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and one-at-a-time serting. In addition, particle uaerosolizad:
tion by plasma ashing,‘gas dynamic transport and positioning
of particles, and particle deposition from gas flow were stu-
died to interface the three techniques.

| An extensive study of the effects of plasma ashing on

| particles and substrates was made. These results should
prove useful in the removal of particles from organic sub-

i strates and in removing unwanted organic particles from

: samples. A wide range of material and commercial substrates
' were ashed and a large number of gas compositions and rela-
tive ratios were tested. The particles formed upon oxygen
ashing appear under a microscopc to be 0.1 um and should be

easily separated from the larger inorganic particles remcin-
ing.

An extensive theoretical investigation of dio:zlectrophor—J
esis was made. This resulted in the theoretical determina-
tion of particle size dependence, a dielectric sorter module
design, and likely operating conditions.

A technique for producing a one-at-a-time particle flow
in a gas was developed. Interesting particles were to be de-
tected by their characteristic fluorescence which is excited
by a focused laser beam and sensed by filtered photo cells.

} The interesting particles were then to be deflected by an ion
wind created by a high voltage pulse between two electrodes.
Work on the breadboar? was terminated before these ideas
could be tested.

As advanced testing brogressed, it slowly became appar--
ent that the pressure and gas flow rate requirements of the
three separate techniques were irreconcilably incompatible.
That is, as the likely operating conditions for each stage
became known, it became apparcnt that there was no way to
interface them into one simple instrument as proposed.
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SUMMARY

The goal of this particle handling project was to design
and construct an automatic particle sorter. This instrument

was to be capable of sorting out particles of interest rapid-
ly and with low loss. The particle diameter range, over which

this instrument was to be effective, was 5 um to 0.1 ym. The
techniques utilized were to be highly independent of particle

shape or size and present minimal damage and contamination.
The following technigues were investigated for use in a bread-
board particle sorter: plasma ashing, dielectrophoresis, and
one-at-a-time sorting. In addition, particle aerosolization
by plasma ashing, gas dynamic transport and positioning of
particles, and particle deposition from gas flow were studied

to interface the three techniques.

An extensive study of the effects of plasma ashing on
particles and substrates was made. These results should prove
useful in the removal of particles from organic substrates and
in removing unwanted organic particles from samples. A wide
range of material and commercial substrates were ashed and a
large number of gas compositions and relative ratios were
tested. The particles formed upon oxygen ashing appear under
a scanning electron microscope to be less than 0.1 um and
should be easily separated from the larger inorganic particles
remaining. However, in oxygen plasmas, samples of UO2 showed
a slight increase in weight indicating the formation of higher

oxides of uranium.

An extensive theoretical investigation of dielectrophoresis
was made. This resulted in the theoretical determination of par-

ticle size dependence, a dielectric sorter module design, and
likely operating conditions. However, since the operating
conditions conflicted with pressure and flow requirements, we
were not able to test these theoretical results.

A technique for producing a one-at-a-time particle flow in

s-1 Block Engineering, Inc.
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a gas was developed. Interesting particles were to be detected

by their characteristic fluorescence which is excited by a focused
laser beam and sensed by filtered photo cells. The interesting
particles were then to be deflected by an ion wind created by

a high voltage pulse between two electrodes. Work on the bread-

board was terminated before these ideas could be tested.

As advanced testing progressed, it slowly became apparent
that the pressure and gas flow rate requirements of the three
separate techniques were irreconcilably incompatible. That is,
as the likely operating conditions for each stage became known,
it became apparent that there was no way to interface them into

one simple instrument as proposed.

In addition, other difficulties came to light. The dielec-
tic constant to density ratios of particles of interest were
found not to be unique as first proposed. Plasma ashing did not

put the remaining particles evenly and coumpletely inco a flowing

gas stream. As a consequence of these insoluble problems, it

was necessary to abort plans to construct a breadboard instrument.
For the balance of the contract period, our effort was directed
entirely toward the only stand-alone component of the system -

plasma ashing.

Block Engineering, Inc.




. ‘ SECTION I

INTRODUCTION

1.0 Historical Perspective

. This is the final report for a two phase program on
"Advanced Handling and Sorting Techniques for Ultrasmall
Particles". By early 1972, Block Engineering had conceived
of a variety of particle handling techniques which seemed
unique and promising. These techniques were described in
an unsolicited proposal. That proposal led to the funding
of the first two phases of a proposed tiree phase program
to test those techniques, select from among them the most
useful ones, and construct a breadboard automatic partlcle
sorting instrument.

In Phase I, a large number of techniques were developed
and given preliminary testing. The primary accomplishments
are enumerated:

(1) The diverse concepts proposed were organized into
a unified system concept which carries out the

desired functions in a logical order.

