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We make a detailed study on the angular differential cross sections of positron—-hydrogen collisions by using the
momentum-space coupled-channels optical (CCO) method for incident energies below the H ionization threshold. The
target continuum and the positronium (Ps) formation channels are included in the coupled-channels calculations via a
complex equivalent-local optical potential. The critical points, which show minima in the differential cross sections, as a
function of the scattering angle and the incident energy are investigated. The resonances in the angular differential cross
sections are reported for the first time in this energy range. The effects of the target continuum and the Ps formation

channels on the different cross sections are discussed.
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1. Introduction

The study of positron collisions with atoms has served as
a fundamental testing ground for our understanding of particle
and antiparticle interacting with atoms. ! Due to its simplicity
and fundamental importance, the positron collision with a hy-
drogen atom is very useful in the development of theoretical
techniques for more complicated systems. One of the active
areas in positron—atoms interactions, which has attracted con-
siderable theoretical interest, is the resonances involving the
positron. %3]

The resonances in positron—hydrogen scattering play an
important role in the production of anti-hydrogen atoms
through the rearrangement scattering of positronium by anti-
proton.[*® Even though there are not yet any reports of
experimental observations, several theoretical methods have
been used to demonstrate the existence of resonances in
this system, including the method of complex-coordinate
10-121 the hyper-
the Harris—Nesbet
variational method,['>-10] the stabilization method,!!’~191 and

rotation,[”! the close-coupling method,!

spherical close-coupling method,[!314]

the stochastic variational method.?”) However, most of these
calculations are either limited to a specific one partial wave
or constrained to resonance structures in total cross sections.
In this work, we present resonances in angular differential
cross sections and investigate the variation of the resonances
along with the scattering angle. Theoretical study of differ-
ential cross sections is of great importance in collisional phe-
nomena not only because the measurements are expressed by
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means of this quantity, but also because this quantity charac-
terizes the details of the collisional dynamics. The nature of
the differential cross section is generally characterized by its
behavior around the critical points which are defined to the
scattering angles at which the differential cross section has a
deep minimum for specific incident energy. The critical points
were first investigated by Buhring[?! in electron-atom sys-
tems. The author analyzed the origin of these critical points
and demonstrated the same causations for positron and elec-
tron scatterings. Several methods have been used to investi-
gate the existence of the critical points for positron—atom col-
lisions. Wadhera et al.??! predicted the existence of critical
points for positron—-rare-gas-atom collisions by using empiri-
cal relationships satisfied by the phase shift. Then Mandal et
al.”1 and Ghoshal et al.'>*! predicted the existence and the
behavior of critical angles in elastic positron—hydrogen colli-
sions using the state-of-the-art Schwinger variational method.

Comparing with a large number of previous works on the
resonances in the positron—hydrogen system, only a few in-
volve research on the resonance properties in angular differen-
tial cross sections. The studies of the angular dependence of
the scattering cross section offer a special tool to investigate
the resonances in more detail. In this work, our main object is
to make a detailed study on the resonance features and the crit-
ical points of angular differential cross sections in positron—
hydrogen scattering employing the momentum-space coupled-
channels optical (CCO) method.”>! The CCO method for
electron—atom collision given by McCarthy and Stelbovics!%%!
has been applied to calculate the energy-dependent phenom-
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ena in electron-hydrogen scattering!?’) and negative-ion res-
onances in electron-sodium!?®! and electron—oxygen?*! sys-
tems. Good agreements with experiments and other calcu-
lations have been achieved. Recently, the CCO method for
positron—atom scattering given by Zhou et al.!>! has been ap-
plied to study the energy-dependent phenomena in positron—
atom systems.3*=3* In our previous work,?>33! the energy-
dependent phenomena and the resonance structures in the
positron—-hydrogen system have been studied in the framework
of the CCO model. An equivalent local polarization potential
has been used to describe the target ionization continuum and
the positronium (Ps) formation rearrangement channels and
therefore this method can ideally take the contributions of all
reaction channels into account. The method has been applied
to calculate various scattering cross sections (positronium for-
mation, ionization, and total scattering cross sections) for the
positron—-hydrogen system and satisfactory results have been
obtained comparing with experimental data and other theoret-

ical calculations.[32-33]

2. Theoretical details

A detailed theoretical description of the CCO method has

been given in the paper of Zhou et al.!>!

and also in our pre-
vious work.[3>341 Here we outline the essential features of
this method. The total scattering cross section is calculated by

solving the momentum-space coupled-channels equations?®!

