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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 ym to 0.1 ym.  The 

techniques utilized were to be highly independent of particle 

snape or size and present minimal damage and contamination. 

The following techniques 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 ym and 

should be easily separated from the larger inorganic particles 

remaining.  However, in oxygen plasmas, samples of UO- 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-l 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 compleLely 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. 

S-2 
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SECTION I 

INTRODUCTION 

1.0  giatorical Perspective 

This is the final report for a two phase program on 

"Advanced Handling and Sorting Techniques for Ultrasmali 

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 t-rree phase program 

to test those techniques, select from among them the most 

useful ones, and construct a breadboard automatic particle 

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 vere 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 oould be eliminated by selective 
ashing. 

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

loss technique. 

1-1 
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(6) Bulk sorting techniques were conpidered 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 Phase 
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. 

1-2 
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temperature, T .  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 ways.  First, to rcuiove 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 original substrate.  As ashing progressed, the remaining 

particles could be picked up by a flowing gas stream and car- 

ried into the succeeding stages of separation. 

1.2.2 Die]octrophoresir 

Dielectric particles can be deflected by inhomogeneous elec- 

tric fields.  At low pressures (0.1 torr), this deflection is in 

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 ut higher pressures 

even dominant.  In this second stage, particles of one dielercric 

constant-to-densit./ 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 great 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- 

1-4 
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tides 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. 

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 

exain.i ed in Phase I.  The breadboard should have been suitable 

as a i sis for a deliverable model for Phase III.  Phase II as 

planr   involved three separate steps: 

(1) To do advanced testing and theoretical investigation 

of the three techniques, plasma ashing, diclcctro- 

phoresis, and one-at-a-time sorting, that are the 

basis for the three operating stages of the auto- 

matic fluidic sorter.  Also to do advanced testing 

of the interfacing of the three stages and of the 

final particle deposition. 

(2) To develop by using the data from step one, a de- 

tailed instrument design that is suitable for rapid, 

inexpensive construction. 

(3) 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 

1-5 
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I 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 breadboard model to the 

deliverable system in Phase III.  Nevertheless, all of the bas- 

ic features would have been present in the breadboard model. 

i: 

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 dielecti.ophor- 

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. 

1-6 Block Enfinecriiki, Inc. 
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SECTION II 

DIELECTROPHORETIC SEPARATION 

2.0  Introduction 

The thorough theoretical analysis of diriectrophoresis, 

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 

f       particle size, initial position, and other parameters on the 

efficiency of separation. 

r Rlso, the behavior of an ensemble of dielectric particles 

of two different species (U02 and Si02) ard of various sizes is 

analyzed.  U02 and Si02 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 T1J^^l^^Si2ml^tion  of tho Dielcctropjioretic 

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 

-   •     -V? -   "  Vo2       _J1-*)    ,- -  —2 
lJJ^- -cd/L, 

x =  2 3 /x I ixV pd2  +  pdL(a + be ) 
p  P    r. 

(2-1) 

II-1 Block Engineering Inc. 
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for  the planar geometry  and  its counterpart 

"^ , i '•  -   !;   v_ 1 ,0     ' 
 l8n x  

x3 pd2  +  pdL(a  ♦ be~cd/Ij) 
x = 

-Co(K - 1) Vo 

P P 
.2   4 

rl 
(2-2) 

for the cylindrical electrode geometry (see Equations A-39, 
A-40, and A-52). 

Here x is defined as a normali-/.pd position coordinate 

(see Equations 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 simultaneous 

evaluation of the accelerations produced by the field and by 

the drag forces, in order to decide when drag forces became 

considerable. 

The method 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 

progr.-tms to compute the trajectories in the planar and cylin- 

drical cares, names FIELD and FIELD 3 respective]y, 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.  Initially, only two choices for the 

possible use of the viscosity coefficient were provided: one 
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corresponding to air at standard temperature and pressure, and 

the other corresponding to hydrogen at 1/100 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 )isec 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 

FIFLD 3 are shown in Tables 2-1 and 2-5 on the following 

pages.  In each case, the results have been displayed simul- 

taneously for identical particles under id-r.tical electrode 

geometry and accelerating voltage conditions.  In reading 

these data, a minor discrepancy between the description of 

the equation of motion for the planar geometry and its imple- 

mentatJon in FIKLD must be mentioned.  In FIELD, the particle 

mov^ from its initial normalized position (typically 0.95 

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

Vhus 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 compared 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 of the field and drag accelerations indicates that 
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D 
The main aim of this series of simulations was imple- 

mented in the programs FIELD 2 and FIELD 3.  This aim consists 

of generating 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 FIELD, 

except that the particle motion is determined on a logarith- 

mically varying time scale rather than at equal intervals of 

time.  The minimum iterative interval, as before, is still 

lysec.  Thus no additional error has been introduced.  The 

main tia 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 ?.  was entered into FIELD 3 

as a  parameter 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. 

n  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 

lOym to O.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 
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!       2.25.  Note also in those results that in keeping with the 

theoretical design criteria that were found to be desirable 

j       (sec section A-7), the dimensions of the electrodes have been 

diminished by a considerable factor, with a total particle 

I       transit distance being a maximum of 100 ym.  The voltage 

selected (210V) is the maximum sustainable voltage in dry 

Iair at one atmosphere. 

The result of the outputs from FIELD 3 are summarized 

i       in Figure 2-1.  In this figure, the particles travel from 

right to left, from the nominal distance of 150 ym, towards 

the inner electrode, v;hich is located at 50 ym.  The shaded 

bar represents the initial distribution of particles, which 

are depicted as starting with an initial position uncertainty 

of i 5 ym.  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 bhic tjme, the popu ■ 

i- 

D Lation of 10 ym diraaetez uo2 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 

travel.'; towards the inner electrode. 

Figure 2-1 indicate;: thai, using the dimensions for the 

electrodes as shown therein, separation of 1 ym diameter 

particles of U02 and SiCU can be achieved, provided the oper- 

ating pressure is l/lOO atmospheres of U2  and near breakdown 

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

submicron size particles, only incomplete separations can be 

obtained. 
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2.2  Spcciej Dependent Factor in the Dicloctrjc Acceleration 

Equations 

The species dependent factor in the dielectric acceleration 

equations (equations 2-1 and 2-2) is (K-l)/p.  Thii factor has 

been calculated from the ktiovm dielectric constants and densi- 

ties for a mmber of comiuon inorganic materials and is tabulated 

in Table 2-7.  V.'hile there is a large variance in the dielectric 

constant (10.7 1 8.6 or t   SOZ) ,   there is a smaller variance in 

our species dependent factor (2.3 + 1.3 or 1 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 thai it stands in a 

very dense portJon of the factor spectrum, near many commonly 

occurring materials.  This nonuniguenoss of the UO? factor makes 

its balk separation from other common materiali very limited at 

best.  Consequentlyi a design in which there is both a high and 

a lo-.: cutoff must be oonsideredi sinco UO^ is neither near the 

upper or Dower limit« 

2•3 Pressure Requirements for BffectIve Pielectric Bort i ng 

Considering the cylindrical gooinetry, \:c  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 901  of the breakdown voltrge, 

the particles are brought in at a distance of 180 ± 5 ym 

from the center electrode.  The outer cylinder's radius is 

200 pm and the center wire has a 50 \im  radius.  In Figure 

2-2, the final positions for a two material system of U00 

(K = 21, d = 10.9 g/cm ) and Si02 (K ■ 4.3, d ■ 2.6 g/cm3) 
are shown for a range of pressures.  At P = 10 torr, there 
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TABLE 2-7 