(2) A concept of avoiding liquids altogether to
prevent contamination was developed.

(3) Plasma ashing was tested and found to be adequate
for suspending the particles and introducing them
into a fluidic sorter.

(4) It was demonstrated that most of the uninteresting

organic particles aould be eliminated by selective
ashing.

(5) A fluidic system was demonstrated to be a low
loss technique.

I-1
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(6) Bulk sorting techniques were considered to eliminate

uninteresting particles early in the fluidic sorting
procedure.

(7) Suitable modular sorter section constr "ticn methods
were devised.

(8) One-at-a-time sorting in a fluidic system was investi-
gated.

(9) Two new deflection methods were devised and tested.
(10) Storage in the vapor state was demonstrated.

(11) Laser levitation of particles 1/10 of the diameter
of the smallest previously-levitated particles was
accomplished.

(12) Photophoretic separation of relatively large

particles from relatively small particles was
indicated.

At the end of Phase I, it was decided that a breadboard
automatic particle sorter based on the concepts developed
during Phase I could be constructed. Thus, the goal of Phasc
II was to construct a breadboard particle sorter using the
following techniques: plasma ashing, dielectrophoresis, and
one-at-a-time sorting. In addition, the techniques of particle
aerosolization by plasma ashing, particle transport and position-
ing by flowing gases, and particle deposition from a gas stream
would be utilized,

1.1 Performance Goals for Automatic Particle Sorter

A review of particle analysis problems determined for us

the following specific requirements for this program which have
guided our work.

Block E.ngineering, Inec.
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First, it is necessary that particle selection be only
species dependent and be relatively independent of particle
shape or size.

Second, it is necessary that the system have low losses.
To be speci’ic, losses must be considerably fewer than losses
of available methods. It is clear that currently losses
approach 100% for particles below, say, 0.5 ﬁm. Thus, any sig-
nificant efficiency in the 0.1 um to 0.5 um range would be help-
ful. Furthermore, the number of these particles is likely to
greatly exceed the number in the 1 ym to 5 ym range. Thus, al-
though the goal is no loss for all sizes, even a high loss rate
(e.g., 20%) would offer a very dramatic improvement.

Third, damage and contamination must be minimized.

Fourth, the sorting rate must be rapid.

1.2 Techniques Chosen for Utilization in Automatic Particle

Sorter

1.2.1 Plasma Ashing

A plasma is a state of matter composed entirely of elec-
trons and bare nuclei. However, at very high temperatures or -
in the presence of strong electric or magnetic fields, a glowing
and partially ionized gas composed of ions, electrons, and
neutral species is also referred to as a plasma. In plasmas
produced by radio frequency (RF) fields, free electrons gain
energy from the imposed electric field and lose this energy
through collisions with neutral gas molecules. The transfer
of energy to the molecules leads to the formation of a variety
of new species including metastables, atoms, free radicals,
and ions. Thes~ products are all chemically active and can
be used to react with solid matter to form gaseous products.
An additiona. characteristic of such plasmas is the lack of
equilibrium ietweer ihe electron temperature, . and the gas

.
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temperature, Tg. While the electrons are sufficiently energetic
to cause the rupture of molecular bonds, the gas temperature

may only be slightly above ambient values, hence the term cold
or low temperature ashing.

In Phase II, cold plasma ashing was to be used in two
separate wvays. First, to rcimove all the organic and some of
the inorganic particles which contaminate samples. While leav-
ing particles of interest unaltered, plasma ashing removes most
of the unwanted particles by reactions to form volatile products.
Secondly, plasma ashing appeared to be useful in the removal of
the originzl substrate. As ashing progressed, the remaining
particles could be picked up by a flowing gas stream and car-

ried into the succeedinqg stages of separation.

1.2.2 Dielectrophoresis

Dielectric particles can be deflected by inhomogeneous elec-
-3 tric fields. At low pressures (0.1 torr), this deflection is in
3 the first order independent of particle size. Size dependence
enters as a second order term which depends on mean free path
and gas viscosity. At pressures of 10 torr and greater. this
size dependent term becomes significant and at higher pressures
even dominant. In this second stage, particles of one dieleciric
constant-to~density ratio were to have been separated from those
unwanted particles having very different ratios. After this
stage, those particles of a certain dielectric constant to density
ratio range will be passed on to the final stage.