(k,i | T ]0,ko)
= (ki |V@[0,kg)+ Y /d3k’(k,i V@ | j k)
jEP*
o I T0k). (1)
EG) —g—q2/2"" 7

Here | 0, ko) and | i, k) are the entrance and exit channel states,
in which 0 and i represent the target states. The space of the
target states has been divided into two parts, the P space con-
sists of a finite set of discrete states including the entrance
channel, and the Q space projects all the remaining discrete
states and the continuum. V(@) has two parts, the positron—
target static potential V and the complex nonlocal polarization
optical potential W (2),

v -y w@. )

Additionally, the optical potential W(@) consists of two parts
to describe the polarization effects of the target remaining dis-
crete and ionization continuum and the positronium formation
rearrangement, respectively. The form used here for the matrix
element of the first part is

(K,i| W@ | k)
= Eqki|V|1,q) ———————(q,1|V]jk
= L [ @1V 110 s 0 1V i)

+ [ad [dqki1v v go).q)

% <Q>a‘I’(_>(Q<) | 4 | ]7k>
EC) —2/2—q2/2

3

where q. (g-) represents the smaller (larger) one of g and ¢’
In the present calculation, g~ is a plane wave with the cor-
responding momentum, while y{~)(q.) is a Coulomb wave
orthogonalized to the initial target orbitals.

The optical potential describing the positronium forma-

tion is
(ki [ W2 | k)
S NUNINAE ) p——— N AN SO
L FEE "y
where

[y ==L ). )

| )f,(f)> is required to be orthogonalized to the initial state of

the hydrogen atom, i.e., | i), from which the electron is cap-
tured. | x,(l_)> is the product of bound state of the positronium
atom and the plane wave representing the motion of positron-
ium center of mass. In Egs. (3) and (4), we use an equivalent
local approximation and make the angular momentum projec-

tion through

1""11’zUl"z'z( K) Y, (K), (6)

L

l//,m//

(ki WD |} k)=

where [, m and I', m’ are the orbital angular momentum quan-
tum numbers of the states i and j, respectively, Cl’ﬂ ’;‘, "' denotes
the Clebsch—Gordan coefficients, and the momentum transfer
is written as

K=k-kK. 7

For computation, we make the partial-wave expansion of
the 7 and V(@) matrix elements by defining the partial-wave
matrix elements

(Kn'U'L'|| Ty || Link) ®)
for total angular momentum J,
(' a'U'm' | T |n,l,mk)
= Y WLk
LML'M'JK

X (Kn'UL"|| Ty || Link)CP7* (LM | k), ©)

where (k | LM)
efficient.

= Y, m(k) and C}mk is a Clebsch-Gordan co-

The differential cross section for scattering from channel
Jj to channel i at angle 0 is

ao ~ P p2| sl Lo | T sk, (10)
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where

[=@1+1)"2 an

Once the scattering cross sections are obtained at various
incident energies, the position and width of the resonance for
a particular value of J can be obtained by fitting the Breit—
Wigner formula with a linear background

c+id

on = |aE+b+— 14
R = A e 05

12)
to the partial cross section or for each resonance over the res-
onance energy range. In the above fitting formula, E is the
incident energy, and ER, IR, a, b, ¢, and d are the resulting
fitting parameters. ER is the resonance energy and IR is the
corresponding width.[?8]

3. Results and discussion

In the present calculations, the P space consists of fifteen
states, including 1s, 2s, 3s, 4s, 5s, 6s; 2p, 3p, 4p, Sp, 6p; 3d,
4d, 5d, 6d. The optical potentials describing the target ioniza-
tion continuum are included in the channel couplings of 1s—Is,
1s-2s, 1s—2p. The optical potentials describing the positron-
ium formation in the corresponding Ps(n = 1) and n = 2 states
are included in the above 1s—1s channel coupling. The opti-
cal potentials in other channel couplings have a small effect
on the cross sections and therefore can be ignored. With the
absence of any optical potentials, the normal close-coupling
(CC) method is revisited.

