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Abstract

We consider positronium formation in collisions of positrons with excited hydrogen atoms H(n)
in an infrared laser field theoretically. This process is assisted by the dipolar focusing effect: a
positron moving in a superposition of a laser field and the dipolar field can approach the atomic

target even if its trajectory starts with a very large impact parameter, leading to a significant
enhancement of the Ps formation cross section. The classical trajectory Monte Carlo method,
which is justified for n > 3, allows efficient calculation of this enhancement. A similar effect
can occur in collisions of positrons with other atoms in excited states, which can lead to

improvements in the efficiency of positronium formation.

Keywords: positronium, antihydrogen, laser-assisted process, classical trajectory Monte Carlo

Collisions involving Ps are important for the study and test-
ing of the fundamental symmetry laws of the Universe. Ps—
antiproton collisions can be used to produce antihydrogen
(the smallest antimatter atom) via the charge-transfer process
[1-5]. In support of these endeavors, beams of Ps atoms need
to be first produced via an efficient mechanism. The charge-
exchange reaction,

et +A—>Ps+AT,

where A is a neutral atom or molecule which are often used
to produce Ps beams. In particular, Ps beams for Ps collision
studies [6—8] are formed by the process of Ps formation in
collisions of positrons with neutral targets. In antihydrogen
ATRAP experiments [1, 2] laser-excited Cs atoms were used
in a charge exchange reaction with a cloud of positrons to pro-
duce excited state Ps.
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The problem of Ps formation in positron collisions with
hydrogen in its ground state is well studied theoretically
[9-13]. The process of Ps formation in collisions of e with
excited hydrogen atoms,

e™ +H(n) = Ps+p, 1))

where n > 2 is the principal quantum number of the hydrogen
atom, is less investigated [14], although it is of a fundamental
interest. The reverse charge-conjugated process of reaction (1)
can also be employed to produce antihydrogen as a different
approach, see, for example, the works reported in [15-19]. In
the present letter, we show that when an external laser field is
introduced to the process (1), an effect known as dipolar focus-
ing will be in action, resulting in a significant enhancement of
the Ps formation cross section. A hydrogen atom in an excited
state possesses an effective dipole moment leading to a long-
range interaction between e™ and H(n) [20]. A combination of
the dipolar field and a monochromatic laser field can produce
the dipolar focusing effect similar to the Coulomb focusing
effect in the processes of double photoionization [21, 22], elec-
tron bremsstrahlung [23], radiative recombination [24], and
dissociative recombination [25]. The dipolar focusing effect
can be expected to play a role in similar laser-assisted positron

© 2024 The Author(s). Published by IOP Publishing Ltd
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scattering processes, such as the process of photorecombina-
tion involving positrons and atoms [26].

The motion of low-energy electrons in a combined laser
and Coulomb field can be treated classically because the long-
range feature of the Coulomb force, the de Broglie wavelength,
is small compared to the radius of the Coulomb interaction if
the Coulomb parameter e?/(fv) is large [27]. Here e is the
elementary charge and v is the electron velocity. Similarly,
the classical treatment of e~ —H(n) or et —H(n) interaction
is valid if the de Broglie wavelength X is small compared to
the effective radius of the dipolar interaction, r. ~ (ed/E)'/?
where d is the effective dipole moment of the target and E is the
projectile energy. Estimating d ~ eaon®, where ag is the Bohr
radius and # is the principal quantum number, we obtain n> >
1, i.e. the classical treatment is valid if the target is in a highly
excited state. For higher-lying orbits the dipole moment grows
and the effect of the dipolar interaction increases accord-
ingly. Numerical classical trajectory Monte Carlo (CTMC)
simulations and their comparison with quantum convergent
close coupling calculations [14, 15] showed that the clas-
sical approach works in the low-energy region if n > 3. In
the present paper we investigate the dipolar focusing and the
cross section enhancement in the laser-assisted reaction (1)
for n = 3. Experimentally, the n = 3 excited level of H can be
achieved via photoexcitation, as was done in the experiment
of Fleurbaey et al [28] where the 3s state of H is achieved in a
two-photon excitation by a 205 nm cw laser.

