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Summary

Knudsen flow is easily simulated with a Monte Carlo method. In this study a Visual Basic for Excel
(VBA) code is developed to simulate the molecular beam from a vaporizing solid. The system at
NASA Glenn Research Center uses the “restricted collimation” method of Chatillon and colleagues, which
consists of two apertures between the effusion cell and the ionizer. The diameter of the first aperture is
smaller than the diameter of the effusion cell orifice, so the ionizer effectively “sees” only inside the
effusion cell. The code is able to calculate the transmission coefficient through the cell orifice, through the
cell orifice and the first aperture, and through the cell orifice and first and second apertures. Calculated
transmission coefficients through the cell orifice are compared with tabulated values to validate the code.
Then transmission coefficients are calculated through the cell orifice and both apertures to the ionizer. This
allows the geometry (aperture spacing and diameters) of the sampling system to be optimized. Calculated
transmission factors are also compared to literature values calculated via an analytic method.

1.0 Introduction

Knudsen effusion mass spectrometry (KEMS) is a well-established technique for sampling
high-temperature vapors from a Knudsen cell (Refs. 1 to 3). A typical Knudsen cell is illustrated in
Figure 1. The sample cell is heated uniformly, and an equilibrium vapor develops above the condensed
phase. The effusion orifice has a well-defined geometry and directs a molecular beam composed of this
vapor into the ionizer of a mass spectrometer. The requirements for Knudsen sampling include a cell
orifice with a Knudsen number (ratio of the mean free path to orifice diameter) of 10 or greater. Thus
molecule wall collisions dominate over molecule-molecule collisions, and the vapor in the molecular
beam is representative of the vapor above the condensed phase.

Recently, Chatillon and coworkers have discussed a novel method of sampling from a Knudsen cell
(Refs. 4 to 6). Their method is termed “restricted collimation” and involves two collimating apertures
above the cell effusion orifice. The first is in the plate that separates the Knudsen cell chamber from the
ionizer. Chatillon terms this the “field aperture.” The field aperture is necessarily smaller than the
Knudsen cell orifice, so that the ionizer effectively “sees” only the inside of the Knudsen cell. The second
is right below the ionizing filament and is termed the “source aperture.” The advantages of this restricted
collimation configuration is that background is minimized. This is illustrated in Figure 2. Such sampling
is particularly useful in multi-cell instruments, to limit cross-over of molecular beams from adjacent cells.

Chatillon and coworkers have modeled restricted collimation (Refs. 4 to 6) with equations analogous
to the decay of light intensity. Molecular beams are analogous to transmission of light, a stream of
photons. Many of the equations developed for light are readily applicable to these molecular beams. First,
note that the flux decays as 1/a?, where a is the distance from the source to the receiver. The basic
equations for flux received from a radiating element are derived in the paper and textbook by Walsh
(Refs. 7 and 8). The problem germane to the collimation of a molecular beam in mass spectrometer is in
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(adapted from Ref. 2). Note that the traditional method
may also sample species evaporating from the cell lid
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the transmission of the beam from one disc source to another co-axial disc source. The fraction of
molecules F that leave the radiating disc and arrive at the receiving disk is given by

(1’12+r22+cz)—\/(r12+r22+c2)—4r12r22 0
21”12

F(n,n,c)=

Here c is the distance between the two disks, 71 is the radius of the radiating disk, and 7, is radius of the
receiving disk. The quantity F is the unit of solid angle that reaches the second aperture (Ref. 7).

The two KEMS instruments at the NASA Glenn Research Center have been adapted for restricted
collimation. The configuration from the cell to the ionizer is illustrated in Figures 3(a) and (b), for the
magnetic sector instrument (Ref. 2) and quadrupole instrument, respectively. For both instruments, the
Knudsen cell furnace chamber and ionizer chamber is separated by a copper plate. The field aperture in
this plate is adjustable with a secondary piece, as shown in Figure 4. This is aligned with the source
aperture using a laser.

Knudsen flow through pipes has been described analytically by many investigators (Refs. 9 and 10).
Such descriptions of Knudsen flow are based on the analogous behavior of molecular flow to light and the
cosine distribution law for vaporizing species. In 1960, Davis published a Monte Carlo simulation of
Knudsen flow in pipes (Ref. 11). Since then, many investigators have further extended this Monte Carlo
approach (Refs. 11 to 17). Today, because of the wide availability of high-speed desktop computers with
multicore processors, Monte Carlo simulation is one of the easiest and most flexible ways to describe
Knudsen flow.

