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Monte Carlo modeling of electron beam physical vapor deposition
of yttrium
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As part of a study on the deposition of superconducting films of XBigO, _ s, a three-dimensional
electron beam physical vapor deposition process of yttrium in a vacuum chamber is investigated
both computationally and experimentally. The numerical analysis employs the direct simulation
Monte Carlo(DSMC) method. The experimental studies consist of atomic absorption spectra taken
in the evaporated yttrium plume and deposited film thickness profiles. Some important modeling
issues such as atomic collision cross sections for metal vapors and hyperfine electronic structure of
the atomic absorption spectra are addressed. Film deposition thicknesses on the substrate and atomic
absorption spectra given by the DSMC method and experiment are in excellent agreement.
Collisions between the atoms are found to have a significant effect on the film growth rate and area
of uniform deposition as the evaporation rate of yttrium increases20@0 American Vacuum
Society [S0734-210(00)02206-5

[. INTRODUCTION applications. In the method, a relatively small number of
model particles that is stored in a computer is used to repre-
Electron beam physical vapor depositi@BPVD) is an  sent the larger number of particles in real gas flows. The
important deposition technique for a variety of materials thaparticles move through physical space and undergo collisions
involves the use of an electron beam to vaporize metalligppropriate to the local flow conditions. Once the simulation
atoms from a solid ingot. Applications of this technology has reached a steady state, macroscopic quantities such as
include coating of high temperature superconducting filmsdensity and temperature, as well as surface fluxes, are ob-
metallic coating of fibers, and enrichment of uranium fortained by time averaging particle properties. The method
nuclear power generation. A critical component of these proprovides detailed information on the gas flow at the level of
cesses is the manner in which the atoms are transported froparticle velocity and energy distributions. A numerically ef-
the ingot to the deposition surface. There is a need to undeficient implementation of the DSMC method -called
stand in detail the gas dynamics of the expansion process.MONACO has been developed and successfully verified for
In this article, we consider yttrium vapor deposition both nonequilibrium flows>*
numerically and experimentally. This investigation is part of The application of the DSMC method to metal vapor
a study of the deposition of superconducting films offlows is straightforward in principle and has been demon-
YBa,Cus0;_ 5 that are of great technological interest in nu- strated in relatively simple geometries such as an axisym-
merous applicationsIn the EBPVD process, atoms are va- metric case. Some specific complications do naturally arise.
porized from a liquid pool of an ingot of pure yttrium by a One of them is the determination of atomic collision cross
high-energy electron beam. The vapor jet expands through sections for metal vaporsyy. Collisions between atoms
chamber, impinges, and deposits on to a substrate. Usinghange their trajectories that decide them moving toward the
vacuum pumps, the background pressure is maintained aubstrate or toward the chamber walls, and therefore signifi-
2-5x10 °Torr. The vaporization rates achieved with the cantly affect the film growth rate and area of uniform depo-
electron beam produce flow of relatively high density closesition that are key factors for film technology. Appropriate
to the ingot surface. However, as the jet proceeds toward theollision cross sections are essential for the DSMC method
substrate, rapid expansion brings the flow into the nonconto simulate patrticle collisions. They are usually derived from
tinuum regime. The focus of the present work was to providecoefficients of viscosityand have been obtained for many
a basis to understand and improve the EBPVD process cacommon gases such as nitrogen, argon? &easurement of
ried out in the experimental facility. the transport properties for metal vapors at high temperature,
The direct simulation Monte Carl(DSMC) method is  however, has proven very difficult because of many unavoid-
used to simulate the three-dimensional gas dynamic procesable sources of errdr.Actually, except for alkali metal
It is a powerful and general numerical technique for compuvapors®=? no viscosity data are available for metal vapors
tation of low density, nonequilibrium flows, and has beensuch as yttrium, barium, and copper, and few studies theo-
developed over the past 30 years primarily for aerospaceetically address the collision cross sections for metal vapors.
In the present article, we describe the development and
¥Electronic mail: jingfan@engin.umich.edu assessment of a DSMC model for yttrium EBPVD. First,
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TaBLE |. Interaction parameters for alkali metal vapors. 35
Element 7 K As(7)
30
Lithium 6.333 7.98E—-70 0.379
Sodium 7.351 4.9M-79 0.355
Potassium 6.737 4.462-73 0.368 25
Rubidium 6.669 25872 0.370
Cesium 6.531 7.0B-71 0.374