1.2.3 One-at-a-Time Sorting

Once the areat bulk of uninteresting particles have been re-
moved by the first two stages, the number of remaining particles
should be small enough to sort one particle at a time. The par-

Block Engineering, Inc.
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E ticles in the transporting gas are so constricted that they

pass one-at-a-time with constant velocity through a laser

beam. The laser light produces a characteristic fluorescence
emission which can be detected by an array of filter photocells.
Shortly downstream, the interesting particles can be deflected
by a strong electric field into a separate gas stream for final
deposition or any other type of processing. |

e — . R

1.3 Organization of Phase II

The primary goal of Phase II was to assemble and test a
workable breadboard particle sorter based on the concepts
examined in Phase I. The breadboard should have been suitable
as a L sis for a deliverable model for Phase III. Phase II as

plann involved three separate steps:

mw"’

(1} To do advanced testing and theoretical investigation
of the thrce techniques, plasma ashing, dielectro-
phoresis, and one-at-a-time sorting, that are the
basis for the threc operating stages of the auto-

v matic fluidic sorter. Also to do advanced testing
of the interfacing of the three stages and of the
final particle deposition.

To develop by using the data from step one, a de-
tailed instrument design that is suitable for rapid,
inexpensive construction.

To construct a breadboard instrument and test its

capability and efficiency with standards and unknown
samples.

Steps one and two were to run simultaneously over the first
two thirds of the contract period. These two steps were to in-

teract with each other and culminate in a complete system design

Block Engincering, Inc.



to be built in step three. The system assembly would demon-
strate the concepts used and the solutions to the interfacing
problems. Of course, the system would have been improved con-
siderably in transmission efficiency, sorting versatility, and
transmission rate in going from the brecadboard model to the
deliverable system in Phase III. Nevertheless, all of the bas-

ic features would have been present in the breadboard model.

1.4 Results of Phase IT

An extensive study of the effects of plasma ashing on par-
ticles and substrates was made. The results of this investiga~-
tion, presented in Section III, should prove useful in the re-
moval of particles from organic substrates and in removing un-
wanted organic particles from their samples. A wide range of
natural substrates were ashed and a large number of gas compo-

sitions and relative ratios were tested.

An extensive theoretical investigation of dielectrophor-
esis, presented in Appendix A, was made. This led to the deter-
mination of particle size dependence, a dielectric sorter mo-
dule design and likely operating conditions. Also, the problems
in utilizing this technique have been outlined in Section II.

As the proper operating conditions became known for each
stage of the sorter, it became apparent that there was no way to
interface them into one simple instrument as proposed. Since
steps one and two could not yield a detailed instrument design
suitable for construction, step three had to be aborted.
Consequently, we could not complete that part of the original
tasking dealing with construction and testing with both standards
and unknowns of a fluidic particle sorter. The system design,

at the point of termination, is presented in Section IV.

Block Enginecring, Inc.




SECTION II

DIELECTROPHORETIC SEPARATION

2.0 Introduction

The thorough theoretical analysis of diclectrophoresis,
presented in Appendix A, is elucidated by a series of numerical
computations aimed at determining the theoretical effectiveness
of dielectric particle separation in our various designs. The
equations of motion derived in Appendix A are in the form of
second order differential equations, and are analytically
solvable. However, th. approach taken here is an iterative
solution method, well suited to implementation on a digital
computer. A computer simulation of the dielectric separation
is presented with results showing the separate effects of
particle size, initial position, and other parameters on the

efficiency of separation.

Also, the behavior of an ensemble of dielectric particles
of two different specics (UO2 and SiOz) ard of various sizes is
analyzed. UO, and 8102 were selected because there was a great
difference in their dielectric constant to density ratios.
Numerical results show the theoretically derived distribution
of these particles in a separation stage, and indicate the

degree to which these species can be separated.

2.1 A Computer Simulation of the Dielectrophoretic

Separation Technique

2.1.1 Preliminary Experiments

In order to gain insight into the behavior of particles
of various sizes, dielectric constants and densities, the
equation of motion for dielectrophoresis in a gas was solved.

The starting point for these computations are the equations

ol i S —————

2 '
" =GB = 1) V, (1 - x) 18n x
= - -cd/L
o] P2 rl4 (x - —;—xz)3 pd2 + pdL(a + ke cd/ ) |
(2-1) *i
II-1 {
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for the planar geometry and its counterpart

5 2 n
. -c°(§ 1) vO ! 18n x

n
X = L ™
p P'2 rl4 x3 pd2 + pdL(a + be cd7L)

(2-2)
for the cylindrical electrode geometry (see Equatl:ions A-39,
A-40, and A-52).

Here x is defined as a normaln'od p051L10n coordinate
(see Fquations A-37 and A-38) and x and x are the corresponding
normalized velocity and acceleration.

