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Abstract

A cesiated surface model was considered to study the dynamics of hydrogen atom scattering using a
semiclassical collisional method. Using dipole correction method, the work function of the considered
surface, is calculated to be 1.81eV (x 0.02) eV. The Potential Energy Surface for the interaction of H
atoms with the surface was determined via first principle electronic structure calculations including
the interaction with both Cs and Mo atoms of the surface. We found the scattered H atoms to have a
negative partial charge of nearly 0.4 with the backscattered flux arising mainly from H atoms
impinging directly (or very close) to Cs atoms on the surface. On the contrary, H atoms impinging in
the voids between the Cs atoms propagate through the first Cs layer and remain adsorbed. The
propagation occurs mainly in the vertical direction. The scattering probability after a very quick

increase remains almost constant around an average value of 0.35.
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1. Introduction

In the last years, the interest for the negative ion production increased significantly for its application
in several fields spanning from microelectronics [1], [2] to magnetically confined fusion [3], from
space propulsion [4] to injector for particles accelerators [5].

In low-pressure plasmas, two methods are commonly used for the production of negative hydrogen
ions: volume production and surface production. Volume production occurs via dissociative
attachment of electron on molecules while surface production occurs via direct electron transfer from
a low-work function surface metal to the H/D atoms impinging on [6]. In the case of surface
production, the conversion yield depends on the work function of the surface. Since many years it is
well know that the high efficiency in the production of negative ions, results from the interaction of
plasma particles with electrodes on which cesium has been adsorbed [7].

Electronic structure calculations were used in the past to study the properties of a clean Mo(001)
surface and the bonding between a dense Cs overlayer with the same substrate [8]. In a recent paper
[9] Density Functional Theory (DFT) calculations were used in conjunction with Coupled-Cluster
(CC) method to give a very accurate description of an incomplete and irregular Cs layer on Mo
surface, mimicking a more realistic surface.

In this work, the interaction of hydrogen atom with a cesiated surface model provided courteously by
the group of Ref. [9], was studied. First, we determined the work function of considered surface model
using dipole correction method [10]. Then the dynamics of interaction was investigated via Molecular
Dynamics (MD) calculations using the semiclassical collisional method [11] capable to take into
account the coupling of surface phonons during the interaction. As in any MD calculations the most
critical issue is the achievement of a very accurate Potential Energy Surface (PES) where the reaction
takes place. To this end, we performed DFT calculations for the interaction of H atom on the cesiated
surface model. These calculations allow getting another important result of this work, i.e. the
interaction potential for a hydrogen atom and the net charge transfer between the impinging species
and the surface.

Then, we propagated thousands of trajectories to determine the probabilities of surface processes and
obtain insights on the reaction mechanism and its dependence on the surface topology. The surface
processes studied in MD calculations occurs on a time scale of fs, even if applicative process occurs
on a longer time scale.

Therefore, this work aims to shed light on the interaction mechanism of hydrogen atoms with a
cesiated surface at atomic level and determine accurate collisional data needed as input in Particle In
Cell (PIC) self-consistent kinetic plasma models [12], used to describe on the real time scale the

formation of negative ions.



The importance of this kind of calculations is to have a predictive character for the choice of the right

surface for applicative purposes.

2. Computational Setup
2.1 Surface Model

The surface model consists of 604 atoms, 563 Mo atoms and 41 Cs atoms disposed on the first top
layer (see Fig.1(a)). The density of Cs atom on the surface is of 1.65 x10% atom.cm™. From this large
crystal we cleaved a slab having a partial cesium layer on top of three molybdenum layers along the
[001] direction, mimicking the situation of medium Cs coverage, given by a Mo (5x5) surface unit
cell (A=B=18.74A) containing 108 Mo and 10 Cs atoms (see Fig1(b)). The slab is subject to Periodic
Boundary Conditions (PBC) and our supercell includes a vacuum region of 15 A to avoid spurious

interactions with its images.
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Fig.1: (a) 3D Cesiated Surface Model as determined in Ref. [9]; (b) Slab used in DFT calculations.

