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Electron transfer, target excitation, and ionization in H++ Na(3s) and H++ Na(3p) collisions
in the coupled-Sturmian-pseudostate approach
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Total cross sections for electron transfer, target excitation, and ionization processes are reported for
the H++Na(3s) and H++Na(3p) systems at 1 —100 keV impact energies. We have employed a two-
center coupled-Sturmian-pseudostate approach that has recently been developed and applied to several
quasi-one-electron systems by Winter [Phys. Rev. A 48, 3706 (1993)]. The Sturmian basis set, together
with an analytic Hartree-Fock potential, are chosen carefully so that all three channels (transfer, excita-
tion, and ionization) are represented properly. We also discuss briefly the effects of the binding-energy
correction on the calculated cross sections. We find that our various cross sections (0"

p 0 p o p',
and the A2o alignment pa~~met~~ for Na{3s 3p) ~o~p~~~ very well

with most of the available experimental data, as well as with previous theoretical results. For all the
above quantities, when a comparison is made between theory and measurement, our results are equally

good or better than the earlier calculations employing different theoretical approaches. We still find a
persistent discrepancy between theory (present as well as previous calculations) and measurements for
the electron transfer cross sections into the metastable state of the H atom (o.„'„'). Our results for the
orientation and alignment effects in the electron transfer process of H++Na(3p} collisions are in good
qualitative accord with recent observations and previous theoretical studies. In particular, we see a
strong enhancement for the H(n + 3) capture cross sections in the H++Na(3p) collisions. The H(n =2)
production cross sections in the H++ Na(3p) collisons follow a roughly similar trend, as observed exper-
imentally when plotted against the impact energy.

PACS number{s): 34.70.+e, 34.50.Fa

I. INTRODUCTION

This work is inspired by a recent surge of experimental
studies [1—4] on the proton-sodium system to determine
the full density-matrix and target excitation cross sec-
tions. The final goal of this study is to understand fully
the collisional dynamics of the proton-sodium system
from low to intermediate energies (1—100 keV). In this
first paper, we report total and partial electron transfer
(tTt t g H(" =1) g H(2I), g H(3!)), target excitation

tions in H +Na(3s) collisions at 1 —100 keV energies, al-
though most of the previous results (theoretical and ex-
perimental) are available only for energies below, rough-

Na(3s ~ 3po ) Na(3s 3p l )

ly, 25 keV. From our o.,„, ' and 0.„, ' values
we also determine the alignment parameter A 2o and com-
pare it with experimental and other theoretical data.
Further, we will also present cross sections for electron
transfer from the aligned and oriented Na(3p) atoms in
the 1.5 —5 keV impact energy range; these results are
compared with recently measured and calculated cross
sections.

The proton-sodium system is a prototype quasi-one-
electron system, which has been extensively studied in the
laboratory for the electron transfer [5—21], target excita-
tion [22—26], and ionization [9] processes. Recently,
several measurements and calculations have been per-
formed on the state-selective electron-capture process in
proton collisions with aligned and oriented sodium atoms
[27—34]. Such collisional studies have many practical ap-

plications in atomic, laser, and plasma physics.
Theoretical calculations on the electron transfer and

target excitation processes have been carried out previ-
ously from low to intermediate energies by several groups
using molecular-orbital (MO) [35—37], augmented
atomic-orbital (AO) [30—34, 38 —43], and many-body [44]
methods. Although there exists good agreement between
previous calculations [30—44] and experiments for the to-
tal electron transfer cross section, significant discrepan-
cies are found for state-selective electron transfer and tar-
get excitation cross sections (see later) when a compar-
ison is made between various previous theoretical results,
between different experiments, and between theory and
experiment. For example, a large discrepancy between
theory and experiment is found for the o.„'„'cross sec-
tion; all the various AO calculations [39—43] differ
significantly from each other for the o.,„", ' ' and
o.„", ' "' cross sections. Considerable differences are
also observable among several sets of measured cross sec-
tions for the o.,ap

' charge-transfer process. Therefore, it
is quite important to carry out another coupled-state cal-
culation for the proton-sodium system where a different
basis-set expansion, such as the present Sturmian
method, is employed. The ionization cross sections, cal-
culated from the previously augmented AO methods
[42,43], also differ from each other both in quantity and
quality.