20

Sodium

Coefficient of viscosity x 10°(Nsm™)
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15
- . . . Eq. (5)
collision cross sections for metal vapors are investigated. 10 o Calculation'
Then a method to calculate atomic absorption spectra is de- A Experiment®
scribed. Next, DSMC results are compared with measured 5
data. Finally, some conclusions are given.
L L 1 . L 1 2 L 1 L L 1 L L
800 900 1200 1500 1800 2100
Temperature (K)
[I. ATOMIC COLLISION CROSS SECTIONS FOR
METAL VAPORS Fic. 1. Comparison of the coefficient of viscosity for sodium vapor vs
temperature.

The inverse-power model is often employed to describe
gaseous atomic or molecular interactiGfi#According to the
model, the force between the particles varies as some invergéhere subscript “ref” denotes the values at a reference tem-

power 7 of the distance between their centers, peratureT ;. It may further be shown that®
F=xir?. (1) or (KT e/m,c2)» 05 .
The constantsc and 7 can be adjusted to make the coeffi- 70z I'(2-w) '

cient of viscosity conform to experimental data for a given

" with the reference collision diameterrfiZ= o o),
gas over a range of conditions. ’

The collision cross section and coefficient of viscosity for 15(MK T/ m) %> | 0° ®
the inverse-power model may be writterfas e 2(5—2w)(7T—20) phref]
, [ x \HD where u. is the coefficient of viscosity al ., and w
or=mWom| o2 , @ =12+ (2/p-1).

The values ofp and « for alkali metal vapors have been
obtained by equating the right-hand side of Es).with the-
5 [rmkT oretical dat& at temperatures of 700 and 2000 K, respec-
8 (3) tively, and these are given in Table |. Figures 1 and 2 com-

and

u= ;
(MAKT)42cT o () e M Tdc,

whereW,,, is a constantm, is the reduced mass, is the 50
relative speedm is the atomic massk is the Boltzmann
constant,T is the temperaturer,, is the viscosity cross sec-
tion,

40

¢ YA (), 4)

2\ 2n=1)
m)

ou= 277( —

30
andA,(#) is a numerical factotsee the Appendijx Substi-
tution of Eq.(4) into Eq. (3) gives

_ 5(kmT/ )42k T/ k)27~ D
M T BAL A= 20 7—1)] ®

In DSMC calculations, the variable hard sphékéHS)
model is often employe#i’® The model assumes that the
scattering during particle collisions is isotropic in the center 4y
of mass frame of reference, but the collision cross section 800 900 1200 1500
has the same relation with the relative speed as the inverse- Temperature (K)
power model,

Cesium
20

Eq. (5) ,
Calculation'?

(o}
10 A Experiment’

Coefficient of viscosity x 10°(Nsm?)
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1800 2100

1) Fic. 2. Comparison of the coefficient of viscosity for cesium vapor vs tem-
7= 07 re Cr ref/ Cr) 77, (6) perature.
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TaBLE Il. Parameters of the VHS model for metal vaporsTat=2000 K. to the |arger Viscosity of argon which, for example, is
5.452< 10" °Nms 2 at 700 K and 0.1 MP&! while the vis-

Element diesX 10°m 1) ) . i -
cosity of sodium vapor at the same conditions is 1.475

Lithium 4.562 0.875 X 10 °*Nms 2.*2 The larger collision cross sections of the
Pi‘t’:s':mm 45'956514 06881459 metal vapors result in more frequent collisions between the
Rubidium 5.846 0.853 atoms and have an important effect on the gas dynamics of
Cesium 6.306 0.862 the plume expansion, thus affecting the film growth rate and
Barium 6.358 0.862 area of uniform deposition. These aspects will be considered
Yttrium 5.903 0.853 in Sec. IV.
Zirconium 5.941 0.853

Copper 6.271 0.849

Titanium 5.844 0.849 lIl. ATOMIC ABSORPTION SPECTRA

In situ monitoring and control is one of the primary issues
involved in EBPVD processing of superconducting ffimn.
pare Eq.(5) to the theoretical and experimental data for Diode-laser-based atomic absorption monitors for yttrium
sodium and cesium. The profiles of E&) are in excellent and barium have been developed to meet this A&athey
agreement with the theoretical resuifsthe experimental are simultaneously both element specific and noninvasive,
data® although with scatter, support the theoretical resultsand can provide the atomic absorption spectrum from which
and fitted profiles in their trend. the atomic flux may be derived.