NASA/TM—2016-219118 2



4.4x10-5 M —Sampled effusate
steradians —__ /" distribution from cell

~ lon source .

~
~

~
~

lon "~
exit slit —

_— Retained vapor
contribution

_~— Consistent
ionization volume

~70 mm

“~—Source aperture
2-mm diam

Molecular
38 mm beam _7

—Field aperture
L_1-mm diam

- 1
Knudsen-cell — i
1
8

—

~~—Mo block

/

- - Cp-03-82277
@  Theee -

_hﬂ H HH ectron impact ionizer
= ‘ || FLTL] |:: /KH i pact

Entrance aperture
2-mm

Copper plate with
1-mm aperture

Knudsen cell

Ta resistance heater

(b)
Figure 3.—Restricted collimation sampling for Glenn Knudsen

effusion mass spectrometers. (a) Magnetic sector instrument
(adapted from Ref. 2). (b) Quadrupole instrument.

NASA/TM—2016-219118 3



Figure 4.—Copper plate that separates Knudsen cell furnace chamber
and ionization chamber in both Knudsen effusion mass spectrometry
instruments at NASA Glenn. Flange in center contains field aperture
and is adjustable in plane of flange.

In this report a Monte Carlo Knudsen flow simulation for pipes is adapted to model the vaporization
of the condensed phase in the cell through the cell orifice and the two apertures. The code was adapted
from an earlier FORTRAN code (Ref. 17) to Microsoft Visual Basic for Excel (VBA). Thus the code is
readily run on any personal computer. It is very flexible, so that the various aperture diameters and
distances can be adjusted to maximize molecular beam transmission. Apertures can be added or removed
to calculate basic transmission through a channel or transmission through several apertures. Additionally,
the pipe cross section can be changed from cylindrical to rectangular.

Initially, major equations are derived. A description of the code follows, with a model of the systems
at Glenn Research Center (Figs. 3(a) and (b)). Finally, the calculated transmission factors for various
configurations are compared with tabulated values, determined from analytical expressions and
experiments. Nomenclature used in this report is listed in Appendix A.

2.0 Derivation of Equations for Starting Point and Trajectories

In this section the major equations are derived from solid geometry relations. The approach of Davis
and others are followed (Refs. 11 and 17).

2.1 Solid Angles

The first step to describe a trajectory of a vaporizing molecule is to define a solid angle. Consider the
hemisphere shown in Figure 5 where the angle with the x-axis 6 varies uniformly from 0 to 7/2 radians
and the angle in the y,z-plane ¢ varies from 0 to 27 radians. An infinitesimal element of the solid angle,
do, is given by

do=sin0 dp dO 2)
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Figure 5.—Element of solid angle, dw. Starting point
for trajectory of vaporizing molecule is “p.”

We can define the solid angle as the surface area of a portion of a unit sphere. In our case only 0 is
specified and ¢ varies randomly from 0 to 2x radians, so this area becomes an infinitesimal band around
the sphere, as shown in Figure 5. Thus the above expression simplifies to

dw=27rsin0do 3)

Suppose we want the amount of solid angle from 0 to 6. This is found by the integration:

J.d(x) = J‘?n sin0 do = 27t(1 —Cos 6) “4)

2.2 Cosine Distributions

Although o is a uniformly distributed random variable between 0 and 2r radians, 6 must follow a
known cosine distribution. In other words, the elemental flux of molecules, dVy leaving a plane into a
solid angle element do with angle 0 to the surface normal is proportional to the cosine of that angle:

dNg o cosb dw %)
Putting Equation (3) into Equation (5) above gives
dNg oc 2mcos0sin0 dO 6)

So the question is how to generate this distribution in a computer code. Following Davis (Ref. 11), we
generate two uniformly distributed random numbers R between 0 and 1 and then select the larger of the
two. This means that the larger the value of R is, the higher the probability of selecting it. If P(R) is the
probability of selecting R, then

P(R) dR=2RdR (7)
Let R = cosH, so now we have
P(cos8)d(cosB)=2cos Od(%ese)de =2cos0sin6 dO (8)

This is the distribution required given in Equation (5). This distribution is used to determine the initial
trajectory of the simulated molecules as well as their new trajectories after wall collisions.
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2.3 Direction Cosines

