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Impact of random nanoscale roughness on gas-scattering dynamics
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The impact of nanoscale wall roughness on rarefied gas transport is widely acknowledged, yet the associated
scattering dynamics largely remain elusive. In this paper, we develop a scattering kernel for surfaces having
nanoscale roughness that distinctly characterizes the two major types of interactions between gas molecules and
rough surfaces. Namely these are (a) the weak perturbations arising from the thermal motion of wall atoms,
essentially gas-phonon collisions, which are captured by the well-established Cercignani-Lampis model, and (b)
the hard collisions owing to the irregularities of the rough, static potential energy surface, which are generally
described by the fully diffuse model. Drawing an analogy between wave-surface and gas-surface scattering, a
pseudo Debye-Waller factor is incorporated into the modeling as a weighting coefficient to allow the transition
between smooth and rough surface conditions. The proposed scattering kernel is validated through high-fidelity
molecular dynamics simulations that are performed for systems with varying roughness, temperature, and
gas-surface combinations. The results indicate that the model well captures the scattering dynamics of gas
molecular beams impinging on surfaces at different velocities, specifically for the accommodation coefficients
and reflection patterns. Additionally, in flow and heat transport cases, it accurately predicts macroscopic

quantities such as velocity slip and temperature jumps across the range of tested conditions.
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I. INTRODUCTION

Engineering fluid systems operating at low pressures or
micro- or nanoscales often indicate the breakdown of lo-
cal quasithermodynamic equilibrium, necessitating a different
modeling approach that goes beyond standard continuum
fluid dynamics. In these problems, the fluid behavior must
then be modelled using the Boltzmann or a kinetic model
equation, supplemented by boundary conditions that model
gas-surface interactions (GSIs). As gas rarefaction increases,
gas molecules increasingly collide with wall atoms, mak-
ing GSIs critical in simulating nonequilibrium gas dynamics.
These interactions, which are molecular in nature, determine
the velocity slip and temperature jump at the surface, which
are macroscopic manifestations of fluid nonequilibrium con-
ditions and significantly influence the overall flow field.

GSIs are conventionally formulated through scattering ker-
nels (SKs) [1-13], establishing a probabilistic connection
between incident and reflected molecular flux at the surface.
These SKs generally include adjustable parameters known
as accommodation coefficients (ACs) [6,14], which describe
how physical properties of the impinging molecular flux
(e.g. momentum and energy) are accommodated to the state
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of the surface. Physically grounded representations of GSIs
have also been considered, either by simplifying them to
consider only binary collisions between gas molecules and
effective surface cubes [15—18] or, more comprehensively, by
solving kinetic equations within a very thin layer near the
surface, modeling the behavior of gas molecules subjected to
a static potential field from fixed wall atoms and colliding
with phonons representing the fluctuating surface potential
[19-27].

While substantial efforts have been invested in providing
more accurate descriptions of GSIs, the role of nanoscale
surface roughness has been notably under-represented [23].
Conventional SKs tend to model surface roughness by simply
tweaking ACs, without relating them to the detailed scattering
dynamics. Although pioneering experimental studies [28-32]
and subsequent numerical research [33—35] demonstrate vari-
ations in the ACs of gases on rough surfaces compared to their
smooth (polished) counterparts, the relationship between ACs
and roughness is not always fully understood, as discussed in
a recent work [36]. Furthermore, ACs alone are inadequate to
capture the effects of roughness on gas-scattering dynamics.
This can be seen from numerical studies using the same ACs
in various SKs, but producing different macroscopic prop-
erties [10,37,38], and experiments where ACs are extracted
based on pre-assumed SKs [39,40]. Therefore, the relation-
ship between ACs and surface roughness needs to be more
deeply investigated, and surface roughness should be embed-
ded in the modeling of SKs to pick up the overall reflection
patterns.

There have been endeavors to understand the role
of roughness on rarefied gas transport, but the empha-
sis has been predominantly on larger-scale structures (i.e.,
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meso- or microscale) [41,42]. When examining gas-scattering
dynamics, investigations should also consider nanoscale irreg-
ularities [23], which are brought by the height variation of
wall atoms on the scale of a few nanometers. Current studies
at the nanoscale [23,33,35,43-45] have favored simple geo-
metrical constructions, such as surfaces with sinusoidal and
triangular roughness, which typically have led to qualitative
rather than quantitative analyses, thus limiting their wider
applicability.

In the present paper, we propose a SK that quantitatively
characterizes the influence of nanoscale roughness on the
scattering dynamics. The proposed kernel is a linear combina-
tion of the Cercignani-Lampis (CL) model [4] for a smooth,
thermal wall and the fully diffuse Maxwell model [1] for a
highly rough surface. We find that the weighting coefficient
of these two limiting conditions is elegantly described using
a form of the Debye-Waller factor (DWF), which can be
obtained experimentally and provides additional insights into
the effects of surface roughness on the ACs. To assess the
proposed SK, high-fidelity molecular dynamics (MD) simula-
tions are performed for gas molecules interacting with various
rough surfaces. The scattering reflection patterns are then
measured accurately based on the deterministic gas molecular
trajectories.

The remaining paper is organized as follows: Sections II
and III provide a background of the SK theory and the spectral
characterization of random roughness, respectively. Building
on an established analogy between wave-surface scattering
and GSlIs, it allows us to propose the new SK in Sec. IV. Sec-
tion V details the setup of our high-fidelity MD simulations
with the implementation of random roughness that are carried
out for both scattering and heat and flow measurements. In
Sec. VI, we validate the scattering dynamics predicted by
our SK on surfaces with different roughness characteristics,
demonstrate its accuracy on Fourier and Poiseuille flow in
large nanochannels and show how it provides better agree-
ment than current ones with our benchmark MD simulations.
Finally, concluding remarks are given in Sec. VIIL.