The purpose of the present paper is to apply the
coupled-Sturmian-pseudostate approach to the
H++Na(3s) and H++Na(3p) collisions from low to in-
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termediate energies (1—100 keV), where an augmented
AO method is appropriate in order to properly take into
account the coupling between electron transfer, target ex-
citation, and ionization channels. For this system, all
three channels are in competition with each other around
the 10-keV energy region. Below about 7 keV, the elec-
tron transfer process is predominant, while above this en-

ergy, target excitation (mainly the 3p) dominates, fol-
lowed by the ionization process. An MO expansion is not
likely to be suitable at the higher energies. This is a test
of the coupled-Sturmian approach for an asymmetric sys-
tem where a truncated basis set is being used to represent
the coupling of all three processes (transfer, excitation,
and ionization). Although our ionization cross sections
may not be fully converged due to the finite size of the
basis set, they will be seen to have good qualitative
features.

In Sec. II we summarize our theoretical method, while
in Sec. III numerical details are given. In Sec. IV all the
cross sections will be presented and compared with ex-
perimental data and previous calculations. Concluding
remarks will be made in Sec. V. We use atomic units un-
less otherwise specified.

II. THEORETICAL METHOD

The original approach [45,46] of the coupled-
Sturmian-pseudostate method was extended by Winter to
arbitrary hydrogenic ion targets [47—49] and to quasi-
one-electron targets [50,51] to study electron transfer,
ionization, and target excitation processes. A set of Stur-
mian basis functions is centered on each nucleus, i.e., on
the proton (charge Z~ = 1) and the sodium nucleus
(charge Zz =11). The Sturmian function is simply a po-
lynomial multiplied by a fixed exponential
exp[ gr /(1 +1—)] for a given angular momentum l,
where r is the distance from the nucleus a( = A or B) to
the electron, multiplied by a spherical harmonic. The po-
lynomials form a complete set, so the Sturmian method is
quite promising.

As discussed earlier [50,51], the two Sturmian charges
g~ are arbitrary. In the present work, we have tested two
different types of analytic Hartree-Fock potentials; name-
ly, the one given by Green, Sellin, and Zachor (GSZ) [52],

tered on nucleus A.
Initially, we started with the GSZ potential [Eq. (1)],

with three different sizes of the Sturmian basis: (i), 62
terms (9sB/9pB/SdB/9sA/6pA/5dA); (ii), 73 terms
(14sB/9pB/7dB/9sA/6pA/5dA); and (iii), 77 terms
(14sB/llpB/7dB/9sA/6pA/5dA), where the notation
has an obvious meaning. The higher s, p, and d functions
in the 73- and 77-term bases were found to be necessary
to produce negative energies for the n =4 and n =S
states of Na. By varying the value of the Sturmian
charge g~ arbitrarily, in order to get an energy spectrum
as close as possible to the observed values or to the
Hartree-Fock limit, we obtained the GSZ eigenvalues as
shown in Table I only for the final 77-term Sturmian ex-
pansion. With this 77-term Sturmian set (49 functions on
the Na center with gz =1.5), we note from Table I that
the 3s and 3p binding energies differ with the experimen-
tal values by about 5% and 3%, respectively. The num-
ber of coupled equations we solved with 62, 73, and 77
Sturmian functions on both centers is only 55 (excluding
lsB, 2sB, 2pB, 3d2B, 4d2B, and 5d2B), 66 (excluding isB,
2sB, 13sB, 14sB, 2pB, 9sA), and 70 (excluding lsB, 2sB,
2pB, 13sB, 14sB, and 9sA), respectively. At one impact
energy (20 keV) and impact parameter (b =1.0 a.u. ) we
checked the sensitivity of various probabilities with
respect to the size of the scattering calculation. We
found that the 70-state results appear to be converged
within 5%. In the following, therefore, we shall discuss
only the 70-state results. It is quite interesting that the
final cross sections for the present collision system will be
seen to be quite sensitive to the accuracy of the 3s and 3p
orbitals of the Na atom.

In an ad hoc manner, we then normalized the calculat-
ed GSZ [Eq. (1)] 3s and 3p binding energies to the experi-
mental values and found the binding-energy correction to
be significant and to improve the cross sections when
compared with the measurements. Before we discuss the
effects of binding-energy corrections and different poten-
tials [Eqs. (1) and (2)] on the cross sections, we first sum-
marize the numerical tests on the convergence of the final
cross sections.

