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Abstract: We extend the two-centre wave-packet convergent close-coupling approach to doubly
differential ionisation in proton collisions with Hp to intermediate projectile energies. The results
for the doubly differential cross section at projectile energies from 48 to 200 keV are presented as a
function of the energy and angle of emitted electrons. We consider a wide range of emission angles
from 10 to 160°, and compare our results to experimental data, where available. Excellent agreement
between the presented results and the experimental data was found, especially for emission angles less
than 130°. For very large backward emission angles our calculations tended to slightly overestimate
the experimental data when energetic electrons are ejected and the doubly differential cross section is
very small. This discrepancy may be due to the large uncertainties in the experimental data in this
region and the model target description. Overall, the present results show significant improvement
upon currently available theoretical results and provide a consistently accurate description of this
process across a wide range of incident energies.

Keywords: ion-atom collisions; ion-molecule collisions; proton; molecular hydrogen; ionisation;

capture into continuum

1. Introduction

One of the most fundamental processes in nature is the scattering of charged particles
off an atom or molecule. Atomic scattering occurs throughout the universe, from nuclear
fusion, that powers stars, to hadron therapy for cancer, that uses ions to destroy deep-seated
tumours [1,2]. For this reason, detailed studies of the underlying principles of ion-atom
collisions remain an active area of research [3,4]. It is well known that, on the energy scale
where these collisions occur, their dynamics is governed by quantum mechanics. A wave
function satisfying Schrodinger’s equation of motion defines the development of the state
of the particles through space and time. While the solutions to the Schrodinger equation
of the hydrogen atom are analytically known, adding additional particles significantly
complicates the problem so that exact solution is no longer possible. This makes scattering
of another particle on a quantum-mechanical few-body system extremely complicated
to model.

Significant differences still exist between theory and experiment for some of the most
fundamental collision systems. In particular, calculation of the fully differential ionisation
cross section remains a challenging problem. For example, the state-of-the-art quantum-
mechanical convergent close-coupling approach to C®" + He collisions [5] resulted in
differences in the features of the fully differential emission when compared to the three-
dimensional pattern experimentally observed by Schulz et al. [6]. These calculations were
performed in the high-energy regime where electron capture is believed to play a negligible
role in the collision dynamics, significantly simplifying the theoretical problem. Currently
available calculations of the doubly and triply differential cross sections for ionisation in
p + Ha collisions also show inconsistent agreement with experimental measurements; see,
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for instance, refs. [7-9]. Our ultimate goal was to address these discrepancies using the
two-centre formulation of the wave-packet convergent close-coupling (WP-CCC) method
that includes strong coupling effects between various reaction channels.

In this work we focus on the energy and angular distributions of electrons produced
in proton collisions with molecular hydrogen. This system represents one of the most fun-
damental ion—-molecule collision systems and describing this scattering process accurately
is a key step towards developing theories for calculating ion scattering on more complex
targets, such as water and other molecules of biological relevance. Accurate theories for
calculating stopping power cross sections for such molecules are urgently required for
Monte-Carlo simulation for treatment planning in hadron therapy [1,10]. For proton col-
lisions with Hj, the ionisation cross section has a maximum around a projectile energy
of 70 keV and becomes the dominant energy loss mechanism at higher incident energies.
This makes calculations particularly difficult in this region since there are many competing
processes that can occur as a result of scattering, and reaction channels are strongly coupled
to each other. Additionally, the ionisation cross section differential, in both the energy
and emission angle of the ejected electrons, provides a more thorough description of the
outcome of scattering than the total or singly differential cross sections could do. For that
reason, calculating the doubly differential cross section represents a more stringent test
on theory.

Experimentally, p + H> collisions are easier to investigate than the (theoretically sim-
pler) p + H system due to the difficulties in preparing atomic hydrogen target atoms [11].
As a result, the molecular target has been experimentally studied extensively [12,13]. The
angular and energy distributions of ejected electrons were first measured simultaneously
by Kuyatt and Jorgensen [14] across an incident energy range from 50 to 100 keV. Later,
it was discovered that their low-energy data near the ionisation threshold was not accu-
rate due to inefficiencies in the apparatus [11]. Disagreement between their data and the
first-order Born approximation (FBA) calculations available at the time prompted further
investigations into this process. Rudd and Jorgensen [15] measured the doubly differential
cross section for ionisation at 100 keV over a wider range of ejected-electron energies and
angles. They also concluded that although the energy distribution of the ejected electrons
was represented reasonably by the FBA calculations, agreement between theory and ex-
periment for the angular distribution was very poor. They extended their measurements
to an incident energy of 300 keV [16] where the measured total ionisation cross section
demonstrated improved agreement with the FBA one. However, significant disagreement
was still observed between theory and experiment for the doubly differential cross sec-
tion for ionisation. Additionally, when the differential cross sections measured in these
early experiments were integrated the resulting total ionisation cross section (TICS) was
35-100% larger than reported by direct measurements. Toburen and Wilson [17] measured
the doubly differential cross section for ionisation in p + Hj collisions from 300 keV up
to 1.5 MeV. They reported an uncertainty of 25% for their measurements of low-energy
electrons and, in general, their results agreed well with those of Rudd et al. [16] at 300 keV.
However, their data deviated from that of Rudd et al. [16] at ejection energies less than
50 eV for ejection angles greater than 30°. The most significant difference was seen at the
highest measured ejection energies and for emission in the backward direction, where the
cross sections were very small and the signal to noise ratio in their measurements was
low. They found that the first Born approximation agreed well with their measured doubly
differential cross section (DDCS) for ionisation as a function of ejection energy only if the
long-range electron—proton interaction was included. At the larger impact energies consid-
ered by Toburen and Wilson [17], the binary-encounter peak becomes visible for ejection
of high-energy electrons at small emission angles. This secondary peak in the DDCS is
the result of essentially binary collisions between the projectile and active electron. While
binary-encounter theories based on this classical collision model have been developed, they
cannot be applied to cross sections that are differential in the angle of emission. This is due
to the fact that these cross sections are sensitive to the presence of the target nucleus, which
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is ignored in the binary-encounter theories. Thus, these types of approaches have been
confined to calculation of the total cross section and the singly differential cross section
as a function of the ejected electron energy. The DDCS for ionisation was also measured
by Gibson and Reid [18] at 50 keV over a range of ejection energies from 5 to 150 eV and
angles from 0 to 100°. However, the TICS found that integrating their results differed from
direct measurements by 33%. More recent experiments called into question the accuracy of
their results due to potential spreading of their proton beam [19]. The greatest difficulty
in obtaining accurate integrated cross sections for ionisation from measured DDCSs is the
accuracy of the cross section data for very low energy electrons. This is where the DDCS
is largest. Experiments can only measure to a finite minimum ejection energy, typically
around 5 eV, and the value of the DDCS from this point to threshold must be estimated. The
latest, and possibly, most accurate experimental measurements of this type were performed
by Gealy et al. [11] for incident protons with energies from 20 to 114 keV. They reported
the DDCS for ionisation as a function of both ejection energy and angle from electron
energies as small as 1.5 eV to 400 eV at the highest incident energy. Their angular range
extended from 15 to 165°. This experiment used a new apparatus specifically designed to
measure the flux of low-energy ejected electrons accurately. Furthermore, the integrated
cross sections in this work agreed well with independently measured total ionisation cross
sections for the p + H> collision system.