The reference collision diameters of the VHS médet Using the monitors, an atomic absorption spectral distri-
the alkali metal vapors have been obtained using Ejj@and  bution around the central frequenoy along a laser path
(8), and are given in Table Il. We assume that the values ofmay be observed. The spectrdif) in the vicinity of v is
7 and « for the alkali metal vapors apply to other metal called the line profile. The profile may have many peaks
vapors occupying the same row in the periodic table of elecentered atv; (vi=vo+Av;, and Av;<vg), respectively,
ments. The values af, for several metal vapors of interest that correspond to the frequencies absorbed by the atoms/
based on this assumption are calculated and given in Tablaolecules when the light beam traverses the subject material.
Il. The selection of the reference temperature is arbitrary andhese peaks usually have a finite width due to various effects
does not affect collision cross sections. To be reasonablef broadening. In low pressure<(10 2 Torr) situations, the
physically, it is taken to be 2000 K since that is above thewidth is mainly determined by the Doppler efféétThis
melting point of all the elements considered in Table Il.  takes place because the frequency absorbed by a particle

Atomic collision cross sections of metal vapors are muchwith a velocity component in the direction of the light beam
larger in comparison with common atomic gases. Figure 3s slightly different from that absorbed by a stationary par-
compares the VHS collision cross section for sodium vapoticle. At thermal equilibrium, a Doppler-broadened peak
to that for argon gas withd,,=4.17x10 °m at T, shape centered at the frequengyis described b
=273 K (Table A2 in Ref. 2. The sodium profile is three to

four times higher than the argon profile. This is mainly due li(v)= —'exr[—,Bz)\iz(v—vi)z], )
N
where the wavelength;=c/v;, cis the light speed, ang
=\m/2KT.

The spectral distribution, Eq9), corresponds to a Max-
wellian velocity distribution,

-t

o,
K
J

f(o))= %exu —B%%), (10

where., is the thermal velocity component in the light-beam
direction, which causes the Doppler frequency shift. Com-
parison of the two distributions, Eq&) and (10), leads to

VHS collision cross section (m?)

107 the relations,
v—vi=o//)\i, (11)
and
1 | Lol L R | L Ii(U):)\if(///). (12)
10 10° 10° Equations(11) and (12) provid means by which t
¢, (m/s) qua provide a means by ch to

convert a velocity distribution of particles into an absorption
Fic. 3. Comparison of the VHS collision cross sections for sodium vaporSCan. T_here are two ways to calculate the velocity distribu-
and argon gas vs relative speed. tion using the DSMC method. One is through direct sam-
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pling of the particle velocities along the laser path; the other 8.5”
is based on the assumption of Maxwellian velocity distribu-

tions characterized by the temperature, velocity, and density
in the cells along the laser path. Note that the latter approach
is numerically less expensive. Results from both of these
approaches will be provided. The calculated velocity distri-

bution function must be normalized in accordance with the Yt Ba Cu
experimental spectruri™®v). The normalization condition a

| 18”
requires T "'G'G'“@"‘ ““““““ o

At a1 13
“r

\Block plés

18”

and

vi [&v)v* "tdv=1, (14 (@)
Q

v
. L F
where.s andv* are velocity and frequency normalization E

factors, respectively, and, andB, are overall normaliza- Substrate
tion factors. Relatior{11) requires

v*:(j;/)\i . (15)

The hyperfine electronic structure of absorption spectra is 15”
another issue that must be consideY&Bor example, a line
profile for the ground state transition of yttrium af Block plates
=4.486< 10'*Hz is the sum of four components withy;
and relative intensity factorg; given in Table Ill. Thus the e
calculated line profilé©®(v) is the weighted sum of the four
peak shapes centered at slightly different frequencigs B
=votAvj, (b)

4”

Fic. 4. Schematic diagram of the deposition chamber.

4 4
|°a'<v>=§1 Y1) ;1 ¥i. (16)

million simulated particles are used in the calculations. The
results are obtained overnight on a SGI OCTANE worksta-
tion.