Although Equations 2-1 and 2-2 are solvable by analytic
means, it was decided to simulate the behavior of a general
particle by computing its trajectory with a simultancous
evaluation of the accelerations produced by the field and by
the drag forces, in order to decide when drag forces became
considerable.

The wethod for the solution of the differential equations
2-1 and 2-2 are very similar. In both cases almost identical
FORTRAN source programs were generated. A listing of the
programs to compute the trajectories in the planar and cylin-
drical caces, names FIELD and FIELD 3'respectively, is attached
in Appendix B.

In each case a number of parameters are capable of being
entered under program control, to be used as initial values,
etc. These include the initial position of the particle; its
size; the applied voltage; etc. Also, the geometrical dimen-
sions of the electrode configuration was variable, with the
inner electrode radius being fixed at 1/50 of the distance of
the outer electrode. 1Initially, only two choices for the
possible use of the viscosity coefficient were provided: one

Block Fngincering, Inc.
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corresponding to air at standard temperature and pressurc, and

the other corresponding to hydrogen at 17100 atmospheres pres-
sure.

The technique for the solution of the equations of
motion was to update iteratively the position, velocity, and
accelerations due to field and drag respectively, for each
particle. For a convenient compromise between speed of
computation and the accuracy of the results, the iterations
were done on 1 pusec intervals, with the results being dis-
played at intervals of 0.1 milliseconds, or every 100 iter-
ations.

Some of the results from executing the programs FIELD and
FIELD 3 are shown in Tables 2-1 and 2-5 on the following
pages. 1In each case, the results have been displayed simui-~
tancously for identical particles under identical clectrede
geomctry and accelerating voltage conditions. In rcading
these data, a minor discrcpancy between the description of
the equation of motion for the Planar geometry and its imple-
mentation in FIELD must be mentioned. In FIELD, the particle
moves from its initial normalized position (typically 0.95

cn) out to a normalized final position (typically 0.98 cm).

'“hus its velocity and acceleration are both positive. This

is in contrast with FIELD 3 where the particle is moving in-
wards and its velocity and acceleration are consequently nega-
tive. Apart from the minor differences, the absolute values
of the velocities and acceleration can be comparced for both
programs at each instant of time.

Tables 2-1, 2-2 and 2-3 show the rapidly increasing ‘
effect of drag when the size is reduced, for a particle of
dielectric constant of 20, and a density of 3 gm/cc. A com-
parison bf the field and drag accelerations indicates that
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while 10 uym particles are not drag-limited at 1/100 of an
atmosphere H2 pressure, 5 pm particles are more so, and 1 um
particles are almost completely governed by viscous drag.

Table 2-4 indicates the effect of the initial position
on the trajectory of identical particles, while Table 2-5
indicates its motion in air under normal atmospheric pressure.

2.1.2 Determination of Particle Trajectories for a Specified
Distribution of Particle Sizes and Dielectric Constants

Following the initial numerical work, a more flexible
series of programs was developed to investigate the behaviour
of diclectric particle trajectories. The programs FIELD,
FIELD 2, and FIELD 3, listed in Appendix C, each determine
different aspects of dielectric paticle behaviour. Each is
capable of accepting the complete range of relevant variable

pParameters.

The new version of FIELD takes into aﬁcount the Millikan
version of Stoke's Law for very small spheres in a gas; that
is, the mean free path considerations referred to in Section
A-5.1 have been inco:osorated in the computation. Also, the
Program is capable of treating either the cylindrical or the
planar geometry, with the coordinates being identically de-
fined in both cases. fThus in both modes, the particle is
travelling inwards, towards x = 0, and thus the velocity and
acceleration are both expressed as negative quantities. A
sample run to compare the behaviour of a 10um diameter parti-
cle in a) air at standard pressure and b) in hydrogen at
1/100 atmospheres pressure is shown in Table 2-6.

The behaviour of the particle in air is seen to be predomi-
nantly drag-determined, whercas at the lower pressure in
hydrogen, the drag effects are at worst an order of magnitude
lower than field effects.
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The main aim of this series of simulations was imple-
mented in the programs FIELD 2 and FIELD 3. This aim consists

of gencrating the distribution of particles at a specific time

instant as a function of their size, dielectric constant, and

density.

The program FIELD 2 is almost identical with F1ELD,
except that the particle motion is determined on a logarith-
mically varying time scele rather than at equal intervals of
time. The minimum iterative interval, as before, is still
lusec. Thus no additional error has been introduced. The
main aim of this program was to determine the total time of
flight for the particles suffering the highest acceleration.
This then determined the time for which the entire range of
particles should be allowed to accelerate. Accordingly, the
transit time obtained from FIELD 2 was entered into FIELD 3

as a paramecter to determine the distribution of the particles.

