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Nocilla Model Parameters Obtained from Forces
Exerted on Surfaces by Molecular Beams

Steven R. Cook¤ and Mark A. Hoffbauer†

Los Alamos National Laboratory, Los Alamos, New Mexico 87545

The Nocilla gas–surface interaction model was used to approximate the velocity and angular distribution func-
tionsof H2 and N2 molecules scattered from surfaces ofSiO2-coated Kapton® and Z-93-coatedAl. A new formalism
was developed to analyze the momentum transferred to surfaces by incident gases that is founded upon two param-
eters called the reduced force coef� cients. The reduced force coef� cients were experimentally determined from
measurements of the forces exerted on the surfaces by molecular beams of the gases and used to calculate the
Nocilla model parameters.

Nomenclature
A = cross-sectionalarea of the molecular beam
dÄ = differential solid angle
F = magnitude of the net force exerted on the scattering

surface by the molecular beam
fn = normal reduced force coef� cient
ft = tangential reduced force coef� cient
I = angular distribution function of the scattered molecules
k = Boltzmann’s constant
m = mass of individual molecules in the molecular beam
N = velocity distribution function of the scattered molecules
n = number density of the scattered molecules
Np = magnitude of the � ux-weighted average momentum
S = molecular speed ratio of the scattered molecules
T = temperature
U = most probable velocity of the scattered molecules
Nv = magnitude of the � ux-weighted average velocity
v2 = � ux-weighted average of the velocity squared
v = velocity
1 = quantity de� ned by Eq. (27)
² = energy accommodation coef� cient de� ned using the

incident and scattered � ux-weighted averages of the
velocity squared

² 0 = energy accommodation coef� cient de� ned using the
squares of the incident and scattered � ux-weighted
average velocities

2 = quantity de� ned by Eq. (29)
µ = spherical coordinate polar angle
µi = angle between the surface normal and the � ux-weighted

average velocity of the incident molecules
µs = angle between the surface normal and the � ux-weighted

average velocity of the scattered molecules
µu = angle between the surface normal and the most probable

velocity of the scattered molecules
3 = de� ned by Eq. (21)
¹ = scalar momentum accommodation coef� cient
½ = quantity de� ned by Eq. (30)
6 = quantity de� ned by Eq. (22)
6 0 = quantity de� ned by Eq. (26)
8 = absolute � ux density
Á = spherical coordinate azimuthal angle

Subscripts

d = diffuse scattering with complete thermal accommodation
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i = incident molecules
n = normal component
s = scattered molecules
t = tangential component
w = scattering surface

Introduction

W HEN a gas scatters from a surface, the incident molecules
experience forces that depend on the microscopic details of

the gas–surface interaction potential. Since these forces change the
averagemomentum of the incidentmolecules, a nonzero force must
be exerted on the surface by the gas. In general, the collisions are
inelastic and result in a transfer of energy between the incident gas
and the surface that usually leads to a change in surface temperature.
These interactionscan be further complicatedby changes in energy
associated with the internal degrees of freedom of the gas and by
adsorption or reactions of the gas with the surface.

In rare� ed � ow regimes, where the density is low enough that the
gas doesnotbehaveas a continuum,forcesexertedon andheat trans-
ferred to surfaces by incident gases can have a number of important
consequences in several disciplines. Accurate models of forces ex-
erted on and heat transferred to surfaces by molecules in the upper
atmosphere of a planet during re-entry could be used to simplify
spacecraft design.1¡3 These models could also be used to predict
the orbital decay of satellites.4;5 To achieve suf� cient accuracy to
be used as a pressure calibration standard, rotating-disk pressure
gauges require precise knowledge of the tangential component of
the force exertedon the rotatingdisk by differentgases as a function
of pressure.6¡8 In magnetic disk storage devices, the gap between
the disk and the head is now approaching the mean free path for air
at atmospheric pressure.9 The air in this gap is responsible for the
force that maintains the position of the head while the disk rotates.
The gas–surface interactionsbetween the air and the materials used
to construct the disk and the head are poorly understood under re-
alistic conditions, making accurate models of the forces exerted on
the disk and the head by the air dif� cult to construct.

