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The two-, four-, five- and fourteen-state approximations of the impact parameter method have been applied to the

excitation of hydrogen atoms by proton (p) and antiproton (p) impact. The effect of both channel and back couplings

on the 2s and 2p excitations are investigated. The total cross sections are calculated for incident energies ranging from

1 to 2500 keV. It is found that the effect of both channel and back couplings on the antiproton-induced reactions is

greater than on that induced by protons. We compare the results with those of other theoretical and experimental

works.
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1. Introduction

Collisions of protons with atomic hydrogen have
been extensively studied experimentally and theoreti-
cally. Because of its relative simplicity, this system has
often been used as a testing ground for various models
and approximations in the theory of heavy particle col-
lisions. This work has now acquired a new aspect due
to studies of the difference in cross sections for proton
and antiproton interactions with matter. The appli-
cation of the impact parameter method!! to ion—atom
collisions allows a simple account of the coupling with
inelastic channels. This method assumes the classical
motion of the projectile and applies an expansion of
the total wavefunction in terms of the various states of
the target atom with time-dependent coefficients. A
set of simple coupled differential equations for the elas-
tic and inelastic collisions are obtained. This method
has been widely used to study ion—atom collisions.
Skinner?l was probably the first to apply this ap-
proach to study the collisions of protons with ground-
state hydrogen atoms. The approach has been already
applied®4 to the interaction of protons and antipro-

tons with hydrogen atoms in the 1s and 2s states.

In the present work we have performed some rou-
tine calculations of cross sections for proton and an-
tiproton hydrogen atom scatterings within the frame-
work of the impact parameter method. We consider
the two-, four-, five- and fourteen-state approxima-

tions. Our aim is to investigate the effect of back

coupling, as well as that of the channel coupling, on
both types of collision. Our main purpose is to com-
pare the interaction of protons with that of antipro-
tons. We study only the direct excitations of the tar-
get electrons, and neglect the exchange effect in the
proton-induced reactions, because the inclusion of the
exchange effect will confuse the comparison. Many
authors (see Refs.[5-8]) have considered the exchange
effect in their calculations and have reported on the
importance of this effect at low and intermediate en-

ergies.
2.Formulation of the problem

We consider the case when the target nucleus of
the target atom is located at the origin of the coordi-
nate system. The projectile affects the target atom by
means of a perturbation interaction V(r, R(t)), which
contains an implicit dependence on time ¢ through
its position vector R(t). In the impact parameter
method, the relative motion of the projectile and the
target nucleus is taken to be rectilinear R(t) = p+wvt,
where p and v are the impact parameter and veloc-
ity of the projectile respectively. We then expand
the wavefunction of the whole system in terms of the
eigenstates of the target atom with time-dependent

coefficients a;;(p,v;t)

Ti(r, R(t)) = Zaij(p,l/;t)qi)j(r)exp[—iejt], (1)

http://www.iop.org/journals/cp
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where ¢ indicates the state occupied initially, while
¢j(r) and ¢; are the eigenfunctions and eigenvalues of
the hydrogen atom in state j, respectively. The vector
r = {r,9, ¢} is the position vector of the electron of
the hydrogen atom. In the general case, we have to

solve a set of coupled differential equations

.0 1
igzais(pviz) =— > aii(pvy 2) Vi (R)

X epr { — g(ej — Ef)2:| (2)

for the transition amplitudes satisfying the initial con-
ditions

a;j(p,v;z = —00) = &;

3)

with the matrix potential elements,

V(B = [ 63V R)aimar, (@)

and z = vt. Here V(r, R) is the interaction potential
defined (in atomic units) as follows:

(i) in the case of proton—hydrogen atom collision,

1 1

V(r,R) = R OR—7

(5a)
(ii) in the case of antiproton—hydrogen atom collision,

-1 1

V(T,R) = —? + m

(5b)

Expanding Egs.(5a) and (5b), the second term, in

spherical harmonics, leads to the analytical expres-
sions for the matrix potential elements.