In order to define the trajectory of a molecule, we need to assign it direction cosines. These are simply
the cosines of the angles a, 3, and y that a vector makes with the x-, y-, and z-axes, respectively. The
direction cosines can be expressed in terms of the spherical coordinates 6 and ¢, discussed previously:

Ly =cosa = cos@ sind
L, =cosP =sing sinO 9)
L3 =cosy =cos6

The cosine of 0 is derived via the procedure discussed in Section 3.2. As noted, ¢ varies randomly from
0 to 2. Von Neumann (Ref. 18) describes a method to derive trigonometric functions for angles varying
uniformly between 0 and 27t without using the more computer-time-consuming functions (e.g.,
trigonometric functions and square roots). Consider a rectangle formed by random numbers f'and g,
which both vary uniformly between 0 and 1:

_ES cosd=——8 (10)
VfP+g VfP+gt

The square roots in the denominators can be eliminated by using half-angle formulae:

sind =

cosp=c0s28=1-2 sin’ & (11)
sin@ = 2sind cosd

In order to have ¢ vary from 0 to 27, d must vary from 0 to . Thus define J in a rectangle with sides

f=2R -1 0<R<l -l<f<Il

(12)
g=R 0<gx<l
Finally, Equations (10) to (12) are combined to yield:
2 2
cos = (2R, 1)2 R22
(%élR_ 1) 1)}132 (13)
sing = /2

3.0 Method to Determine Trajectory Endpoints

The program traces the trajectory of each molecule. A distance criterion is used to determine if the
molecule (1) strikes the wall, (2) escapes from the top, or (3) returns to the bottom. In the event of a wall
collision, another trajectory is calculated. First the equations are derived for a cylinder and then extended to
cover the additional collimating apertures in the system. An option for rectangular apertures is also discussed.

3.1 Simulation Geometry

The geometry of the simulation and its dimensions are selected by the user with the user interface
shown in Figure 6. Each of the dimensions listed are variables to be entered in the code.

NASA/TM—2016-219118 6



Orifice

1 diam D

Orifice
1 giam ¢ ay
G
Pipe
inside F
E

‘ Vaporizing solid
diam A

Figure 6.—Two-dimensional representation
of simulated restricted collimation
sampling system in Knudsen effusion
mass spectrometer.

(a) (b)
Figure 7.—Trajectory of molecule vaporizing from cylinder base. (a) Dimensions
describing first flight of molecule. (b) Base of cylinder.

3.2 Initial Trajectory

Figure 7 illustrates a simple cylinder that has Cartesian coordinates defined as indicated: x is the
center axis of the cylinder, and y and z are in a plane perpendicular to that center axis. This represents the
orifice of the cell. The cosine distribution defining molecules initial trajectories must be oriented about
the x-axis, and thus the first set of direction cosines is given as

L, =cosy =cos6
Ly =cosP =sing sinO (14)
L3 =coso = cos¢ sinO

Here p, is the direction cosine for the x-axis, |, is the direction cosine for the y-axis, and ps is the
direction cosine for the z-axis.
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Having defined the directions a molecule leaves a surface or a plane, now define the first trajectory.
Consider the base of the cylinder. Define a completely random starting point. Place the origin at the
center of the cylinder base, and set the radius of the cylinder equal to one. Then select a point

ye=u=2R -1 0<R <1 -l<u<l (15)
zg=v=2R, -1 0<R,<1 -l<v<l
subject to the condition that
vi+ze <l (16)

where Equation (16) is the equation for a circle in the y,z-plane, representing an emissive surface at the
bottom of the channel.

The first “flight” of a molecule is illustrated in Figure 7(a). The first question to be answered is
whether the molecule strikes the wall or leaves the orifice. Following Davis (Ref. 11), this is done with a
distance criterion. Two distances are calculated in the direction of the previously defined direction
cosines—the distance from the base of the channel to the wall and the distance from the base to the top of
the channel. Whichever distance is smaller determines the event that occurs: a wall collision or an escape
from the channel. This method of distance comparison was determined to be much more efficient than
computing and comparing angles of molecule trajectories, without sacrificing simulation accuracy. First
consider the distance from the base of the cylinder to the wall, DW, as shown in Figure 7(a). Figure 7(b)
illustrates projection to the base of the cylinder. From this figure,