BBPARATZOM RATIOS FOR DIELECTRIC SORTING OP COMMON MATERIALS 

1 Matorial''"                Dielectric Constant (K)   Density (p) U-D/P 
" 

(at 10  to 10  Hz) (g/cm3) 

4.5 1.  Pb(N03)2 37.7 8.1 
2.  T1C1 46.9 7.0 6.6 
3.  NH4C1 7.0 1.5 4.0 

4. *CasEiterite - SnSnO. 
4 23.7 7.0 3.3 

5.  Na2C03 8.4 2.5 3.0 
6. *CalcitG -• CaC03 8.5 2.7 2.8 

7. ''Coruyr.ite - PbCO« 18.6 6.6 2.7 
8. * Tenor .i te ■• CvO 18.1 6.4 2.7 
9.  B«C1. 11.4 3.9 2.7 

10.  PbO 25.9 9.5 2.6 
11.  CuSOj 10.3 3.6 2.6 
12.  NH4Dr 7.1 2.4 2.5 

13. *Sireon - zrsio, 4 12.0 4.4 2.5 

14. »Halite - Naci 6.1 2.2 2.4 

15. *Ap«lit« - CaF2'3Ca3P208 8.5 3.2 2.3 

16. *BaritQ - BaSO« 11.4 4.5 2.3 
17.  PbS 17.9 7.5 2.3 
18.  Tarapacaite - K-CrO. 7.3 2.7 2.3 
19.  FeO 14.2 5.7 2.3 
20. *Dolomite - CaC03MgC03 7.5 2.9 2.2 

21. *Anglesite - PbSO. 14.3 6.2 2.1 

22. *Beryl - 3Be0-Al203-GSiO, 6.6 2.8 2.0 

23. *Gypsum - CaS04*2H20 5.7 2.3 2.0 
L——  _      ... ... 
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TABLE 2-7 (continuod^ 

24. A1203 - a 

25. CaF2 

26. *Sylvite - KC1 

27. *Saltpeter - KNO, 

28. K2C03 

I 29. 'Smithnonite - ZnCO. 

; 30.  KC.IO-, 
i o 

31. *Arconlt« - K„sot 
i a • 
'32. *Ceraryyrite •- AgCl 

33. U02 

34. ''A-rcncjonitc  --  CaCO, 

KuNO. 

36.   *))j:c/■v'. i.i \.o. AgBr 

37. »xaiinit« - rvAi(£o4)2-121^0 

38. *ltalachite •- cuco. Cu(oii) „ 

39. »AltoBina - A.i o 

40. Ha(K103)2 

41. *0uarta   - SJO2 

42. *Dicjaoncl  -  C 

43. KI 
l 
f 

| 44. AgCN 

| 45. Hg2Cl2 

I 46. *Sand  -  Si02 

47. *Cotunnit^  -  PbCl , \1 

8.8 4.0 2.0 

7.4 3.2 2.0 

5.0 2.0 2.0 

5.0 2.1 1.9 

5.6 2.4 1.9 

9.3 4.4 1.9 

5.1 2.3 1.8 
i 

5.9 2.7 ,      1.8 • 

11.2 5.6 
1 

1.8 ' 

2] .0 10.9 1.8 

6.1 2.9 1.8 ; 

5.2 2.3 1.8 

12.2 6.5 1.7  , 

3.8 1.8 
1 

1.6 

7.2 4.0 1.6  ; 

6.5 3.7 
i 

1.5  ' 

5.9 3.2 
1 

1.5 

4.3 2.6 
I 

1 

1.3 

5.5 3.3 i.. 
5.6 3.6 1.3 

5.6 4.0 
i 

1.2 

9.4 1.2 1.2 

2.6 2.6 0.62 

4.2 5.9 0.5S 

+ Chemical names indicate data for very pure materials 
* Minerals and other naturally formed LtSuU 
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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. 

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, wo show the results of ■ multiparticle separa- 
tion for 1 ym diameter particles with an applied pressure of 

0.1 torr.  If the particles falling between 90 ym and 120 ym 

from the center of the wire were ■ eparated from the remainder 
of the particles, there is useful separation of U02 from par- 

ticles having a U~l)/P factor greater than 2.3 or less than 1.4. 

In conclusion, these results show that an effective 

separation can only be possible at pressures less than about 

0.1 torr (100 micron of Ilg) . 

2.5 Lahoratory Experiments 

A simple qualitative c>;pe.riii.ont was conceived to demon- 

strate dielectric deflection of a slowly moving bM» of 

particles.  A very fine particle stream of low, but unmeasured, 

particle density was generated.  The following equations from 

Appcndi:: A are used to calculate the perametcrs of the experi- 

ment. 

^o(K-l) H 
P'r, 

(2-3) 

where 

P' = JlnUj/r^ (2-4) 

with r = 0.24 cm (inner electrode radius) and r1 -  2.54 cm 

(outer0electrode radius), an applied voltage (V0) greater 
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Si04 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 U02 and Si04 could be combined in the low density 

gas/particle beams.  The results were nearly identical to 
those using the intimate mixture. 

Under a very intense lamp the individual particles could 

be observed.  These particles demonstrated no acceleration 

toward the center high voltage electrode.  Even at 15 kV 

no migration, either dielectric or Coulombic, was observed by 

the parliclos moving very near the wire.  Although microscopic 

exanunation of the particles showed that they were still 

although less, conglomerated, their central acceleration'should 

not have been effected.  Consequently, the viscous drag in 
nitrogen and in heliaiu (the two aasM u^ri   I« 4.k« iMw i.uu gdoes usea m these experiments) 
r.t atmospheric pressure 1« *•#%« • *-   s~ ,   , t    u pt« iro is uwo great for us to observe any 
d i e 1 c c t r 1 c d e f .1 e c b i o: j. 

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 
their varying  densities. 

From  these  experiments we can  conclude  two things: 

(a) dielectric deflection 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~1)   E0E/8r)V (2_5) 

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

Fc " E(i (2-6) 

For the Coulombic force to be of the same order magnitude as 

the dielectric force (i.e., Fd/F  = 1) then 

q = no = EO(K-1) (3E/3r)V 

where n  is  the  number of electrons whose  charge  is e.     Assuming 
spherica]   particles  and using  the  cylindrical  geometry and 
aquation A-33, 

BE . lo 
8r Tr~, T— (2-7) r  Änd-j/rJ 

3 
with V -  ird /e,   the  number of elect; ons  that will give a 
Coulombic  force  equal   to the dielectric   force   is 

_     weo(>c~l)V0       3 

6er toCr^/r^ 

Let V - 190 VOltB, r ■ 175 urn, ro - 50 M» and r, - 200 m. 

Wtel  for U02, K - 21.  Table 2-9 shows the number of electrons 

TABLE 2-9 

THB NDMBER OF ELECTRONS THAT Cr/B A COULOMBIC POIteB 

BQDAL TO THE DIELECTRIC FORCE 

Fartiola Pia—ter (im\ n [j of electrons) 

*J 320,000 
5 
3 
1 
0.8 
0.5 
0.1 

2,600 
320 
70 
2.6 
1.3 
0.32 
0.0026 
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i. SECTION III 

PLASMA ASHING 

3.0  Introduction 

In an RF oxygen plasma, the primary reactive species has 

been determined1 to be 02 A^ molecules and 0 
3P oxygen atoms, 

their individual concentrations ranging from 10 to 20% depend 

on the discharge conditions.  Both the Btomio and excited 

mclecular o;:yqen react with organic substrates and gas phase 

species.  In the glow region of the plasma, there is a free 

electron concentration of approximately 1011 crT3.  However, a 

few millimeters away from th.is 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 discharge 

gjo-.: region results in part from elcctrcn-r.olcculc reactions, 

noleculo Ion- electron reactionsi and electronically excited 

molecular oxygen dissocation.  High concentrations of atomic 

oxygen can be attained by the catalytic effects oi: other 

"foreign" gas, such as hydrogen, nitrogen, or water vapor. 