As described in earlier papers by Winter [50,51], the
two-center direct matrix elements of the analytic
Hartree-Fock potential [Eq. (1) or (2)] and the two-center

V(r~ ) =
—[(Z~ —1)(Ed [e —1]+ 1) '+ 1]

and the other given by Shingal et al. [40],
—3.56r~

V(r~ ) =— (10+17. I r~ ) .
rz

(2)

Both of these potentials have the correct asymptotic
forms —Z~/r~ as r~~0 and —1/r~ as r~~~. For
sodium, the values of K and d are given [52] as 2.85 and
0.584, respectively. As usual, the one-electron Hamil-
tonian of sodium, —

—,
' V + V(r~ ), is diagonalized in the

Sturmian basis centered on the nucleus B, and the one-
electron Hamiltonian of the hydrogen atom,—

2 V + V( r z ), is diagonalized in the Sturmian basis cen-

Orbital

3$

3p
3d
4$

4p
4d
5$

5p
5d

CxSZ [Eq. (1)]
g~ =1.5

—0.19938
—0.10833
—0.05594
—0.07388
—0.049976
—0.030797
—0.02466
—0.02753
—0.006915

Eq. (2} potentia1

g~ =1.3
—0.18798
—0.10906
—0.055617
—0.07024
—0.049941
—0.028048
—0.00325
—0.023345
+0.011867

Expt.

—0.18836
—0.1116
—0.0559
—0.0716
—0.051
—0.03144
—0.0376
—0.0292
—0.0201

TABLE I. Binding energies (Hartrees) for Na (atom 8) using
a Sturmian basis. The experimental values are taken from Ref.
[5~]
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charge-exchange matrix elements of both potentials have
been evaluated numerically in prolate spheroidal coordi-
nates over X=(rz +r& )/R and p=(rz —rz)/R (where R
is the internuclear distance). The integration over A, was
carried out by Gauss-Laguerre quadrature using 16
points in the present energy region of 1 —100 keV. The
integration over p was carried out by Gauss-Legendre in-
tegration using 32 points at all energies.

As mentioned above, a total of 70 coupled equations
were integrated numerically over the variable z =vt, us-
ing Hamming's method, with the absolute truncation er-
ror automatically kept between 5 X 10 and 5X 10 at
all energies. It had been established earlier by Winter
[50,51] that with the use of these limits, the transition
probabilities are accurate to 0.2%. In the present col-
lision case, we found that these limits hold good. At the
lowest energy (below 2 keV), in order to keep the CPU
sec under 2000 per impact parameter, the truncation er-
ror limits were increased by a factor of 10 for the small
impact parameters only; the errors incurred in various
probabilities are within a few percent.

The convergence of the final cross sections was also
tested with respect to the range of z and the internuclear
separation R beyond which charge-exchange matrix ele-
ments are neglected. Varying the value of R between
25.0 and 60.0, we found that with R =40.0 the probabili-
ties are converged to within 0.5%. The overall z integra-
tion of the coupled equations was set to be (

—100,100).
However, at lower energies (below 5 keV), these limits
were changed to (

—100,500). Finally, as mentioned
above, we made several tests for the convergence of vari-
ous cross sections with respect to the total number of
channels, i.e., the number of coupled equations. We car-
ried out tests for 55, 66, and 70 states; the final 70-state
results are probably converged to within 5%.

Finally, the probabilities have been integrated over the
impact parameter b using Simpson's rule. Additional
tests were made by employing the trapezoidal rule for the
b integration; the two integration schemes agree with
each other to within better than 0.5%. We took as many
as 26 b points to keep proper convergence of the integral
cross sections within a 1% accuracy. Altogether, includ-
ing basis sensitivity, we believe that our final cross sec-
tions are within a 10% accuracy, except for the ioniza-
tion cross sections, which are probably within a 25% ac-
curacy.

Binding-energy correction and use of difFerent potentials

In Figs. 1 and 2, we have shown our final 70-state o.
z p

and o,„', ~ cross sections for H++Na(3s) collisions at
1 —20 keV using three versions of the present model: (i),
the GSZ potential [Eq. (1)] with binding-energy correc-
tion; (ii), the GSZ potential without binding-energy
correction for the 3s and 3p orbitals; and (iii), the Eq. (2)
potential. %'e see that using the GSZ potential the 3s and
3p binding-energy corrections are quite large at all ener-
gies for these two dominant cross sections for the
H++Na(3s) collisions. The same is true for other cross
sections also (not shown). The present binding-energy
correction scheme is quite different from the one dis-

100 I I I I
J

I I I I [ I I I I
i

I I I I

0
cd
Q
O

80—
70—
60—
50—
40—
30

20

10—
0 I I I I I I I I I I I I I I I I I I I

10

Energy (keV)

20

cussed by Winter [50,51], in which all target energies
were shifted by the same amount. In the present case, we
simply replaced the theoretical GSZ 3s and 3p eigenval-
ues by the corresponding experimental values. Neither
scheme is unitary. From Figs. 1 and 2, we find that the
cross sections are improved (with respect to experimental
data as shown) significantly when such corrections in the
values of binding energies of the 3s and 3p orbitals are
forced in the scattering calculation. However, this im-
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FIG. 2. Same as in Fig. 1, but for target Na(3p) excitation.
Present results: solid line, using the Eq. (2) potential; dashed
curve, GSZ [Eq. (1)] potential with binding-energy correction;
dotted curve, GSZ [Eq. (1)] potential without the binding-

energy correction. Experiment: Ref. [22], solid circles; Ref.
[19],solid triangles.