Calculating the doubly differential cross section for ionisation as a function of ejected
electron energy and emission angle in p + H» collisions has proven to be a significant
challenge for theorists. There are only a few attempts to calculate this cross section available
in the literature. Moreover, the majority of calculations have used the FBA that is only
applicable at high projectile energies. Additionally, scattering on the molecular hydrogen
target is often treated with either the so-called Bragg additivity rule or an energy-scaling
procedure. Both of these approaches begin by calculating cross sections for scattering on
atomic hydrogen. Then, results for the H target are obtained by multiplying by a factor
of 2, or applying the energy-scaling approach suggested in refs. [20,21]. The inability of
these approaches to accurately model the underlying physics was demonstrated by the
poor agreement with the experimental data of refs. [14-17]. A different approach was taken
by Macek [22], that used the first term in the Neuman expansion of Faddeev’s equations
for the final state of the projectile-electron-residual ion system to calculate the DDCS for
ionisation. The calculations were performed at an incident energy of 300 keV. The results
showed improved agreement with the measured cross section compared to FBA calculations
but still demonstrated significant deviation from the experimental data. In particular, the
results of Macek [22] significantly overestimate the cross section near small ejection energies.
This is possibly due to the fact that the Faddeev equation approach is not valid for breakup
in a system of three charged particles. In this case, the kernel of the Faddeev equations
becomes non-compact. The doubly differential cross section for ionisation as a function
of ejected electron energy and angle were calculated by Galassi et al. [23], using both the
FBA and the continuum distorted wave—eikonal initial state (CDW-EIS) method. As with
the FBA, the CDW-EIS is a perturbative approach and only applicable at sufficiently high
impact energies. Two methods for determining the cross section for the Hj target were
used. The first one is based on the simple Bragg additivity rule, which multiplies the
CDW-EIS results for p + H scattering by a factor of 2. The second one treats the target
as two independent H atoms separated by the equilibrium inter-nuclear distance of the
H> molecule. The cross section for proton scattering on H» is then given by the integral
over all orientations of the product of the square of the magnitude of the amplitude for
scattering on an effective atomic hydrogen target and an orientation-dependent factor
resulting from the two scattering centres. The authors refer to the latter method as the
continuum distorted wave—eikonal initial state-orbital (CDW-EIS-MO) method. Both
approaches are compared to the experimental results of Gealy et al. [11] at 114 keV as a
function of ejected electron energy at four different ejection angles. Their results show
that Bragg’s additivity rule is inadequate at providing accurate doubly differential cross
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section for ionisation, overestimating the results of ref. [11], particularly for ejection at
angles greater than 90°. Nevertheless, overall, the CDW-EIS-MO calculations demonstrate
improved agreement with experiment.

Recently, we applied the two-centre wave-packet convergent close-coupling approach
to calculate the energy and angular distribution of electrons emitted in collisions of 300-keV
protons with Hp [24], providing the most accurate theoretical description of this process
to-date. The results demonstrated excellent agreement with the experimental data of
Rudd et al. [16] and Toburen and Wilson [17]. Here, we provide details of the method and
extend the calculations to more challenging lower incident energies, where the speed of the
projectile is comparable to that of the target electrons. Specifically, we present the results at
seven different projectile energies from 48 to 200 keV. In addition, we provide full details of
the approach.

The layout of this paper is as follows. First, we provide a detailed review of the
relevant literature. Then, we describe the presented method and give details of the calcu-
lations. Next, we present our results and provide a detailed discussion in the context of
the experimental and theoretical data presently available in the literature. Unless specified
otherwise, atomic unit (a.u.) is used throughout this manuscript.

2. Two-Centre Wave-Packet Convergent Close-Coupling Method

The WP-CCC method was first introduced to calculate differential cross sections
for ionisation in antiproton collisions with atomic hydrogen [25]. Since then, it has
been extended to tackle the differential ionisation problem in systems with positively
charged projectiles [26-28] and more complex targets, such as helium [29] and molecular
hydrogen [30]. Singly differential cross sections for direct scattering, electron capture,
and ionisation have been thoroughly investigated for the following: p + H collisions
by Plowman et al. [28]; p + He collisions by Spicer et al. [29,31]; and p + H> by Plowman
et al. [30]. For p + H collisions, doubly differential cross sections, as a function of both the
ejected electron energy and projectile scattering angle, were presented by Abdurakhmanov
etal. [27] at 75 keV. Here, we calculate the doubly differential cross section for ionisation
in proton scattering on Hj as a function of the ejected electron energy and emission angle.
The underlying approach for calculating differential cross sections for ionisation in p + Hp
collisions is detailed in ref. [30]. The effective one-electron target structure of the Hp
molecule, as used in the WP-CCC approach, is described in ref. [32]. Here, we give a brief
overview of the most relevant aspects of the theory.