These impurities provide many of the kinetic pathways leading 

to atonic oxygon production.  Nitrogen as an impurity in 

discharged oxygen gives such reactions as: 

NO + e~ -> N + 0 

N + 0- N0+ + 0 
(3-1) 

In a very pure oxygen discharge, there is the usual glow, but 

the plasma will contain a very low level percentage of oxygen 
atoms. 

1.  J. R. Hollahan and A. T. Bell, Techniques and Applications 
of Plasma Chemistry, John Wiley & Sons, Inc., 1974. 
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3 .1 OptJmum Conditions for Piagma Ashing 

3.1.1 ITc-snuro and Flov; Rate 

A fluidic Bysten was dovelopod where the pressure, flow 

rate, and gas Mixture could be independently controlled.  This 

system is shov/n in Figure 3-1.  The asher is a Tegal PLASMOD 

whose RP power is continuous.!y variable from 0-100 at 13.5G 

MHz.  The PLASKOD was fitted with 3.25" ID by 6.25" long Pyrex 

reaction chamber.  The mechanical punp is a Helch 1A021'.  which 

has a pumping speed of 160 liters per minute.  The pressure 

gauge is a Hastings VT-4 themOCOUpli gauge which has a range 

of 0-20 lorr. 

It was found that ashing rate and the completeness of 

ashing did not depend greatly on the flow rate or pressure. 

Therefore« these wore relatively constant throughout the 

experiments. The pressure was held at i.o + 0.2 torr and the 

flow ti tc at 17': i 25 cm /min. 

3.1.2 Gas Composjhion 

The rate of Dshing did dopend greatly on the gas com- 

position.  The following gao mixtures we.-e studied: 

(a)  1001 0- 

(b) 96*:. Ü2, 4« CF. 

(c)  80'o 02, 20« N~ 

50% 02, SO« N2 

4 8?, 02, 48« H.f 4« CF, 

(d) 

(o) 

(f)  50%   02l   50% H2 

For each mixture, two samples each of approximately 2 grams 

of Whatman #44 (Ashless) filter paper were used.  The results 
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PLASM/i ASHER AND FLOW SYSTEM 
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arc shown in Table 3-1 and in Figure 3-2.  In all cases, the 

variation in the percent residue after each time interval was 

within I 0.05% of the average.  This was snail compared to the 

relative differences between mixtures.  The 1:1 mixture of 0 

and N2 with CF4 was the fastest mixture tested.  The addition 

of 4% CF4 did increase the rate slightly but insignificantly. 

Adding nitrogen to oxygen markedly increased the rate of ash- 
ing . 

TABJ.': .?■_]_ 

ASHIWG RATE FOR VARIOUS Gi S  MIXTURES 

Gaa Mixture 

02 

02 VT ^4 

4:] o2A:2 

I.] o2/iia 

1:5 o2/:2  if a 

1:1 02/B2 

Average Percent Residue ÄFter 
2   Hour 4   Ilour G   Hour 
      
bH.3?. 33.68 20.51 

'.7. 9 A 2 0. 4 ] 1 5. 0 3 

38. 75 15. ] P 5.61 

34.81 11.87 3.81 

32.17 9.86 3.11 

4 2,0:; 18.42 7.92 
 ..   . 1  — —1 ^  

ii   Hour. 

10.18 

7.32 

1. A 2 

1.35 

0.86 

2.3/] 

10 Hour 

4.87 

3.12 

0.2] 

0.16 

0.07 

1 .11 

A more important test is the relative completeness of 

ashing, as well as the inertness of UO? to the mixture.  Sample 

of cotton cloth (CC) and U02 were subjected to plasmas of the 

following mixtures for 18 to 24 hours: 

(a)  100% 0„ 

(b) 

(c) 

(d) 

96% 02, 4% CF. 

50% 02, 50% N2 

48% 02, 48% N2, 4% CF4 

(e)  80% 0-, 20% CF, 
^        4 
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l The results are shown is Table 3-2.  «* addition of CF 

U       considerably loss ash fro. eotton cloth.  while the L^OT 

,        gxves a much Taster ashing than pure 0,, tho finai perccnf
N2 

res.duo 1. nearly the sa.o.  The 1:1 0 /  ^ 4% ^ ^ 

oth the .astest and .ost complete ashing  However  Jht 

for corrosion to U0, shows that .ixtu.es containing CP, cause 

a .erious loss !„ .eight to UO, sa.pl.s.  Since plasJ c 

only etch away at the surlace, a s.all weight loss in this 

cxper^ent indicates that an expend particle 10 u. or less 

i« dimeter would be con,plotely destroyed if CF, in any con- 

centrat.on is present in the plas.a gas.  Conse uently cT 

should not be used on sanples where low losses are .o^i J. 

Samples exposed only to pure 0 or to 02/*a mixtures 

showed a slight increased weight.  This is undoubtedly due to 

the formation of higher Oxldea like U03.  since no material was 

lost, the 1:1 02/*2  «ixturc« wore dee^d the best to use in 
the remainder of our experimental work. 

3.1.3 Experiment a l Procedu t e 

The sample, were ashed in Pyre, petri dishes 60 mm OD y 

15 mm height.  Before Initial weighing, the dishes were placed 

1« the operating asher Cor at Imaat 1 hour to remove all ad- 

sorbed water.  All weighing was done on a Mottler B15 analyti- 

cal balance which has a sensitivity of 0.1 mg and a precision 
(standard deviation) + 0.05 mg. 

All samples were dried for at least 24 hours in a des- 

iccating cabinet in which the desiccant drierite was used. 

A silica gel desiccant was placed in the balance chamber to 
reduce moisture adsorbtion during weighing. 
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TABLE 3-2 

PERCENT RESIDUE AFTER LONG TERM ASHING 

' 
Gas Saniplo 

Asliing 'j'ime 
hours 

Initial Wt. 
gm 

Final V.7t. 
gm % Residue 

02 CC 23.G 3.S863 0.0114 0.32 

02 v; CF4 CC 22.1 2.8164 0.0042 0.15 

1:1 0^ CC 21.4 2.1107 0.0061 0.29 

1:1 Oj/M- CC 21.4 1.1559 0.0028 0.24 

1:1 Oj/N- W Cr4 CC 24.0 0.7992 0.0005 0.06 

I 1:1 Oj/N. W ^4 ce- 18.1 3.9296 0.0016 0.04 

1:1 O^/H, W CFA re 18.1 3.9 69 6 0.0028 0.07 

02 Ü0. 23.6 8 . 4 6 9 2  • 8.58.10 101.32 

o2  w CP4 U02 22.1 7.9136 7.3 09 0 92.36 

]:1 02/N2 UO^ 21.3 6.(439 G.7250 101.22 

1:1 02/Ha uo2 21.3 7.3.126 7.3777 100.89 

1:1 02/N2 W Cr4 DO- 24.0 9.12 68 8.1557 89.36 

111 02/N2 w CF4 U02 20.2 13.1687 11.4950 87.29 

1:1 02/N2 w CF4 uo2 20.2 7.8642 7.1847 91.36 

1 4:1 02/CF4 uo2 21.3 6.3874 4.6238 72.39 

j 

• 

4:1 02/CF4 uo2 21.3 10.1896 7.6249 74.83 

• 
• 
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Th- U02 samples vLre  heated in an oven at 150oC for at 

least 24 hours before ashing.  The U02/ 99.8% pure, was 

purchased from Research Organic/Inorcjanic Chemical Corporation, 

Belleville, NJ 07109. 