FIG. 1. Effect of the binding-energy correction on the total
electron transfer (o",,p) cross sections (10 ' cm ) for the
H++Na(3s) system at 1-25 keV. Present results: solid line,
using Eq. (2) potential; dashed curve, GSZ [Eq. (1)] potential
with binding-energy correction; dotted curve, GSZ [Eq. (1)] po-
tential without the binding-energy correction. The experimen-
tal points are taken from Refs. [10] (crosses) and [15] (solid cir-
cles).
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provement in the cross section is not satisfactory at low
energies (below 2 keV).

From Figs. 1 and 2, we thus learn that, in order to de-
scribe the proton-sodium collision properly, it is quite im-
portant that the 3s and 3p binding energies be as accurate
as possible. We wanted to check the hypothesis that this
ad hoc correction to the 3s and 3p binding energies might
not be suitable in general; for example, for other rather
more sensitive cross sections, such as the state-selective
electron transfer and the target excitation cross sections
to higher n and / values. In order to test this hypothesis,
we employed another potential, as given in Eq. (2) above.
The values of the Na binding energies using the potential
in Eq. (2) are given in Table I, where we clearly see that
the di6'erence between calculated and measured values
for the dominant 3s and 3p orbitals is quite small. The
3s —3p energy di6'erence using this potential is much
closer to the measured value (within 3%) than is that us-
ing the GSZ potential. By using the potential in Eq. (2),
the o.

zzp and o.„', cross sections are in good agreement
with the experimental data. The GSZ results with
binding-energy correction are closer to the Eq. (2) values
than the ones without this correction; this is true for all
other cross sections as well. Our conclusion is the follow-
ing: a better potential representing the target core should
be employed, instead of making ad hoc corrections in the
binding energies. This preserves unitarity in the coupled
equations. Therefore, from now on, in the following dis-
cussion, we make use of the Eq. (2) potential to report our
final cross sections for all three processes (transfer, exci-
tation, and ionization).

III. RESULTS AND DISCUSSIONS

A. Electron transfer cross sections in H++ Na(3s) collisions

We now discuss our final cross sections (transfer, exci-
tation, and ionization) using the Eq. (2) potential for the
active electron and the Na core. Total electron transfer
( o",,' ) cross sections for collisions between H+ and
Na(3s) are shown in Fig. 3, along with several sets of ex-
perimental data [10,15,18,19]. Also shown in Fig. 3 are
the augmented AO calculations of Fritsch [39] and Shin-
gal and Bransden [43]. All the results, theoretical as well
as experimental, shown in Fig. 3 are in complete agree-
ment with respect to the energy dependence of (7

p
All

three AO curves (Fig. 3) are in good accord with each
other quantitatively, also. Around the resonance peak (3
keV), present values are slightly higher than the previous
AO results [39,43]. All the plotted data in Fig. 3,
theoretical as well as experimental, show a peaking struc-
ture around 3 keV, which is due to the resonant electron
transfer process [matching of projectile velocity with the
energy defect of the H(n =2) electron transfer process].
The measurements of DuBois and Toburen [15] and Au-
mayr, Lakits, and Winter [19] differ significantly from
each other in the 1 —10 keV region. Our o.

zzp values are
in excellent agreement with the measurements of Ander-
son et al. [10] at all energies shown in Fig. 1, except pos-
sibly at the highest energy. Above 25 keV (not shown,
but given in Table II), the o,",~ values decrease rapidly
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with an increase in energy. However, above 25 keV there
is a large discrepancy between present theory and the
measurements of DuBois and Toburen [15] for o",,~', for
example, the present theoretical values (in units of 10
cm ) of 0.079 and 0.0077 at 60 and 100 keV, respectively,
are very small compared to their measured values of
0.575 and 0.363, respectively. The AO results of Shingal
and Bransden [43] in the 25 —50 keV region are also much
smaller than the experimental data of Ref. [15]. The
reason for this rather large discrepancy between theory
and experiment is not clear.