We then express the probability for the i —
f transition for a fixed impact parameter p as
laif(p,v;z — +00) %,
by integrating over the impact parameter, i.e.,

and we obtain the cross section

oif(v) = 271'/ laif(p,v;z — +00)>pdp.  (5)
0

In the present work, we apply this method to calculate
the 2s and 2p excitation cross sections of the hydro-
We trun-
cate the series in Eq.(1) by involving only the ground

gen atom by the proton and antiproton.

state and excited states being investigated. Specifi-
cally, we consider the cases involving the two states
(1s,2s), the four states (1s,2py1,2po,2p_1), the five
states (1s,2s,2p11,2po,2p—1), and the fourteen states
(n=1,2,3). The n = 2,3 — 1s back couplings will be
once ignored and once taken into account to investi-
gate the effect of the back coupling. We obtain a set of
equations equal to the number of states under consid-
eration. It is convenient to separate the complex tran-
sition coefficients a;; into real and imaginary parts and
to obtain an enlarged set of coupled-differential equa-
tions for real unknown functions. We solve the set nu-
merically using the fourth-order Rung-Kutta method.
In what follows, we discuss our results and compare

[9,10]

them with experimental results as well as theo-

retical calculations.[®11=14]
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Fig.1. The cross sections of elastic scattering of the proton (on the left) and antiproton (on

the right) hydrogen atom collisions. Curves b2, b4, b5 and b14 take the back coupling into

account for the two-, four-, five- and fourteen-state approximations, respectively. Curve a

does not allow for the back coupling.
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Figure 1 compares the results of the calculation of
the elastic scattering cross sections for cases when the
back coupling is included (dotted and dashed curves),
with the case when the back coupling is ignored (solid
curve, a). We notice that allowing for the back cou-

pling leads to a reduction of the proton scattering

cross section. In the case of antiproton scattering,
this effect reduces the cross section in the two-state
approximation only. We also note that the effect of
the channel coupling on the antiproton-induced reac-

tions is greater than on the proton reactions.
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Fig.2. Cross sections for the 2s and 2p excitations of a hydrogen atom by protons. Curves b2, b4,

b5 and b14 allow for the back coupling in the two-, four-, five- and fourteen-state approximations,

respectively. Curves a2, a4, a5 and al4 do not allow for the back coupling in the two-, four-, five-

and fourteen-state approximations, respectively.

In figure 2, we see that allowing for the back cou-
pling leads to a small reduction of the 2s and 2p ex-
citation cross sections. The effect of the channel cou-
pling on the 2s excitation is more important than on
the 2p excitation. Neglecting the coupling to the 2p
state (curves a2 and b2) reduces the 2s cross section,
while neglecting the coupling to the 2s state (curves
a4 and b4) increases the 2p cross section at moderate
and high energies. On the other hand, the fourteen-

state approximation (curves al4 and b14) yields cross

sections greater than those at low energies. The close-
ness of the results of the five- and fourteen-state ap-
proximations illustrates the convergence of the cou-
pled channel approximation. We notice that the chan-
nel coupling plays a role more important for the 2pg
excitation than for the 2py; state at moderate and
high energies. However, this coupling has a greater
effect in the opposite direction in the case of the 2p4;
cross section at low energies. The contribution from

the 2pg cross section to the 2p cross section at low and
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moderate energies is greater than from the 2p4; cross
section. At high energies, on the other hand, the 2p.4
cross section is greater than the 2py state. The effect

of the back coupling falls off more rapidly than the
channel coupling.
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Fig.3. The same as Fig.2 but for hydrogen—antiproton collisions.

Figure 3 displays the effects of the channel cou-
pling and the back coupling on the 2s and 2p excita-
tions of a hydrogen atom by antiproton impact. We
notice that these effects play more important roles in
the antiproton-induced reactions than in the proton
reactions, as illustrated in Fig.2. The effect of back
coupling on the 2s state is greater than on 2p; and
2p+1 states. When allowing for the back coupling,
an increase of coupled channels corresponds to a re-
duction of 2s and 2py; excitation cross sections. A
different situation occurs for the 2pg state, where the
four-state results are smaller than those of the oth-
ers. The same applies for the calculations ignoring the

back coupling, except for the 2s state at low energies.

Therefore, in the case of the four-state approximation,
the contribution of the excitation of the 2p1; state to
the 2p cross section is greater than that of the 2pg
state. However, for the five-state approximation, the
contributions of both the 2p4; and 2pg states to the
2p cross section are of the same order of magnitude at
low and moderate energies. The same applies for the
fourteen-state approximation when taking the back
coupling into account (curve b14). We note that, in
general, the channel coupling effect is smaller at high
energies. This is expected because all the methods
of calculation of the reactions with hydrogen atoms

converge to the first Born approximation.
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Fig.4. Cross sections for the 2s and 2p excitations of hydrogen by protons (long dashed and solid

curves) and antiprotons (short dashed curves) taking the back coupling into account. Curves b14,

b5, b2 and b4 represent the fourteen-, five-, two- and four-state approximations, respectively.