Currently, in rare� ed � ow regimes, poor understanding of gas–

surface interactions makes it dif� cult to accurately model forces
exerted on surfaces by incidentgases. Modeling is dif� cult because
the velocity distribution functions of gas molecules scattered from
surfaces are generally not known.10 In fact, theoreticalmodels used
to predict the velocity distribution functions cannot reproduce the
molecular-beam data that currently exist. In the absence of a com-
prehensive theoretical model, it is commonly assumed that some
fraction of the incident molecules scatters diffusely from the sur-
face with complete thermal accommodation while the remaining
fraction scatters specularly. However, for most real surfaces and in
most applications,the behaviorof the scatteredmolecules cannotbe
accurately described using this assumption.10 This problem can be
overcome by determining the adjustableparameters in an empirical
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model from measured quantities for each particular gas–surface in-
teraction of interest.

Nocilla proposed an empirical model that assumes the velocity
distribution function of the scattered molecules can be represented
by a drifting Maxwellian.11 It has been shown that the adjustable
parameters in the Nocilla gas–surface interaction model can be de-
termined from measurements of the energy and momentum accom-
modation coef� cients.1;2;12;13 Complete reviews of accommodation
coef� cient measurements and a summary of work related to the
material presented in this article can be found elsewhere.5;14¡20

However, as de� ned, the momentum accommodation coef� cients
have singularities21 that render the equations essentially unusable
for many applications.

To alleviate the singularityproblems associatedwith the momen-
tum accommodation coef� cients, a new formalism was developed
to analyze the momentum transferred to a surface by an incident
gas. The foundation of this formalism is two parameters called the
reduced force coef� cients. The formalism can be used to determine
the � ux-weighted average22 velocity and translationalenergy of the
scattered molecules as a function of the velocity of the incident
molecules. These macroscopic average quantities for the scattered
molecules can be used to determine the Nocilla model parameters.

The experiments described in this article were motivated by the
need to accuratelymodel the forces exerted on the large solar panel
arrays to be used on the International Space Station by the plume
gases emitted from the reaction control jets on the Space Shuttle.
These gas–surface interactions were simulated by directing molec-
ular beams of the plume gas species onto the surfaces of interest
at varying angles of incidence. A supersonic nozzle source and the
seeded beam techniquewere used to accelerate the molecules in the
beams to velocities similar to those of the gases in the reaction con-
trol jet plumes.22 The forcesexertedon the surfacesby the molecular
beams were measuredusinga specializedtorsionbalance.The force
measurementswere used to determinethe reducedforce coef� cients
for the gas–surface interactions, the � ux-weighted average (here-
after referred to as average) velocities and translational energies of
the scattered molecules, and the Nocilla model parameters.

Reduced Force Coef� cients
The de� nitions of the reduced force coef� cients are motivated

froma considerationof the force exertedon a surfaceby a molecular
beam and are given by

ft D
Npit ¡ Npst

Np2
it C Np2

in

(1)

fn D
Npi n C Npsn

Np2
it C Np2

in

(2)

The coef� cients can also be written in terms of the components of
the net force exerted on the surface by the incident molecules as

ft D
Ft

A8i m Nvi

(3)

fn D
Fn

A8i m Nvi

(4)

In the limiting case of specular re� ection, the reduced force coef� -
cients are

ft D 0 (5)

fn D 2 cos µi (6)

whereas for diffuse scattering with complete thermal accommoda-
tion, the coef� cients are

ft D sin µi (7)

fn D cos µi C
¼kTw

2m Nv2
i

(8)

Using Eqs. (1) and (2), the magnitude and direction of the average
velocity of the scattered molecules can be written in terms of the
reduced force coef� cients as

Nvs D Nvi . ft ¡ sin µi /2 C . fn ¡ cos µi /2 (9)

µs D tan¡1

³
sinµi ¡ ft

fn ¡ cos µi

´
(10)

Spherical polar coordinates are used to de� ne the directions of the
averagevelocitiesof the incidentand scatteredmolecules.The polar
angle is measured from the surface normal, the azimuthal angle is
180 deg for the averagevelocityof the incident molecules and is as-
sumed to be0 deg for theaveragevelocityof the scatteredmolecules,
and the scattering surface is in the plane de� ned by the polar an-
gle of 90 deg. This coordinate system is used because the velocity
and angular distribution functions of the scattered molecules are
three-dimensional.