II. SCATTERING KERNELS AND THEIR
ACCOMMODATION COEFFICIENTS

The scattering kernel, denoted as R(§' — &;r, t;¢€, ), pro-
vides the probability density of a gas molecule hitting the
surface at a given location r — € and time ¢ — 7, with a veloc-
ity range of [§', & + d&'], and subsequently rebounding from
the surface at location r and time ¢, within a velocity range
of [&, & 4+ d&], where € symbolizes the displacement and t
indicates the residence time [6]. The equation that relates the
incident f(&,r — €, — v) and reflected f (&, r, t) distribution
functions can be obtained through a mass balance at the sur-
face [6], leading to

EfEr 1) = fde/wdr/
—00 0 <0

X |€’;|R f(E/’r - th - T)dE/v (l)

where &, = &-n with n being the unit vector normal to
the surface pointing into the gas phase. The displacement
and effective residence time during the scattering process

are typically small compared to the mean free path and
characteristic time of the gas molecules undergoing collisions
in the bulk region (i.e., the scattering is practically local and
instantaneous), and the SK simplifies to R(§' — §). This sim-
plification is generally used and met in many situations of
practical importance, including scattering from tight porous
surfaces [35].

SKs satisfy the basic properties of (a) positiveness, (b) nor-
malization, and (c) reciprocity [6,46]. Cercignani [6] proved
that the simplest mathematical expression satisfying these
properties takes the general form

Ro(E — & = Re.(§ — §)Re(§, — &),  where
(2a)
) B (1-— q2)*1 1 (§ - 51&;)2
Rai& = &)= = g, P {‘1 —¢ 2RI, }
(2b)
/ _a-p' 5, + pE;
Rany = §n) = ——pp—ex {‘m}
JP ki,
X’O(l_pRTw>’ 20)

where &, is the two-dimensional vector residing on the tangen-
tial plane with velocity components &;, and &,,, which possess
equivalent scattering dynamics on an isotropic surface; R =
kg/m is the specific gas constant, denoting the ratio between
the Boltzmann constant kg and the molecular mass of the gas
m; T, denotes the wall temperature, and Iy is the modified
Bessel function of the first kind with zeroth order.

The bounded parameters g € [—1, 1] and p € [0, 1] are
related to the ACs, expressing the tendency of the gas property
associated with a specified function of molecular velocity ¢ (&)
to accommodate to the state of the wall. The general ACs are
defined as [6,14,47]

_ ff/,<0 <P(§/)|"§,/,|f(§/)d§/ - fg”>0 ¢(€)|§n|f(€)d's

Jo 20 @ENENFE)E — [, o 9®)IElfu(E)dE

3)
where f,,(§) is the nondrifting wall Maxwellian distribution.
By setting ¢ (&) as momentum and energy, one obtains ACs
of common interest, such as «;(&;,) and o, (&;,) for the two
components of tangential momentum (TMAC), o, (5,12 /2) for
normal kinetic energy (NEAC), and a (&%) for kinetic energy
(EAC). Note that beam ACs «?(¢) [14] are also used that
become functions of the incident velocity and correspond to
the cases of monoenergetic beams, f(§') = §(§' — &,) with &,
denoting a specified velocity.

It is noteworthy that the general definition of Eq. (3) pos-
sesses inherent limitations when employed for a parametric
characterization of the SK. a(¢) proves to be dependent on
the distribution function of impinging molecules [6,14]. Addi-
tionally, when the system approaches an equilibrium state, i.e.,
f(&) ~ f(& ~ f,(§), both the numerator and denominator
in Eq. (3) veer towards zero and computational inaccuracies
arises. In this study, we have considered flows in the linear
regime, where the averaged reflected quantity has a linear re-
lationship with the corresponding averaged incident quantity.
Consequently, as discussed in detail in Ref. [48], the ACs can

a(p
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be determined by a linear regression analysis applied to the
scattering data,

>l — )(wl <>)
Z;(‘/’i_ ’

where (-) denotes the mean and the index i ranges over the
scattering data. It is worth mentioning that Eq. (4) can be
derived from the general expression of ACs under the as-
sumption of small deviations from equilibrium (i.e., linearized
flows), as explained by Kuscer [14] and Cercignani [6], and
that in this condition the ACs do not depend on the incident
distribution function, thus having a more objective physical
meaning.

All existing SKs can be readily obtained from the general
form of Eq. (2) or through linear combinations of this form
with weighting coefficients summing to unity. For elementary
diffuse and specular reflections, as well as the CL model, the
substitution of ACs into the general form follows

alp)=1-— 4)

Diffuse: g = p=0; (5a)
Specular: g = p = 1; (5b)
Chig=1—0o, p=1-—-ag. (5¢)

The Maxwell model, as a combination of elementary SKs,
assumes that a fraction of incident gas molecules, determined
by either TMAC or EAC, are re-emitted diffusely, while the
remaining are specularly reflected. Despite its widespread ap-
plication, this model oversimplifies the underlying scattering
mechanism by employing only a single free parameter and
falls short in reproducing the lobular re-emission patterns typ-
ically observed in molecular experimental studies [4], such as
when a nearly monoenergetic atomic beam strikes a surface.