The state-selective electron transfer cross sections to
the H(2s) and H(2~u) states are shown in Figs. 4 and 5, re-
spectively. For the H(2s) case (Fig. 4), there is a large
discrepancy between coupled-state (augmented AO) re-
sults (present, Fritsch [39] and Shingal and Bransden
[43]) and the measured values of Berkowitz and Zorn [14]
(1—2.5 keV) and Nagata and Kuribara [16] (1—5 keV).
The two measurements [14,16] also differ significantly
from each other. However, the augmented AO values,
shown in Fig. 4, are higher than the measurements by
about a factor of 2.5 in the resonance region. It is, how-
ever, interesting to notice that the 3-keV peak, observed
by Nagata and Kuribara [16], is present in the theoretical
results. It may be possible that the measurements involve
large errors in their absolute values. Near the peak (3
keV), the augmented AO results are in agreement to
within 15'. More recent coupled-state calculations
[30,33] (not shown) for the H(2s) production in
H++Na(3s ) collisions also confirm this large discrepan-
cy between coupled-state theory and the measurements of
Refs. [14] and [16]. On the other hand, the many-body
calculations of Avakov et al. [44] seem to have good
agreement with experiments [14,16] for the H(2s) pro-
duction in H++Na(3s) collisions. The MO calculations
of Allan [37] (not shown) for the H(2s) transfer cross sec-

Energy (keV)

FIG. 3. Total electron transfer cross sections (o",,~) (10
cm ) for the H++Na(3s) system in the laboratory-frame energy
range of 1 —25 keV. Theory: present coupled-Sturmian results,
solid curve; dashed curve, Shingal and Bransden [43]; dotted
curve, Fritsch [39]. Experiment: Anderson, Howald, and An-
derson [10] (crosses); DuBois and Toburen [15] (solid circles);
Ebel and Salzborn [18] (open circles); Aumayr et al. [19] (solid
triangles).
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values of Ref. [44]. However, the agreement among these
results and the present results is good. It is interesting to
note that for the H(2s) case (Fig. 4), the measurements of
Nagata and Kuribara [16] are also lower by almost a fac-
tor of 2. Thus, if we assume (on the basis of Fig. 5) that
in general the experiment of Nagata and Kuribara [16]
can be normalized by about factor of 2, the H(2s) curves
in Fig. 4 will show a better agreement between theory
and experiment.

Finally, in Fig. 6, we compare our cross sections for
capture into various n shells of the H atoms (o,",=",
rr,", ,=rr,", ) over the whole range of present impact ener-
gies (1—100 keV). Capture to the n =2 shell dominates
the entire range. The next dominant electron transfer
channel is into the n =3 shell. Electron transfer to the
n =1 shell is small at all energies considered here (al-
though presumably it dominates at high energies). How-
ever, we shall see later that in the aligned and oriented
state of the Na(3p) atom, it is the n =3 shell that is pre-
ferred at low energies.

In a further attempt to compare our calculations with
the measurements, we plot in Fig. 7 the metastable frac-
tion fz, =o.„' /o. ,", , which has been measured directly
by Nagata [11]in the low-energy region (1—5 keV). Such
a comparison has also been made by Allan [37] in his MO
theory. From Fig. 7, we see a qualitative agreement be-
tween theory and experiment; the 2 keV peaking
behavior, observed by Nagata, is reproduced by our
theoretical curve. Quantitatively, again, we find that the
observed data are lower by almost a factor of 2. It seems
that the discrepancy of about a factor of 2 in the mea-
surements of Nagata is present in all the three sets of
electron-capture results, as discussed above.

B. Target excitation cross sections in H++ Na( 3s) collisions
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effects. For this transition, the cascading effects are
within 12—25 % in this energy range. Also shown in Fig.
8 are the augmented AO results of Fritsch [42] and Shin-
gal and Bransden [43]. The experimental points are tak-
en from Howald et al. [22] (1—25 keV); Lavrov and Lom-
sadze [24] (1—14 keV); Jitschin et al. [25] (1—6 keV); and
Aumayr, Lakits, and Winter [19] (1—20 keV). First, we
notice that all these measurements involve absolute errors
of the order of 40%. For clarity, errors bars are shown
only for the experimental data of Ref. [19). Our results,
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FIG. 7. Metastable fraction, f~,
= rr„~[H(2s) ]/

rc„[H(n =2)], in H+ collisions with Na(3s) atoms at 1 —5 keV.
Present calculations are plotted as a solid line, while the experi-
mental points of Nagata [11] are shown as open circles and

crosses (multiplied by a factor of 1.75).