2.1. Close-Coupling Formalism

We consider proton collisions with Hp. In this work, we describe the molecular target
using an effective one-electron treatment. The Schrodinger equation for the total scattering
wave function ¥;", subject to the outgoing-wave boundary conditions, is written as

(H-E)¥; =0, 1)

where H is the full three-body Hamiltonian of the collision system and E is the total energy.
Subscript i refers to the initial channel, from which the total scattering wave develops,
here, i = 1, representing the target in the ground electronic state in the initial channel. The
total Hamiltonian for the scattering system is given by the sum of the free three-particle
Hamiltonian of the projectile nucleus, target nucleus, and active electron, Hy, and the
interaction between them, V,

H=Hy+V. ()
The free-particle Hamiltonian is equivalently given by

_ 1o 1w
Hy = 2‘MT vp zv"T (3)
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b

H =
0 ZP‘P

ViV @)
in the target and projectile coordinate systems, respectively. The reduced mass of the p + Hp
system is pi, and the reduced mass of the H + Ha " system is pip. We use two sets of Jacobi
coordinates. In the first set, rr is the position vector of the active electron relative to the
target nucleus and p is the position of the projectile nucleus relative to the target system. In
the second set, rp is the position of the active electron relative to the projectile and ¢ is the
position of the atom formed by the projectile after capturing the electron (hereafter called
the projectile atom) relative to the residual target ion, H; . The interaction potential is the
sum of the inter-nuclear interaction and the potential between the active electron and each
of the nuclei,

V= Vmod(R) - Vmod(”T) - l (5)

rp
In the effective one-electron treatment of Hy, the field of the residual target ion is collec-
tively represented using the model effective potential proposed in ref. [33]. Parameters
of the potential are chosen to ensure the ionisation energy of the target corresponds to
the ionisation energy of H» at the equilibrium inter-nuclear distance. For a more detailed
discussion of the target description, see Plowman et al. [32].
The total scattering wave function in Equation (1) is expanded, in terms of N target-
centred (}) and M projectile-centred (lpg) pseudo-states,

N

M
i Y R D)YT ()™ + ) Gyt b)gf ()5, ©
a=1 B=1

where Fy(t,b) and Gg(t,b) are expansion coefficients that depend on time ¢ and impact
parameter b. The momentum of the projectile, relative to the target, is denoted q,, and the
momentum of the projectile atom relative to the target nucleus is denoted by gp. In other
words, we position the origin of the coordinate system at the target nucleus. The projectile
moves with velocity v in a straight line parallel to the z-axis with its position given by
R = b + vt, where the impact parameter is perpendicular to the projectile velocity, b - v = 0.
We include both target- and projectile-centred basis states in Equation (6) to accurately
calculate ionisation, since the positive charge of the projectile results in a high probability
of ejected electrons leaving the system in the vicinity of the projectile nucleus. This electron
capture into the continuum process contributes significantly to the total ionisation cross
section [28]. While single-centre methods can, in principle, calculate ionisation processes
in collisions of positively charged projectiles, in practice, a prohibitively large number
of continuum pseudo-states and a large maximum orbital angular momentum, ¢max, of
the included states are needed to accurately represent the electrons that are far from the
target [34].

Using the effective potential we calculate radial wave functions for the active electron
in the effective field of the H} ion by solving the Schrodinger equation. To this end, we apply
an iterative Numerov approach. We take only those solutions with negative eigenvalues
(energies) to construct the bound-state wave functions. To construct continuum pseudo-
states, we subdivide the continuum of the electron into N. non-overlapping momentum
intervals from kmin to kmax. We then construct a wave packet p\V! (r) = ¢WF (r)Y, (7) /1
for each interval, which represents the active electron having momentum anywhere within
the boundaries of that interval. The wave-packet radial wave function is constructed
by numerically integrating the continuum wave over the momentum interval [k, k;,+1]
according to
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kn+1
) = An [ ak Vil (). @)

n

The normalisation factor is given by

/ 2
Ay =, 5———. (8)
! kiﬂ - k%

The integral in Equation (7) is calculated numerically using a Gauss-Legendre quadrature
and at each momentum-point an iterative Numerov approach is used to solve the target
Schrodinger equation with energy ¢ = k?/2 to obtain the continuum wave-function (p& (r).
The energy of the nth continuum pseudo-state is given by

K2+ K2

n+1
En 1 ’ )
which corresponds to the midpoint of the interval in energy space. The procedure is
repeated for all N, intervals. The value of kmax is chosen to be sufficiently large so that the
results of interest converge, and kpin is set very close to zero.
Combined, the set of negative- and positive-energy pseudo-states form an orthonormal
basis that diagonalises the target Hamiltonian, i.e.,

<1P§f lp}:> = Owas <1P;1:/

where the target states ¢} have energy ¢,.

The projectile-atom states are constructed from eigenstates of the hydrogen atom
and wave-packets made using the pure Coulomb wave function. Together, they also
form an orthonormal basis that spans the negative- and positive-energy spectrum of the
projectile atom,

H,

¢}> = Syatar (10)

(vh|vk) = dps (W |Hs|vE) = dppes an
where ¢ is given by the eigenvalues of the hydrogen atom for the bound-states and
Equation (9) for the positive-energy pseudo-states.

The expansion of the total scattering wave function in Equation (6) is substituted into
Equation (1). Using the semi-classical approximation, and, after some algebra, this results in
the following set of first-order differential equations for the unknown expansion coefficients:

. M . ~ N M ~
iRy +1 Z GﬁKa’/S = Z EyDyro + Z Gngtx’/Bf
B=1 a=1 B=1

A . N M - (12)
1 Z F“K,B’a + lGﬁ/ = Z FDCQ,B’,X + Z GﬁDﬁ/ﬁ’
a=1 a=1 /521

«=12,...,N B =12..M

D,y are the direct-scattering matrix elements, Kg, are the overlap integrals, and Qg are
the exchange matrix elements. Tildes indicate quantities in the projectile-centred coordinate
system, and dots over F, and Gg denote time derivatives. The set of Equation (12) is solved
for the time-dependent expansion coefficients F, and Gg subject to the boundary condition,

Fu(—oc0,b) =6, a«=12,...,N,

13
Gg(—oo,b) =0, B=12,...,M, (13)
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using the Runge-Kutta method. In the limit as t — 400, the expansion coefficients, Fy(t,b)
and Gg(t,b), yield the scattering amplitudes for the final channel, specified by a and
B, respectively.