(pw ) =% +? 17
h2 = (DW)2 coszy (7

where # is the height of the collision point on the cylinder. The value of u (the length of the base in the
right triangle formed with DWW and /) can be expressed in terms of the angle ¥ between A and B
(Fig. 7(b)) by the law of cosines:

u? = A* + B> =2 ABcos ¥ =1+y2 + 22 —2,/y2 + 2% cos ¥
A-B _yz+(DW)ycos[3+zz+(DW)zcosoc (18)

4B \/yz-f‘Zz

Now determine u in terms of the direction cosines and x and y:

cosY¥ =

u? =1—(y2+22)—2(DW)(ycosB+zcosoc) (19)

Simplify this with the notation of Davis (Ref. 11):

D= (y2 +22)—1
Q= ycosP+zcosa (20)
P=coszoc+cosz[3 1—P=coszy

NASA/TM—2016-219118 8



This gives a quadratic:
0=P(DW)*+20(DW)+ D
2
pw-—2, 2 _D Q1)
P \p> P
The distance to the wall of the cylinder, scaled to the y-direction cosine, is given by

2
swoL]|=2, [ D b,
wy| P p2 P (22)

The distance to the top of the cylinder, scaled to the x-direction cosine, is simple and given by
L L

ST = =—
cosy Iy (23)

where L is the length of the channel. As noted, the distance criterion is used to determine the event.

33 Trajectory After Wall Collision
The coordinates of the wall collision point are determined from the direction cosines:

x=(DW)cosa
Y= Yola + (DW)cosp (24)
z=24q +(DW)cosy

Once the molecule strikes the wall, it reflects diffusely off the surface with a cosine distribution about the
normal to the tangent at that point (Vnew, Znew). The molecule does not undergo specular reflection—and
simply obey the law of reflection—because the surface of the channel is microscopically rough. A cosine
distribution about the normal to the point of reflection is obtained by rotating the original coordinate system
(which has the origin at the center of the base of the cylinder and the x-axis along the center of the cylinder).

The first step in doing so is to rotate the x-axis into the negative y-axis and the y-axis into the
negative x-axis so

K =—
Ko =—14 (25)
U3 =H3

The next step is to rotate the y- and z-axes by an angle of transformation, & The equations for rotation of
the point (y1,z2) to the new coordinate system (yi,z5) are given by

Y| = y1c0s& —z;sin&

z; = y;cos&+z;sing (26)
x| =X
Next cos & and sin ¢ can be calculated as
Sil’l& = %
yore 27)
oS8 =—=—
y + Z2

NASA/TM—2016-219118 9



Note that the actual coordinates of the impact point are not being rotated. The only transformation that
occurs is of the direction cosines, which define the new trajectory of the molecule after collision. The
values of y; and z; are only used to calculate sin £ and cos¢.

1=

Z1=H3 )

cosP = —p(sing) _u3(0.05§) =~ MV new — H3Znew (28)
cosy = —11(€os &) + U3(SINE) = — 1 Zpey + M3Vnew

COSOL=—l,

Also note that cosa has been defined by Equation (24) above. Thus, Equation (28) defines a set of
direction cosines such that the molecule desorbs after collision with a cosine distribution about the axis
perpendicular to the tangent of the desorption point.

Now the issue is to determine the distance from the desorption point to (1) another wall collision,
(2) the top of the channel, or (3) the bottom of the channel. Again the shortest distance is taken as the
event. The distance to the wall is easily calculated from Equations (17) and (18). Now since the point is
on the edge of the cylinder, y* + z* = 1, then D = 0 and the scale distance to the wall (Eq. (21)) simplifies to

_-0
(W) =— (29)

The equation for the scaled distance to the top is

L—x

(ST) = (30)
H
The equation for the scaled distance to the bottom is
(SB) == 3D
1y

If the calculated distance is negative, the molecule will never intersect with the object of interest, and the
distance is assigned a very large number. As before, the shortest distance determines the event. If the
molecule strikes a wall, a new collision is simulated like before. If the molecule passes out the bottom of
the channel, the molecule is counted as returning to the start, and a new molecule’s trajectory is
simulated. Finally, if the molecule passes out the top of the channel, it is counted as an escape, and its
trajectory can be traced through additional channels or apertures.