Momentum accommodation is dif� cult to determine using
Eqs. (5–8). Therefore, a new parameter called the scalar momen-
tum accommodation coef� cient is introduced that eliminates the
singularity problems21 associatedwith the classical momentum ac-
commodation coef� cients and is given by

¹ D
Npi ¡ Nps

Npi ¡ Npd
D

Nvi ¡ Nvs

Nvi ¡
p

¼kTw=2m
(11)

where the term
p

.¼kTw=2m/ represents the magnitude of the aver-
age velocity of the scattered molecules assuming diffuse scattering
from the surface with complete thermal accommodation. Note that
¹ ranges between zero for specular re� ection and one for diffuse
scattering with complete thermal accommodation.

It will be shown that the Nocilla model parameters for a particu-
lar gas–surface interactioncan be determined if 8s , Nvst , Nvsn , and v2

s
are known. However, an exact determination of v2

s cannot be made
from a knowledge of only the reduced force coef� cients and the
absolute � ux-density and velocity distribution function of the inci-
dent molecules.With the simple assumptionof equating v2

s with Nv2
s ,

errors as large as 60% can result for diffuse-likescattering.A more
accurate approximationcan be obtained for v2

s with the introduction
of two types of energy accommodationcoef� cients. Neglecting the
average energy associated with the internal degrees of freedom of
the gas molecules, a kinetic energy accommodation coef� cient can
be de� ned based upon the average translational energies as

² D
1
2
mv2

i ¡ 1
2
mv2

s

1
2
mv2

i ¡ 1
2
mv2

d

D
v2

i ¡ v2
s

v2
i ¡ 4kTw=m

(12)

where 4kTw=m is the average of the velocity squared of the scat-
tered molecules assuming diffuse scattering from the surface with
complete thermal accommodation. A second coef� cient, based on
the squares of the average velocities of the incident and scattered
molecules, is de� ned by

² 0 D
1
2
m Nv2

i ¡ 1
2
m Nv2

s
1
2
m Nv2

i ¡ 1
2
m Nv2

d

D
Nv2

i ¡ Nv2
s

Nv2
i ¡ ¼kTw=2m

(13)

where the term ¼kTw=2m is the square of the average velocity of
the scatteredmoleculesassumingdiffusescatteringfrom the surface
with completethermalaccommodation.Note thatboth² and²0 range
between zero for specular re� ection and one for diffuse scattering
with complete thermal accommodation. It has been shown that the
error introducedby equating² with ²0 is less than§1% formolecules
incident upon surfaces with energies that are large compared to kT
(Ref. 23). With the justi� able assumption that ² and ²0 are equal,

v2
s D v2

i ¡ ² 0 v2
i ¡ 4kTw=m (14)

The reduced force coef� cients for a particular gas–surface inter-
action can be determinedusing Eqs. (3) and (4) from measurements
of the components of the force exerted on the surface by a molec-
ular beam of the gas, and the absolute � ux-density and velocity
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distribution function of the molecular beam. The velocity distribu-
tion function of the molecular beam is used to determine Nvi and v2

i .
Once the reduced force coef� cients are known, Eqs. (9) and (10)
can be used to determine Nvs and µs . Equation (13) can then be used
to determine ² 0, and � nally, Eq. (14) can be used to obtain v2

s .

Nocilla Gas–Surface Interaction Model
The Nocilla gas–surface interaction model assumes that the ve-

locity distribution function of the scattered molecules can be ap-
proximated using a drifting Maxwellian distribution function with
most probable velocity U de� ned as11

N .v/ D n

³
m

2¼kTs

´ 3
2

exp ¡
m.v ¡ U/2

2kTs

(15)

The adjustable parameters in the Nocilla model are n, Ts , and U.
The most probable velocity of the scattered molecules is assumed
to lie in the plane formed by the surface normal and the average
velocity of the incident molecules. Equations (16–19), obtained by
integratingEq. (15), can be used to determinethe four Nocillamodel
parameters:

8s D .nU=2¼ S/ e¡32 C
p

¼36 (16)

Nvs sin µs D U sin µu (17)

Nvs cos µs D
U

S

3e¡32 C
p

¼ 1
2

C 32 6

e¡32 C
p

¼36
(18)

v2
s D

U 2

S2

.2 C S2/e¡32 C
p

¼ 5
2

C S2 36

e¡32 C
p

¼36
(19)

where

S D
U

p
2kTs=m

(20)

3 D S cosµu (21)

and

6 D 1 C erf 3 (22)

Using Eqs. (17–19), it can be shown that

tan µs D
S sin µu e¡32 C

p
¼36

3e¡32 C
p

¼ 1
2

C 32 6
(23)

. Nvs sin µs/
2

v2
s

D
.S sin µu/2 e¡32 C

p
¼36

.2 C S2/e¡32 C
p

¼ 5
2

C S2 36
(24)

To determine S and µu , Eqs. (23) and (24) can be evaluated itera-
tively. Then Eq. (17) is used to determineU , and Eq. (20) is used to
obtain Ts .