It is worth stressing that the CL model has also been
obtained using alternative approaches that incorporate sub-
stantial physical interpretations [3,5,49-51]. Standing as a
more comprehensive SK (with two explicitly defined ACs)
than the Maxwell model, the CL model can be derived by
solving the half-space transport equation that details the gas
dynamics within the wall modelled as a homogeneous and
nonpolar medium [3,5,51]. This transport equation includes a
Fokker-Planck-type term characterizing the effect of the ther-
mal motion of wall atoms, in essence, gas-phonon collisions
[19,20,52]. In addition, a collision term of linear Boltzmann
type can be effectively utilized for modeling the background
medium of the wall.

III. SPECTRAL CHARACTERIZATION OF RANDOM
ROUGH SURFACES

The fully diffuse and CL models cover the extremes of
very rough and smooth (thermal) surfaces [6,15], respec-
tively. However, few SKs systematically study roughness at
the nanoscale, which lies between these two extremes. To
develop a SK model that manages this intermediary range of
roughness, we first present the methodology for characterizing
surface roughness in this section.

Surface roughness is quantitatively described by its height,
denoted as h(x), with respect to position x. The variation
in height is captured by the correlation function C(x; — x1)
evaluated between two separated points. Employing a Fourier

logy (k) b=

FIG. 1. (a) An example of a surface profile A(x) with random
roughness on a square plane. (b) A typical surface roughness power
spectrum associated with the height profile A(x), possessing a mean
of zero and characterized, on average, by a second moment as defined
by the height spectrum. The green line indicates the exact power
spectrum taken from the sample in (a). Further details regarding the
notations, e.g., Hurst exponent H,, roll-off wavelength 1,, and wave
vector k,, are common in the literature, such as in Ref. [53].

transform on this function and invoking the convolution the-
orem enables surface roughness analysis within the spatial
frequency domain, characterized by wave vectors k. This
approach yields the surface power spectrum C(k), also re-
ferred to as the power spectral density, which statistically
describes the roughness by revealing the amplitude of height
variations and the distribution of spatial frequencies k—the
inverse of the wavelength. Surfaces exhibiting large height
variations over short length scales thus will show elevated spa-
tial frequencies in their power spectra compared to smoother
surfaces, making the power spectrum a useful tool to charac-
terize surface roughness over diverse length scales.

If the surface statistical properties are isotropic and transla-
tionally invariant, then the dependency of the spectrum on the
wave vector reduces to the magnitude, i.e., C(k) = C(k). For
simplicity, while satisfying general validity, in this work we
restrict our consideration to a square area A = £, as shown
in Fig. 1(a). A two-dimensional spectrum C,p(k) thus can be
expressed as [53]

Cop(k) = (lha(k)[), (6)

Qn)?
A
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where the angle brackets stem from the spatial autocorrelation
of height functions and denote ensemble averaging, while

hatk) = / d’x h(x)e ** (7)
A

(27)?
is the Fourier transform of the zero-mean height profile A(x),
measured over the sample of area A. Note that, as shown in
Fig. 1(b), there will be an upper and a lower limit to the wave
vector within the spectrum. The largest feasible wave vector
will be of order 27 /a, where a embodies a short wavelength
cutoff associated with the lattice constant. Conversely, the
smallest feasible wave vector is of order 277 /L, with £ being
the length dimension of the surface. Finally, it is worth stress-
ing that the typical power spectrum shown in Fig. 1(b) can
be observed in the fluidic channel fabrication of microchips,
where the roughness of silicon wafer surfaces is found to be
random and multiscale [53-56].

IV. GAS-SURFACE SCATTERING INSPIRED
BY THE DEBYE-WALLER FACTOR

The investigation of GSIs could gain profound insights
from the analogy with established wave-surface scattering
[57], as exemplified in a study involving the scattering of
electromagnetic waves by a randomly rough surface [49].

In the wave-surface scattering scenario, it is known that
the wave vector of an incoming wave is altered by the ther-
mal motion of the wall atoms as well as their nanostructure
morphology, e.g., surface roughness. Indeed, experimentally
recording both the incoming and outgoing wave vectors of x
rays or neutrons serves as a useful method to elucidate the
properties of the surface.

For the scenario of GSIs, the aforementioned analogy can
be applied to a group of gas particles impinging the surface,
whose incoming wave vectors get an imprint of the surface
wave vectors on their reflection [58—61]. To be precise, a
“gas wave vector” k, = 27 /. = mé&/h is defined via the de
Broglie wavelength A, and 7 is the reduced Planck constant.
The term “surface wave vectors” is used from here onward
as an effective representation of wave vectors in the power
spectrum Cop(k), stemming from the height profile after the
Fourier transform (see Sec. III).

A. Debye-Waller factor for thermal motion

When a beam of gas particles scatters from rigid surfaces
comprised of frozen atoms, the scattering is purely elastic, i.e.,
it does not involve energy transfer with the wall atoms. All
scattered particles are found in perfectly sharp (delta function)
peaks [62,63]—either a specular reflection on the perfectly
smooth surface, such as that shown schematically in Fig. 2(a),
or diffracted beams arising from the corrugated surface. The
thermal motion of solid atoms attenuates this elastic scattering
by a DWF [64] and leads to the spread of the scattered parti-
cles, as shown in Fig. 2(b). The DWF is defined as [15,61-63]

DWF = expl—((u - Ak,)?)], ®)

where u is the displacement of the wall atom from its equi-
librium position due to its thermal motion, Ak, is the change

(a)  Specular (b)

Spread

6’@5

(C) Diffraction (d)

o (quasi-diffuse) °
mﬁ )

W

FIG. 2. Schematic illustrating gas molecule scattering patterns:
(a) elastic specular reflection on a perfectly smooth rigid or frozen
surface, (b) inelastic spread reflection on a perfectly smooth surface
but which contains thermal motion, (c) diffraction-induced reflection
on a rough surface, and (d) representative inelastic reflection fac-
toring in both surface roughness and thermal motion on surfaces of
interest in this work (i.e., containing nanoscale roughness).

of wave vector after scattering, and angle brackets denote the
thermal averaging at a given temperature [15,62].