During each run, only two samples and a blank dijh could 

be placed in the asher.  Table 3-3 shows the initial and final 

weights of blanks for several runs using different gases.  For 

those runs in which CF4 was present, there was an average weight 

loss of -1.9 mg.  The sample weights in Table 3-2 were corrected 

for a -1.9 mg loss in weight by the container in those runs 

where CF4 was present.  In the other runs, there was a standard 

deviation ± 0.1G my.  The maximum error in estimated residue i| 
± 0.0161. 

TABLE 3-3 

VARIATION IN WEIGHT OP BLANKS 

Gar; 
Ashing Time 

hours 

23.6 

Initial wtT" 
gm 

" Final Wt. 
gm A (mg) 

02 16.131? 16.1313 + 0.1 

0o w CF, 2     4 22.1 17.1092 17.1074 -1.8 

1:1 02/N? 12.8 16.1312 1C.1312 0.0 

1:1 02/N2 21.4 16.1314 16.1314 0.0 

1:1 02/N2 18.8 11.5118 11.5115 -0.3 

1:1 02/N2 20.3 16.704 8 16.7049 + 0.1 

1:1 0?/N2 19.8 15.6736 15.6738 + 0.2 

1:1 02/N2 17.0 14.4265 14.4267 +0.2 

It] 02/N2 17.7 17.5953 17.5953 0.0 

1:1 02/N2 w CF4 24.0 16.1315 16.1298 -1.7 

1:1 02/N2 w CF4 18.1 16.7894 16.7875 -1.9 

1:1 02/N2 w CF4 19.2 16.9765 16.9742 -2.3 
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In all runs, the plasma was tuned to maximum power ab- 

sorbed.  The characteristic plasma colors of the following pure 

gases are: 

Oxygen Pink 

Nitrogen Orange 

Carbon Dioxide Blue 

Hydrogen Redish Pink 

Carbon Tctrafluoridc Bluish White 

When an organic sample be.gins ashimj in an oxygen or oxygen/ 

nitrogen plasma, the color is initially blue due to the C0~ 

formed.  However, this shortly (10 to 20 minutes) changes to 

the chat acteristic pin); of oxygen.  Consequently, color has 

no Utility In determining the completeness of ashing.  It is 

useful in determining if tho asher in well tuned. 

3.? Oxygon Ashimj of Orcjpnjc Materials 

3.2.1 Preliminary Experiments 

Table 3*4 shows the results of short ashinga (C to 10 hrs.) 

with pure 0,,.  All runs made under these cenditions arc listed. 

The pressure was approximately 3 torr and the surface temperature 

was estimated to be about 120° C.  These experiments, not done 

with the system afl shown in Figure 3-1, had the gas going directly 

through a needle valve to the reaction chamber.  Consequently, 

the flow rate was not monitored. 

3.2.2 Later Experiments 

In the experiments shown in Table 3-5, the system was oper- 

ated as described in Section 3.1.1 with a 1:1 Oj/N^ mixture. 

For those ashings which were visibly incomplete, the final weight 

is marked by an I.  All runs made have been listed and there is 

a very good agreement between the results of identical runs. 

When two and three samples were run, the observable rate of oxi- 

dation varied indicating that the power was not evenly distri- 

buted throughout the cavity. 

JII-9 Block  F.njtinccrini, Inc. 
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TABLE 3-4 

ASHING OF ORGANIC MATERIALS WITH OXYGEN 

. 

Sample Material Initial Wt. 
gm 

A.  Pure Substances 

Complex Mater ia]s 

1. Bunan  Hair 
?.. Pine Needles 
3. Allalia (dry pov.'dcr) 

4. Maple Leaf 

5. Book Paper 

C. Typing Paper 

7. Filter Paper (Cotton) 

8. Coel  Dust 

9. Powdered Whole Milk 
10 Motor oil   tClean) 
11. Sawdust 

Final  Wt, 
gm %   Residue 

1. Polyethy lene 1.0022 0.0012 0.1 

?.. Polyviny Ich] oride 0.5029 0.0031 0.6 

3. Nylon 1.5160 0.0025 0.2 

A. Graphite 1.0015 0.0000 0.0 

5. Starch 1.024'3 0.0002 0.0 

1.G0C0 c.045;: 4.9 

1.9836 0.07.19 3.6 

2.0006 0.1445 7.2 

0.59 01 0.0724 12.3 

6.3.129 0.0 89 2 1.4 

1.0316 0.0089 0.3 

2.7 2 50 0.0089 0.3 

0.5005 0.0 39 2 7.8 

].0013 0.0657 6.6 

1.00 0 3 0.0003 0.0 

1.0048 0.0304 3.0 
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TABLE   3-5 

ASHING   OF   ORGANIC   MATERIALS   WITH   1:j_OXYG]^/NTT^nKK_MTXT[inF 

Sample Material Ashing Time       Initial Wt.       Firu'l  Wt.     ~     ~ 
(        __ hours gm cjm *   ReslduG 

A.      Filter   Papers 
I 
I 

I 

1. Whatman #50 
(Hardened-0.025%)       49.5     13.2553    0.0089     0.0G7 

2. Mhatman ^541 
(Hardened Ashless- 
0.008%) /!9.5       B.6690     0.0002      0.002 

3. Whatman 144 
tAshless-O.OHJ 49.5 9.5020 0.001G 0.017 

12.8 4.3740 0.0017(1) 0.039 
'. Hi]]i pore Duralon 

(HC-Nylon) 18.8      0.2008    0.0002      o.io 
5. Hill.; pore Celotate 

(BA~Cellulose Acetate) 18.8 0.2062 0.0004 0.19 
r.. Mi .11 i pore Polyvi c 

(BS-Polyvinyl 
Chloride) 18.8      0.3338    O.Cfö^     19.9 

7.    MP- Mi i lipore 
{Shr Mixed  Bst&r of 
Cellulose) .12.8 0.2240 0.0001 

B.     C.1 f; i hing  Mater.i a.l:; 

lll-ll 

0.04 

J. 1001 Cotton 21.4 2.3107 0.00G1 0.29 
21.4 i.ir59 0.0028 0.24 

2. 75V. Rayon/25« Cotton 20.3 3.1164 0.G1G7 0.54 
17.7 2.4656 0.0134 0.54 

3. 50fo Cotton/50% 
Polyester 19.8 1.3212 0.0246(1) 1.8G 

17.0 0.8214 0.0531(1) 6.46 
17.7 0.9836 0.1414 (1) 14.37 

4. 50"o Orion Acrylic 
25% Stretch Nylon 
25?. Cotton 13.8 1.9510 1.0083 0.43 

17.0 1.5008 0.00G2 0.41 
13.8 2.500G 0.1511(1) 6.16 

5. 100oo Orion 17.0 1.1G97 0.0104 0.89 
20.3 2.25G4 0.0201 0.89 

6. Irish Linen (flax) 17.7 1.6122 0.0042 0.26 
19.8 1.3185 0.0035 0.27 

- -   ■ --   ■  ' ■  
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TABLE   3-5   (continued) 