The Na(3p) excitation is the dominant channel in pro-
ton collisions with sodium atoms in the present energy re-
gion. Figure 8 shows our cross sections for the excitation
of the Na(3p) states in the energy range 1 —25 keV. We
have shown our results with and without cascading
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FIG. 6. Electron transfer cross sections (10 ' cm ) into
H(n = 1), H(n =2), and H(n =3) for impact of H+ on Na(3s) in
the laboratory-frame energy range of 1 —25 keV.

FICx. 8. Na(3p) excitation cross sections (10 ' cm ) for the
H++Na(3s) system at 1 —25 keV. Present results: thick solid
curve (with cascade efFects); thin solid curve (without cascade
effects). The calculations of Fritsch [42] (dotted line) include
cascade effects, while the results of Shingal and Bransden [43]
(dashed curve) are plotted without cascade efFects. Experiment:
Ref. [22], solid circles; Ref. [24], crosses; Ref. [25], stars; Ref.
[19],solid triangles.
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including cascade effects, compare very well with all the
measurements, except the values of Jitschin et al. [25],
which were taken only up to 6 keV. The data of Jitschin
et al. [25] are widely discrepant from the other three
[19,23,24] measured values. From Fig. 8 we also see that
our results are in fair agreement with the augmented AO
calculations of Fritsch [42] (including cascading effects).
The overall impact energy dependence of the Na(3p) ex-
citation cross section is quite similar in all three of the
augmented AO curves and the measurements. A shoul-
der between 2 and 3 keV is seen in almost all the data de-
picted. From the energy dependence of the excitation
cross section we see that, in addition to the 2-keV shoul-
der, there is a another broad structure (enhancement in
the cross section) between 15 and 20 keV; this seems also
to be the case in previous AO results [42,43] and in the
experimental points [19,23]. The energy defect b E =2. 1

eV (v, =0.39 a.u. ) of the 3s~3p transition corresponds
quite closely to the projectile velocity (0.28-0.35) at the
2—3 keV impact energy.

In order to see further the quality of the Na(3p) excita-
tion cross section, we plot in Fig. 9 the orientation and
alignment parameter A&0 along with the measurements
of Jitschin et al. [25] and the augmented AO results of
Fritsch [42] and Shingal and Bransden [43]. It is interest-
ing to note that in the low-energy region (1 —6 keV),
where the measurements are available, there is excellent
agreement among all three of the augmented AO results
and the observed data [25], although the Na(3p) excita-
tion cross sections of Jitschin et al. [25] have been seen
to be widely discrepant from all the other data (theoreti-
cal and experimental) depicted in Fig. 8. The agreement
of the MO calculation of Allen [37] (not shown) is not
even qualitative, nor do the Born-type theories [53] (not
shown) give reasonably good results. The Na(3p) excita-
tion is influenced mainly by the electron transfer channel,

which is properly considered in the present model. It is
also established by the Born-type calculations for the 3~0

parameter that the excitation of the Na core plays no im-
portant role for the Na(3p) excitation process (see Ref.
[25]). Thus the importance of charge-transfer channels in
the AO treatment is quite clear. In addition, coupling of
the higher Na and H states to the Na (3s3p ) transition
plays an important role. The measured apparent cross
sections include all the cascades feeding the Na(3p) popu-
lation. All of these important factors have been account-
ed for in the present results shown in Figs. 8 and 9. The
minimum around 3 keV in the measured 2 zo values and
the apparent tendency towards zero at higher energies
are in excellent agreement with all the AO curves as
shown in Fig. 9; however, experiments above 10 keV
would be of value to confirm this tendency.

We now compare in Fig. 10 our Na(3d) excitation
cross sections with other augmented AO results [42,43]
and with the only available measurements (Allen, Ander-
son, and Lin [26]) in the energy range of 1 —25 keV. The
cascade effects for this transition are very small. Here,
we see a large discrepancy between the present results
and the augmented AO results of Fritsch [42], which ex-
hibit several peaks in this energy range; such structures
in the cross section versus energy are not present in the
experimental results of Allen, Anderson, and Lin [26].
We can clearly see that the present results compare better
than the other two AO results with the observed values.
The results of Shingal and Bransden [43] exhibit a peak
around 2 keV in the Na(3d) cross section, which is sug-