When the scattering angle µs is equal to zero, Eq. (17) implies µu

mustequalzeroor180deg.For thisspecialcase,S canbedetermined
from an equation obtained by combining Eqs. (23) and (24), given
by

v2
s

Nv2
s

D
1 e¡S2 §

p
¼ S60

p
¼ 1

2
C S2 60 § Se¡S2 2

(25)

where

60 D 1 § erf S (26)

1 D .2 C S2/e¡S2 §
p

¼ 5
2

C S2 S60 (27)

The plus sign is used if µu equals zero, the minus sign if µu equals
180 deg. Once S is known, U can be evaluated iteratively using
Eq. (18). For all cases, after µu , U , and S have been determined, n
can be obtained from Eq. (16) by equating the incident and exit � ux
densities.

The angular distribution function I is de� ned by letting I .µ; Á/
dÄ represent the fraction of 8s that scatters into the differential
solid angle dÄ about the direction de� ned by µ and Á. Using the
Nocilla model to approximate the angular distribution function of
the scattered molecules gives

I .µ; Á/ D
2

¼
cos µ

e¡S2

e¡32 C
p

¼36
(28)

where

2 D 1 C ½2 C
p

¼½ 3
2

C ½2 .1 C erf ½/e½2
(29)

and

½ D S.sin µ cos Á sin µu C cos µ cos µu/ (30)

The angulardistributionfunctioncan also be thoughtof as represent-
ing the probability that a molecule with incidentvelocity vi scatters
into the solid angle dÄ about the direction de� ned by µ and Á.
Once the Nocilla model parameters have been determined,Eq. (28)
can be used to approximate the angular distribution function of the
scattered molecules.

Experimental Results and Discussion
The Nocilla model parameters were determined from measure-

ments of the forces exerted on surfaces of SiO2-coated Kapton®,
Kapton, Z-93-coated Al, and the solar array material to be used
on the International Space Station by molecular beams of H2, N2,
CO, and CO2. The torsion balance apparatus used to measure the
forces, along with the techniques used to measure the � ux densi-
ties and velocity distribution functions of the molecular beams, are
described elsewhere.22;23 The average velocities of the molecular
beams ranged from 1670 m/s for CO2 to 4620 m/s for H2 . The to-
tal uncertainty in the reduced force coef� cient measurements was
estimated to be less than §10%.

Measurements of the reduced force coef� cients for N2, CO, and
CO2 incident upon SiO2-coated Kapton, Kapton, and the solar ar-
ray material showed that these gas–surface interactions have many
similarities. Therefore, of these gas–surface interactions only the
data for N2 incident upon SiO2-coated Kapton will be discussed in
this article. A complete discussionof all the measurements is given
elsewhere.23 Since differenceswere observedfor H2 scatteringfrom
these surfaces, the data for H2 incident upon SiO2-coated Kapton
will also be discussed.

Scanning electron microscope measurements revealed that SiO2-
coated Kapton, Kapton, and the solar array material had similar
surface roughnessesand were smooth on a scale of less than 1 ¹m,
while the Z-93-coated Al surface was rough on a 100-¹m scale.
This contrast in surface roughness could account for the signi� cant
differences between the way the four gases scattered from Z-93-
coated Al and from the other three surfaces.

Figure 1 shows Nvs=Nvi for H2 and N2 measured as a function of
the angle of incidence µi for SiO2-coated Kapton and Z-93-coated
Al at the indicated average incident velocities. Figure 2 shows the
scattering angle µs , and Fig. 3 shows the scalar momentum accom-
modation coef� cient ¹ for the same gas–surface interactions. N2

scattering from Z-93-coated Al can be seen to be nearly diffuse,
with almost complete thermal accommodation, by noting that µs is
close to zero and ¹ is close to one at all angles of incidence. H2

scattering from Z-93-coated Al can be seen to be nearly diffuse by
noting that µs is close to zero for all angles of incidence. However,
¹ varies widely over the range of angles of incidence.