The program FIELD 3 determines the final position for

particles of various sizes, densities, and dielectric con-

stants, which have been allowed to accelerate for a specific

time. At the end of this time, each particle position, velo-

city, and accelerations are output.

A typical output result from FIELD 3 is shown on the
following two pages. In these records, the particle popula-
tion consists of a mixture of particle sizes ranging from
10um to 0.lym in diameter.

Also, two specific particle types were selected for
analysis, namely particles of uranium dioxide having a den-
sity of 10.0 and a dielectric constant of 21.00, and particle
of silica, with a density of 2.20 and dielectric constant

Block Engineering, Inc.
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2.25. Note also in these results that in keeping with the
theoretical design criteria that were found to be desirable
(sec Section A-7), the dimensions of the electrodes have been
diminished by a considerable factor, with a total particle
transit distance being a maximum of 100 um. The voltage
selected (210V) is the maximum sustainable voltage in dry

air at onc atmosphere.

The result of the outputs from FIFLD 3 are summarized
in Figure 2-1. 1In this figurc, the particles travel from
right to left, from the nominal distance of 150 um, towards
the inner electrode, which is located at 50 um. The shaded
bar represents the initial distribution of particles, which
arc depicted as starting with an initial position uncertainty
of £+ 5 um. The remaining bars indicate the final position
of the population of particles, broken down by size, after a
specific time interval. At the end of this time, the popu-
lation of 10 pm dismcter UO, particles has just reached the
inner electrode. Note also that there is an increasing spread
in the position uncertainty of each particle population as it

travels towards the inner elcctrode.
Figure 2-1 indicates thatl, using the dimensions for the
clectrodes as shown therein, secparation of 1 um diameter

particles of uo, and SiO2 can be achicved, provided the oper-

ating pressure is 1/100 atmosphcres of Ii, and necar breakdown

voltage conditions (in air) arc used. In the presence of

submicron size particles, only incomplete separations can be

obtained.
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2.2 Species Dependent Factor in the Dielectiric Acceleration

Equations

The species dependent factor in the dielectric acceleration

cquations (equations 2-1 and 2-2) is (k-1)/p. Th.is factor has
been calculated from the khown dielectric constants and densi-
ties for a nunber of common inorganic materials and is tabulated
in Table 2-7. While there is a large variance in the dielectric
constant (10.7 *# 8.6 or * 80%), there is a smaller variance in
our species dependent factor (2.3 * 1.3 or ¢ 57%). For example,
although U02 has one of the largest dielectric constants (fifth
largest on our list), it stands 33rd out of 47 for the species
dependent factor. Even worse is the fact that it stands in a
very dense portion of the facltor spectrum, near many commonly
occurring materials. This nonuniqueness of the uo, factor makes
its bulk separation from other comwnon materials very limited at
best. Consequently, a desion in which there is both a high and
a low cutoff musi be congidered, sinco UO2 is neither near the
upper or lower limit.

2.3 Pressure Requircwents for Effective Dielectric Sorting

Considering the cylindrical geometry, we again use the
program FIELD 3 to determine the final position of particles
which have been allowed to accelerate for a specific time.
With helium as the carrier gas and a voltage on the central
wire of 189 volts, which is 90% of the breakdown voltage,
the particles are brought in at a distance of 180 + 5 um
from the center electrode. The outer cylinder's radius is
200 ym and the center wire has a 50 ym radius. In Figure
2-2, the final positions for a two material system of vo,
(k =21, d =10.9 g/cm3) and SiO2 (k = 4.3, d = 2.6 g/cm3)
are shown for a range of pressures. At P = 10 torr, there

II-16
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TABLE 2-7
SEPARATION RATIOS FOR DIELECTRIC SORTING OF COMMON MATERIALS
:Matcrial+ Dielectric Constant (k) Density (p) (k-1)/p
(at 106 -] lO9 Hz) (g/cm3)
s Pb(N03)2 37.7 4.5 8.1
2. Tl 46.9 7.0 6.6 ;
3. NH,C1 7.0 1.5 4.0
4. *Cassiterite - SnSnO4 23.7 7.0 3.3
5. Na2C03 8.4 2.5 3.0
6. *Calcite - CaCO3 8.5 2.7 2.8
7. *Cerussite - rbCO3 18.6 6.6 2.7
8. *Tcnorite -~ Cuo 18.1 6.4 2.7
9. BaCl2 11.4 3.9 2.7
10. Pho 25.9 9.5 2.6
11. Cuse, 10.3 3.6 2.6
1.2, NH,Dx 2l 2.4 2:5
13. *Zircon - ZrSiO4 12.0 4.4 2.5
14. *llalite - NacCl 6.1 2.2 2.1
15. *Apalite - CaF2'3Ca3P.O 8.5 3.2 2.3
16. *Barite - Bas0, 11.4 4.5 2.3
17. Pbhs 17.9 7.5 2.3
18. Tarapacaite - KZCrO4 7.3 2.7 2.3 |
19. FeO 14.2 5.7 2.3
20. *Dolomite - CaCO3MgCO3 159 2.9 2.8
2l. *Anglesite - PbSO4 14.3 6.2 2.1
22. *Beryl - 3BeO'A1203'68i02 6.6 2.8 2.0
23. *Gypsum - Caso4°2H20 5.7 2.3 2.0
e e e W) II-17 TR e ,!
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TABLE 2-7 (continued)