The top and side views of the experimental deposition An orthogonal coordinate system with the origris em-
chamber are shown in Fig. 4. The yttrium, barium, and copployed: thex andy axes are alon@ O’ and OA, respec-
per pool surfaces are designed to be oval and of the sanityely, and thez axis points to the substratef. Fig. 4). The
size. We consider two cases where only the yttrium source isomputational grid employs 2060Xx 50 cuboid cells. The
evaporating. The evaporation rates are measured by the feegll sizes are nonuniform: a very small cell size in the
rate of the ingot into the chamber, and are given in Table llldirection is employed to capture the rapid jet expansion near

IV. EXPERIMENTAL AND COMPUTATIONAL
CONDITIONS

The pool surface temperatures are calculated ffom the evaporation source, and small cell sizes inxtendy
directions are used to resolve the flow in the region covering
log;oW=C~—0.5logoT—B/T, (17)  the source that is most important for accurate simulation of

. . . the deposition process.
whereW denotes the evaporation rate in units of g7smand P P

B and C are constants that are 2.1970% and 9.17, respec-
tively, for yttrium (cf. Table 10.2 in Ref. 19

DSMC calculations are carried out using a software SyS]’ABLE IIl. Hyperfine structure parameters of atomic absorption spectra for
tem called MONACO-YBC® The system is developed from Ytrum:

the originalMoNAco codé that employed a localized data T, T,
structure based on a computational cell to achieve high per- Case (mole/y (K)
formance on workstation processors. Besides the transla- 9 95x10-5 2001
tional energy mode, the atomic electronic energy is taken I 8 42%10-° 1881

into account using the model described in Ref. 5. About twa

J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov /Dec 2000
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within a source

S

e

outside a source

O rejected
@ accepted

Fic. 5. Determination of inflow atoms.

The chamber walls and block plate surfaces are assumed
to be perfectly sticking. This assumption is well satisfied
because the wall and surface temperatures are low in this
study. New patrticles are vaporized into the chamber from the
oval surface of the yttrium pool each time step. The pool
surface is described by a certain number of surface elements.
If a surface element is wholly within the source, all particles
generated at the known evaporation rate will be permitted to
enter the chamber. Because the cells are cuboid and the pool
surface is oval, a surface element may lie only partly within
the sourcgFig. 5). In this situation, only the particles gen-
erated in a region within the source are actually accepted; the
particles generated in a region outside it are rejected.

When particles evaporate from the surface into the cham-
ber, they may collide with one another immediately above
the pool, particularly for cases with high evaporation rates.
This causes a fraction of the atoms to develop postcollision
velocities that move them back to the molten pool. In Ref. 5,
the total backscatter flux was found to be as high as 19% of
the evaporating rate. There are two ways to maintain a net
inflow rate measured by the feed rate of the ingot into the
chamber. One is based on iteration, i.e., correcting the inflow
flux using the backscatter fraction until the net inflow rate is
the same as the measured datmother is to let the back-
scattered particles diffusively reflect from the pool surface.
The latter approach is numerically inexpensive and is em-
ployed here.

V. RESULTS AND DISCUSSION

A. Case I: High evaporation rate

Figures 6a)—6(c) show the computed number density,
translational temperature, and velocity fields. A rapid expan-
sion occurs around the source. Within a distance of about
0.05 m, the velocity in the direction increases from about (©
100 to 700 m/s, while the number density and translationags. 6. Fiow field given by the DSMC method for caséd) number density
temperature decrease from?dth 2 and 1500 K to 1&8m™2  (m®); (b) translational temperatur); (c) velocity in thez direction.
and 250 K, respectively. Thereafter, variation of all flow
properties is relatively slow.

Figure 7 shows variation of two continuum breakdown

. X dp Ty \|dp
parameters along a path from the yttrium source center in the P= — s M 5 5lds" (18
direction perpendicular to the substrate. One was proposed PV 193 pias
by Bird for expanding flows! where U is the local velocity,v is the local collision fre-

JVST A - Vacuum, Surfaces, and Films
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5
10°E :
- —~ 4L
- E 4T
[ 2 |
2 10"} g 3k
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*F S0
a | & 2F
-t -
10°F '@ [
: % [ =wwswuw Collisionless M
C a 1k A Measured
10-1|....I....I....I|... I T D N B B B B
o 0.1 0.2 0.3 0.4 %6 4 2 0 2 4 6 8 10 12

z (m) Distance from the yttrium source center (inch)

Fic. 7. Variation of the Knudsen number along a path from the yttrium

source center perpendicular to the substrate for case I. Fic. 8. Comparison of DSMC and experimental deposition thickness pro-

files for case I.