Evaluation of the direct-scattering matrix elements is detailed in ref. [32]. The overlap
integrals and rearrangement matrix elements are calculated in spheroidal coordinates
according to the method described in ref. [26].

2.2. Scattering Amplitudes

The formal foundation for this study was laid in refs. [35,36]. According to these
works, the post form of the scattering amplitude is given, in general, by

Trilag,a) = (@7 | H — E[¥), (14

where g and g; are the relative momenta of the projectile in the final and initial channels,
respectively, and @y is the asymptotic state in the final channel. The arrow over the
Hamiltonian indicates the direction of its action. Depending on the outcome of scattering,
CIDJ? has a different form. In collisions without rearrangement (direct scattering), <1>J7 is
given by the product of a plane wave representing the relative motion of the projectile,
e'+P, and a target wave function corresponding to final state f. If the active electron leaves
the collision system with the projectile (electron capture) then CDJ? is made up of a plane

wave representing the relative motion of the residual H,™ target ion, ¢'15%, and a wave
function of the projectile atom corresponding to the final channel f.

In this work, we are interested in the ionisation amplitude. If scattering results in
breakup, then the final state is given by the three-body asymptotic wave that represents
the three unbound particles. In the WP-CCC approach to ionisation, we avoid the need
to employ this result by, instead, inserting the identity operator, constructed from our
square-integrable pseudo-states, into Equation (14); see ref. [25] for a detailed description
of the method. As a result, the amplitude for ionisation into the continuum bin f is given by
the product of the overlap between the true continuum wave for electron momentum x and
the wave-packet pseudo-state bin that contains x, and the amplitude for excitation into the
corresponding pseudo-state. For a detailed description of the approach, see refs. [28,30,37].
Effectively, this replaces the non-L? continuum of the target (or projectile) with our square-
integrable pseudo-states. This allows us to calculate the ionisation amplitude from the
amplitudes for excitation into positive-energy pseudo-states. In this model, the ionisation
amplitude contains two parts. The first represents direct ionisation (DI) and the second
represents electron capture into the continuum (ECC) of the projectile. The DI and ECC
amplitudes are given by

1
TDiI(K/‘lfrqi) = W@ZWJE l/’ij>TDis(qfr‘li)f (15)
and
1
T (22,45, 9i) = 2P ;<¢E‘¢;>TF{C(%/ i), (16)

where T}Dis and Tﬁc are the direct-scattering (DS) and electron-capture (EC) amplitudes,

respectively. Here, <l/?,1; 1,[1}> is the overlap of the true continuum wave, ¥\, in the target

frame and the target pseudo-state, <1/J£‘¢F> is the overlap of the true continuum wave,

¢, in the projectile frame and the projectile pseudo-state. The summation on the RHS
of Equations (15) and (16) accounts for the fact that the continuum pseudo-states are
degenerate and, for each continuum bin, there exist multiple pseudo-states with differing
orbital and magnetic quantum numbers, ¢ and m. Hence, the complete amplitude for DI,
or ECC, into the final-channel bin f that contains the momentum «, or s, is given by the
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sum of all degenerate pseudo-states constructed in that momentum interval. Furthermore,
there is a subtlety in the difference in meaning of the amplitude on the RHS and LHS in
these equations. The amplitude on the RHS corresponds to excitation into a positive-energy
pseudo-state, i.e., a binary process. However, on the LHS the amplitude corresponds to
ionisation, i.e., breakup. Specifically, TJBS and Tﬁ.c always represent a two-particle system,

whereas TJBI and TJEZ.CC correspond to a three-particle system with the electron being in the

continuum. Hence, to obtain correctly normalised cross sections, the factor of 1/ (27)3/2
is introduced. This accounts for the density-of-states of the additional particle in the
final channel.

The overlap of the wave-packet pseudo-state and true continuum wave is found by
expanding the continuum wave in terms of partial waves, according to

2 3/2
ol = &0 De% Y5 () You(k), (17)

where o7 is the phase shift and ¢!, (r) is the radial part of the continuum wave func-
tion of the target, both of which are obtained numerically by solving the corresponding
Schrodinger equation for the positive-energy e = x?/2. Substituting Equation (17) and the
integral form of the wave-packet pseudo-states into the expression for the overlap integral,
we obtain

3/2 .
(vifo) = B2 e i) (18)
Similarly, we write
(2m) 3/2 _ioP A
l,b,, - Zl € /\(P Y)\y( )Y/\}t(”>/ (19)

where o7 is the Coulomb phase shift and ¢¥ , () is the analytically known regular Coulomb
wave function. With this, the overlap integral appearing in Equation (16) is given as

3/2 .
(vh|v}) = W(—i)le“’f Vi (5). (20)

The amplitudes in Equations (15) and (16) are written in momentum space. However,
solving the coupled equations in Equation (12) leads to the expansion coefficients, F, and
Gg, that are written in impact-parameter space. Following the technique outlined in ref. [28]
we used the Fourier—Bessel transform to calculate T}Dis from F,, according to

TH (a5, 9i) = 27Tiveim¢f/0 d bb[Ff(+o0,b) — 6] Jm(gLb), (21)

and T}EZC from G/g as

TEC (qg,g1) = 2ive™ [~ A6y (+0,0)]u(q.0). @)

For direct ionisation, we have f = « and ¢¢ > 0 in Equation (21), and for electron capture
into the continuum, f = B and ¢ ¢ > 0in Equation (22). In Equations (21) and (22) the
perpendicular component of the momentum transfer 4 = q; — gy is 4 | , the azimuthal angle
of the projectile momentum in the exit channel gy is ¢y, the change in magnetic quantum
number from the initial to final channel is m = m; —m;, and ]y, is the Bessel function of the
first kind of order m. F¢(t,b) = €™ F¢(t,b) and G(t,b) = ™% G¢(t,b) are the expansion
coefficients that do not depend on the azimuthal angle of the impact parameter, i.e., the
exponential factor containing the dependence on ¢, and m has been factored out. That is to



Atoms 2023, 11,112

9 of 21

say that Equations (21) and (22) are written in terms of expansion coefficients F(t, b) and
G(t,b).