For H2 and N2 incident upon SiO2-coated Kapton, Nvs and µs in-
crease as the angle of incidence increases, consistentwith the scat-
tering becoming more specular. For large angles of incidence, the
scattering angles for N2 are larger than for H2. This effect can be
explainedby noting that the mass of H2 is signi� cantly smaller than
the mass of N2 and that a given force perpendicularto the direction
of motion would de� ect H2 more than N2. Thus, for large angles of
incidence where the scatteringbecomes more specular, it is reason-
able to assume that the largerepulsiveforce exertedon themolecules
by the surface will de� ect H2 more than N2.
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Fig. 1 Ratio Åvs= Åvi for H2 and N2 incident upon SiO2-coated Kapton
and Z-93-coated Al at the indicated average velocities.

Fig. 2 Scattering angle µs for H2 and N2 incident upon SiO2-coated
Kapton and Z-93-coated Al at the indicated average velocities.

Fig. 3 Scalar momentum accommodationcoef� cient ¹ for H2 and N2
incident upon SiO2-coated Kapton and Z-93-coated Al at the indicated
average velocities.

In Figs. 4–8, polar plots of the angular distribution functions of
the scattered molecules are shown for the indicated gas–surface
interactions. The Nocilla model parameters were obtained for the
gas–surface interactions using the previously outlined procedure.
Equation (28) was then used to calculate the angular distribution
functions. In these � gures, the origin can be thought of as the im-
pingement point of the molecular beam, the vertical axis is perpen-
dicular to the scattering surface, and the horizontal axis is de� ned

Fig. 4 Angular distribution functions for H2 incident upon SiO2-
coated Kapton with an average velocity of 2590 m/s.

Fig. 5 Angular distribution functions for H2 incident upon SiO2-
coated Kapton with an average velocity of 4620 m/s.

Fig. 6 Angular distribution functions for N2 incident upon SiO2-
coated Kapton with an average velocity of 1870 m/s.

Fig. 7 Angular distribution functions for N2 incident upon SiO2-
coated Kapton with an average velocity of 3180 m/s.

by the projection of U onto the plane of the scattering surface.
Figures 4–8 show the intersection of the plane formed by the aver-
age velocity of the incident molecules and the surface normal with
the three-dimensional angular distribution functions. The distance
from the origin to a point on a lobe represents the probability that a
molecule with the indicated average velocity scatters from the sur-
face into a differential solid angle dÄ about the direction de� ned
by µ and Á. These distances are de� ned by the tick marks on the
horizontal and vertical axes. The portion of the horizontal axis to
the right of the vertical axis corresponds to Á D 0, and the portion
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Fig. 8 Angular distribution functions for N2 incident upon Z-93-
coated Al with an average velocity of 3180 m/s.

to the left of the vertical axis correspondsto Á D 180 deg. The polar
angle is given along the circular axis of the graphs.

The general trend that the scatteringbecomes more specularwith
increasinganglesof incidenceforgasesscatteringfromSiO2-coated
Kapton can be inferred from Figs. 4–8. As the angle of incidence
increases, the lobes become much larger because of the way in
which the angular distribution function is normalized according to
the equation

I .µ; Á/ dÄ D 1 (31)

This behavior has fundamental physical signi� cance. As the angle
of incidence increases, the size of the lobes also increases,meaning
fewer particles scatter out of the plane formed by the average ve-
locity of the incident molecules and the surface normal. This effect
is more pronounced for N2 than for H2 and for the larger incident
velocities.

Figure 8 shows that scattering from Z-93-coated Al is nearly
diffuse for all angles of incidence. This result was observed for all
gases incident upon Z-93-coated Al and at all incident velocities.
Nearly diffuse scattering is most likely due to the extremely rough
surface morphology of Z-93-coated Al.

Conclusions
A new formalism has been used to analyze the average momen-

tum transferred to surfaces by incident gases. This new formalism
eliminates the singularity problems associatedwith the momentum
accommodationcoef� cients and can be used to uniquely determine
the Nocilla gas–surface interaction model parameters. The formal-
ism eliminates the need to measure energy accommodation coef� -
cients, thereby reducing the number of experimentally determined
parameters required to obtain the Nocilla model parameters.

The results discussed in this article show that molecules can scat-
ter from technicalsurfacesmore specularlyas the angleof incidence
increasesand that the scatteringhas a strong dependenceon both the
incidentgas and velocity.These results show that for some technical
surfaces the simple assumption of diffuse scattering with complete
thermal accommodation is entirely inadequate.
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