1
: t 24, A1203 - a

8
[ ' 25, caF, 7.4 3.2 2.0
; )
E 26. *Sylvite - KCl

(8, ]
o
N
o
N
o

| 127. *Saltpeter - KNO, 5.0 2.1 1.9
| 128, K,CO, 5.6 2.4 1.9 |
: ;29. *Smithsonite - ZnCO3 9.3 4.4 1.9;

! |30. Kclog 5.1 2.3 1.8
i '31. *arconite - k,80, 5.9 2.7 . 1.8
;32. *Cerargyrite - AgCl 11.2 5.6 1.8?

'33. uo, 21.0 10.9 1.8
34. *Airagonite - CacCo, 6.1 2.9 1.8 !
35.  Ruwo, 5.2 2.3 1.8
(36. *Broay.ite - Aghx 22.2 : 6.5 1.7 :
37. *Ralinite - KAL(S0,),"121,0 3.8 1.8 1.6‘
36. “Malachite = CucO,Cu(om), 7.2 4.0 l.6§
39. *Alumina - Al,0, 6.5 3.7 1.53
?40. Ba(rO,), 5.9 3.2 1.5:
41, *Quartz - sio, 4.3 2.6 Lxd |

'42. *Dpiemond - C 5.5 3.3 1.3
; 43, K1 5.6 3.6 1.3
i44. AgCN 5.6 4.0 1.2

45. Hg,Cl, °.4 7.7 1.2
46. *Sand - Sio2 2.6 2.6 0.62
47. *Cotunnite - PbCl, 4.2 5.9 0.55

: Chemical names indicaté aata for’;;;;nb;;;w;;;é;EQZQ--"n."-m e

Minerals and other naturally formed materials
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is a partial separation like that shown in Section 2.1.

! However, this separation is too little for any practical use.

E At P = 1 torr, there is sufficient separation for a two

!¥ material system. However, only at P = 0.1 torr is there

: sufficient separation for a multimaterial system.

In Figure 2-3, we show the results of a multiparticle separa-
tion for 1 um diameter particles with an applied pressure of

0.1 torr. If the particles falling between 90 um and 120 um
from the center of the wire were ~eparated from the remainder

of the particles, there js useful separation of UO2 from par-
ticles having a (x-1)/p factor greater than 2.3 or less than 1.4.

In conclusion, these results show that an cffective
scparation can only be possible at pressures less than about
0.1 torr (100 micron of Hyg).

2.5 Laboratory Ixperinmentt

A simple qualitative experimnent was conccived to demon-
strate dielectric deflection of a slowly moving bheam of
particles. A very fine particle stream of low, but unmeasured,
particle density was genexated. The following eqguations from

Appendisz A are used to calcvlete the parameters of the experi-

ment.
e (v-1) \ % \Y
a-n o == o -
Vp ¥ p PrE, S
where
pP' = ln(rl/ro) (2-4)

with ry = 0.24 cm (inner electrode radius) and r, = 2.54 cm

(outer electrode radius), an applied voltage (Vo) greater

II-20
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than 5.7 kV qhould deflect UO, particles moving at a velocity,
Vpe of about 3 cm/sec tangential to the inner electrode (see
Figure 2-4). Operating the system at 7 kV and vp = 3 cm/sec,
extensive deflection of a beam of 1 um vo, particles was ob-
served. It was not possible to test the particles for surface
changes. On a filter paper used to collect the particles, it
was observed that UO, particles deflected rather evenly with
a tapering off starting 2 cm from the point of no deflection.
The same experiment was then tried using 1 pm SiO2 particles.
With Vp again at = 3 cm/sec, there was little deflection of
the Sio2 until voltage was increased to 10 kV. The quali-
tative results of these tests are shown in Table 2-8.
TABLE 2-8
QUALITATIVE RESULTS OF DIELECTRIC EXPERIMINT

Voltiage (kV) 1 ym UO, 1 um Sio2
— eI Estimote of the Amount of. Deflection
4 None None
5 None None

