

〈
Ψ (−)

n (q)
∣∣∣Q.
(18)

The spectral index n, is a discrete notation for the contin-
uum and defines the asymptotic partition of the 3-body
system into bound or ionized states and specifies the quan-
tum numbers and momenta within each partition. We will

assume that the state vectors of the Q space are plane
waves i.e. v3 is diagonal in Q space by making the weak-
coupling approximation [31]. This is done to make the
approximation that the Green’s function is diagonal in Q
space. The optical potential can be written explicitly by
substituting equation (3) and (4) into (16) giving

V (Q) = (v1 + v3) +
∑

n

∑
m∈Q

(v1 + v3)
∣∣ψm〉〈ψm

∣∣Ψ (−)
n

〉

× 1
E − En

〈Ψ (−)
n |ψm〉〈ψm| (v1 + v3). (19)

The theoretical details of the coupled-channel optical po-
tential (CCO) can be found in the work of McCarthy and
Stelbovics [13].

The following physical observables can be calculated
for the corresponding T -matrix elements:
The differential cross section for scattering from channel
j to i at an angle θ is

dσij

dΩ
= (2π)4

kiŜ
2

kj l̂2

∑
m,m′

|〈ki; n′l′m′|T |nlm; kj〉|2 . (20)

The three angular correlation parameters for the 2p and
3p states of hydrogen are:

λ =
〈|a0|2〉
σm

R =
Re〈a1a

∗
0〉

σm
I =

Im〈a1a
∗
0〉

σm
, (21)

where σm is the differential cross section and am is the
complex amplitude for the excitation of the 2pm or 3pm

states. The 〈 〉 represents the spin average of the product
of two scattering amplitudes. These angular correlation
parameters and the reduced Stokes parameters for the 2p
and 3p excitation are related by

P 1 = 2λ− 1 P 2 = −2
√

2R P 3 = 2
√

2I. (22)

In this work, the following calculations for the CCO cal-
culations were performed:

– CCO12: 12 hydrogen states (1s, 2s, 2p, 3s, 3p, 3d, 4s,
4p, 4d, 5s, 5p, 5d) with continuum optical potentials
for the 1s–1s, 1s–2s, 1s–2p, 1s–3s, 1s–3p, 1s–4s, 1s–4p,
1s–5s and 1s–5p were used;

– CCO9: 9 hydrogen states (1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p,
4d) with continuum optical potentials for the 1s–1s,
1s–2s, 1s–2p, 1s–3s, 1s–3p, 1s–4s and 1s–4pwere used.

3 Results and discussions

3.1 Differential cross sections for n = 2p, 3p excitation

3.1.1 54.4 eV

In Figures 1a and 1b, the DCS for the excitation of the
n = 2p and 3p states at 54.4 eV are depicted with the
available experimental data of Williams [24] and Williams
et al. [12]. The quality of the predicted DCS among the
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Fig. 1. The DCS for: (a) H(2p) excitation, (b) H(3p) excitation, (c) H(1s) → H(2s + 2p) excitation, (d) H(1s) → H(3s + 3p)
excitation at 54.4 eV. Theoretical data: (—–) CCO12, (- - - -) CCO9, (- · - · -) CC17, (+) CCC-L, (· · · ) PECS; experimental data:
(�) Williams [24], (�) Khakoo et al. [11], (•) Williams et al. [12].

various theories is very encouraging and suggests that the
description of the physics of this scattering system may
be complete. In the graphs, the reported PECS data is
only shown for the H(3p) and H(3s + 3p) excitation. But
it must be mentioned that in a recent report [1] PECS
shows excellent agreement with the CCC variants for this
scattering system.

In Figure 1a, the overall agreement between the
Williams data [24] and the CCC-L and CC17 for the
n = 2p excitation is quite good. Even with its limited
basis set, the present CCO method is in good accord with
the CCC-L and the CC17 for this process except for the
scattering region beyond 90◦. The qualitative features pre-
served in all the calculations at forward and middle-angle
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scattering suggests that from the large scale CCC-L to the
smaller order CCO models are able to accommodate the
physics of scattering at this energy. The differences only
start emerging at the backward scattering angles where
the high-energy approximations used in the CCO method
may explain the differences with the CCC and CC17.
However, the convergence between the CCO9 and CCO12
suggests the short-range correlation effects such as the ex-
change approximation in the optical potential may also be
a more plausible reason for the differences in large-angle
scattering.

In Figure 1b, the present CCO calculations for n = 3p
are lying slightly higher than the PECS and CC17 for most
of the angles studied with better agreement at forward
scattering angles below 20◦. There is good agreement with
the only experimental measurement of Williams [12] for
angles below 20◦.