The DWE, alongside its complement, 1 — DWF, hence
provides approximate fractions of elastic and inelastic
scattering events, respectively. Furthermore, the DWF ex-
hibits temperature dependence, indicated as In(DWF)x —T,,
[61,62,65]. Consequently, it is not unexpected that in GSIs,
the form of DWF noticeably coheres with the effects of wall
temperature 7,, on the ACs, characterized by an exponen-
tially decaying relationship [66,67]. While the DWF has been
shown to qualitatively describe the scattering physics related
to thermal motion, it has not been explicitly used in the mod-
eling of a SK.

B. Pseudo-Debye-Waller factor for rough surfaces

In this study, we have incorporated a DWF-inspired con-
cept to account for the influence of surface roughness on
scattering events. This adaptation stems from the fact that
thermal motion causes wall atoms to deviate from their equi-
librium positions, akin to the generation of a rough surface
arising from a perfectly smooth plane. Here the roughness
refers to a contour governed by the static potential energy
surface (PES), beyond which the movement of a gas molecule
is inhibited. Notably, these hard gas-surface collisions align
closely with the physical model described by Cercignani [5,6]
(see Sec. II), who, however, disregarded the roughness and
presumed a perfectly flat PES, where gas molecules are spec-
ularly reflected.

We propose a pseudo Debye-Waller factor (PDWF) as fol-
lows:

PDWF ~ exp[—((ha(k) - k)*)], )

in which the surface height h (k) bears an analogous relation
to the thermal displacement u. The change of wave vector Ak,
in Eq. (8), resulting as an imprint of the wall on the scattered
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gas molecules, is replaced by the PES wave vector k. This
substitution conceptually indicates that alterations of gas wave
vectors are directly proportional to the static surface wave
vectors [57-59,68], which provides the basis for modeling of
gas scattering on a rough surface.

Inspired by the expression of the DWF for harmonic po-
tentials among wall atoms [15,69], the PDWF for roughness
may be given as

‘min

kmz\x
PDWF = exp [— / k2C2D(k)dk//c2:|, (10)

where « is a fitting constant (see Sec. VIB) and serves as
the characteristic wave vector for quantifying roughness in-
tensity. The wave nature of the surface spectrum, as outlined
in Sec. I1I, hence lends us a convenient and accurate method
to compute the PDWF in Eq. (10) and which can now be
incorporated into a SK that models roughness.

C. A new scattering model, incorporating surface roughness

We present a new scattering model that accounts for
the effects of random surface roughness at standard or el-
evated temperatures, where quantum mechanical features
are suppressed and classical scattering description applies
[15,61,63,68,70]. For simplicity, we omit the atomic-rough
corrugations of the PES that arise from the crystal lattice
structure. These corrugations are often imperceptible within
the range of the largest feasible wave vectors k., given their
characteristic length scale can be even smaller than the cutoff
wavelength a.

Classical molecular scattering may be dominated by two
types of interactions or collisions. The first category stems
from the thermal motion of solid atoms, perceived as weak
perturbations owing to the fluctuating surface potential. These
interactions are denoted as gas-phonon collisions in scat-
tering studies [19,20,22,23,25-27], leading to a spread or
lobular pattern (not necessarily surrounding the specular line
of reflection) of the re-emitted particles [see Fig. 2(b)].
The second category encompasses hard gas collisions with
a static PES. Substantial specular reflection is expected if
the PES perceived by incident molecules is smooth on the
scale of the de Broglie wavelength [15,63,68]. However,
when considering very rough random surfaces, the re-emitted
molecules are more likely to display a diffuse pattern, as
shown in Fig. 2(c), which arises from the elastically diffracted
beams occurring across the surface (at different points).
These two types of scattering dynamics coexist for practical
surfaces that involve nanoscale roughness, as illustrated in
Fig. 2(d).

Our SK therefore accounts for a linear combination of
these weak and hard collisions. Specifically, this includes the
CL model, denoted as Rcr, considered to provide the most
accurate description of molecular interactions with a smooth
surface in thermal equilibrium, and the fully diffuse Maxwell
model, R;, which characterizes hard collisions on random
rough surfaces

Riuew.: = BiRcL(0r,0) + (1 — B1)Ray,
Rnew,n = BZRCL,n(aE,,,O) + (1 - BZ)Rd,n’

(11a)
(11b)

where

B, =PDWF, B, =C,(PDWF—-1)+1, (11c)
in which o, ¢ and ag, ¢ are the intrinsic magnitude of TMAC
and NEAC for gas molecules on a thermal surface exclud-
ing roughness. These coefficients can be sourced either from
beam experiments [15,62] conducted in low vacuum systems,
provided the surface can be manufactured perfectly smooth,
or by using MD simulations as done in this work.

In Eq. (11), the function B; signifies the fraction of
molecules striking the surface without considerable alteration
in their tangential velocity. This can be naturally related to the
PDWEF introduced in Sec. IV B. Note that B = PDWF = 1
corresponds to a very smooth surface in thermal equilibrium.
Its counterpart, 1 — B;, represents the fraction undergoing
diffuse reflection, which relates the surface roughness inten-
sity to the changes in tangential scattering dynamics. Unlike
Maxwell’s conception that diffusely re-emitted gas is linked
to the depth of the “stratum” [1], we found that both B; and
1 — Bj are, in fact, insensitive to penetration depth within the
wall (see Appendix A); gas-scattering dynamics are consistent
across any stratum, provided the roughness characterization
remains similar at each level.