34 Trajectory Through Additional Aperture(s)

A molecule will pass through an aperture (with negligible thickness) if its radial distance from the
central axis at the x-position of the aperture is less than the radius of the aperture. In other words,

v+ <, (32)
Based on Figure 7(a), the equation for the scale distance to the first aperture from the last collision is
_dist. (x-L)+G

H K

SA (33)

where (x — L) represents the remaining distance the molecule has to travel to escape the channel from its
last collision and G, the distance between the top of the channel and the aperture. We can then calculate
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the y and z positions of the molecule at the x-position of the aperture using the molecule’s direction
cosines and the previously calculated scale factor from Equation (32):

y=Hy -S4

Substituting Equations (34) into Equation (32) yields
2 2 2
(HZ 'SA) + (HS 'SA) < Tap (35)

If the inequality is satisfied, the molecule passes through the aperture. This process can be repeated for as
many apertures as necessary, with the only change being the distance used to calculate the scale factor SA4.
For example, for the second aperture shown in Figure 6, the distance becomes (x — L) + G + H, where H
is the distance between the two apertures.

3.5 Rectangular Channels and Apertures

The simulation procedure for rectangular channels and apertures is largely the same as for round
ones, the major exception being the distance to wall collisions. First, calculate the distance from the
starting point to y and z coordinates of the channel walls, illustrated in Figure 7:

Sy = (al2)-y

Ho (36)
Sz (b/2)—z

K3

As for cylindrical channels, the shorter of the two distances determines the wall collision. The coordinates
of the collision are obtained by simply multiplying each of the direction cosines by the scale factor (SY or
S7) and adding these values to the previous coordinates.

Additionally, after a wall collision, the new cosine distribution simply needs to be rotated n/2 radians,
such that the central axis of the distribution is normal to the surface on which the collision occurred. This
is equivalent to setting y and z in Equation (27) to the appropriate values—either the half-width of the
channel or zero. For a molecule striking the wall at y = a/2 this would mean z = 0, and

cosoL = —{ly
cosP =—p, (37)
COSYy =H3

For apertures, the only difference is that a molecule successfully passes through when the position of a
molecule in the y,z-plane is less than the half-width of the channel in either coordinate:

3‘ (38)

<
4 2

a
— z<
2

rather than the check in Equation (31).

4.0 Results

First a series of calculations on simple cylindrical and rectangular channels is presented to compare to
tabulated values and thereby verify proper operation of the code. Appendix B shows the input and output
screens. Then the transmission factors for a typical restricted collimation mass spectrometer system are
calculated and compared to the analytical approach used by Chatillon and coworkers (Refs. 4 and 6).

NASA/TM—2016-219118 11



4.1 Calculated Transmission Factors

Transmission factors through cylindrical and rectangular channels have been calculated for a variety
of geometries and show good agreement with tabulated transmission factors, as shown in Tables I and II
(Refs. 19 and 20). Figure 8 shows the angular distribution of molecules effusing from cylindrical channels
with various length-to-radius ratios (//r). To create these plots, molecules are sorted into 1° bins according
to the angle they make with the x-axis as they exit the channel. These counts are then normalized to the
sine of the small increment of solid angle in Equation (2) and plotted on polar axes. The /7 of the channel
has a strong effect on the distribution of exiting molecules, with large /7 creating a narrow beam of
molecules, as opposed to the near ideal Cosine Law distribution of very low /r.

TABLE I.—SELECTED TRANSMISSION FACTORS FOR
CYLINDRICAL EFFUSION ORIFICES

Length-to-radius | Simulation results, | Tabulated values,? | Difference,
ratio, w w percent
Lir
0.2 0.90873 0.9092 -0.052
2 0.51322 0.5136 -0.074
4 0.35682 0.3589 —0.580
8 0.22542 0.2316 —2.668
20 0.10943 0.1135 —3.586
100 0.02549 0.0258 -1.202

*Source: Clausing (Ref. 19).

TABLE II.—TRANSMISSION FACTORS FOR KNUDSEN CELL
RECTANGULAR EFFUSION ORIFICES

Column Transmission factor Difference,
length per Simulation Tabulated percent
width, result, value,?
/b w /4
0.1 0.91314 0.9131 0.004
1 0.53643 0.5363 0.024
2 0.37831 0.3780 0.820
4 0.24236 0.2424 -0.017
10 0.12001 0.1195 0.427
40 0.03465 0.0346 0.145

*Source: Santeler and Boeckmann (Ref. 20).

o lIr=4
» lIr=8
* Cosine

45°
60°

75°

‘I
-90°

' — T 1 gDG
0.0 0.5 1.0
Figure 8.—Cosine distribution emerging from channel of different length-to-radius ratio //r.