Figures 4 and 5 show that the low-energy depen-
dent behaviours of the excitation cross sections of the
proton-induced reactions are different from those of
The effect of the

sign of the projectile charge on the 2s and 2p excita-

the antiproton-induced reactions.

tion cross sections decreases as the number of coupled-
channels increases, particularly at low energies. More-
over, the effects of the sign of the projectile charge on
the 2s and 2p excitation cross sections when neglecting

and allowing for the back coupling are approximately

the same. The present calculations suggest that the
effect due to the sign of the projectile charge can be
neglected at high energies. The same conclusion has

been made by Knudsen et all!?!

in the investigation
of the ionization of hydrogen atoms by protons and
antiprotons. This insensitivity is expected because
the calculations converge to the first Born approxima-
tion, which is independent of the sign of the projectile

charge.
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In Fig.6, we compare our calculations for the 2s
and 2p excitations of hydrogen atoms by protons with
previous theoretical and experimental results. We no-
tice that the result of the 2s excitation is in good
agreement with the experimental work of Higgins et
al®! and the theoretical calculations.[>'"'? The cal-
culations of Ford et al['! (curve R) address the prob-
lem of convergence of the cross section for a target
centred basis. Slim and Ermolaevl®! (curve S) em-
ployed the semi-classical coupled channel method us-
ing an asymmetrical basis with only the 1s state of
the projectile and a large set of 50 bound states and

positive-energy pseudo states with [ < 3 centred on

the target. Martin['?! (curve F) performed large-scale
close-coupling calculations for the excitation of atomic
hydrogen by protons and multi-charged ions. The two-
state results are in better agreement with the results
obtained by these authors than what might have been
expected to be more accurate five- and fourteen-state
results. On the other hand, the calculations for the 2p
excitation are comparable to the experimental work of
Detleffsen et all'% and theoretical calculations, 51112
and the five- and fourteen-state calculations are in
better agreement with these than the results of the

four-state approximation.
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Fig.7. Cross sections for the 2s and 2p excitations of hydrogen atoms by antiprotons. For theory,
the curves a2, a4, a5, al4, b2, b4, b5 and b14 are from the present work (as in Fig.2); curve E is
taken from Ref.[13]; and curve H is from Ref.[14].

In Fig.7, we have compared our cross sections
for the 2s and 2p excitations of hydrogen atoms
by antiprotons with the calculations of Ermolaev!t]
(curve E) and Hall et all'*l (curve H). The calcula-

tions by Ermolaev!?!

presented two-centred expansion
coupled-channel calculations using a symmetric large
basis, involving a single pseudostate centred on the
antiproton in addition to the 50 states centred at the

hydrogen target. Hall et all14

used the single-centred
expansion in a finite Hilbert basis set method. The
comparison in the case of the 2s excitation is seen
to be better than in the 2p excitation. However, the
fourteen-state approximation improves the situation
over the other approximations, illustrating the impor-

tance of the channel coupling effect.

3. Conclusion

We have performed calculations of the 2s and
2p excitations of hydrogen atoms by proton and an-
tiproton impact based on the two-, four-, five- and
fourteen-state approximations of the impact parame-
ter method. We have described the collisions in terms
of a set of coupled differential equations, which al-
lowed an account of the coupling between different
channels. Also, we have investigated the effect of the
n = 2,3 — 1s back couplings, which is our main pur-
pose, on the scattering cross sections. We found that
the back coupling reduces the cross sections and plays
an important role in the antiproton scattering, which
is much greater than for proton scattering. We have
demonstrated the importance of the back coupling,
coupled channel, and the sign of the projectile charge,

which varied from one channel to another. The differ-
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ences between the results of the approximations under
consideration for both 2s and 2p excitations illustrate
that the couplings to higher excited states contribute
significantly to the collision processes considered here,
particularly in the proton-induced reactions. The cou-
pling channel effect plays a more important role in the
antiproton scattering process than in the proton scat-
tering, particularly when allowing for the back cou-
pling to the 1s state. Moreover, at low energies, the
effect of the sign of the projectile charge on the 2s and
2p excitation cross sections decreases as the number

of coupled channels increases. The present results are

compared with some previous theoretical and experi-
mental results. However, the agreement with the two-
state results is better than the other approximations
for the proton-induced reactions, while the fourteen-
state approximation gives a better agreement for the

antiproton scattering processes.
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