6 Sone =

7 Some None

8 Extensive None

9 Extensive Some

10 - Some

11 = Extensive

Since at 8 kV, there appeared to be extensive deflection of
vo, and almost none for Sioz, a separation experiment was

performed. A mixture of vo, and Sio2 was placed in the particle

chamber. With Vo =8 kv, a 1:1 mixture of 1 um 002 and 1 um

II1-22
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SiO4 particles showed slight deflection and no separation.
Since the particles under a microscope appeared to be highly
conglomerated, a second particle generator was constructed

so that the UO2 and SiO4 could be combined in the low density
gas/particle beams. The results were nearly identical to
those using the intimate mixture.

Under a very intensec lamp the individual particles could
be observed. Thesec particles demonstrated no acceleration
toward the center high voltage electrode. Even at 15 kv,
no migration, either dielectric or Coulombic, was observed by
the particles moving very near the wire. Although microscopic
examination of the particles showed that they were still,
although less, conglomerated, their central acceleration should
not have been effected. Conscquently, the viscous drag in
nitrogen and in helium (the two gases used in these experiments)
et atmospheric pressure is too great for us to observe any

Cielcetric aofleckion,

The deflection that we observed in our first experiments
were due to the gas dynamics in our enclosed chamber. The dif--
ferent results with our two materials were probably a result of
tneir varying denszities.

From these experiments we can conclude two things:

(a) dielectric deflecticon can, if ever, be observed
only at very low pressures, and

(b) our calculation of dielectric forces may be greater
than they actually are.

2.6 Dielectric Forces versus Coulombic Forces

In Appendix A, we showed that the dielectric force is
Fd = eo(K-l) E(3E/3r)V (2-5)

where V is the particle volume.
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It is well known that the Coulombic force is

F, = Eq (2-6)

For the Coulombic force to be of the same order magnitude as
the dielectric force (i.e., Fd/Fc = 1) then

g =nec = CO(K-l)(aE/ar)V

vhere n is the number of electrons whose charge is e. Assuming
spherical particles and using the cylindrical geometry and
equation A-33,

Vo

%% AL (2-7)
r ln(xl/ro)

with v = nd3/6, the number of elect:ons that will give a

Coulembic force egual to the diclectric foree

.
N~
-

ncO(K—l)Vo 3

n = a (2-8)

2,
6exr ln(rl/ro)

et V = 190 volts, » = 175 um, B, = 50 um and ry = 200 um,

wvher - for UOZ’ K = 2]. Table 2-9 shows the number of electrons

:I;]_\I;LE 2 = 9_

THE RUMBIR OF FLECTRONS THAT GIVE A COULOMBIC FORCE
EQUAL TO THE DIELECTRIC FORCL

Particle Diameter (um) n (# of electrons) 1
50 320,000 1
10 2,600 ‘
5 320
3 70
1 2.6
0.8 1.3 1
0.5 0.32 |
0.1 0.0026 |
II-25

Block FEngincering, Inc.




§ -
¥
4
¢

for particles of UO2 of various sizes. For particles of
diameter less than 1 um, any surface charge will give a large
Coulombic force.

Particles in the atmosphere are known to be cherged;
electrostatic precipitators work very effectively on the
Principle that all particles have some charge. Charge is
caused by:

(a) Friction - particles colliding with each other and
with gas molecules.

(b) Reactions - chemical and nuclear

(c) External forces - ultraviolet radiation, gamma
radiation, ionic discharge.

Even if the particles, which we must assume are likely to
be chaxged when they leave the plasma asher cection, could be
effectively discharged, without losing them on the discharging
surfeces, it is extromely unlikely they could be neutralized
and kept neutral to the degree where there would literally be

no free charges on their surface.

A solution weuid be Lo rapidly oscillate the electric
field. 1In order to see a rclatively uniform field, the field
must oscillatc at least once each time a particle trans-
verses its diameter. For 1 pm particles moving at 1800 cm/sec,
the frequency must be 1.8 x 107 Hz. This rapidly oscillating
field creates a situation similar to our RF plasma stage. If
the pressure is low, i.e., below 10 torr, a plasma discharge
will occur. Consequently, this consideration dictates a
higher pressure.
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SECTION IIX

PLASMA ASHING

3.0 Introduction

In an RF oxygen plasma, the primary reactive species has
been determined! to be O2 A; molecules and 0O 3P oxygen atoms,
their individual concentrations ranging from 10 to 20% depend
on the dischargye conditions. Both the atomic'and excited
mclecular oxygen react with organic substrates and gas phase
species. In the glow region of the plasma, there is a frece
clectron concentration of approximately 1011 cm—3. However, a
few millimeters away from this glow region, nearly all of the
ionic species have disappeared but the other "active" species
persist for a considerable distance before they are deactivated

either reactively or by collision.