In comparing further the quality of the CCO calcu-
lations for n = 2s + 2p and n = 3s + 3p excitation at
54.4 eV in Figures 1c and 1d respectively shows that the
qualitative and quantitative agreement can be considered
as fairly good over most of the forward and middle angle
scattering. In fact, the CCO12 differential cross sections
lies within Khakoo et al.’s experimental data [11] upto
about 75◦ and with Williams data [24] to about 120◦. This
can be observed too for the n = 3s+3p DCS in Figure 1d,
where all theories and experiment [12] are indistinguish-
able in the forward scattering but there are some differ-
ences emerging at middle and backward angles. It seems
that the physics of the scattering system is being well ac-
commodated by the present CCO within its limitations.

Thus, there is enough evidence to suggest that the con-
vergence gap between these theories and experiments are
getting even smaller.

3.1.2 20 eV, 35 eV and 100 eV

Since there are some experimental data and a number of
theoretical calculated DCS at some energies other than
54.4 eV, a comparative view is also presented here for the
following: H(2p), n = 2 (summed 2s and 2p), H(3p) and
n = 3 (summed 3s and 3p).

The DCS for H(2p) transition at 20, 35 and 100 eV
are shown in Figures 2a–2c. Generally, the present results
show fair accord with other theories for forward and mid-
dle angle scattering in all the energies except at 20 eV.
At higher angles, the CCO’s DCS seems to be larger than
those of the CC17 and the CCC. The large differences
observed at higher scattering angles decreases as the inci-
dent energy increases. This is possibly due to the fact that
the high-energy approximations used in the CCO models
would be valid at higher energies.

Figures 3a–3c shows the present results for the n = 2
(summed 2s and 2p) DCS, together with the available
experimental data [11,24,32]. In order not to make the
figures cluttered, only the CCO12 data are depicted.
At 20 eV (Fig. 3a), the DCS is clearly overestimated
by the CCO12 for all angles larger than 30◦. But it
must be also noted that the Williams [24] data is larger

Fig. 2. The DCS for H(2p) excitation at 20, 35 and 100 eV.
Theoretical data: (—–) CCO12, (- - - -) CCO9, (- · - · -) CC17,
(+) CCC-L.

than the Grafe et al. [32] data above 120◦. The differences
between the CCO12 and other theoretical data are very
large suggesting that the quality of the CCO at this low
intermediate energy is clearly compromised by the high-
energy approximations used in the optical model.
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Fig. 3. The DCS for H(1s) → H(2s + 2p) excitation at 20, 35
and 100 eV. Theoretical data: similar to Figure 2. Experimen-
tal data: (�) Khakoo et al. [11], (�) Williams [24], (�) Grafe
et al. [32].

However, at the incident energy of 35 eV (Fig. 3b),
present DCS are in good accord with the measured data of
Grafe and co-workers. The CCO also is in excellent agree-
ment with the measurements done by Khakoo et al. [11] at
middle and backward angles compared to those calculated
by the CCC or the CC17 method. At 100 eV (Fig. 3c),
there is better agreement but there is still some overesti-

Fig. 4. The DCS for H(3p) excitation at 20, 35 and 100 eV.
Theoretical data: (—–) CCO12, (- - - -) CCO9, (- · - · -) CC17,
(+) CCC-L, (· · · ) PECS; experimental data: (•) Williams
et al. [12].

mation at backward angles in comparison with the exper-
imental data [11].

Figures 4a–4c illustrates the DCS for 3p at 20, 35 and
100 eV. Again, at 20 eV, the CCO models overestimates
the cross section for all the angles here, compared to other
theories (CCC, CC17 and PECS). As the incident energy
increases these differences are reduced especially at for-
ward angles. However, there are still some discrepancies
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Fig. 5. The DCS for H(1s) → H(3s + 3p) excitation at 20, 35
and 100 eV. Theoretical data: similar to Figure 4. Experimen-
tal data: (◦) Sweeney et al. [33].

that are observed at larger angles. This similar qualita-
tive features can also be seen, in the summed n = 3 levels
(3s+3p) (see Figs. 5a–5c). In Figure 5b, at 35 eV, the CCO
model is in better agreement with the rest of the theoret-
ical calculations and seems to be within the upper bar of
the experimental measurements of Sweeney et al. [33].

3.2 Reduced stokes parameters for 2p and 3p
excitation

3.2.1 54.4 eV

The reduced Stokes parameters P 1, P 2 and P 3 for 2p ex-
citation are depicted in Figure 6. In the left-hand columns
(Figs. 6a, 6c and 6e), the available experimental and the-
oretical data are compared among each other, particu-
larly in the region between 0◦ to 45◦ scattering angles
and in the right-hand columns (Figs. 6b, 6d and 6f), the
CCO12, PECS and CC17 are shown with the experimen-
tal data [2,23] from 0◦ to 180◦. The CCO9 is not shown
in Figure 6 to avoid cluttering, but it must be noted that
it shows good convergence with the CCO12. Similarly, the
CCC data is also not shown as its agreement with PECS
is quite good.