7. 60%  Wool,   5%  Cotton 
5%  Rayon,   10o6 Acetate 
20%  Stretch Nylon 

8. Icelandic VJool 

9. Australian Wool 

C. Natural Materialc 

1. Bark 

2. Dried Leaves 

3. Fresh Loaves 

D. Tissttes 

1. Klnwlpes 

2. KXeonex 

35.6 
35.6 

2.6771 
2.1087 

0.0461 
0.0224 

1.72 
1.06 

21.4 
23.1 

3.0476 
1.6308 

0.0290 
0.0145 

0.95 
0.89 

21.4 
23.1 

2.7511 
2.2460 

0.0167 
0.0124 

0.61 
0.55 

24.5 
48.3 

0.8829 
2.36^: 

0.0529(1) 
0.0242 

5.99 
1.02 

7.1 
24.5 

0.085.r. 
0.6831 

0.0043 
0.0092 

5.03 
1.35 

22.1 
22.1 

0.783C 
0.8G43 

0.0061 
0.0084 

0.78 
0.97 

20.G 
48.3 

1.0871 
1.1242 

0.0257(1) 
0.0121 

2.36 
1.08 

20. G 
4 8.3 

0.9718 
I.4859 

0.0088 
0.0131 

0.91 
0.88 
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*'       3.2.3  Photographic Examination of the Residues 

Although the residues were not chemically analyzed, they 

are typically oxides of trace elements such as Ca, Cu, Fe, Mg, 

Zn, Ma, and K1. The particles formed upon ashing are typically 

considerably smaller than 0.1 MS.  Figure 3-2 shows 4 30X en- 

largement of ashed and crushed sample Millipore Duralon.  Since 

no large particulate matter can be identified and since a 1 ;im 

particle would give a .43 mm image on our film, this picture shows 

that particles formed are well less than 1 \m.     Figure 3-3 shows 
a second sample of ashed Duralon which had 10 ym and smaller 

TJO- particles on its surface.  These particles show up clearly 

under a microscope.  Figures 3-4 and 3-5 show that the plasma 

does not change the material matrix in Irish linen, and Figures 

3-6 and 3-7 show the same effect for cotton cloth.  Figures 3-8 

and 3-8 BhOW 1001  orlon Boryllc before and after arhing.  Fig- 

nrea 3--10 and 3-1] show Australian wool before and after ashing. 
» 

3.3 HBhtno of Inorganic Material! 

Table 3-0 shows the result of preliminary ashings under 

the same conditions at described in Section 3.2.1.  Data from 

all runs made arc shown. 

1. J.R. Hollahan and A.T. Bell, Techniques and Applications of 
Plasma Chemistry, John Wiley & Sons, Inc., 1974. 
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TABLE   3-6 

ASHING OF INORGANIC MATERIALS WITH 

OXYGEN, HYDROGEN AND TETRAFLUOROMETHANE 

Sample Material Initial Wt 
gm 

Final Wt. 
gm % Residue 

A. Ashed with Oxygen 

1. Clay Encrusted Sand 1.2715 

2. Potting Soil 5.5802 

3. Silica Dust (Si02) 0.5609 

4. Zinc Oxide 4.1525 

5. Zirconium Nitride 0.5609 

6. Uranium Dioxide 2.9 836 

B. Ashed with Hydrogen 

1. Silica Dust 0.6 30 4 

2. Uranium Dioxide      3.1567 
>v Ashing times were about 18 hours. 

C. Ashed with Tetrafluoromethane (CF4) 

1. Silica Dust 

2. Uranium Dioxide 

0.5173 

1.4142 

1.1845 93.2 

4.0943 73.4 

0.5601 99.9 

4.1506 100.0 

0.3409 60.8 

2.9834 100.0 

0.6301* 

3.1564* 

0.0000 

1.0960' 

Adjusted for loss in weight of the pyrex container 
times here were 1 hour'. 

100.0 

100.0 

0.0 

77.5 

Ashing 
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3.4  Conclusions 

Plasma ashing can ba very useful for the removal of 

organic substrates and particles.  The particles formed upon 

ashing are certainly less than 1 ym as determined microscopic- 

ally and are probably considerably smaller than 0.1 ym.  There- 

fore, the particles should be easily separated from the larger 

inorganic particles originally present.  Oxygen and oxygen/nitro- 

gen plasmas do extensive oxidation to U02, probably forming 

UO 3" 
In our experiments, about 18% of the U02 was oxidized 

to UO.,.  Consequently, UO^ does not remain invarient in oxygen 

plasmas. 
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(d) The gas borne particles are carried by the gas 

stream to the funnel design at cross section A 

where they are collimated into sixteen beams of 

1 mm in diameter.  The helium flow at Gas Inlet 

B will be such as to keep the flow laminar and 

thereby maintain particle control.  The diameter 

of the dielectric stage will be made large enough 

to maintain a pressure differential of 10:]..  In 

the asher stage, the pressure, will be about 1 torr 

giving an oxygen partial pressure 150 microns of 

Hg, which is sufficient for the ashing rates needed 

to ash the filter paper in 3 to 6 hours.  The di- 

electric stage will have a diametei sufficient to 

maintain a pressu.re 0.1 torr. 

(e) In the gas lens created by funnel B, each particle 

beam will be reduced from a diameter of 1000 micro- 

meters to a diameter of 10 micrometers.  The gas 

flow rates will be adjusted to maintain particle 

control. 

(f) In the approximately 400 micrometer in diameter 

and 2.5 to 5 cm long cylindrical conshruction, di- 

electric forces due to the voltage on a 100 micro- 

meter in diameter cantor electrode will deflect the 

particles.  Particle;: of high dielectric constant 

to density ratio will be deflected more than those 

of lower ratios.  Thus, a ratio spectrum is formed. 

(g) The microscopic beam is then magnified by the reverse 

funnel at C. 

(h)  The separater tube will select that part of the gas 

borne particle beam containing the interesting 
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particles, which then pass into the final stage of 

separation. 

(i)  The particle stream then passes through funnel D 

where it is colliraated into a 1 nm beam.  It is 

then diluted by gas entering at inlet C and, again, 

collimated by funnel E to a 10 micrometer beam. 

The operational parameters v/ill be found by adjusting 

flow rates and diameters so that the particle beam 

will have one particle at a time moving at constant 

velocity. 

(j) A  laser beam set perpendicular to the beam will 

excite a fluorescence from each particle as it passes 

by.  An array of filtered detectors, each directed 

at the intercept of the particle beam and the laser, 

will sense the fluorescence.  The output of the 

detectors will be sent into the control electronics 

and. processed. 

(k)  When there is a characteristic emission from an 

interesting particle, the electronic processor, 

after a delay period, send a high voltage pulse to 

a pair of deflection electrodes.  This delay period 

allows for the time it takes the selected particle 

to travel from the field of the detectors to that of 

the electrodes.  The high voltage pulse creates a 

temporally short ion wind between the electrodes, 

which deflects the chosen particle into a separate 

beam.  If the pulse width is 60 microseconds, a 

single particle can be selected from 10 particles 

passing by per second. 

(1)  The deflected particles are collected on a filter. 
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4.1  The Original Design of a Prccision Dielectric: Separator 

With the favorable calculations of separation by the cylin- 

drical geometry for the system of U02 and SiO«, design of a prac- 

tical dielectric separator was begun.  This design required the 

location of a stream of particles 150 ym from a 100 ym wire. 

This stream had to be located initially at 150 ym to ± 5 ym. 

We believed that this sort of precision and accuracy is possi- 

ble by taking advantage of streamlines in a laminar gas flow. 

Figure 4-2 shows the geometry of such a system. 