The direct generation of oxygen atoms in the diecharge
glow rcgion wesults in part from electrcn-molecule reactione,
molecule iocn-electron »eactions, and electronically excited
molecular oxygen dissocation. High cencentrations of atomic
oxygen can be attained by the catalytic effects of other
"foreign" gas, such as hydroycn, nitrogen, or water vapor.
These impurities provide many of the kinetic pathways leading
to atomic oxygen produvction. Nitrogen as an impurity in

discharged oxygen gives such reactions as:

ot + e” > N+ 0
(3-1)

N+ 0, + N0t + 0

In a very pure oxygen discharge, there is the usual glow, but
the plasma will contain a very low level percentage of oxygen
atoms.

l. J. R. Hollahan and A. T. Bell, Techniques and Applications l
of Plasma Chemistry, John Wiley & Sons, Inc., 1974.
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3.1 optimum Conditions for Plasma Ashing

3.1.1 Pressure and Flow Rate

A fluidic system was developed where the pressure, flow
rate, and gas mizxture could be indevendently controlled. This
system is shown in Figure 3-1. The asher is a Tegal PLASMOD
whose RF power is continuously variable from 0~100 at 13.56
MHz. The PLASMOD was fitted with 3.25" ID by 6.25" long Pyrex
reaction chamber. The mechanical pump is a Welch 14025 which
has a pumping speed of 160 liters per minute. The pressure
gauge is a Iastings VP-4 thermocoupl: gauge which has a range
of 0-20 torr.

It was found Lhat &shing rate and the completeness of
ashing did not dopand greatly on the flow rate or pressure.
Therefore, thesce were relatively constant throughout the
experiments. The pressure wasz held s+ 1.0 + 0.2 torr and the

e
g - = 1) op
flew ¥ te & 195 ¢ 20 e®” /Hin,

3.1.2 Gas Comprsition

The rate of ¢shing did depend grceatly on the gas com-

position. The fellowing gas niztures were gtudied:
() 100% o,

(h) 96% O 4% CFr

2¢ 4
(c) 802 02, 20% N2
(@) 50% 0,, 50% N,
(c) 48% 02, 489 N2, 42 CI-‘4
(f) 50% 0,, 50% H,

For each mixture, two samples each of approximately 2 grams
of Whatman #44 (Ashless) filter paper were used. The results
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]' are shown in Table 3-1 and in Figure 3-2. 1In all cases, the

variation in the percent residuc after each time interval was
within + 0.05% of the average. This was small compared to the
The 1:1 mixture of 0O

and N2 with CI-‘4 was the fastest mixture tested.

relative differences between mixturecs. 2

The addition
of 4% CF4 did increasc the rate slightly but insignificantly.
Adding nitrogen to oxygen markedly incrcased the rate of ash-

ing.

TABJY, 3-1

ASHTNG RLTE_FOK VARIOUS GPS IMIXTURLS

W T | TAverage Pércent iesidue riter
Gas Mixture T2 llour | 4 Hour | 6 Hour ¢ Hour 10 Hour

N _58.32 . 33.68 -20.5£-—‘—«-10.38 4.87

: CF& 52.94 20.4% 15,03 132 3.12

0 /RZ 38.74% 2L 5,61 l.42 0.21

OZ/N2 34.81 1).87 3.8l 1.38 0.16

N, w CP4 32.17 9.86 3.11 0.86 0.07

O?/H) 42.03 18.42 <9 2.34 | R

A more impoitant test is the relative completeness of
ashing, as well us the inertness of UO? to the mixture. Samples
of cotton cloth (CC) and UO, were subjected to plasmas of the

following mixtures for 18 to 24 hours:

(a) 100% o,
(b) 96% 02, 4% CF4
(c) 50% 0,, 50% N,
(@) 48% 0,, 48% N,, 4% CF,
(e) 80% 0,, 203 CF,
IIT-4
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The results are shown is Table 3-2. fThe addition of CF4 gives
considerably less ash Irom cotton cloth. While the 1:1 02/N2

gives a much faster ashing than pure 02, the final percent

residue is nearly the same. The l:1 02/N2 with 4% CF4 gives
both the fastest and most complete ashing.
for corrusion to uo

However, the test
5> Shows that mixtures containing CF4 cause

a cerious loss in weight to U()2 samples. Since plasmas can

only etch away at the surface, a small weight
experiment indicates that an exposc

loss in this
d particle 10 um or less
in diameter would be completely dest<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>