Slab calculations were performed with Quantum Espresso code [13] using the same functional of Ref.
[9], by evaluating electronic structure within DFT using Perdew-Burke-Ernzerhof (PBE) functional
for exchange and correlation energy [14] [15] and open shell system is treated within the unrestricted
formalism. We adopt a plane-wave pseudopotentials (PP’s) expansion [16] [17] using ultrasoft
Vanderbilt PP's for H atoms [18], and Martins-Troullier PP [19] for Cs and Mo atoms. Both heavy
atoms pseudopotentials were generated (see pseudopotentials library in Ref. [13] ) by scalar

relativistic calculations. We use energy cut-offs of 50 and 410 Rydberg to truncate the plane-waves
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expansion of the pseudo wave functions and of the augmented charge density, respectively; the
equations of motions were integrated with a time step of 10 a.u. (0.242 fs). The Brillouin zone was
sampled by (2*2*1) Monkhorst and Pack points [20]. All DFT calculations are performed using
PWSCF module [13] and, in case of optimization runs, forces are relaxed using Broyden—Fletcher—
Goldfarb—Shanno (BFGS) algorithm.

Dipole correction [10] was also applied to determine the work function (¢) of the partially covered
Cs surface since it has been calculated as a difference between the plane averaged electrostatic
potential in the vacuum region and the Fermi level. For this calculation, we adopted a symmetric slab
model where a Cs layer is placed both on top and below the Mo layers.

The interaction of Mo atoms with Cs surface atoms was described using our slab model in which the
interaction potential was built by a multiple approach as in Ref. [9]. In that work the Mo-Cs
interactions in gas phase were evaluated by accurate ab initio calculations while DFT calculations

were performed for the Cs adsorption on Mo [001] surface.

2.2 The Potential Energy Surface

To evaluate the interaction potential between an impinging H atom with the Cs atoms on the surface
we have performed scans for different heights of H atom approaching perpendicularly on top of each
Cs atoms. The interaction potential was obtained by subtracting from the energy of the system slab+H
(Esiab+H) the energy of isolated non-interacting H atom (En) and of isolated slab (Esia). We chose this
direction of interaction because along the perpendicular approach the surface has its maximum
exposition to the impinging flux.

In Figure 2(b) the interaction potential as a function of distance from the surface for each Cs atom on
the slab, as obtained from ab initio calculations, is shown. It appears that the interaction potential for
H atom impinging on the different Cs atoms is very similar, except for Cs_112, for which we found
its minimum value (~ -0.97eV) and Cs_110 for which we found its maximum (~ -0.53eV). The
minimum distance of interaction for the complete set of curves is placed at 2.8A. Then we proceeded
to a sampling of the sites on the surface, by introducing a sort of coordination number (CN) defined
as the number of Cs atoms for which the distance is in the range [4-5]A, corresponding to the
minimum of potential Cs-Cs reported in Ref. [9], for a given Cs atom. The ab initio reference
interaction potential model considered in the building up of PES according to the CN number

described so far, is reported in Table 1.



Table 1. Ab initio interaction potential considered in the PES building up according to the CN value

and corresponding parameters used in Eq. (1).

CN reference Da(eV) Bu(A) re«(A)

value potential

0 Cs 110 0.24 1.20 3.88

1 Cs_ 113 0.58 1.00 3.60

2 Cs_ 118 0.46 1.00 3.58

3 Cs 114 0.45 1.00 3.68

4 Cs 112 0.45 0.95 3.60
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Fig.2: (a) Top view of slab used in the calculation, labels refer to Cs atoms considered in the
calculations; (b) Interaction potential for H atom impinging on surface Cs atoms.

Due to the fact that between the Cs atoms on the first top layer there are large voids, the impinging H

atom can undergo also the interaction of Mo atoms placed on the first layer below the Cs layer, placed

at nearly -3 A (assuming the Cs layer as our reference at Z=0). For this reason, we carefully analysed

the topology of the surface and the relative positions of Cs atoms with respect to underlying Mo

atoms, thus identifying four characteristics positions given by the Mo atoms labelled in Fig. 3a. Then



we calculated the interaction potential for H atom impinging directly on these Mo atoms; Fig. 3b

reported the final H-Mo interaction potential obtained by DFT calculations.
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Fig.3: (a) Top view of slab used in the calculation, Mo atoms used in the calculations are labelled;
(b) Interaction potential for a H atom impinging on different Mo surface atoms.

In Fig. 3(b) it is significant the presence of a barrier placed at nearly z = 3A, distance corresponding
to the first layer of Cs atoms. The barrier decreases going from atom Mo_81 to atom Mo_90 for which
the barrier completely disappears. This circumstance can be ascribed to the fact that Mo_90 is not
very close to the surrounding Cs atoms.

In DFT calculations, for each kind of H interaction we determine from 24 to 32 points along Z.