NASA/TM—2016-219118 12



4.2 Calculated Properties for a Restricted Collimation Knudsen Effusion
Mass Spectrometer

Table III contains the calculated properties of the KEMS geometry used at NASA Glenn shown in
Figure 2 using 10® simulated molecules. A1 and A2 refer the lower and upper apertures, respectively.
Only 11 percent of molecules effusing directly from the pipe do not undergo any wall collisions.
However, the additional collimating apertures, Al and A2, increase the proportion of molecules passing
directly from the source to the mass spectrometer ionizer to 90 percent.

Figures 9(a) to (c) shows the views of the molecular path in a restricted collimation. In this
simulation, 10°® molecules were run. The vaporizing surface is at the bottom of the pipe. Figure 9(a) is a
view of the first 50 molecular trajectories in the pipe. Figure 9(b) is a view of the whole beam and
Figure 9(c) is a view from the top. The open circles are the molecules that made it through to the ionizer.

In Figure 10, the results of this method are compared to those from the analytical method used by
Chatillon and coworkers (Ref. 6) to describe a restricted collimation system. The transmission factor, W,
through the last aperture is plotted versus the source (upper) aperture diameter. As described by Chatillon
and coworkers (Ref. 6), the diameter of the lower orifice necessarily changes for geometry considerations.
The geometry they used was reproduced as close as possible for this calculation.

Vaporizing solid: 2.0-mm diameter at base of orifice

Cell orifice: 2.0-mm diameter; 2.0-mm thickness

Lower aperture: Diameter from Table 1 of Reference 6; 0.01-mm thickness; 10 mm from cell orifice
Upper aperture: Diameter from Table 1 of Reference 6; 0.01-mm thickness; 50 mm from cell orifice

TABLE III.—CALCULATED PROPERTIES FOR TYPICAL KNUDSEN EFFUSION
MASS SPECTROMETRY CELL GEOMETRY AT NASA GLENN
[Length-to-radius ratio //r = 5.33.]

Input values

Pipe length, Diameter at lower aperture, | Distance between top of
ipe = 4.0 mm da1=1mm channel and lower aperture,
G =25.0 mm
Pipe diameter, Diameter at upper aperture, | Distance between lower and
dpipe = 1.5 mm da2 =2 mm upper apertures,
H=37.7mm
Simulation results
Location Transmission factor Average number Percent without
of collisions, collisions,
c nc
Plpe Wpipe =0.2977 Cpipe = 7.36 HNCpipe = 11.2
Lower aperture | Wai =3.5x10* cal =7.9x10* near = 86.4
Upper aperture | Wa2 =1.6x10~ caz =3.4x10* nca2 =90.1
X,y-plane X,z-plane X,y-plane X,z-plane y,z-plane

vy oz 2 ®r ty 2 +z © *y

Figure 9.—Views of molecular trajectory from vaporizing surface to ionizer in Knudsen effusion mass spectrometer

with restricted collimation. (a) Collisions within pipe. (b) Paths through apertures. (c) View from top. Circles are
molecules that make it through upper orifice.
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Figure 10.—Transmission factor of Knudsen effusion mass spectrometer with restricted
collimation as function of upper aperture diameter.

The calculations herein show order-of-magnitude agreement with those of Chatillon and coworkers
(Refs. 4 to 6). They also show maxima, as do those of Chatillon et al. The slightly different maxima with
the two approaches needs to be explored further. The calculations of Chatillon and coworkers are based
on the attenuation in beam strength described by Equation (1) and an integration over the solid angle
shown in Figure 2(a). This approach treats the process more like “plug flow,” and there are likely
fundamental differences between this and the Monte Carlo approach where each trajectory is treated
individually.

Further refinements to the Monte Carlo code are the ability to handle large sample sizes and the
incorporation of molecule-molecule collisions. The code in VBA seems to be limited to ~1x10°
trajectories. A more appropriate computer language would be necessary to increase the sample size.
Molecule-molecule collisions can be incorporated by having the molecule randomly changing direction
after traversing a mean free path. These changes can be incorporated into subsequent versions.