The function B, bears a similar meaning to By, albeit for
the normal velocity component. It necessitates independent
treatment because, unlike momentum, the energy accommo-
dation to the state of the surface, describing the normal
scattering dynamics, is recognized to be slower [6,13,35].
Regarding the evaluation of B,, it can be postulated that either
a straightforward fitting function or the simplest direct pro-
portionality relationship, as indicated by the fitting constant
C, €[0,1] in Eq. (11c), may exist in correlation with the
PDWFE.

The general TMAC and NEAC of the proposed SK readily
follow

a; = Bia; o + (1 — By),
ag, = Byag, o0+ (1 — By).

(12a)
(12b)

V. MODELLING THE SCATTERING USING
MOLECULAR DYNAMICS

This study employs the MD method to simulate the scat-
tering dynamics of gas molecules, using the open-source
LAMMPS software [71]. In our system, gas molecules are
modelled as monatomic for simplicity. Chemically active or
very heavy gas molecules, such as oxygen and xenon, are
intentionally excluded from our MD setup. These molecules,
due to their strong intermolecular potentials with wall atoms,
may “permanently” adsorb onto the surface, thus violating the
assumption of negligible residence time.

The wall atoms are arranged in a face-centered cubic
(FCC) configuration with a lattice parameter of 3.92 A. Each
wall is bounded by an outer edge of rigid wall atoms, inhibit-
ing any wall movement, thereby maintaining the integrity of
the defined system. Surface roughness is defined by imposing
a power spectrum that maps directly onto crystal lattice co-
ordinates, establishing a one-to-one correspondence between
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TABLE I. Interatomic Lennard-Jones potential parameters (o, €)
used in the MD simulations. Molecular masses m [u]: Ar = 39.948,
He = 4.0026, Pt = 195.084, Au = 196.967.

Helium-gold [72] Argon-platinum [48]

Atom pairs o (A)  €/ky (K) Atompairs o (A) €/kg (K)
He-He 2.64 10.890 Ar-Ar 3405  119.80
Au-Au 2.630  2662.1 Pt-Pt 2471  8053.6
He-Au 4342 9.1355 Ar-Pt 2940  79.139

spectrum values and lattice locations to generate the desired
roughness pattern. Moreover, periodic boundary conditions
are implemented in the nonconfined dimensions, with the
roughness features seamlessly connected from one edge of
the simulation box to the other. This consistent and connected
roughness landscape ensures uniform GSIs across the entire
simulation domain.

Two distinct groups of gas-surface combinations have
been considered [helium-gold (He-Au) and argon-platinum
(Ar-Pt)], with each combination investigated under various
rough surface power spectra. The interatomic interactions
were modelled using the standard 12-6 Lennard-Jones (LJ)
potential, with parameters listed in Table I and a cutoff dis-
tance of r, = 15 A. The velocity-Verlet algorithm with a time
step of 1 fs was utilized to integrate molecular trajectories.

Each MD simulation run consists of two parts: equili-
bration and production. During equilibration, a Nosé-Hoover
thermostat maintains both gas molecules and wall atoms at
a constant temperature, with a 100-fs time constant in the
NVT ensemble. Two temperatures, 300 K and 600 K, are
adopted, representing typical room temperature conditions of
MEMS and NEMS devices and a test of scattering dynamics at
elevated temperatures, respectively. Following equilibration,
the thermostat on the gas molecules is deactivated to prevent
any bias in their scattering dynamics, and gas-gas interactions
are disabled, ensuring GSIs remain unaffected by the presence
of possible gas adsorbed layers. The production run yields
extensive Lagrangian data, from which scattering information
of interest can be extracted. A virtual plane shown in Fig. 3,
positioned at r. + hnax parallel to the plane of the average

o ,r—et—1)
Virtual plane

&,r.t) #°

FIG. 3. Schematic of the scattering dynamics of gas molecules
near a rough FCC wall. Scattering information for incident
(eg., &, r—et—1) and reflected (e.g., & r,t) molecules is
recorded at the virtual plane.

coordinates of the first layer of wall atoms, is used to flag
atoms as they enter and exit the near-wall region, thereby
defining the scattering events. Here A, represents the max-
imum height of the surface roughness. The inclusion of /i,
extends the near-wall region to include the influence of every
wall atom. This extension does not affect the scattering dy-
namics since gas-gas interactions are disabled. Further details
of this technique for recording scattering dynamics can be
found in our previous works [13,35].

VI. RESULTS AND DISCUSSION

In this section, we first verify the expected features of
surface roughness in our MD studies, elaborating on the com-
putation of the PDWF from the PES measurement (Sec. VI A).
Following this, we calibrate the constants within the pro-
posed SK to best align with TMACs and NEACs across
varying roughness intensities (Sec. VIB). We demonstrate
that the proposed SK accurately predicts scattering dynamics
under different test conditions (Sec. VI C). Finally, comparing
macroscopic quantities derived from SK outcomes with those
produced by rough explicit walls further demonstrates the
better prediction of our proposed model over other existing
SKs (Sec. VID).