To make these data usable in the semiclassical collisional method [11] it is necessary to post-fit them
in order to obtain curves given as sum on pair-interactions between the impinging H atom and the
atoms in the crystal. For the interaction of H with Cs atoms the functional shape for the potential is

described as:
VH—CS = Zivch Da * e‘ﬁa*(Ri_rea) * (e_ﬁa*(Ri_rea) — 2) (1)
where Ncs is the total number of Cs atoms in the lattice used in the dynamics calculations and reported

in Fig.1(a), and the a ranges between 0 and 4 according the values of CN for the considered Cs. The

parameters Da, Bo and req are those reported in Table 1.



The functional form of the interaction potential of H on the selected Mo atoms depends on the
considered Mo atom and on its distance from the surface. Basically, the potential is fitted by
combining Morse-like function with exponential or sine function. The detailed expression for the
interaction potential of H atom on Mo atoms is reported in Appendix 1.

Finally, the complete PES for the interaction of H atom on the cesiated surface is given by:
V(13,75 =205 Ve (1) + Z?’f{’ Vi-mo (15) )

where Vh.cs is given in Eq. (1) and VH-mo IS given by the expressions reported in Appendix 1.

In Figure 4(a)-(b) two planar projection of the potential for Z=2.5A and Z=6.0A are reported.
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Fig.4: X-Y projection of the PES for (a) Z=2.5A and (b) Z=6A. Violet dots indicate the positions of
Cs atoms on the surface

DFT calculations enabled also to calculate the charge transfer from the impinging atom and the atom
on the surface. Atomic partial charges are evaluated by Loewdin population analysis by projecting
plane wave eigenfunctions into atomic orbitals as implemented in Ref. [13]. From this analysis, we
can deduce that a local interaction occurs between the gas-phase H atom and the considered Cs atom.
The charge transferred to the H atom is reported in Fig.5 for Cs atoms, considered in the building up
of PES, (Fig. 5a) and Mo atoms (Fig.5b) as a function of the distance from the surface.
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Fig.5: Charge transfer during the interaction to the gas-phase H atom with Cs (a) and Mo atoms (b)
as evaluated by ab initio calculations.

Therefore, looking at Fig. 5, we can say that the mean field potential determined and used in the study
of scattering dynamics, takes into account the fact that the H atom is backscattered in gas-phase with

a partial charge of 0.4, mainly due to the repulsive interaction with the first layer Cs atoms.

2.3 Semiclassical Collisional Method

The interaction of H atoms impinging on the cesiated surface model in Fig.1 was studied using the
semiclassical collisional method [11]. The method was used successfully to describe the interaction
of atom and molecules with metallic and non-metallic surfaces (see for example Refs. [21]-[23]). The
calculations proceed via the solutions of phonon dynamics of the considered surface model, then the
determination of interaction potential between the impinging species and the substrate and finally the
integration of trajectory. The method is semiclassical in the sense that the gas-phase species are
treated classically by solving the Newton motion equations, while the phonons of the solid are treated
quantum mechanically by solving the time-dependent Schrédinger equations of motion under the
harmonic oscillator approximation. In other words, we are assuming that a set of M = 3N - 6 (N is the
number of atoms in the 3D lattice) independent harmonic oscillators are perturbed by a linear force
exerted between the atom approaching the surface from the gas-phase and the solid substrate. Then
the motion of H atom is obtained by solving the motion equation in the presence of an effective

Hamiltonian, Hes:



. r . 0H,
r = Pr br=— arff (3)

where r and pr are the distance and the momentum of impinging atom, respectively; 7 and p,. are the
derivative respect to time and He is the expectation value on the phonon wavefunction of interaction

potential between the gas-phase atom and the surface:
Hepr = Vo 4 Vaqa(t, Ts) 4)

with V, the static interaction potential and V4,4 the dynamical Hamiltonian, function of the interaction
time t, the surface temperature T, and the excitation/de-excitation processes of the phonon modes.
We have determined the phonon dynamics by using the potential derived in [9] for the interaction Cs-
Cs, Mo-Mo and Mo-Cs in the lattice. Due to the non- crystalline structure of lattice, we obtain a
spectra characterized by a broad band for large frequencies and sparse spikes at lower frequencies 0.5
and 1.0THz attributable to the Cs atoms on the first layer [24]. The PES assumed in the calculations
is that determined in the previous section and given by Eq. (2).

The H atom impinges normally to the surface from a distance of 8A with planar coordinates chosen
randomly in an aiming area of 15A x 15A. The kinetic energy of atom is changed in the range [0.3-
5.0] eV and the surface temperature is fixed at 1000K. For each collisional energy a bunch of 4000
trajectories have been propagated, a number large enough to assure the convergence of the obtained
surface process probabilities within 10%, the error percentage of which suffers the method. The
integration step was of 0.05 fs and the accuracy required in the integration procedure was of 10°. The
integration of equation of motion was done via the Hamming modified Predictor Corrector method
including fourth order Runge-Kutta method for adjustment of the initial increment and for

computation of initial values.