gested in our calculations also. This 2 keV structure in
the Na(3d) channel may be an indication of a strong cou-
pling of the excitation channel with the H(n =2) charge-
transfer channel. The same may be true for the Na(3p)
case (see Fig. 8).
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FIG. 9. Na(3p) alignment parameter ( A&0) in collisionally
induced Na(3s ~3p ) excitation by proton impact. Theoretical
results: present, solid curve; dashed curve, Ref. [43]; dotted
curve, Ref. [42]. The experimental data (solid circles) are from
Ref. [25].
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FIG. 10. Na(3d) excitation cross sections (10 ' cm ) for the
H++ Na(3s) system at 1 —25 keV. Theory: present results, solid
line; Fritsch [42], dotted line; Shingal and Bransden [43], dashed
curve. Experiment: Allen, Anderson, and Lin [26], solid trian-
gles.
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C. Ionization cross sections in H++ Na(3s) collisions 14—
I I I I
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To the best of our knowledge, there are no measure-
ments of ionization cross sections for proton collisions
with sodium atoms in the low-energy (below 25 keV) re-
gion. Above 20 keV, O'Hare, McCullough, and Gilbody
[9] have measured total ionization cross sections for the
proton-sodium system. At low energies, however, it
would be interesting to compare the electron and proton
impact ionization of Na atoms at equal projectile veloci-
ties. Experimental [54] and close-coupling [55] data for
the electron-Na ionization cross sections are available in
the 0.5 —2.0 a.u. velocity region. In Fig. 11, we compare
electron and proton impact ionization cross sections in
the 0.5 —2.0 a.u. projectile velocity range. It is quite in-
teresting that there is at least qualitative agreement be-
tween electron and proton data. In Fig. 12, we have plot-
ted our total ionization cross section for the H++Na(3s )

collisions along with the augmented AO results of Fritsch
[42] and Shingal and Bransden [43]. The 15-keV broad
enhancement in the energy dependence of the total ion-
ization cross section is present in all three AO results.
We also see a 2-keV peak in our results. Measurements
of this cross section would be of value.

In the present energy region (1 —100 keV), it is interest-
ing to make a comparison of total electron transfer, tar-
get excitation, and ionization cross sections. It is seen in
Fig. 13 that below 10 keV, charge transfer (mostly into
the n =2 shell) dominates, while target excitation (mostly
3s to 3p) dominates in the 7—100 keV region. The elec-
tron transfer cross sections are very small above 25 keV
as compared to excitation and ionization channels.
Around the 5 —15 keV region, all three processes are
strongly coupled and competitive with each other. Final-
ly, in Table II we provide numerical values of several
cross sections in the 1 —100 keV region obtained from our
70-state Sturmian calculation.
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D. Electron-capture cross sections in H+ +Na( 3p ) collisions

As mentioned above, there are several measurements
on capture into H(nl) states in H collisions with orient-
ed and aligned Na(3p) atoms. Such effects have been
found to be very large in the low-energy (1—5 keV) region
[27—34]. In the present model, it is easy to study such
efFects by simply changing the initial conditions of the
unknown amplitudes in the solution of the coupled equa-
tions. Unlike the H++Na(3s)~H(n =2)+Na+ case
(where the energy defect of —1.74 eV implies an endo-
thermic process), the H++Na(3p)~H(n =2)+Na+
collision is exothermic (defect +0.36 eV). The number of
calculations for the H+ +Na( 3p ) system is rather limit-
ed. For this collision system, we have limited our energy
range from 1.5 to up to 5 keV only. It was first predicted
by Allan, Shingal, and Flower [56] that the H(2p) cross

Energy (keV)

FIG. 12. Total ionization cross sections (10 ' cm ) for the
H++ Na(3s) system at 1 —25 keV. Theory: present results,
solid line; Fritsch [42], dotted line; Shingal and Bransden [43],
dashed curve.
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ty. Solid curve, present proton results. Dashed curve, theoreti-
cal results for electron impact by Bray [55]. Experimental
points for electron impact are from Ref. [54].
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FIG. 13. A comparison of total electron transfer, target exci-
tation, and total ionization cross sections for the H +Na(3s)
collisions in the present energy region of 1 —100 keV.
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TABLE III. Total cross sections (10 ' cm2) [using Eq. (2) potential] for H(2s) and H(2p) capture
from the different initial states Na(3s), Na(3pp), and Na(3p& ).