Numerical evaluation of the integrals in Equations (21) and (22) is difficult, due to
the oscillatory nature of the integrand. We solve Equation (12) at 64 impact-parameter
points from bpin = 0 to bmax = 40 a.u. In previous works [28,30], the calculated expansion
coefficients were then interpolated onto a denser grid with 640 impact-parameter points
before taking the integrals in Equations (21) and (22) to improve the efficiency of the
calculations. However, in this work, we find that doubly differential cross sections are
sensitive to TP° and TE- at momentum-transfer values as high as g | = 64 a.u. This means
the argument of the Bessel functions in Equations (21) and (22) is significantly larger, and,
as a result, the integrand is required to be interpolated at a very large number of points.
Therefore, we used the fast Hankel transform algorithm developed by Anderson [38]. This
algorithm takes advantage of the fact that the Hankel transform can be expressed as a
convolution and evaluated using a set of pre-calculated filter weights, removing the need
to evaluate any Bessel functions during the calculation. We find that this method is capable
of calculating T2® and TJE.C accurately for large values of g and is approximately an order
of magnitude faster than direct numerical integration.

2.3. Differential cross Sections

After calculating the momentum-space transition amplitudes, using Equations (21)
and (22), the DI and ECC amplitudes for ionisation are determined from Equations (15)
and (16). The differential cross section can then be calculated. The fully differential cross
section (FDCS) for ionisation is made up of two parts: direct ionisation, where the emitted
electron is in the continuum of the target, and electron capture into the continuum, where
the emitted electron is in the continuum of the projectile atom. In the WP-CCC approach
to ionisation, the total breakup amplitude is given by the incoherent sum of these two
parts [27]. However, the DI and ECC components are calculated in the target- and projectile-
frames, respectively, as seen in Equations (15) and (16). Therefore, before combining them
they must be brought into a common frame of reference. We choose the target-atom frame,
since it corresponds to the laboratory frame where experimental measurements take place.
Thus, only the ECC part needs to be transformed. This is done by substituting 3¢ — x — v
and g, — (g — ) in Equations (16) and (22). However, the coefficients Gg are calculated
at discrete energies determined by the distribution of bins in the projectile-centred basis.
Hence, they are interpolated over the momentum-space variables of the electron to the
points corresponding to those in the target frame. This maps the ECC component to ejected-
electron momenta that correspond to the predefined energies of the target atom continuum
pseudo-states. Thus, the fully differential cross section for ionisation, resulting in emission
of an electron with momentum within the nth continuum bin, is written as

d3ay, Z qrx 2 2
dEed0edC); oy g (TR a0+ T —oapadl), 03

where E; is the energy of the ejected electron, (). is the solid angle into which the electron
is ejected, and ()¢ is the solid angle the projectile is scattered into.

In Equation (23), the DI and ECC components are combined incoherently. Calculations
of the DDCS for ionisation in p + H collisions [27] demonstrated the following: (i) the
incoherent calculations are significantly less time-consuming than the coherent ones and
(ii) the results obtained from the incoherent and coherent combinations of the DI and ECC
components are practically the same if a sufficiently large number of states are used in the
two-centre expansion (6). The latter indicates that the interference term appearing in the
coherent combination is small. Furthermore, the TICS is given by the sum of the integrated
cross sections for excitation into the positive-energy target pseudo-states and electron
capture into the positive-energy projectile pseudo-states [32]. Therefore, the incoherent
combination of the components in Equation (23) is consistent with the definition of the
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TICS upon integration. This may indicate that in the close-coupling formalism the DI and
ECC components should be added incoherently. A possible reason for this is that the DI
and ECC components of the ionisation amplitude are calculated in the final channel, when
the target and projectile are far apart [39]. Indeed, the DS and EC amplitudes entering
Equations (15) and (16) are given by the Fourier transform of the impact—parameter space
probability amplitudes (see Equations (21) and (22)). These probability amplitudes are
found from the expansion coefficients in the limit as t — o0, where there is no overlap
between the target and projectile-centred basis states. Therefore, it is reasonable to assume
that the interference term arising from a coherent combination of TJEI and TJEI-CC should
approach zero.

The doubly differential cross section for ionisation, in terms of the electron kinematics,
is given by integration of Equation (23) over the solid angle of the projectile

dEedQ / dEedQ de day. @)

This integration can be performed numerically using a Gauss-Legendre quadrature. The
FDCS in Equation (24) is obtained by substituting Equations (18) and (20) into Equations (15)

and (16), respectively, and, then, inserting the resulting expressions for TJBI and TJ]%CC into
Equation (23). This leads to

2
d3o; _A2 .”T qrx

dEedQedQy " ( (‘ V&

i)ei Y, (& R)TE (45, 49:)
2
>, (25)

where we used s to denote |« — v| and 3 stands for K — 0. Alternatively, we can evaluate
the integral in Equation (24) analytically. To do this we insert Equations (21) and (22) into
Equation (25) and integrate over () using the rectilinear approximation

‘\FZ —i) el Yy, ( )T}Eic(qf/qi)

27 S
dy = — [*dgy [ daign. 26
/ = qf ¢r ), 49041 (26)
This allows us to take the integral over the azimuthal angle according to
27 o
dg e’ T = 2716 (m' — m). 27)
0

Then, we use the orthogonallity of Bessel functions,
o0 S(b—v
[ da 00 imau0) v = 20, @)

to take the integral over the perpendicular component of the momentum transfer. The
resulting expression for the DDCS in Equation (24) reads as

dZO- 2 émax max é Z l( , iy )
dE.dQe =2r A Z Z Z Yfm Yf’ )( ) ¢
€ (=0 0'=0m=—{

[max [;nax
x [ dbbF, Evirm Y y

=0 (=0m=—1¢

Y, (52) Yy (2) (i) el @00 / dbbGnlm(oo,b)Gnglm(oo,b)). (29)
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Equation (29) is the DDCS for ionisation resulting in electron emission along the surface of
a cone at an angle of 6, to the z-axis with a momentum between the boundaries of the nth
continuum bin.