qguency,M is the local Mach numbery is the specific heat

ratio, andsis the distance along a streamline. Studies in RefSition thickness distribution over the whole substrate. There
21 indicate that the continuum approach fails in expandinds @ region with a thickness of around 4un, whose diam-
flows at a value foP of about 0.05. The other breakdown €ter is about 0.8 in. and its center corresponds to the yttrium
parameter was proposed by Boyd, Chen, and Cantller.source center. The thickness decreases as the distance from
Comparison between DSMC and Navier—Stokes results fof€ core increases. The value along the edges is about one
shock waves and hypersonic flows around a sphere showdfird that of the core value.

that the gradient-length loc&GLL) Knudsen number based ~ Figure 10 gives a comparison of DSMC and measured
on density, atomic absorption spectra at frequencies of 4:486 and

4.416x 10"*Hz along an aperture close to the symmetric line
(19) of the substrate. The calculated and measured Doppler

widths and peak-structure details are all in excellent agree-
can more precisely specify the limit at which the Navier— ment. Because o_f different hyperfine electronic structure at
Stokes equations are invalid. The continuum approach brok&€ two frequenciescf. Table 1V), the corresponding peak
down wherever the value of ip, _p, exceeded 0.0% Both §tructures are inclined to the right and to the left, respec-
parameters show that the flow is completely in the noncontively-
tinuum regime, and needs to be studied based on the kinetic
point of view.

Figure 8 shows a comparison of the DSMC deposition
thickness profile along the symmetric line of the substrate
with measured data. The collisionless result computed using
DSMC but with atomic collisions turned off is also shown.
The experimental data are obtained over a deposition time of
12 min. The thickness is measured with a profilometer across
a film edge which is created by blocking the substrate with
adhesive tape. The substrate used is a polished silicon wafer.
Since the coating is rather thick and the blistering of the film
does not allow accurate sampling points, scatter in the mea-
sured data is clearly seen. The comparison between the cal-
culated and measured results is reasonable. The collisionless
profile is significantly lower than the DSMC profile and the
measured data. The atomic collisions impede to some extent
the atomic diffusion to the block plates and chamber walls
that are assumed to be perfectly sticking. Neglecting the col-
lisions results in the atoms having more chance to stick on
the block plate surfaces or chamber walls rather than be de-
posited on the substrate. Figure 9 shows the computed depBs. 9. Deposition thickness distribution over the whole substrate for case I.

_\|Vpl
nGLL—D—T,

y (inch)
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2943

z(m)

0.1

52+

Fic. 11. DSMC number density fieltn®) for case II.

The continuum breakdown parameters EG8) and(19),
are computed along a path from the yttrium source center
perpendicular to the substrate and are shown in Fig. 12. The
parametepP is greater than 10 except in a region close to the
source. This means that the flow is close to the free molecu-
lar limit.

Figure 13 is a comparison of the DSMC deposition thick-
ness profile with measured data and the collisionless result.
In the experiment, the deposition time is 30 min. A quartz
crystal monitor was used to measure the atomic flux rate
toward the substrate. The rate integration provided the thick-
ness data that were verified by the profilometer measure-
ment. The DSMC profile agrees quite well with the mea-

Fic. 10. Comparison of DSMC and experimental atomic absorption spectrsured data. The agreement between the DSMC and
for case |:(a) vy=4.486x 10'* and (b) 4.416x 10 Hz.

B. Case Il: Low evaporation rate

Figure 11 shows the computed computer number density.
Since the present evaporation rate is about one tenth that of
case |, the largest number density around the source de-
creases to about ¥m3, that is, one tenth that for case |,
whereas the evolutions along tlzedirection exhibited by

Figs. 11 and @) are similar.

TasLE V. Hyperfine structure parameters of atomic absorption spectra for

yttrium.
VX 10% (Hz) 4.486
Av, X106 (Hz) 0.00
Av,X10° (Hz) 1.14
AvgX 106 (Hz) 1.76
Av X 10° (Hz) 2.90
71 5
Y2 1
V3 1
Ya 9

4.416
0.00
0.86
1.99
2.85
20
1
1
14

JVST A - Vacuum, Surfaces, and Films

collisionless profiles is in accordance with the prediction
given by the continuum breakdown parameters.

10*

T T TTTTIT

LR MR |

L SR E LY |

100I..||l|||||..|.l||..