3. Results and Discussion

In Figure 6 a graphical representation of the work function (¢) calculation is given. Here we evaluate
¢ from the difference between averaged electrostatic potential in the vacuum and the Fermi level.
This computation was performed on a symmetric slab with Cs atoms on both surface layers (i.e. on
top and below Mo layers) and we obtain a value of 1.81 eV. This result is in line with the experimental

and theoretical investigation on the role played by Cs atoms in increasing the performance of negative
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ion sources [3], [7], [25], [26]. It is worth to remind that the work function for pure Mo and Cs metals
Is 4.36 and 1.95 eV respectively [27]. A work function value of 1.61 eV was obtained from
experimental visible and X-ray photoelectron spectroscopy of an Au(111) surface at a well-defined

sub-monolayer coverage of cesium in [28].
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Fig. 6: Average electrostatic potential along the z-axis perpendicular to the surface in the cell subject
to Periodic Boundary Conditions. Difference between electrostatic potential in the vacuum and Fermi

level gives the work function (¢) value of 1.81 eV.

Using the previously described PES in our semiclassical collisional dynamics method, we determine
the recombination for the two possible and competitive surface processes: scattering and adsorption.
By defining the energy available to escape from adsorption well as Vesc= Etot- AEph, being Etot the
trajectory total energy and AEph the energy exchanged with the surface phonons, we assume that H is
adsorbed when Vesc is less than Vaqg value (see Eqg. (4)) at a specific interaction time. Following a
second criterion one can say that H is adsorbed whenever the z component of the atom reaches the
adsorption distance, zas ~ 2.8 A, and the component of the momentum along the z direction is negative
for at least few picoseconds. On the contrary, H atom is considered scattered in gas-phase when its
distance from the surface is larger than 8 A, where the interaction with the surface is negligible.

The probabilities for these processes as a function of kinetic energy of H atom are reported in Fig.
7(a). It appears that the scattering probability rises very fast at a nearly constant mean value of 0.35.

Instead the adsorption probability decreases from the maximum value (~0.91) to a nearly constant
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mean value of 0.65. From the scattering trajectories analysis, it appears that the reaction follows a
direct mechanism and that the impinging atom is immediately backscattered in the gas-phase
approximatively in the same direction as that of incidence. This can be easily seen looking at Fig.7(b)
where the angular distribution for three different kinetic energies is reported. For the lowest
collisional energy, the angular distribution is peaked at 5°, increasing the energy the peak of angular

distribution approaches 0°.
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Fig.7: (a) Probability for H scattering and adsorption on the cesiated surface as a function of kinetic
energy; (b) Angular distribution for H backscattered in gas-phase

We have also investigated the influence of initial impinging site on the trajectory fate. So we chose a
bunch of 2000 trajectories and we projected on the surface the hydrogen initial planar coordinates for
trajectories ending with a backscattering or adsorption event. We report the results of this study for
Exin=4.0eV in Fig.8(a-b). Looking at Fig. 8 (a) we can point out that in the majority of trajectories H
atom is backscattered when impinges on top of a surface Cs atom. On the contrary, when H atom
impinges on the voids between Cs atoms it is adsorbed, being attracted by underlying Mo atoms (see
Fig. 8(b)). Unfortunately, trajectories can be followed just for few fs because of the instability in the
trajectory as the value of z becomes negative. The instability of trajectories for negative z-values
depends on the strong coupling with the bulk phonons. In spite of the fact that this well-known aspect
introduces some limitations to the feasibility of MD approaches for investigating bulk processes, MD

methods remain a well suited tool to studying surface desorption and surface reactions.
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Fig.8: (a) X-Y planar position for H atom trajectories ended with backscattering; (b) the same as (a)
but for trajectories ended with adsorption.

The dynamics for the two reaction channels is well defined since time evolution of each trajectory is

overall very similar. A typical adsorption trajectory is reported in Fig.9(a)-(d) for Exin=2.0eV. The H

atom is accelerated toward the surface and when reaches the minimum interaction distance (at t~25fs)

(see Fig.9(a)) its kinetic energy reaches the maximum. Then Kinetic energy decreases and increases

the interaction with the surface (Vadd) and the atom remains adsorbed (see Fig. 9(c)). This suggests

that a coupling exists between the translational motion of impinging H atom and the substrate

phonons. It is also evident, from Fig. 9, that the motion in the plane, at least until we can follow the

12

trajectory, is limited to a few tens of A (see Fig. 9(b)).
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Fig.9: A typical adsorption trajectory of H atom on cesiated surface model (a) Z -coordinate as a
function of collisional time. (b) X-Y coordinates as a function of time. (c) Kinetic energy as a function
of time (black line left-end axis) and interaction energy (Vadd) With the surface (red line). (d) Position
of H atom (white ball) on the surface.