In examining the experimental measurements, it can
be seen that the general qualitative trends are demon-
strated by nearly all the measurements except in the P 3

case. Nevertheless, there are quantitative differences be-
tween these measurements and the large uncertainties also
do not provide a very discriminating description of these
parameters at 54.4 eV.

In the P 1 case (Fig. 6a), there is a clear experimen-
tal demonstration that the first minimum appears around
the 15◦–20◦ scattering region. However, the experimen-
tal data are not discriminating enough to pin-point the
actual minima. The theories tend to support this view
with the CCO12 showing a clear minima at about 17◦
and the PECS and CC17 lie in the 15◦–16◦ region. An-
other observation that has to be noted here is that the
present CCO12 shows better agreement with Williams and
Mikosza [2] and PECS in this region. This is an important
gauge about the quality of the theoretical calculations.

At the forward and middle angles upto about 90◦
(Fig. 6b), there is a clear two band of theoretical pre-
dictions with the CCO12 lying in one band and the PECS
and the CC17 in the other. All theoretical data predict a
first maxima at around the 45◦–55◦ scattering region and
the qualitative trends are supported by the experimental
data. At the backward scattering, all theories show dif-
ferent qualitative features suggesting that the scattered
wave function using various approximations are sensitive
at these angles. The recent measurements seem to sup-
port some of these theories in some region or the other.
The backward P 1 parameter is a highly discriminating
quantity that can be a critical test of theories and exper-
iments.

The theoretical reduced P 2 parameter is shown in Fig-
ures 6c and 6d. It is quite clear here that the CCO12 differs
significantly with the other theories above the scattering
angle of 30◦. Although the CCO12 shows good agreement
with the PECS at the forward angles, its qualitative dif-
ferences and quantitative disagreement with other theo-
ries above 30◦ is quite glaring! So unlike the PECS and
CC17, there seems be an extra minima at about 40◦. Nev-
ertheless, it should be noted that the CCO12 show similar
qualitative trends with the experimental data [2,23] in the
15◦–40◦ scattering region and closer agreement than any
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Fig. 6. Reduced Stokes parameters for H(2p) excitation at 54.4 eV: (a) and (b): P 1; (c) and (d): P 2; (e) and (f): P 3.
Legend for PECS, CC17 and CCO12 are as in Figure 1; experimental data: (�) Williams and Mikosza [2], (�) Gradziel
and O’Neill [7], (�) Yalim et al. [10], (•) O’Neill et al. [9], (�) Chormaic et al. [25], (�) Weigold et al. [23].

of the other theoretical data. It should also be noted that
the present P 2 at large scattering angles >120 is closer to
the experimental data of Williams and Mikosza [2].

In Figures 6e and 6f, the reduced P 3 parameter is
shown. Overall, qualitative agreement is seen by all the-
ories and the experimental data [2]. The difference with
Gradziel and O’ Neill [7] and Chormaic et al. [25] experi-

mental data is quite obvious. It seems quite interesting to
find that the CCO12 lies within the limits of the Williams
and Mikosza’s experiment for most angles! However, the
backward angles behaviour of the CCO12 continues to
show differences with the other theoretical calculations.

The present work was also aimed at studying the 3p re-
duced Stokes parameters. Thus in Figures 7a–7c, the P 1,
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Fig. 7. Reduced Stokes parameters for H(3p) excitation at
54.4 eV: (a) P 1, (b) P 2, (c) P 3. Theoretical data: (—–) CCO12,
(- - - -) CCO9, (- · - · -) CC17, (+) CCC-L; experimental data:
(�) Williams et al. [29], (•) Chwirot and Slevin [30].

P 2 and P 3 parameters are shown with the best available
theories and the available experimental data of Williams
et al. [29] and Chwirot and Slevin [30]. In the P 1 case,
the present CCO12 and CCO9 show excellent agreement
with CCC at the forward angles. At the forward angle and
around the first minimum, the present CCO models are
showing closer agreement with the experimental measure-
ment of Williams et al. At the backward angles as in the
2p case, the differences between the CCO and the other
theoretical data are glaring enough.

As in the 2p excitation, the calculated P 2 for the 3p ex-
citation by the CCO12 and CCO9 (Fig. 7b) shows quanti-

tative and qualitative differences with the CCC-L and the
CC17 above 20◦ and with all theories showing different
qualitative differences at the backward angles. But again,
it must be noted that the qualitative trends by the exper-
imental data [29] seems to support the CCO calculations
at the 15◦–35◦ scattering region in stark contrast to that
of the CCC-L and the CC17 calculations.