Fic. 12. Variation of the Knudsen number along a path from the yttrium
source center perpendicular to the substrate for case Il.
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8000 barium, and copper. The values for yttrium vapor were used
in the DSMC calculations. The excellent agreement of the

7000;- DSMC and experimental results indicated that the approach
< 6000 | used to determine the collision cross sections for metal va-
§ : pors was reasonable.

g s000 | Collisions between the yttrium atoms were found to have
ﬁ 4000 an important effect on the film growth rate and the area of
5 ; uniform deposition as the evaporation rate increased. Colli-
% 3000 - sions determine the atomic trajectories and whether particles
& 2000k DSMC move toward the substrate or toward the chamber walls or
a s AT Solislonless block plates that were assumed to be perfectly sticking. For
1000 the case with the high evaporation rate, the DSMC calcula-

oE i tions showed that the atomic collisions may result in a sig-
8 6 -4 2 0 2 4 6 8 10 12 nificant increase of the deposition rate and a decrease of

Distance from the center of Yt pool (inch) deposition uniformity.

Fic. 13. Comparison of DSMC and experimental deposition thickness pro- The hyperflne eIeCtromC Strucwr.e Slgmﬂ(.:amly aﬁe.Cted
files for case II. the atomic absorption spectra of yttrium. For instance, in the

case with the high evaporation rate, because of the different
hyperfine structure ai,=4.486x 10'* and 4.416 10**Hz,
DSMC and measured atomic absorption spectra centerafie DSMC and experimental atomic absorption peaks at the
at a frequency of 4.48610'Hz are compared in Fig. 14. two frequencies were inclined to the left and to the right,
They agree well with each other in their trend. Because ofespectively.
the decrease of number density, the light intensity variation
caused by the atomic absorption is small, i.e., the measured
signal accepted by the spectrometer is weak. This results IRCKNOWLEDGMENTS

significant scatter in the measured data. This work was developed as part of the Office of Naval

Research/3M “Models, Sensors, and Controls for E-Beam

V1. CONCLUSIONS Deposition” program, Agreement No. N00014-98-3-0015.

A three-dimensional yttrium vapor deposition process wasThe content does not necessarily reflect the position or policy
investigated using the DSMC method and experiment. Thef the government and no official endorsement should be
atomic absorption spectra and deposited film thickness pranferred.
files of the yttrium vapor plumes given by the DSMC
method and experiment at the two different evaporation rates
were both in excellent agreement. APPENDIX: CALCULATION OF THE VISCOSITY

Atomic collision cross sections for metal vapors were CROSS-SECTION COEFFICIENT
studied. The parameters of collision cross sections for the
variable hard-sphere modé? were obtained for alkali metal
vapors and other metal vapors of interest such as yttrium,

The viscosity cross-section coefficieAb( ) is defined

Ax( n)EJ Sir? ya da, (A1)
3 0
[ DSMC . with
i a Measured W, ) 5 w717~ (12
2 =7r—2f 1-x"——— —) , A2
i X . p— (A2)
i wherew, is the (unique positive root of
z 1+ 2 (w\71
= 1 1—W2——(—) =0. (A3)
- n—1\«a
ol Table 3 in Ref. 6 tabulated the values Af(#) for the
N cases ofp=5, 7, 9, 11, 15, 21, 25, and that were contrib-
- uted by many researchers with the original literature given in
I a note in Ref. 6(p. 172. For cases in whichy is not an
1 MRS N T T T OO T SN VO T [N SO T SO W S T N

—E052E-08 5 SE+08 1E-I+OIQI integer, Eqs(A1)—(A3) may be solved numerically. Equa-

v-v, (H2) tion (A3) is transformed into
— —w?)\ Wn-1)
Fic. 14. Comparison of DSMC and experimental atomic absorption spectra . M ) (A4)
with v,=4.486x 10**Hz for case II. 2
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1 1
o8f Hos
| N=6.531
06F % w, o6
! O X |
3 =
04} 0.4
0.2f 40.2
L . 1 2 1 L ;. Nl TY T NS i
% 1 2 3°
o
Fic. 15. Relation ofw, and y vs « for =6.531.

It may be solved through a numerical relaxation iteration.
Then the corresponding values gfand A,(#) themselves
are obtained from EqgA2) and (Al), respectively, by nu-
merical integration. The relation o, and y vs « for »
=6.531, which is the value for cesium vapor, is shown in
Fig. 15.
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