From now on we are using atomic units. We use
the dipole approximation to describe the positron-laser
interaction. Consider a linearly polarized monochromatic
electromagnetic wave with the electric field oscillating
according to

F (1) = eFycos (wt+ ¢p),

where e is the polarization vector and F the electric field amp-
litude. Consider a positron beam whose initial velocity vy is
parallel to the laser polarization vector. This relative orienta-
tion of vy and e is the most efficient for the Coulomb focusing
effect [24, 25]; therefore, we expect that this geometry will be
efficient for the dipolar focusing as well. In spite of this geo-
metry, our simulations are three-dimensional since they take
into account the full dimensionality of the hydrogen atom. Far
away from the target, the positron performs one-dimensional
motion with the mean velocity

@

_ F .
vV =1vy— —singy,
w

where vy > 0 is the velocity at = 0. If the positron enters the
field region at time 7, this results in replacing ¢¢ by ¢g + wT,
therefore averaging over 7 is equivalent to averaging over
¢@o. The positron will approach the target if v > 0, and from
equation (2) we have 0 < ¢y < ¢1, and ™ — ¢ < ¢p < 27
where
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Figure 1. xz projection of positron and electron trajectories in
et —H(n = 3) collisions for b= 50 a.u. Purple dashed line: e,

F =0; green and blue lines: et and e~ trajectories for
F=0.000244 a.u, w=0.002 a.u., ¢p = 0.8 and a random choice of
the parameters of the electron orbit; the positron trajectory is shown

by the thick line, and electron trajectory by the thin line.
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Figure 2. The same as in figure 1 for a different choice of
parameters of the electron orbit.

therefore the probability of Ps formation will be nonzero in
this range of ¢y. The probability peaks at values of ¢, close
to ¢; and ™ — ¢;. As an illustrative example we choose such
field parameters that wvg /Fy is close to 1. This example is typ-
ical for a broad parameter subspace where dipolar focusing is
important.

In figures 1 and 2 we present xz projections of electron and
positron trajectories for collisions of e™ with H(n = 3) with
the impact parameter » =50 a.u. in the field with the amp-
litude Fy = 0.000244 a.u. (intensity 7 =2.09 GW cm~2) and
frequency w = 0.002 a.u. (wavelength A = 22.8 pm), positron
energy 0.14 eV corresponding to a velocity 0.1015 a.u., so
that wvy/Fy = 0.832. Parameters of the initial electron orbit
are chosen randomly. The impact parameter vector is directed
along the x axis, and the initial velocity v, along the z axis.
Note that for these field parameters the oscillatory positron
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Figure 3. Probability of Ps formation in e™ — H(n = 3) collisions
as a function of the impact parameter at £ = 0.14 eV, comparison of
zero-field probability with the probability for Fo = 0.000244 a.u.,
w =10.002 a.u., ¢9 = 0.8.

motion in the absence of the e™—H interaction is character-
ized by a displacement amplitude 61 a.u., and a velocity amp-
litude 0.122 a.u. For the zero field the positron trajectory is
very slightly affected by the presence of the hydrogen atom
whereas in the presence of the field it is distorted enough for
the positron to be captured by the electron and form Ps. This
is clearly an example of dipolar focusing. For ¢, very close
to ¢; and ™ — ¢; this dipolar focusing effect occurs for any
impact parameter, resulting in a theoretically infinite Ps form-
ation cross section.

This is illustrated in figures 3 and 4 where we present the
probability of charge transfer in collisions of e™ with H(n = 3)
in a field with the same field parameters as in figure 1, and sev-
eral values of phase ¢y. It is important that for the chosen field
parameters the multiphoton ionization rate is very small, about
0.5 x 107 s~ [24], therefore the n = 3 state is not ionized by
the laser field during the charge transfer process.