We have done the calculations from 6.5 eV to 13.5 eV
at an interval of 0.5 eV. In order to make an in-depth study
of the angular differential cross section, we make use of sur-
face plots. The results of the elastic differential cross sections
are presented in Fig. 1. Some dramatic behaviors of the cross
sections in the surface plots are shown. The differential cross
section is highly peaked at 0° and the peak rises up with in-
creasing incident energy. After it reaches the secondary max-
imum, the differential cross section decreases steadily at large
scattering angles. At relatively high impact energies, the pri-
mary minimum and the secondary maximum which form a
certain wave pattern appear to be prominent. The wrinkles
in the surface plot of Fig. 1 clearly demonstrate such phe-
nomena. The critical angle, lying upon the primary minimum,
forms and changes slowly with varying incident positron en-
ergy. These critical points are formed due to the destructive in-

terference of the scattered waves for different angular momen-
tum states produced by the interaction between the positron
and the hydrogen target. In Table 1, we list the critical an-
gles along with the corresponding differential cross sections in
elastic positron—hydrogen collisions at energies from 6.5 eV
to 13.5 eV. In Fig. 2, the present results are compared with

the calculations of Ghoshal and Mandal®¥ obtained by the
state-of-the-art Schwinger variational method when they are
available. It is expected that the Schwinger variational method
is more accurate in low energy elastic scatterings due to its
variational consideration of all electron correlations in the in-
termediate scattering process and its calculation can be gener-
ally considered as the benchmark result to compare with. One
can see that the present critical angles are in good agreement
with their predictions, except at relatively high energies near
the ionization threshold where our results are somewhat larger.
We conclude that in such energy range, more excitation chan-
nels are open and the present CCO model with 15 physical
states are not complete enough to represent the higher channel
coupling effects. To get further information of the full dif-
ferential cross sections predicted by the Schwinger variational
method, the readers are referred to Fig.11 of Ref. [24] where
the cross sections are plotted in log scale and the incident en-
ergies are represented by positron momenta. Generally, the
dramatic behavior shown in the present differential cross sec-
tions has the same shape as well as magnitude as predicted by
Ghoshal and Mandal.[?*]

To have a transparent idea about the critical angles, we
plot in Fig. 3 the differential cross sections as a function of
the scattering angle for incident positron energies of 11.0 eV,
11.5eV, 12.0eV, and 12.5 eV. The results obtained with CC15
and CCO models are both present. In the CC15 model, no
optical potentials are included. The critical angles obtained
by the CC15 model are about 20°, while they are about 50°
predicted by the CCO model in these energies. The critical
angle decreases slowly with increasing incident positron en-
ergy in the CCO model, while it keeps steady in the CC15
model. Comparing with the results, it is noted that the effects
of the target continuum and the Ps formation channels play an
important role in shifting the critical angles and producing the
correct differential cross sections.
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Fig. 1. (color online) The elastic differential cross section as a function of
positron incident energy (6.5-13.5 eV) and scattering angle (0-180°).
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Table 1. The critical angles and the corresponding differential cross
sections in elastic positron—hydrogen collisions at incident positron en-
ergies from 6.5 eV to 13.5 eV.

Incident energy/eV

Critical angle/(°) Differential cross section

4.9

6.5

6.7%

7.0
7.5
8.0
8.5

8.7¢

9.0
9.5

10.0
10.5
11.0

11.0

a

11.5
12.0
12.5
13.0
13.5

13.6
16.5

a

a

73.7% 0.0004%
67.21 0.00491
65.8¢ 0.0020?
64.5 0.00400
62.3 0.00548
60.06 0.00503
58.4 0.00630
55.8¢ 0.0055%
56.5 0.00540
54.9 0.00650
532 0.00680
525 0.00690
51.8 0.00625
50.4% 0.0061%
50.56 0.00669
50.06 0.00639
49.66 0.00660
48.35 0.00694
47.21 0.00789
4432 0.0060?
39.5¢ 0.0074%

2 The result of Ghoshal and Mandal.[24
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Fig. 2. Comparison of the present critical angles in elastic differential
cross sections with the prediction of Ghoshal and Mandal. [>4]
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Fig. 3. (color online) The elastic differential cross sections as a function
of scattering angle (0-150°) obtained by (a) CC15 and (b) CCO methods
for positron incident energies of 11.0 eV, 11.5 eV, 12.0 eV, and 12.5 eV.