A. Surface roughness in MD and the corresponding
computation of the PDWF

We start by presenting a sample rough surface gener-
ated within our MD setup using the surface power spectrum
method, which provides the coordinates of the interfacial wall
atoms, as shown in Fig. 4(a). Subsequently, Fig. 4(b) displays
the corresponding PES measurement for this rough surface.
In our study, the potential energy experienced by a molecule
is mapped onto a grid and calculated as an ensemble average
during the MD production run. The PES is then measured as
a contour level where the potential energy is zero, U (r) = 0,
which, according to standard LJ potentials, signifies coordi-
nates approximately one molecular diameter (o) away from
the wall atoms’ center of mass. On comparison, Figs. 4(a)
and 4(b) exhibit a close resemblance with an expected shift
of o in the normal direction. After adjusting their coordinate
origins to a zero mean, we perform a radial average on the
calculated discrete Fourier transform of both surface topogra-
phies in Figs. 4(a) and 4(b) to derive their power spectra,
as shown in Fig. 4(c). The similarities between the input
and PES-derived spectra, despite some minor differences near
the crystal structure dimension a, show that our measured
PES resembles quite well the atom-defined roughness. In our
computation of the PDWF, which is a wave-vector-weighted
moment of the spectrum formulated by Eq. (10), we use the
measured PES because it reflects the actual irregularities felt
by gas molecules. However, the results in Fig. 4 indicate that
the error would be small had the PDWF been calculated using
the roughness arising from the surface-atom positions. This
approach of using PES wave vectors, determined when the
molecule is near the bottom of the potential well, also follows
the methodologies proposed by Beeby [58,59] and Goodman
[60] for evaluating classical DWF.
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PES (measured) —e—

-5

0
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1'09 1010
logyo(k) [m™']

FIG. 4. (a) Coordinates of a sample random rough surface, with a root mean square (rms) of 3 A and Hurst exponent H, = 0.8; (b) PES
measurement corresponding to the rough surface, obtained from the MD simulation of He-Au system at an equilibrium temperature of 300
K; (c) comparison of the two power spectra measured from the atom surface coordinates of panel (a) and the PES coordinates [defined at

U(r) = 0] of panel (b).

B. Calibration of scattering model

The proposed SK hinges on two sets of parameters,
{or,0, ag, 0}, which feature the scattering dynamics from a
thermal, smooth surface, and {«, C,}, which account for the
surface roughness effects. The first two parameters are ob-
tained by evaluating TMAC and NEAC from MD simulations
on a thermal smooth FCC surface without any defects at the
periodic boundaries, while the remaining two parameters are
calibrated by fitting Egs. (12) and (10) with the TMAC and
NEAC values corresponding to various intensity of surface
roughness, also determined by MD simulations. These ACs
are presented in Fig. 5 for the sample cases of He-Au and
Ar-Pt systems at two distinct temperatures (solid symbols),
where the x error bars indicate the discrepancy between the

—
o

~

-

PDWF given by the input and measured spectra. It can be
observed that the errors in the Ar-Pt system are more pro-
nounced, attributable to its smaller GSI molecular diameter
o. This smaller diameter leads to increased corrugation of
PES near the wall lattice structure, resulting in more signif-
icant discrepancies. Linear fitting curves were applied to the
measured PES spectra points [based on Eq. (10) where « is
the fitting constant] for the tangential component, revealing
a satisfactory agreement across different temperatures and
systems. A summary of all parameters extracted from these
MD simulations is listed in Table II for further reference.
Two remarks are worth making regarding the results re-
ported in Fig. 5. First, the slope of NEAC is consistently
smaller than that of TMAC, regardless of the temperature and

—o— MD results': TMAC
—A— MD results: NEAC

G o8y —— TMAC by Eq.(12a) ] 08
< — - NEAC by Eq.(12b)
B 06| 0.6
S
o SO
2 04| S 0.4
C
(@]
2 02 0.2
= %27 He-Au (300 K) 2T He-Au (600 K)
0 1 1 Il 1 O Il I 1 1
0 02 04 06 08 0 02 04 06 08 1

[72]
©)
<
5
(0]
©
=
c
(@]
S 0.2 0.2 B
= 921 Ar-Pt (300 K) 21 Ar-Pt (600 K)
0 1 1 1 1 0 I i 1 1
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1
PDWF B, PDWF B;

FIG. 5. Variation of the general accommodation coefficients with PDWF given by MD results for the He-Au system at (a) 300 K and

(b) 600 K and the Ar-Pt system at (c) 300 K and (d) 600 K.
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TABLE II. Reference values for the intrinsic accommodation
coefficients (o, @, o) and the calibrated constants («, C,).

o0 o, .0 K C,

T, (K) 300 600 300 600 300 600 300 600

He-Au 0.08 0.15 0.14 0.19 531x10% 543x10% 047 0.44
Ar-Pt 049 0.36 0.64 0.59 5.03x10% 5.24x10% 0.09 0.11

gas-surface combination. This highlights the slower accom-
modation of energy compared to momentum and indicates
a lower influence of roughness on the normal component,
thereby necessitating the introduction of the parameter C,
in Eq. (11). Second, unlike the constant « that seems to

universally fit all data sets for the tangential component, the
parameter C, does not, and is dependent on the gas-surface
combinations.