3. Results

In this section, we present the results of our calculations for the doubly differential
cross section for ionisation in p + Hj collisions. Each figure below shows the DDCS at a
fixed impact energy and the individual panels correspond to different emission angles. At
the top of each panel we also show the speed of the ejected electron ve, in terms of the
projectile speed. In the forward direction the ECC component peaks when ve/v = 1. The
smallest emission angle considered here is 10°. Nevertheless, the presence of the ECC
peak is still observed, though to a lesser extent, even for 10° emission. We find that a
basis containing 10 — ¢ bound states for each included orbital quantum number ¢ up to
lmax = 3 was sulfficient to obtain converged results at all impact energies considered here.
The continuum was discretised with 25 bins and the electron-momentum cutoff varied from
Kmax = 6.0 a.u. t0 kmax = 10.0 a.u., depending on the impact energy. The z-grid was extended
from —200 to +200 a.u. The results obtained from Equation (29) are labelled as WP-CCC.

There are many combinations of ejection angle and ejection energy at different incident
energies for which experimental data exist. Here, we present the results for a wide range of
ejection energies and ejection angles for impact energies from 48 to 200 keV, and compared
these with the available experimental data. Where possible, we also compared to previous
calculations existing in the literature. In most of the panels we also show the DI and ECC
components of the cross section. We omitted these lines in the panels that contain other
calculations to prevent crowding of the figures.

Error bars for the experimental data are only given by Kuyatt and Jorgensen [14], and
only for a few of their data points. However, this is the oldest data available and more
recent works call into question the accuracy of their low-energy points [11], suggesting a
potentially larger uncertainty in their results than estimated in the original work. There are
no error bars available for the other experimental data shown in the figures presented below,
but a discussion of the estimated uncertainties is given in the original sources. Specifically,
the data of Rudd et al. [16] have an estimated uncertainty of 30%. The experimental data
by Gealy et al. [11] has an uncertainty of 21% at 1.5 eV, decreasing to 18% at ejection
energies greater than 10 eV. However, at the highest ejection energies recorded the authors
estimated at least a 50% uncertainty, due to the low count rates recorded in the experiment.

In Figures 1 and 2 we present our results of the DDCS for ionisation as a function of
the energy of the ejected electron at various emission angles for projectile energies of 48
and 67 keV. Here, the projectile speeds were v = 1.386 and 1.638 a.u., respectively. The
only available data for the DDCS of ionisation at these energies were the measurements by
Gealy et al. [11]. To our best knowledge there are no other calculations at these collision
energies. For ejection angles of 110° and smaller we observed excellent agreement between
our results and the experimental data. At 130 and 150° our DDCS agreed well with
experiments for low-energy electrons but for high-energy electrons the WP-CCC approach
overestimated the experimentally measured cross section at backward emission angles.
There could be two possible explanations for this. First, this is the region in which the
DDCS is several orders of magnitude smaller than for low-energy electrons and, therefore,
the experimental measurements have the greatest uncertainty due to low counting rates.
Second, ionisation resulting in emission in the backward direction is dominated by the DI
mechanism. The DI component of the ionisation cross section is given by the product of the
amplitude for excitation into a positive-energy pseudo-state and the overlap between the
true continuum wave and corresponding wave-packet pseudo-state. The pseudo-states
and continuum wave are both found by numerically solving the Schrédinger equation of
the model target potential. At asymptotically large distances this potential tends towards a
Coulomb attraction with charge +1 a.u. However, in reality the electron would be on the
opposite side of the residual target ion from the projectile proton, resulting in an effective
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Coulomb interaction at asymptotically large distances with charge +2 a.u. Hence, in
our approach to calculating DI the emitted electron does not account for the additional
attraction, due to the projectile proton. Therefore, the current approach may somewhat
overestimate the probability of emission in the backward direction.
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Figure 1. Doubly differential cross section of ionisation for 48 keV collisions with Hj as a function
of the ejected electron energy at various emission angles. Experimental data are by Gealy et al. [11].
Theoretical results: the WP-CCC approach. The present DI and ECC components are also shown.

Figure 3 shows the DDCS for ionisation at 75 keV for ejection angles from 10 to 160°.
For the smallest emission angle we found that the ECC component of the DDCS peaked
when the speed of the ejected electron was slightly less than that of the projectile, meaning
that the likelihood of the electron staying slightly behind the outgoing projectile was higher.
The projectile speed was v = 1.733 a.u. at this impact energy. The ECC peak was strongest
for emission at 0°. Our calculations suggested it had an influence on the cross section for
emission, even at 10°. At 60°, the DI and ECC components were comparable for most of
the considered electron energies. Then, for emission into angles of 90° and greater, the
DI became the dominant mechanism contributing to the total DDCS for ionisation. Only
for very high electron energies did the ECC component have a significant effect on the
overall results at 120, 140 and 160°. For emission into the backwards direction the DDCS
was entirely dominated by DI, as expected.
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Figure 2. Same as Figure 1 but for 67 keV.
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Figure 3. Doubly differential cross section of ionisation for 75 keV collisions with Hj as a function of
the ejected electron energy at various emission angles. Theoretical results: the WP-CCC approach.
The present DI and ECC components are also shown.
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In Figure 4 we present our results for the DDCS for ionisation at 95 keV for ejection
angles from 20 to 150°. The projectile speed at this energy was v = 1.950 a.u. Our results
were compared with the experimental data of Gealy et al. [11]. To our best knowledge
there are no other experimental measurements or calculations at this collision energy. We
observed very good agreement between the WP-CCC calculations and the experimental
data. At the smallest considered ejection angle of 20°, the interplay between the DI and
ECC contributions near the matching speed resulted in an overall smoother cross section
that followed the experimental data more closely than observed at lower projectile energies.
At this incident energy we also saw improved agreement between our results and the
experimental data for high-energy electrons emitted at 130 and 150° degrees, compared to
48 and 67 keV.
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Figure 4. Same as Figure 1 but for 95 keV.