The basic theory behind it is that the particles of 

interest are inserted In a large diameter tube, A, at a distance 

B between the center line of the tube and the center line of a 

capillary insertion device whose diameter is C.  When the 

particle enters the gas flow, it introduces a radial disturbance 

to the parabolic flow pattern in the large tube.  For the 

purposes of the following analysis it is assumed that these 

particles then travel along the large tube until the distance 

L is reached.  At this point, any disturbances to the para- 

bolic flow pattern introduced by the capillary tube is damped 

out, and we again have steady laminar flow, with the particles 

having motion only along the stream lines.  This distance, L, 

is probably on the order of ten tube diameters or IDA. 

At this point the gas flow enters a converging nozzle where 

the flow is focused into the dielectric sorter.  The dielectric 

sorter length, S,,   is sufficient for particle separation at the 

chosen flow rate.  After deflection, the resulting particle 

spread is magnified by a diverging nozzle resulting in radial 
separation Y. 

The first design criterion is that laminar flow is always 

maintained at critical points in the system.1  In the area of 

1-  Kreith, Principles of Heat Transfer, International Textbook 
Company, Scranton, 19 65. 
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the electrodes, the geometry is at a minimum. At this point, 

we must have laminar flow, therefore the Reynolds Number, Re,' 
cannot.be over 2000. 

Re = 2000 = — 
v (4-1) 

where 

v = mean fluid velocity at this point 

a = local diameter 

v = kinematic viscosity 

For this system, it is assumed at present that the carrier gas 
is helium, therefore 

V = 3 x 10~2 cm/sec 

By choosing an appropriate value for "a", this yields 

the mean fluid velocity at the constriction and having our di- 

electric deflection calculations of the electrode, i.     it also 
defines the gas flow rate for the system. 

In this envisioned geometry, the particles are initially 

located 150 jlm from the central wire, to a precision of ± 5 ym 

Considering that the particles will spread radially on the or- 

der of ± 2C when initially inserted in the large tube of diam- 

eter, A, this sets up a geometrical criterion between C and B, 

the distance between the center lines of the capillary and thl 

large tube.  From this it can be shown that B = 60C. 

We also have a criterion between B and A which is 

A = B 150 

where a is in microns. 

(4-2) 
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In order to get a feel for some real numbers, let a = 

500 m  and C = 200 pm.  These are realistic numbers con- 

sidering that capillaries are routinely made with I.D.'s of 

that size, and that is fairly simple to machine a 500 \m  hole 

in a thin piece of aluminum. 

Using these values, the velocity of the gas at the elec- 
4 

trode will be 3.7 x 10  cm/sec. 

If one uses helium as the carrier gas, this velocity is 

about a factor of 2.5 lower than the velocity of sound in 

helium.  Therefore, the system is not subject to a normal 

shock at the constriction.  This velocity defir >s the flow 

rate, which will be 74 cm3/sec. 

Next using the values of C = 200 cm, B = 1.22 cm and 

A = 4.0 cm, they define, a mean fluid velocity at this point 
of 5.7 cm/sec. 

The Reynolds number in the largo tube will be 25. 

This analysis proposed to show the definite viability 

of a dielectric sorter using a gas flow to locate the par- 

ticles.  There are, however, design problems that must be 

looked into and experiments that would have had to be done in 

order to develop the optimal design parameters. 

With the sample numbers used in this analysis, the 

maximum allowable fluid velocity at the electrode comes out 
4 

to be 3.7 x 10  cm/sec.  This high velocity is undesirable 

for several reasons.  One is that compressible effects have 

to be taken into account at such high velocities; two, since 

the sorting deflection takes place on the order of milli- 

second this implies an electrode length of about one foot. 

This is impractical with respect to the hole size that would 
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4.3  The Effects of Brownian Motion on Particle Positioning 

When the particle diameter, d, is much greater than 

the moan free path of the gas, X, 

X = (2kTt/37idn)}5 (4-3) 

where 

X is the mean displacement perpendicular to the direction 

of flow of a particle in a beam during a time t, 

k is the Boltzman constant, 

T is absolute temperature/ and 

n is the viscosity of the gas. 

Then the beam diameter/ D, after a time t is given by 

D - Do + 2X (4-4) 

For He at 100 torr, however, the mean free path is 1.3 um. 

Since this is not small compared to the particle sizes (5 ym 

to 0.1 inn), the empirical formula due Millikan can be used 

to get the effective value of n by dividing by the factor 

1 -i- (2X/d) (A + B exp [-Cd/2X]) (4-5) 

where 

A = 1.23 

B = 0.41 (4-6) 

C = 0.88 

For a particle beam moving at 5.73 cm/sec2 down a tube of 

length 38 cm, the travel time is 6.63 sec.  The number was 

obtained from our preliminary design in the previous sections 

1. Millikan, Phys. Rev. 22^, 1 (1923) 

2. This value should be taken as an upper limit to the velority. 
It has been determined that slower rates would be more desir- 
able from a fluidic point of view; a slower rate would give 
an even greater beam spread. 
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and represents the type of condition that would be present in 

an automatic fluidic sorter.  To determine A, the mean free 

path, the following relationship is used. 

A = kT/(2JsTrc2P) (4_7) 

where e is the molecular (atomic diameter) and P is the 
o 

pressure.  For helium, c = 2.20 A.  For an initial beam 

diameter of 1.0 mm, the calculated beam diameter at the 

end of tube is shown in Table 4-1 for different particle 

sizes and at various pressures.  Since the particle distri- 

bution is not uniform and probably has a Gaussian distribu- 

tion, the diameter represents that cross-section where 95% 

of the original particles will pass through.  These results 

show that, at pressures greater than 10 torr, there is rela- 

tively good particle control.  However, when the beam diver- 

gence is greater than 50% (i.e. 1 mm to 1.50 mm), there is 

insufficient particle control for proper operation of dielec- 

tric sorting and one-at-a-time sorting. 

L 

TABLE 4-1 

THEORETICAL SPREAD IN A PARTICLE BEAM DIAMETER 

P A (urn) 
Part 

10 um 
icle Diameter (mm) 
5 pm    1 ym   0. 5 ym 0.1 ym 

4 atm 0.047 1.01 1.02 1.04 1.06 1.17 
1 atm 0.19 1.01 1.02 1.04 1.07 1.29 
100 torr 1.44 1.01 1.02 1.08 1.16 1.77 
10 torr 14.4 1.03 1.05 1.25 1.49 3.44 
1 torr 144 1.09 1.15 1.77 2.54 8.72 
0.1 torr 1440 1.30 1.49 3.44 5.88 25.42 
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4.4  Conclusions 

In section 2.3, a pressure of 0.1 torr was determined to 

be the highest pressure tolerable for good dielectric separation, 

However, in this section, it was theoretically determined that 

there is insufficient particle control for particles 1 m  or 

less.  Consequently, for particles 1 ym or less, dielectric 

separation is not possible.  In addition, during ashing of the 

substrate to make the particles gas borne, high gas pressures 

and velocities are required to prevent the particles from stick- 

ing to the sample holder.  Although the exact pressures and 

velocities were not determined by experiment, they will be at 

least two orders of magnitude greater than the maximums calcu- 

lated for dielectric separation.  The theoretical irreconcil- 

able differences in our automatic particle sorter design, which 

is the only possible design using the techniques considered, 
are suiiiiRari'i'CTd* 

(1) High pressure and high flow rate are required, to get 

the particles into a gas borne state.  Preliminary experimental 

investigation showed that this transfer from substrate to gas 

flow is not likely to be with low loss. 

(2) High pressure and low flow rate are required to posi- 

tion the particles to ± 5 pm in the dielectric sorter and one- 
at-a-time modules. 