C. Scattering dynamics on rough surfaces at constant PDWF

In this section, we assess the scattering dynamics and in-
vestigate the role of the PDWF in our proposed SK model.
Diverse rough surface spectra are first constructed, corre-
sponding to the same PDWF value of 0.7, as shown by the
five cases (four random rough surfaces, denoted as cases A-D,
and one sinusoidal rough surface) in Fig. 6(a). Gas molecules
re-emitted from these surfaces with varied roughness but the
same PDWEF should, in principle, exhibit similar scattering
dynamics. In these simulations, the tangential and normal
scattering components are treated as decoupled, dividing
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FIG. 6. (a) Rough surfaces chosen with different spectra but having the same PDWF = 0.7. The impact of the roughness of the chosen
surfaces on scattering dynamics is shown through (b) beam TMACs, and (c) beam NEACs from the He-Au system at an equilibrium
temperature of 300 K; comparison of the reflected velocity distribution for the [(d)—(f)] tangential and [(g)—(i)] normal velocities for
monoenergetic beams predicted by MD and all scattering models. Velocities of the beams are normalized by the most probable speed +/2RT .
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incident molecules into distinct monoenergetic beams. This is
achieved by selecting molecules whose tangential (or normal)
velocity components are within the range of [§/, &' 4+ A&’].
Subsequently, the beam ACs and the re-emission probabilities
of the velocity components within each range are determined.
These numerical MD results are then compared with the theo-
retical predictions given by the proposed SK. In addition, for
a more comprehensive analysis, comparisons are also made
with SKs available in the existing literature.

Figures 6(b) and 6(c) provide a comparison between the
beam TMAC and NEAC measurements. It is apparent that
the magnitude and velocity dependence of these ACs align
quite closely. While beam ACs may largely depend on the
impinging velocity [8], this dependence is very weak in the
systems simulated in this work. Hence, we employ general
ACs for predicting scattering patterns for simplicity. Finally,
numerical artifacts in the normal component are observed
around the most probable speed in Fig. 6(c), as also noted by
Yamamoto et al. [8] and Spijker et al. [48].

Figures 6(d)-6(f) present a comparison between the tan-
gential scattering patterns of monoenergetic beams and those
predicted by various SKs, including the fully diffuse, the CL,
and our proposed model. Representative incident velocities,
St’l, are set at 0.3, 1.0, and 1.7. As can be seen, the scat-
tering patterns obtained from surfaces with diverse spectra
but identical PDWFs show considerable similarity, reinforcing
the idea that PDWF is the key metric governing scattering
on rough surfaces. It is evident that surfaces with differ-
ent PDWFs will result in varying ACs, as seen in Fig. 5.
Moreover, our proposed SK model best captures all the MD
scattering patterns, incorporating two fractions representing
the CL model (associated with weak perturbations) and the
fully diffuse model (associated with hard collisions). How-
ever, when applied independently, neither the CL nor the fully
diffuse model can well capture these patterns.

In the normal direction, as shown in Figs. 6(g)—6(i), our
scattering model continues to offer the best agreement with
the MD data, notwithstanding a minor deviation at the inci-
dent velocity & = 0.3, attributed to our utilization of general
ACs. However, such discrepancies are expected to have a
negligible impact on macroscopic quantities, given the small
weighting of gas molecules at this incident velocity.

Numerical scattering experiments were also conducted
under various temperature conditions and gas-surface com-
binations. Similar qualitative trends were observed across all
the systems studied, the details of which are presented in
Appendix B.

D. Validation of the new SK under heat and flow

The final aspect of validating the proposed SK model in-
volves assessing the accuracy of macroscopic flow profiles
across a parallel channel. Here MD results from explicit
physical walls will serve as the benchmark for comparison.
Two problems are considered separately: (a) the force-driven
Poiseuille flow and (b) the Fourier flow problem. In the
Poiseuille flow scenario, an external force is applied to each
gas atom in the streamwise direction, with the magnitude
maintained small enough to keep the flow within the linear
regime. The Fourier flow problem, on the other hand, in-

volves only applying a temperature change across the channel,
allowing for an examination of how scattering dynamics influ-
ence temperature jumps at the walls.

For the MD benchmark simulations with explicit walls,
gas-gas interactions are switched off, indicating that the flow
systems are at an infinite Knudsen number (Kn — o0). This
setup confirms that the influence on gas flow is solely due to
GSIs. All SK models, including fully diffuse, Maxwell, CL,
and our proposed model, were implemented in LAMMPS.
In these MD simulations, the explicit atomic walls are re-
placed with stochastic walls, where the SK models determine
the reflection behavior of incoming gas molecules, and the
omission of wall atoms significantly reduces computational
demands. It is important to emphasize that within kinetic
theory, SKs are implemented at virtual planes, the sites of
scattering measurements. The distance between these planes
defines the effective channel height H, which is chosen to
be sufficiently large to prevent confinement effects [73-76].
Due to code limitations within LAMMPS, we had to main-
tain gas-gas interactions in the stochastic wall simulations.
However, we ensured that the lateral dimensions of the system
were sufficiently large to effectively maintain a high Knudsen
number.

Figure 7(a) presents normalized velocity profiles of gas
flow within channels formed by different rough walls but
under the same PDWF = 0.7, i.e., cases A—D and sinusoidal.
For different cases considered, the velocity profiles within
the effective channel H remain flat and in agreement with
each other, consolidating the exclusive impact of scattering
dynamics on velocity slip. In Fig. 7(b), we show the average
of velocity profiles obtained from our MD simulations using
explicit physical walls and compare it with those using SK
stochastic walls. While the comparison reveals that a very
small curvature exists in the velocity profile, caused by the
Knudsen number not being truly infinite, there are significant
discrepancies between the results of the different SKs. Our
proposed SK gives a better agreement with the benchmark
MD results.

Figures 7(c) and 7(d) show results similar to those in
Figs. 7(a) and 7(b), albeit for the Fourier flow problem. As ex-
pected, in Fig. 7(c), the temperature profiles and temperature
jumps given by the MD simulations of physical walls are sim-
ilar. Notably, Fig. 7(d) reveals that both the CL model and the
proposed model provide close predictions to the benchmark
MD simulations than the other SKs. This closer agreement
between CL and the proposed model may be attributed to the
characteristics of the Fourier flow problem, particularly its
relative insensitivity to the tangential scattering component,
which is more affected by roughness.