It is worth noting that the used collisional method enables us to determine, for each trajectory step,
the energy exchanged between the impinging species and the substrate.

Then looking at this quantity it appears that for the complete range of considered collisional energy,
the energy exchanged with the surface at the end of trajectory is extremely low (a few dozen Kelvin),
and it is transferred from the surface to H atom. This can be ascribed to the fact that the system under
study is characterized by a high mismatch both between the masses of interacting species and between
the characteristic phonon frequencies. In particular, the H-surface stretching frequency of nearly 1500
THz, corresponding to the H adsorption energy, is much higher than cesium typical phonon

frequency: as a result of such decoupled interaction the surface does not undergo any thermal damage.
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Conclusions

The work function of a partially Cs covered Mo surface was determined together with a very accurate
interaction potential for hydrogen atom interacting with the same surface model. The calculated work
function value of 1.81 eV is in agreement with what expected from experimental evidences,
confirming that Cs covered surfaces could be an interesting source of negative ions for fast neutral
beam generation employed in nuclear fusion.

The obtained PES was used to simulate the interaction dynamics for a flux of hydrogen impinging on
the surface.

We found that Cs atoms on the surface promote the reflection of impinging H atoms via a direct
mechanism in a direction close to the specular one. Such atoms are characterized by a partial negative
charge. On the contrary, when atoms impinge on the voids between Cs atoms (hollow sites) the gas-
phase atom remains adsorbed on the surface.

The next goals of this research project will be the investigation of H isotopes (such as deuterium)
interaction with the surface and the study of H> molecule formation on the cesiated surface model to
clarify how presence of roto-vibrationally excited hydrogen molecules can influence the properties

of plasma bulk.
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Appendix 1

Functional expression for the interaction potential of H atom on sampled Mo surface atoms (label are

that given in Fig.3 (a):

Mo_78:

Vimo = Y0 Dy # e BarRimrean) o (g=FarRimrean) _ 2) z < 2.4A (A1)
Vi—mo = Zév="41"(—0.0208 x sin(m * (R; —reyy))) — 0.0013 24A < z>4.0A (A2)
Vi-mo = SpM? Dy * e~Paz*(Rimrend) y (¢=Faz*(Rireaz) — 2) 4 0.00025 z>4.0A (A3)
Mo 72

Vimo = Y0 Dy » e~ Fer-(Rimrenn) y (o=Bp1+(Riresn) _ 3) z < 2.4A (A5)
Vi—mo = Z?’z"i"(—0.0BOS * sin(m * (R; —regy))) — 0.0013 2.4A < z < 3.85A (A6)
Vi_mo = Y110 D, + e~ Fr2*(Rimres2) y (¢=Fo2*(Ri=rep2) — 2) 4000064 z>3.85A (A7)
Mo_90

Vi_mo = le.vz"i" D¢y * e~ Per(Rimreca) (e‘ﬁ“*(Ri‘TeCl) -2) z<2.0A (A8)
Vi-mo = Z?:N{O D¢, * e~ Pez*(Rimreca) z>20A (A9)
Mo 81

Vii-mo = 2121 Dy * e ~Fp1*Rimreps) y (¢=Por*(Rimrep) — 2 z < 1.98A (A10)
Vir—mo = 20 Dp, + e Fo2*(RimTep2)  (=Fp2*(Ri~Tep2) _ 2) 1984 <z <384 (A1l
Vir—mo = DM Dpg + e Fos*(RimTeps) « (g=Fps*(Ri=Teps) — 2) 4 0.00025 z>3.88 (A12)
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where Nwpo is the total number of Mo atoms in the lattice used in the dynamics calculations and the

parameters are reported in Table A.

Table A: Parameters for interaction potential of impinging H atom with Mo atom in the lattice

Label (i) | DieV) | Bi(AY) |rei(A)
Al 0.565 1.75 5.78
A2 0.027 0.58 10.21
B1 0.55 1.75 5.78
B2 0.038 0.53 10.38
C1 0.52 1.60 6.00
C2 2.15 1.1 4.6
D1 0.315 2.10 5.83
D2 0.105 0.57 9.20
D3 0.020 0.71 11.15
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