Figure 5 shows the DDCS for ionisation at 100 keV. Here, we compared our results
with the experimental data of Rudd and Jorgensen [15] and Kuyatt and Jorgensen [14].
Rudd and Jorgensen [15] also performed the FBA calculations. The FBA results significantly
underestimated the cross section at an emission angle of 10°, whereas the WP-CCC calcula-
tions showed excellent agreement with the experimental data across the entire measured
energy range from threshold to 300 eV. We also saw a clear shoulder, due to the ECC peak
for emission at 10°, in both the experimental data and our calculations. At this impact
energy, the matching speed was v = 2.000 a.u. At 23° the WP-CCC results agreed well
with the experimental data of Kuyatt and Jorgensen [14], except for small energies of the
emitted electrons. However, these experimental data were unreliable in that region, due to
inefficiencies in the apparatus at detecting low-energy electrons [11]. In this energy region
the DDCS was dominated by the DI mechanism. At energies above 30 eV, ECC was the
most significant contributor to the ionisation cross section. At 30°, the FBA calculations
continued to underestimate the experimental data, although less significantly, whereas the
WP-CCC calculations followed the experiment very closely at all ejection energies. For
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emission into an angle of 45°, we found good agreement with the experimental results
of Kuyatt and Jorgensen [14], except for the narrow region near the ejection energy of 30 eV,
where the DI and ECC components contributed equally to the ionisation cross section.
Here, our calculation underestimated the experiment. At an emission angle of 50°, we also
observed a similar difference between our result and the experimental data of Rudd and
Jorgensen [15]. However, the difference was smaller than at 45°. For ionisation resulting
in electron emission at 70°, the WP-CCC results agreed well with the experimental data,
although as the ejection energy increased our results began to underestimate the measured
cross section. The FBA calculations by Rudd and Jorgensen [15] showed similar behaviour,
except beyond 100 eV, they fell off more steeply, deviating from the experiment and the
WP-CCC calculations. The FBA results showed similar behaviour also at 90°, whereas the
WP-CCC results displayed excellent agreement with the experiment emission energies.
Lastly, at 160° emission the FBA overestimated the experimental cross section near the
ionisation threshold and then fell off too steeply with increasing energy. Our calculations
agreed well with the data of Rudd and Jorgensen [15] for low-energy electron emission,
slightly underestimating the experimental data above 50 eV.
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Figure 5. Doubly differential cross section of ionisation for 100 keV proton collisions with H» as a
function of the ejected electron energy at various emission angles. Experimental data are by Kuyatt
and Jorgensen [14], and Rudd and Jorgensen [15]. Theoretical results: the WP-CCC approach and the
first-order Born approximation by Rudd and Jorgensen [15]. The present DI and ECC components
are also shown.

Figure 6 shows the DDCS at an incident energy of 114 keV, along with the experimental
data of Gealy et al. [11] and the FBA and CDW-EIS-MO calculations by Galassi et al. [23].
The projectile speed was v = 2.136 a.u. At an emission angle of 20°, the WP-CCC calcula-
tions agreed very well with the experimental data below 250 eV emission energy. Above
250 eV, however, our results slightly overestimated the experiment. The same was observed
at 30 and 50°. The FBA calculations of Galassi et al. [23] suggested a shoulder at 150 eV
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for 30° emission, which was not present in the other calculations or experimental data.
At 30 and 50°, the CDW-EIS-MO results agreed well with the experiment. At 70° and
above, the WP-CCC results agreed well with the experimental data for smaller ejection
energies, then tended to overestimate the data as the emission angle and energy increased.
At emission angles of 90 and 150°, the FBA results overestimated the cross section for
low-energy electron emission, but agreed well with the experimental data at high ejection
energies. The CDW-EIS-MO calculations showed the opposite behaviour, agreeing well
with the experiment at small ejection energies, but underestimating it at larger emission
energies. We concluded that the WP-CCC method reproduced the experimental cross
section more consistently than the FBA and CDW-EIS-MO methods.

In Figure 7 we present our results for a collision energy of 200 keV in comparison with
the experimental data of Rudd et al. [16]. For emission into 10°, the experiment showed a
clear shoulder near the matching speed of v = 2.829 a.u., which was perfectly reproduced
by the WP-CCC results. We found good agreement between the WP-CCC results and
experimental data across all ejection angles and energies for which experimental data was
available. At the emission angles of 10, 30 and 70°, our calculations slightly deviated from
the experimental data when moderate-energy electrons were emitted. At this impact energy,
we saw the binary-encounter peak clearly resolved at small emission angles. In particular,
at 10°, our calculations showed a wide, but pronounced, peak at 350 eV, reproducing the
shape of the measured cross section. There was no experiment at 130°. Here, the WP-CCC
results are given for completeness.
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Figure 6. Doubly differential cross section of ionisation for 114 keV proton collisions with Hj as
a function of the ejected electron energy at various emission angles. Experimental data are by
Gealy et al. [11]. Theoretical results: the WP-CCC approach and the first-order Born approximation
and continuum distorted wave—eikonal initial state molecular-orbital method by Galassi et al. [23].
The present DI and ECC components are also shown.
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Figure 7. Doubly differential cross section of ionisation for 200 keV proton collisions with H as
a function of the ejected electron energy at various emission angles. Experimental data are by
Rudd et al. [16]. Theoretical results: the WP-CCC approach. The present DI and ECC components

are also shown.

At all impact energies considered we also calculated the DDCS via numerical inte-
gration over the fully differential cross section; see Equations (23) and (24). In all cases,
the results were very similar to those found from analytical integration. At all impact
energies considered, there was a slight difference at large ejection energies, where the
“analytic” WP-CCC result was, generally, marginally larger than the “numerical” WP-CCC
calculations, especially for ejection into angles greater than 70°. However, this happened
only at the largest emission energies, where the corresponding DDCS was extremely small.
Thus, overall excellent agreement between the “numerical” and “analytical” WP-CCC
results provided a reassuring self-consistency check for our calculations. Additionally, the
accuracy of the numerical integration was checked by increasing the density of integration
points until convergence was obtained in the result. Thus, we could conclude that the
small differences observed between the numerical and analytical WP-CCC calculations
were the result of the interpolation of the ECC amplitudes when transforming them into
the common laboratory frame. To obtain the numerical WP-CCC results, we interpolated
the expansion coefficients G f(oo, b), as discussed in Section 2.3. However, to obtain the
ECC component of the cross section for the analytical WP-CCC results, we interpolated the
integral appearing in the second term of Equation (29). This quantity, known as the density
matrix, is also smooth but has a different structure. Hence, we concluded that the differ-
ence between our numerical and analytical WP-CCC results provided an estimate of the
uncertainty associated with the interpolation procedure used to bring the ECC amplitudes
into a common frame with the DI part. The difference was insignificant.