VII. CONCLUDING REMARKS

In this work, we investigated the impact of nanoscale
roughness on gas-surface scattering. Existing SKs do not
contain enough information of the surface roughness features,
and the quantitative relationship between the ACs, the
gas-scattering patterns and the roughness remain unclear.
To address this, we have proposed a SK, as a simple linear
combination of the CL and Maxwell fully diffuse models.
This combination is grounded in the rationale that the CL
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FIG. 7. Comparison of normalized velocity profiles for Poiseuille gas flow in the He-Au system at 300 K: (a) From MD simulations with
explicitly constructed wall atoms and deactivated gas-gas interactions (Kn — 00), where z/H € [0, 1] indicates the region between virtual
planes; and (b) from MD simulations employing stochastic walls, i.e., SKs, with active gas-gas interactions (Kn & 461). Temperature profiles
for a Fourier flow problem: (c) Explicitly constructed wall atoms (bottom wall set at 600 K and top wall at 300 K) and (d) stochastic walls.

term accurately describes the gas-scattering dynamics on a
thermal, smooth surface (dominated by weak perturbations
from gas-phonon collisions), while the Maxwell fully
diffuse term captures the hard collisions resulting from the
irregularities of rough surfaces. We found that the weighting
coefficient between the two models is elegantly described by
a proposed PDWF, inspired by an analogy that roughness can
be seen as waves superimposed on flat planes. The PDWF was
evaluated via the power spectrum of the static PES, which can
be easily obtained by MD simulations or experiments. The
accuracy of various SKs were assessed using high-fidelity
MD simulations, demonstrating that the proposed SK delivers
the best agreement with the benchmark MD simulations

across the range of tested systems with varied roughness,
temperature, and gas-surface combinations.

All MD files and post-processing scripts for the scattering
data used in this work can be found in Ref.[77].
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FIG. 9. (a) Beam TMACs and [(b)—(d)] tangential reflected velocity distributions for representative monoenergetic beams in the He-Au
system are displayed, all at an equilibrium surface temperature of 600 K, and are predicted by existing scattering models and explicit MD,
under surface roughness spectra with diverse characteristics yet maintaining a consistent magnitude of DWF = 0.7. (e) Beam NEACs and
[(f)—(h)] normal reflected velocity distributions are derived from the aforementioned MD systems. Velocities of the beams are normalized by

the most probable speed +/2RT .

APPENDIX A: SCATTERING DYNAMICS AT DIFFERENT
PENETRATION DEPTHS WITHIN THE WALL

Figures 8(a)-8(c) demonstrate consistent scattering dy-
namics independent of stratum depth. This is showcased both
via the ACs [Fig. 8(a)] and the gas re-emission probability
density distributions for tangential and normal components

[Figs. 8(b) and 8(c)], which convey more detailed information
of the scattering patterns at different depths. Notably, the
tangential scattering patterns are asymmetric, diverging from
the symmetry intrinsic to the CL and fully diffuse reflection
models, suggesting the coexistence of different collision pat-
terns in GSIs.
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FIG. 10. (a) Beam TMACsSs and [(b)—(d)] tangential reflected velocity distributions for representative monoenergetic beams in the Ar-Pt
system are displayed, all at an equilibrium surface temperature of 300 K, and are predicted by existing scattering models and explicit MD,
under surface roughness spectra with diverse characteristics yet maintaining a consistent magnitude of DWF = 0.7. (e) Beam NEACs and
[(f)—(h)] normal reflected velocity distributions are derived from the aforementioned MD systems. Velocities of the beams are normalized by

the most probable speed +/2RT .
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FIG. 11. (a) Beam TMACsSs and [(b)—(d)] tangential reflected velocity distributions for representative monoenergetic beams in the Ar-Pt
system are displayed, all at an equilibrium surface temperature of 600 K, and are predicted by existing scattering models and explicit MD,
under surface roughness spectra with diverse characteristics yet maintaining a consistent magnitude of DWF = 0.7. (e) Beam NEACs and
[(f)—(h)] normal reflected velocity distributions are derived from the aforementioned MD systems. Velocities of the beams are normalized by

the most probable speed ~/2RT .

APPENDIX B: COMPARISON OF SCATTERING
DYNAMICS AT DIFFERENT EQUILIBRIUM
TEMPERATURES AND GAS-SURFACE COMBINATIONS

Figures 9—11 show the scattering dynamics for the He-Au
system at 600 K and Ar-Pt system at 300 K and 600 K,
respectively. Simulations are conducted on the same surfaces
as described in Sec. VIC, i.e., cases A—D and one sinusoidal
rough surface with diverse spectra but the same PDWF =
0.7. For these results, three remarks are worth stressing. First,
the temperature is insignificant on the roughness larger than
the lattice structure, as further supported by the similar slope
of general TMACs in Fig. 5. The temperature primarily af-
fects the scattering dynamics through gas-phonon collisions,

encapsulated by the framework of the CL model. Second, the
Ar-Pt system displays a more evident velocity-dependence
behavior compared to He-Au, especially concerning the tan-
gential velocity components. Yet one may reasonably expect
that this dependence has minimal impact on the transport of
low speed flows, provided the general ACs are accurately
calibrated. Third, the performance of our proposed model
decrease in the context of the Ar-Pt system. Although ap-
pearing smooth, the Ar-Pt system still displays minor PES
corrugations due to small o, leading to the so-called classical
rainbow scattering [15,61,63]; the resulting effects can be
incorporated, albeit introducing additional complexity to the
proposed SK model.
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