(3) Low pressure is required to overcome particle size 

dependence and produce a sufficient dielectric constant to dens- 

ity ratio spectrum for a bulk separation. 
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I APPENDIX A 

BASIC DIELECTROPHQRETIC SEP >PATION. 

THEORETICAL DEVELOPMENT 

A. 0  Introduction 

It is well known that an uncharged, dielectric particle 

Placed in a nonuniform electric field experiences a net force 

tending to move the particle towards regions of higher field 

intensity.  In this appendix, this effect is analyzed for 

its application to the separation of particles in the 0.1 
to 5 ]im  range. 

The dielectric force on a particle is evaluated as a 

function of its dielectric constant, density, etc. and the 

applied electric field, for two representative electrode con- 

figurations, and the results for the two cases are compared 

Later it is shown that, in some sense, these configurations are 

optimally effective in producing dielectrophoresis. 

Next, the effect of the presence of a fluid medium on the 

actual movement of particles is analyzed.  The viscous force, 

on particles of various size are evaluated, due account being 

taken of their extremely small diameter.  The actual movement 

of a particle is then derived and described in terms of a nor- 
malized equation of motion. 

Finally, a number of criteria are derived which are 

effective in determining the efficiency of dielectric separa- 

tion.  These criteria are of use in the actual design of a 
particle separation stage. 
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3.1     Dielectric Acceleration  of  Particles 

The  surface  density  of  charge  induced on a  dielectric 
particle   (of dielectric  constant K)   placed in  an  electric 
field of magnitude E   (refer to Figure  A-l  for the   geometry)   is 

oi  =   c0(K  -   DE, (A-l) 

where  EO   is   the permeability  of  free  space.     This  result 
follows   from Gauss'   Law,   relating   the  electric  displacement 

to  induced surface  charge. 

Assuming a  rod like  shape,   A is  the  cross-sectional  area 
of  the particle.     The  total  charge  on  one  face  of  the  particle 
is 

q  - Ae0(K  -   1)E (A-2) 

With  a particle  length   I,   the  moment of the  induced  dipole 
is   then 

q£  = Ae0MK  -   1)E   -   e0V(K  -   1) , (A-3) 

whore  V = AS,  is  the particle  volume. 

Although   this  derivation   assumes  a  cylindrical  particle, 
the   dipole moment and other quantities   to be  deiived  are  inde- 
pendent of  the  actual particle   chape  and its  spatial  orientation, 
7^ more  general analysis,   using   the  relation that  the   induced 
surface  charge  is proportional  to  the normal  component of 
field  and  then  taking a  surface  charge  integral,   proves   this 
independence. 

The  following analysis  thus  applies to particles  of 
arbitrary  size,   shape and orientation.     We will  see  that  the 
acceleration of a particle  is  independent of these  parameters. 
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FIGURE   A-l 

PLANAR  ELECTRODE  CONFIGURATION   AND  DIMENSIONS 

FOR  PARTICLE  ACCELERATION 
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Let  the   radial  dependence  of  the electric  field be 
expressed as E (r)   along the  normal  to the  plane electrode  of 
Figure  A-l.     For a particle  at  radius   r,   the  forces  on  each 
face  due  to  the  induced charges   are  as  follows: 

Force  on  the negatively   charged  face  is 

F_  =   -0.AE(r) . (A-4) 

Force  on  the positively  charged  face  i 

F+  =  ai71E(x ■!-  £) . (A-5) 

The  net  force  on the particle  is   therefore 

F = F    •;■ ] v  F+ =  o.7UE(r  -hi.)   ~ E(r) >. (A-G) 

In  a   uniform field,   i.e.,   AE  =   0,   F -  0.     Thus  there  is  a 

net  force  only  in nonuniforra fields,   i.e.   AE ■/ 0.    Now, 

E(r -i-  I)   may  be expressed as  a  function  of E(r)   by means  of 

a Taylor's  series  expansion about   r: 

■  E(r  +  H)   - E(r)   -1-  IdE/dr +  i- Z        DXE 
r f   • 

Dr' (A-7) 

It is assumed that the second and higher derivatives of E 

can be neglected with respect to 3E/3r.  Or, more specifically. 
it as assumed that 

82E 

9r
2 

«  i  8E 

Ä  3r (A-8) 

A-4 

IMotk   r.njinrrrinjt.  Inc. 

 — ■■■   ■     ii   iiimr^ 



"  'HM^yVK'T^'i ww-,j>»jL1jWii«H'wi^j,flp*?«!^: 

I 
I This assumption is justified since the particle sizes 

are small. 

li 

/. E(r + £) = E(r) +  idE/dr. 

The net force on the particle is 

(A-9) 

8E 
9r F - o..A t^^. =  e      (K - 1) VE  8E 

9r 

by substituting Equation (1) into (6). 

(A-10) 

In free space, the acceleration of such a particle 

(density p) is given by 

a 
field 

_F_ 
m PV Eo (K 1) VE _9E_ 

Sr 

(K - 1) E 9E 
3r (A-ll) 

A. 2 peterminatä on_of_ F|| ££^_^J^n^j^omctry 

To determine the field E between the charged, wire and 

the plate electrode of Figure A-l, the' method of image charges 

is used.  We assume the presence of an image line charge of 

opposite sign an equal distance below the plate.  The surface 

of the plate is then equipotential,.and the two configura- 

tions give rise to identical fields.  It is therefore suffi- 

cient to derive the field expression for a pair of wires of 

radius ro separated by a distance 2r1. 

By Gauss' Theorem, the field intensity E+(r) produced 

by the upper wire is related to the charge on it by 

A-5 

lllotk F.njtinrrrin«, li 

   ■      ; -   ^._^ ..i-— :- ._  !.  _._  .    ■ ■ - ■i^^j.-i ,-^«»J-. -.^ 



r  km     n ! 

1 
I 

<*irr*T^f*i*m*n^mm*merwm!i^^ ^cpspww-w.n,,^.^«^-^,.. •ip,ji>«r>n 

.- 

= +/eoE+da  = +  eoE
+^")   2*r (A-12) 

or, 

E+(r)   = Q 

2nc   r o 
(A-13) 

Similarly,   the.   field  component  clue   to  the   lower wire,   E   (r) , 
can be  shown  to be 

E   (r)   = ^ Q 
2TI£"0'ÜrV  -" "rj" (A-14) 

Using the  superposition principle,   the  total  field is   then 

E(r)   = E. (r)   -i- 3^   (r) 

2ircn   )x       2r,   -   r{   * (A-15) 

ire0     r(2r     -  r)    ' 

Equation  15  can now be  solved in  terms  of  the  total  voltage 

between  the  upper wire   and  the  ground plane.     Let  this   voltage 
be  V0.     Then 

V    =  -/ 0        J E(r)dr 
r,   dr Q   r1    r] 

?E7   /     71—-—-        (A-16) 0   ^        (r    -  2r1r) 

The integrand of Equation 16 can be evaluated to obtain 
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dr 

r    -  2r1r 2r 1    in    ^-1 

Therefore, 

o       2ire 

(A-17) 

(A-18) 

This equation relates the charge per unit length on the wire 

conductor to its voltage.  Thus the capacitance per unit 

length of this geometry is 

0 (2r, - r ) 
C - S— 2 to/In  —i- ° 

V o r o (A-19) 

Let   In   (2r1  ■-  r 0)/r 0 be  defined as P,   a  dimensionless   con- 

stant.     Then,   from equation   Iß, 

QP 
2iie (A-20) 

or 

Q  = 
2^0

Vo 
(A-21) 

We substitute (21) into equation (15) to obtain 

E(r) 
2V, 

(2r;L - r)r * (A-22) 

From the above equation it is possible to obtain 3E/9r as 
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agjr)   _  3    (2vori 
9r 3r (2r1r -  r2)"1) 

■ 
- ^1     (2r r -   r2   )-2(2r1 

P -L 

P 
{2r1r  -  r2)2 

2r) 

(A-23) 

and 

n 82E(r)        ^o^i 16Vorl 
Dr' 

Or 

(2r1r  -  rV 
(r, r2) 

(2r1r ::2)3 

8V 2r  2 

o     1 (r -  r,) 

(2r.1r  •-   rV 

(A-24) 

(A-25) 

Thus,   fron, Equation   (11),   the  net  acceleration of  the par- 
ticle  in   free  space will be 

BE 
o, field a 

(2r;Lr -  r^) 

A. 3 Determinatiou of E, || for^j^^^^^^^^ 

The dielectrophoretic effect is calculated here for the 

alternative cylindrical geometry shown in Figure A-2.  Only a 

portion of the outer, completely cylindrical conductor is 
shown in this figure. 