In our preceding paper,*?! we have reported the energy-
dependent phenomena above the H(n = 2) threshold for
positron collisions with hydrogen in partial wave cross sec-
The calculations are based on the CCO method and
agree reasonably well with other available theoretical calcu-

tions.

lations such as those of Ho and Yan.! In this work, we per-
form the calculations at an interval of 0.001 eV in the vicinity
of the resonance energy region and investigate the resonance
structure in the angular differential cross sections. The results
for selected angles of 50°, 80°, 135°, and 180° are shown in
Fig. 4. The differential cross sections change rapidly as func-
tions of the incident energy in the resonance region, where
the resonance energies are indicated specifically. It is seen
from Fig. 4 that the F-wave resonance at 12.570 eV is visible
at all selected angles except 80°. The D-wave resonance at
12.652 eV and the I-wave resonance at 12.690 eV are absent
at 50° and 135°, respectively. The other resonances including
some high partial wave resonances manifest themselves at all
selected angles. Besides these resonances, two peak features
located at 12.241 eV and 12.276 eV are shown in the differ-
ential cross sections at the angle of 50°. Analyzing the results
of the differential cross sections, we can find that the contri-
butions of the same resonance are not monotonic at different
scattering angles. This is probably because of the attractive
dipole potentials, which result in the resonances that are not
spherically symmetric.

v [] T o [] 3
F11.205(P) 11.627(D) 11.848(D) 12.066(D) 12.076(F) (d) 180% 15631(p) ‘2 70(11]

0.12¢ T T T

11.950(F) 12.012(D)

(C) 135° 1‘2.665(H)'

Differential cross section/ma2

12.0
Incident positron energy/eV

12.5

Fig. 4. The differential cross sections at (a) 50°, (b) 80°, (c) 135°, and (d)
180°. The positions of resonances are indicated by the arrows.

In order to investigate the effects of the target continuum
and the positronium formation channels on the resonances,
we have carried out the CC15 calculations. The results are
shown in Table 2 and compared with the CCO calculations.
All the resonances are confirmed in both models although
slight discrepancies exist. Comparing with the results of the
CC15 model, the resonance energies in the CCO model do not
change much while the resonance widths are broadened. Such
a result can be understood as a consequence of the fact that in-

cluding the target continuum and the positronium formation
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channels in the CCO model introduces additional decaying
channels for the resonances. The lifetime of the resonances
is shortened and the corresponding width is broadened, a re-
sult of the uncertainty principle.

Table 2. Comparison of resonance energies by CC15 and CCO models
in et —H scattering. The Er and IR are in units of eV.

CCl15 CCoO
State
Er Ir ERr I
S 12.086 0.001 12.085 0.002
P 11.626 0.015 12.631 0.020
D 11.421 0.015 11.428 0.017
11.846 0.017 11.848 0.021
12.011 0.001 12.012 0.002
12.066 0.003 12.066 0.004
12.651 0.0001 12.652 0.0002
F 11.626 0.018 11.627 0.024
11.951 0.011 11.950 0.010
12.076 0.002 12.076 0.003
12.566 0.015 12.570 0.020
H 12.666 0.0004 12.665 0.0005
12.711 0.0003 12.711 0.0004
1 12.676 0.0002 12.670 0.0002
12.691 0.0001 12.690 0.0001

4. Conclusion

We report some of the dramatic behaviors in the dif-
ferential cross sections of e™—H scattering. By using the
momentum-space coupled-channel optical method, all reac-
tion channels for positron—atom scatterings are included in
the calculations with appropriate approximations. The crit-
ical points found in the angular differential cross sections
are in good agreement with those reported by Ghoshal and
Mandal.”?*! The resonance structures are shown to have differ-
ent structures at different scattering angles and further works
are needed to shed more light on such phenomenon. The ef-
fects of the target continuum and the positronium formation
channels on both the critical angles and the resonance param-
eters are investigated. It is shown that the contributions are

very important in producing the correct shape of the differen-
tial cross sections and physically complete resonance width. It
is hoped that our present work on resonances would provide
useful information for future research.
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