Similar conclusions as in P 1 case can be made for the
P 3 (Fig. 7c).

3.2.2 20 eV, 35 eV and 100 eV

The reduced Stokes correlation parameters P 1, P 2 and P 3

for electron impact excitation of H(2p) and H(3p) at 20,
35 and 100 eV are depicted in Figures 8–10.

In Figure 8a–8c, the theoretical calculations are com-
pared for the reduced Stokes parameters for H(2p) ex-
citation at 20 eV. Although there seems to be an over-
all qualitative trend among the CCO12, CCO9 and the
CC17, there are clear quantitative differences as seen for
the P 1 and P 2 parameters. The similar difficulties of the
CCO models in describing the backward angle scattering
DCS at this energy continues to plague the P 1 and P 2

data. There is better agreement among theories for the
P 3. The differences between these theoretical calculations
are more contrasting for the H(3p) case (see Figs. 8d–8f).
It may seem that the CCO is doing severely for the higher
excitation process.

The reduced Stokes parameters for the 35 eV exci-
tation of H(2p) and H(3p) are depicted in Figure 9. In
Figure 9a, it seems gratifying to find the present CCO
calculations are in good qualitative and quantitative ac-
cord with the three experimental data points measured at
40 eV by Hood et al. [34] for the P 1. The CCC-L also
shows similar qualitative trend with a deeper minimum at
about 20◦. However, in the middle and backward scatter-
ing angles, the CCO are quantitatively distinct than the
CCC-L and CC17. The other experimental measurements
by Slevin et al. [35] also do not provide a discerning com-
parison. Similar comparisons are seen with the P 2 case
at this energy in Figure 9b. In the P 3 case, there is bet-
ter agreement among the theories. In Figures 9d–9f, the
reduced Stokes parameters for the H(3p) case is shown.
There are similarities as well as differences between the
theoretical calculations.

The parameters at 100 eV are displayed in Fig-
ures 10a–10f. Overall, there is limited agreement between
the CCO and the other theoretical data at forward scat-
tering angles as well as with the general trend of the mea-
surements of Hood et al. [34] (2p case) and the Chwirot
and Slevin [30] (3p case).

4 Conclusions

In conclusion, the present CCO calculations at 54.42 eV
provides a reasonable description of the physics of electron
scattering for the n = 2p and 3p excitation. In particular,
the calculated DCS are comparable to other state of the
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Fig. 8. Reduced Stokes parameters P 1, P 2 and P 3 for H(2p) and H(3p) excitation, at 20 eV: legend for CC17, CCO9 and
CCO12 are as in Figure 1.

art methods such as the PECS except in the backward
scattering region. The CCO calculations also shows lim-
ited success for the n = 3p excitation DCS. The plausible
explanation of the differences in the middle and backward
angles between the CCO and the other theories could be
the use of the high-energy approximations in the optical
potential model. The differences become less as the energy
increases from 20 to 100 eV.

Another physical reason is how well the present the-
ories including the CCO describe the full effects of the
direct interaction between the proton and the electron at
these larger scattering angles. The exchange approxima-
tions used in the calculation of the optical potentials could
plausibly affect the CCO models in these large scattering
regions.



M.Z.M. Kamali et al.: Electron impact excitation of 2p and 3p states of hydrogen 277

Fig. 9. Reduced Stokes parameters P 1, P 2 and P 3 for H(2p) and H(3p) excitation, at 35 eV: legend for CC17, CCC-L, CCO9
and CCO12 are as in Figure 1; experimental data: (�) Slevin et al. [35], (�) (40 eV) Hood et al. [34].

In the description of the reduced Stokes parameters for
n = 2p and n = 3p, the CCO calculation shows only good
agreement at forward angles with the PECS and CC17. It
must be highlighted that the CCO calculations seem to be
in better agreement with the recent measurements of P 1

by Williams and Mikosza [2] for scattering angles above
120◦ in the 2p excitation of H at 54.42 eV. This is also seen
in the P 3 case where the present CCO12 lies within the

limits of the Williams and Mikosza’s experimental mea-
surements.

Furthermore, the present CCO calculation is in good
accord with the Williams et al.’s experimental measure-
ment of P 1 and P 3 [29] for the H(3p) excitation. Similar
qualitative trend with the Williams et al.’s measurement
of the P 2 parameter is reflected in the present CCO work.
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Fig. 10. Reduced Stokes parameters (P 1), (P 2) and (P 3) for H(2p) and H(3p) excitation, at 100 eV: legend for CC17, CCC-L,
CCO9 and CCO12 are as in Figure 1; experimental data: (•) Chwirot and Slevin [30], (�) Hood et al. [34].

Nevertheless, in view of the recent PECS calculations,
a more discriminating future measurements of the P 1, P 2

and P 3 would help to detail this scattering processes.
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