The results given in Figures 1-7 represent the doubly differential ionisation cross
section as a function of two variables. Integrating them over either the emission angle or
energy of the ejected electron resulted in the singly differential cross section for ionisation
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as a function of the remaining variable. We performed this integration numerically and
compared the results to our earlier calculations of the SDCS for ionisation presented in
ref. [30]. Both types of the SDCS obtained from the DDCS presented here agreed perfectly
with the previously published results. Furthermore, we integrated each of these two SDCS
and found that the result was in very good agreement with the TICS calculated directly
from the expansion coefficients [32].

Let us now outline the overall picture. In general, we found excellent agreement
between the WP-CCC results and the experimental data of Rudd et al. [16], but our
calculated cross section was slightly smaller than the experimental points from Rudd [40].
Agreement between our calculations and the data of Gealy et al. [11] was best at small
ejection angles and larger impact energies. We observed the largest difference at high
ejection energies for ejection in the backward direction. We saw a small dip in the calculated
cross section at low ejection energies, where the DI and ECC components contributed
equally, that was not reflected in the experimental data. We compared our results to the
FBA and CDW-EIS-MO calculations of Galassi et al. [23] at ejection angles of 30, 50, 90,
and 150°, available for an impact energy of 114 keV. Agreement between the FBA results
and experimental data of Gealy et al. [11] varied considerably between different ejection
angles. At 30°, the FBA calculations underestimated the experimental data around 60 eV,
then overestimated it starting from 150 eV. At larger ejection angles the overall trend agreed
better with the experimental points, except at small ejection energies, where the FBA results
significantly overestimated the cross section at backward ejection angles. The CDW-EIS—
MO calculations are the most sophisticated calculations currently available in the literature.
They agreed slightly better with the experimental data at 50° than the WP-CCC results, but,
at larger ejection angles, they began to underestimate the experimental cross section as the
ejection energy increased. Thus, we concluded that, overall, the present WP-CCC method
could accurately model the underlying physics and provide reliable DDCS for ionisation in
the p + Hj collisions.

Across all impact energies considered we found that, for small ejection angles, DI and
ECC dominated the DDCS for small and large emission energies, respectively. The DI and
ECC components were comparable to one another at an emission angle of about 70° for
all projectile energies. For ejection at 90° and above, DI contributed the most to the DDCS.
ECC was significant only for very large electron energies when the emission angle was
greater than 90°. For emission into angles greater than 110°, our results overestimated the
experimental data for high-energy electrons. Further investigation, with an improved target
description, is required to understand this discrepancy between theory and experiment.

4. Conclusions

We applied the wave-packet convergent close-coupling approach to proton collisions
with molecular hydrogen to calculate the ionisation cross section differential in both the
angle and energy of the ejected electrons. A wide range of experimental results exist,
spanning from the initial measurements of Kuyatt and Jorgensen [14] to the latest data
of Gealy et al. [11]. However, theorists have struggled to accurately reproduce these
experiments. All currently available theoretical results are obtained using perturbative
approaches that are applicable only at sufficiently high projectile energies. The fundamental
assumptions that these methods are based on become questionable at the incident energies
considered in this work, where the orbital speed of the target electrons is comparable to,
or somewhat greater than, the projectile speed. The present WP-CCC method is the first
non-perturbative approach to differential ionisation that is applicable at all considered
incident energies. Furthermore, it is the only method applied to this collision problem that
accounts for the strong coupling between reaction channels, including capture into the
continuum. Our results demonstrate excellent agreement with all available experimental
data at projectile energies from 48 to 200 keV and electron emission angles less than 130°. We
observed a consistent overestimation of the experimental data for emission into backward
angles greater than 130°. It is suggested that this may be due to the large uncertainty in
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the experimental data in this region. In part, this could also be due to the approach to
calculating the total breakup amplitude used herein that assumes a weaker effective charge
experienced by the emitted electron at asymptotically large distances from the origin than
it actually might be in this particular kinematic regime.

Our results agree particularly well with the most recent experiment by Gealy et al. [11]
and the high projectile energy data by Rudd et al. [16]. At the highest impact energies
considered the WP-CCC method reproduces both the main peak in the DDCS near the
ionisation threshold and the binary-encounter peak. Furthermore, we explicitly calculated
direct ionisation and electron capture into the continuum contributions to the DDCS. This
allowed us to analyse the roles these mechanisms play in emission of electrons in a wide
range of kinematic regimes.

This work paves the way for applying the WP-CCC approach to calculations of the
other types of DDCS for ionisation, such as that where the differential is in both the
scattering angle of the projectile and the ejected electron energy [41,42]. Next, we plan to
extend our calculations to ionisation resulting in emission in the forward direction, where
ECC dominates the DDCS. Calculating the DDCS for ionisation in the forward direction
has proven a challenging problem. Theoretical investigations are limited to the narrow
region where the emitted electron velocity matches the projectile one. So far, there is no
theory that properly describes the entire energy range of electrons ejected in the forward
direction, including the low-energy and velocity-matching regions. The WP-CCC approach
may be able to provide new insight into this problem.

We also plan to apply the two-centre WP-CCC method to calculate the doubly and fully
differential cross sections for ionisation of both H, and He by proton impact. We recently
calculated doubly differential cross sections for ionisation in proton-helium collisions and
obtained excellent agreement with the available experimental data [43,44]. Currently, there
is no theory that can describe the experimental data for the fully differential cross section
at 75 keV, recently measured consistently by Schulz et al. [45] and Dhital et al. [9] in all
kinematic regimes. Existing theoretical methods deviate from one another significantly
and cannot reproduce the experiment well. The single-centre version of the WP-CCC
has already been applied to the fully differential cross sections for ionisation in proton—
helium collisions [46,47] at sufficiently high impact energies, where the electron-capture
channels are believed to be negligible. The results agreed very well with the recent high-
resolution experiment by Gassert et al. [48]. However, the approach predicted a slight,
but unexpected, shift in the position of the binary peak compared to the experimental
data. Furthermore, recent measurements of the fully differential cross section for ionisation
in p + Hp collisions in various geometries also demonstrate significant differences with
currently available distorted-wave theories [9]. We intend to apply the two-centre WP-CCC
method to calculate the fully differential cross sections in proton collisions with helium and
molecular hydrogen to determine if higher-order effects, resulting from the presence of the
second centre, are able to explain the aforementioned discrepancies.
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