5.0 Conclusion

The existing Monte Carlo simulation allows for the fast (10° molecules in ~30 s) and accurate
simulation of basic Knudsen effusion mass spectrometry (KEMS) sampling geometries, allowing for the
optimization of orifice sizes and spacings in order to increase transmission and decrease the average
number of collisions. This approach was verified with calculation of known transmission factors for
simple cylindrical and rectangular orifices. The code has calculated angular distributions of molecules
emerging from an orifice and has demonstrated the advantages of a cylindrical orifice to form a directed
flow. Finally, the calculations were compared to the analytical analyses of Chatillon et al. for a restricted
collimation KEMS system. Future directions were also discussed.
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Appendix A—Nomenclature

A, B

SW, 84, SB, ST
SY, SZ

u

w

Vs,Zs
VnewsZnew
YoldsZold
a B,y
0

Wt12.3

g

¢
b4
®

vectors describing position of segment u

channel or cylinder width (y-direction)

channel or cylinder width (z-direction)

distance between two apertures

average number of collisions

variables defined by coordinates and direction cosines for convenience
channel diameter

distance molecule travels to wall collision

fraction of molecules leaving the radiating disk

random numbers forming right triangle to generate trigonometric functions of angle &
distance between top of channel and lower aperture

distance between lower and upper apertures

height of collision point on cylinder

channel length

channel length

flux of molecules vaporizing in angle 0

percent of molecules that escape without collisions

probability

starting point for vaporizing molecule

radius of radiating and receiving disk, respectively

aperture radius

random number

variables defining trajectory distances

distances from starting point to y and z coordinates of rectangular channel walls,
respectively

length of base in right triangle defined by DW and A

transmission factor (i.e., Clausing factor)

coordinates of molecule first vaporizing from sample surface

point where molecule strikes cylinder wall

initial coordinates of molecule’s trajectory

angles that describe molecule’s trajectory after wall collision

altitude, angle with x-axis

direction cosines for the x-, y-, and z-axes, respectively

angle of transformation of y- and z-axes after molecule collides with cylinder wall
azimuth angle in y,z-plane

angle between vectors A and B

solid angle
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Appendix B—Input and Output Screens

The input and output screens for the Visual Basic for Excel (VBA) code are shown here.

Input Screen

PROGRAM SETTINGS
HOW MANY ITERATIONS?| 1.0E+06 SHAPE OF PIPE:
Round @®
PLOT TRAJECTORIES? IV Rectangular O
Howmany? 50 | SHAPE OF LOWER ORIFICE:
None O
Round ®
Rectangular O
yHAPE OF VAPORIZING SOLID: SHAPE OF UPPER ORIFICE:
Round @® 1 None O
Rectangular O Round ®
Rectangular O
DIMENSIONS
FEATURE {mm)
A: diameter of vaporizing solid 4.00 ORIFICE
QII-_)A,}\AETER
- < ORIFICE A
B: diameter of pipe 2.00 DUMETER 5"
A
L: length of pipe 2.00 i !
C: diameter of lower orifice 0.89 D::;;%EER : I
N}
D: diameter of upper orifice 3.30 1
VAPORIZING SOLID
DIAMETER "A”
E: distance from solid to pipe 5.00
G: distance to lower orifice 10.00
H: distance to upper orifice 40.00

NASA/TM—2016-219118 17



Output Screen

NUMBERS OF MOLECULES

-
OUTUPPER [ 794 | E OUT UPPER
OUTLOWER [ 929 | <[ 3 ] [ 962 | OUTLOWER
OUTPIPETOP [ 60112 | / [ 38540 | OUT PIPE TOP
HIT PIPE WALL I _ 139889/
NOT INTO PIPE | 860121 | > [ 41237 ] OUT PIPE BOTTOM
I
TOTAL MOLECULES| 1.0E+06 | 1000010
PERCENTAGES OF MOLECULES
o

OUT UPPER y OUT UPPER

OUT LOWER | 0.0929 | / p [ 0.0033 ] OUT LOWER
OUT PIPE TOP m % [ 3.8540 | OUT PIPE TOP
HIT PIPE WALLI [ vA ] I TOTAL ESCAPE %

(Clausing Factor)

NOTINTOPIPE [ NA | [ 4.1237 | OUT PIPE BOTTOM
|
TOTAL MOLECULES] 1.0E+06 13.989
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