1.5

2.0

3.0

5.0

From
To 2s

15.7
14.5
16.7
17.3
20.7
22.6
18.0
24.8
22.9
23.5
17.9
19.6
20.7
17.4
15.6

3$

2p

20.8
23.7
21.1
21.9
26.8
29.9
25.9
35.1

27.9
32.8
34.2
32.7
29.0
31.3
37.1

13.4
17.3
17.0
26.6
17.0
19.1
28.2
11.9
14.7
14.0
26.8

3.2
5.7
3.6

18.8

3pp
2p

66.3
71.4
57.8
49.6
60.5
60.3
42.0
45.8
45.9
44. 1

36.9
34.2
33.2
30.7
33.1

5.2
3.3
2.8
8.9
4.3
2.6
7.6
4.3
2.1

2.4
6.2
3.3
0.8
1.9
4.6

3p l

2p

51.3
48.8
50.0
56.7
49.1

42.8
54. 1

40.5
34.2
38.4
49.3
23.3
16.1
21.6
41.3

'Present calculations.
"DuBois, Nielsen, and Hansen [33].
'Fritsch [57].
dCourbin et al. [30].

sections are quite large when the Na target is prepared in
the 3p excited state for collision energies between 1 and
20 keV. This trend in the H(2p) cross section was
confirmed in recent H++Na(3p) measurements [19].
Later, alignment effects were measured for the H(n =2)
and H(n =3,n ) 3) transfer cross sections below 5 keV
energy [27,28].

As a erst step, in this paper, we report total electron
transfer cross sections into H(nl) states in the
H++Na(3p) collisions at 1.5 —5 keV. In Table III, we
provide our H(2s) and H(2p) cross sections from Na(3s ),
Na(3po), and Na(3pI) states along with calculations of

Fritsch [57]; Courbin et al. [30]; and DuBois, Nielsen,
and Hansen [33]. Although there are quantitative
discrepancies among these AO calculations, the trend of
the electron transfer cross sections from Na(3s) and
Na(3p) states as a function of energy is quite similar.
For example, in agreement with experiments [27,28],
these theoretical results (including ours) given in Table
III predict a preference for capture from the initial
oriented state [Na(3p)] in this low-energy region. The
measurements of Finck et al. [20] for the H(2p ) capture
found that there is strong enhancement in collisions of
H with laser excited Na(3p) over Na(3s) at energies be-
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FIG. 14. Effects of orientation and alignment of Na atoms on
the electron transfer cross sections into the H(2p ) state. Present
results: solid curve, initial Na(3s) state; dashed curve, initial
Na(3p) state. The experimental data are from Ref. [27]: solid
circles, initial Na(3s ); open triangles, initial Na(3p ).
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FIG. 15. Effects of orientation and alignment of Na atom on
the electron transfer cross sections into the H(n ~3) state.
Present results: solid curve, initial Na(3s) state; dashed curve,
initial Na(3p) state. The experimental data are from Ref. [27]:
solid circles, initial Na(3s); open triangles, initial Na(3p ).
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tween 0.5 and 3 keV. This is consistent with our results
shown in Table III. A comparison of theory and experi-
ment for H(2p) capture from the Na(3p) state is shown
in Fig. 14 along with capture from Na(3s), where we see
that the agreement between present theory and experi-
ment is not satisfactory, except below 2 keV.

Finally, Fig. 15 illustrates our results for capture to
H(n )3) from Na(3s) and Na(3p ) states along with the
measured values of Royer et al. [27]. There is good
agreement between theory and experiment for both
H++Na(3s ) and H++Na(3p ) collisions.

IV. CONCLUSIONS

A 70-state coupled-Sturmian-pseudostate approach has
been employed to calculate electron transfer, target exci-
tation, and ionization cross sections for H++Na(3s) and
H++Na(3p) collisions in the I —100 keV energy region.
Although we found that it is essential to enforce binding-
energy corrections, in our final results we have avoided
any binding-energy correction by employing an analytic
Hartree-Fock potential that gives quite accurate eigenval-
ues for the predominant 3s and 3p Na orbitals using the
finite Sturmian expansion. Present cross sections for to-
tal electron transfer, state-selective electron transfer
[H(nl )], and target excitation from Na(3s) to Na(3p) and
Na(3d) have been shown graphically along with other
theoretical and experimental data in the 1 —25 keV range.

Above 25 keV, all of these cross sections have also been
tabulated. We found that the present Sturmian AO
method is quite successful in describing H++Na(3s) and
H++Na(3p) collisions in the present energy region. In
particular, our results for total electron transfer, H(2p)
production, and excitation to Na(3p ) (including the
alignment parameter A zo) and Na(3d ) states are in good
agreement with the measured data. The large discrepan-
cy, observed earlier, between theory and experiment for
the H(2s ) cross section still persists. Our ionization cross
sections are in qualitative agreement with the corre-
sponding electron impact data at equal projectile veloci-
ties. Altogether, the present calculations reproduce al-
most all the salient features observed in various processes
for the H+ +Na( 3s ) collisions. A 2—3 keV enhance-
ment, in almost all the cross sections, is found to exist for
the present collision system. The target orientation
effects on the electron transfer cross sections [H(nl )] are
faithfully reproduced in the present work.
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