For low impact parameters the probability of Ps forma-
tion in a nonzero field is not necessarily greater than that
for a zero field. However, in the former case it extends to
much greater impact parameters resulting in cross sections
8.61 x 103, 1.59 x 10* and 1.54 x 10° a.u. for ¢y = 0.80, 0.85
and 0.95, respectively, whereas the corresponding zero-field
cross sectionis 1.12 x 10% a.u. The range of impact parameters
contributing to the cross section grows with ¢, and is diver-
ging when ¢ approaches ¢,. For ¢; < ¢g < m — ¢ the mean
positron velocity in the electric field becomes negative result-
ing in a zero cross section. However, it turns positive again for
¢o > m — @1, and a similar divergence of the cross section is
observed when ¢ approaches m — ¢; from above.

Another interesting feature of the present problem is
the absence of chaos: the probability as a function of the
impact parameter does not exhibit fractal structures; irreg-
ularities in the P(b) dependence simply represent statistical
uncertainties in the CTMC calculations. This is in contrast
to the problem of the motion of a charged particle in a
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Figure 4. Probability of Ps formation in et — H(n = 3) collisions
as a function of the impact parameter at £ =0.14 eV,

Fy =0.000244 a.u., w =0.002 a.u. comparison of probabilities for
¢o = 0.85, 0.95, and 0.96. For ¢o = 0.96 the probability is shown
starting from b =800 a.u.

combined laser and Coulomb field whereby the function P(b)
is chaotic [24, 25, 29, 30].

In figure 5 we present the Ps formation cross section as a
function of ¢(. For comparison, the field-free cross section in
this case is 1120 a.u. The cross section divergence when ¢
approaches ¢; or m — ¢ is strong, approximately as (¢ —
gbo)*l'” in the first case, and similar in the second, there-
fore averaging over ¢ leads to an infinite cross section. In
real experimental conditions it might become finite due to
instrumental functions. For example, if the duration of the
laser pulse ¢ is finite, for large enough impact parameters the
positron would not reach the target during the time period z,
and this would provide the cross section cutoff. This possib-
ility is discussed in detail in the treatment of laser-assisted
radiative recombination [24]. Another possibility is the angu-
lar spread of the positron beam. If the initial positron velocity
is not parallel to the laser polarization, the focusing effect is
not as efficient, and the averaging over the angular divergence
would provide another cutoff. As an example, we have calcu-
lated the averaged cross sections for the pulse durations t =5
and 10 ps for the parameters indicated in the figure caption.
The calculated cross sections are 3917 and 4650 a.u. which
are factors of 3.50 and 4.15 higher than the field-free cross
section, respectively.

The discussed focusing effect can be of practical import-
ance for collisions with targets other than hydrogen atoms. For
example, in antihydrogen ATRAP experiments [1, 2] laser-
excited Cs atoms were used in a charge exchange reaction
with a cloud of positrons to produce excited state Ps with
very high cross sections [31]. Although alkali-metal atoms
do not exhibit the same level of degeneracy as hydrogen,
some of their excited levels of opposite parity, for example
6p and 5d in Cs, are close enough to induce a strong long-
range interaction with e™. For highly-excited Rydberg states
the energy levels become hydrogen-like, and the dipolar
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Figure 5. Cross section for Ps formation in e™ — H(n = 3)
collisions as a function of the phase ¢¢. For E=0.14 eV,
Fy=0.000244 a.u., w=0.002 a.u.

focusing effect in collisions of e™ with atoms in these states
increases.

In conclusion, we have predicted a strong dipolar focus-
ing effect in collisions of positrons with hydrogen atoms in
an excited state leading to Ps formation. To demonstrate this
effect we have employed the CTMC method, which has been
shown to be valid for the description of e™ + H(n) collisions
if n > 3. The predicted effect can increase the efficiency of
Ps production used for fundamental research and applications.
Collisions involving Rydberg states with higher n can lead to
an efficient production of Ps atoms with long lifetimes.
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