The net force on the particle is again given by equation 

(A--2C) 

A-8 

Block  F.iuinerrlns, Inr. 

■•""■""- '-- -"-^-I—^^"^■-•-^^-■"-■■■-•■--■'^■-■^■^^■-^■-' ■■      -  -       - .   .      ..   . MMMauw 



u ■HIM ui-ii» iiin    in ■"■•■-—'i i, ii.ni«ig  i mi .Jin.  «ii.iiiiiiw^i i,u    i   ■■!-™.P™     IIII ....i.n.p     iii    iiijs    ■■•■.   ii.>iiaj     i i i.    \ nmmm'B™"       >'   i ■ I WPim''^T^™~"iw«P"^»»B| 

I 
I 
I 

FIGURF; A-2 

CYLINDRICAL  ELECTRODE  CONFIGURATION  AND  DIMENSIONS 

FOR  PARTICLE   ACCELERATION 
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The E g-p term must be determined for cylindrical 

geometry by Gauss' Theorem as shown by equations (12) 

and (13).  In this case, there is only a single field component. 

E(r) = E+(r) Q 
2 IT c 0 r (A-27) 

Equation 27 is solved to obtain the total voltage between 

the outer and inner conductors.  Integrating Equation 2 7, 

V0=-/
0B(r, ar = 5aE-[lnr]^=52_ln(ri/r() 

(A~28) 

Thus, in this case, the capacitance C per unit length is 

2vc, 
C = g- . 

o  InU^/r,,) ' (A-29) 

Let   InOr.yr^)   be   defined as  P   ,   a   dimension less   constant. 

Tht.;j-j,   from this  equation, 

v   = OLI 
o        2TTL (A-30) 

or 

2ire, 
Q  = T- V0 (A-31) 

We  substitute  Equation   (31)   into Equation   (27)   to  obtain 

vo 1 
E(r)   =  -T r   • (A-32) 

P     r 

A-10 

IVIoik   rntincrrinfi.  Inc. 

■-■' -.„.,..—.i......   --'-^-<lrni vMMri ii- ■ -' ■■ - ■-      - -   -■- *-- -  ■ -     ■—" --- ■ ■■ - - 





^^H^^mi i «.■■!..p  .1. *ßmm ">^*! -^mtmi^^^m 

I 
I 
I 
I 
( 

i 

where 

x = r/r1 , (A-37) 

r/^ < x < 1 . (A-38) 

Then Equation (26) and Equation (36) are normalized ar, fol- 

lows: 

Cfield 
Ea(K " ])   2   {] - x)  v/ _U  >0        (A_39) 

pr ^       P^fv - J<v^^J 
P'-(x - hx   ) 

and 

Co(K - DV, 

field 
pr 

] 
. '2 3 
P  x 

(A-40) 

The- field accelerations inducted by the two electrode 

configurations are identical functions of the applied vol- 

tage, linear dimensions of the geometry, etc.  Tt is suffi- 

cient to compare the terms P and ?', and the factors involving 

x, ."i.n order to compare o.   with o . 

If the two geometries can be  considered identical when 

(r-j/rp) is the same i.n both cases, then we can compare P with 
P . 

P = In 
(2r1 - r0) 

in {(2r1/r0) - 1}     (A-41) 
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P     =  InC^/rJ 

By definition r^Vr^ is always > 1, 

.'. 2(1-^^ - 1 > (r/rj, 

(A-42) 

(A-43) 

and, since ln(x) is a positive monotonic function of x, it 
folDov.'s that 

P > P also, (A-44) 

On tlic basis of comparison of P and P' alono, the accel- 

erations produced by the cylindrical geometry will be larger 

than the accelerations produced by the planar configuration 
of electrodes. 

The other basis on which these accelerations may be 

compared is the ratio of the functions involving x in the 

equations 39  and 40.  This is a numerical comparison, and is 

carried out in the next section.  For the present purposes 

it is sufficient to state that the factor-, involving x 

differ only slightly from cue another, and thus on this basis 

the two geometries are almost identical. 
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A.4.1  Comparison of the Cylindrical and Planar Gcomotrics 

Based on the Factors F1(x) and F2 (x) 

It was determined in Section A.4 that the cylindrical 

and planar electrode configurations can be compared on the 
basis of the functions 

F1(x) - (1 - x) 

(x - 2X ) 

and 

F2(x) = -3 
x 

Then a measure of the relative efficiency of the 

cylindrical geometry over the planar is the ratio F2(x)/?, (x). 

The factors Fj(x) , F2(x) and their ratios were computed 

for the: entire range (0 to 3) of x in increments of 0.01.  The 

following table (Table 1) lists values of F,(x), F (x), and 

their ratio for various values of >-, the normalized position 
parameter. 

It can be concluded fro::) Table A- 1 that there is no signifi 

cant advantage to be obtained from selecting one of these geo- 

metries over the other. 

The computer program used to generate F. (x), F2(x), and 

their ratio is shown in Figure A-3. 
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TYPE A 

Conparison of the Cylindrical and Planar 
Georr.etrics Based on the Functions I-' (x) and Fn (x) 

c THIS  PROGRAM   CALCULATES   TKK   FUHCTIOHS 
c ncx)  KI-J F£(X)  AKD CD;:FA?.HS TllD r. 
c VALUES  AS  A FUKCTION  OF   -.Kf: UO.-ri/il S5;D 
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c 
c 

c 
c 
c 
c 

x=i.cn 
rg £tj j= i, ica 
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Figure A-3 
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of the medium. It is assumed that the velocity v of the 

particle is relatively small. This statement of Stoke's 

Law  is  in  its  simplest  form. 

This   formula is  valid,   however,   only   for the  range 

of values   for which  the  diameter of a  falling sphere  is 

much  larger than  the  molecular mean   free  path  of  the  gas 

medium.     Since   a  typical  value   of  the  mean   free  path   for 

air at STP  is   0.06   ym,   this   form is   accurate  only   for the 

larger particles  of the   0.1  to  lOym in.   diameter  range. 

The intermediate condition in which the particle size 

approaches the molecular mean free path length is not well 

analyzed theoretically. In this region the empirical for- 

mula of Millikan is known to be almost as accurate, as the 

macroscopic  Stoke's   Law. 

Millikan's  empirical  law  is  as   follows: 

F = Sirndv 

1  H-  |  ja  -I   be-cd/Lj 
{A-4G) 

where  1   is  the  molecular mean   free path  of  the  viscous  gas, 

and c,   b  and  c are   three  empirically  determined  dimension- 

less  constants with   the   following values; 

a = 2.46 , 

b = 0.82 , 

c  =  0.44. (A-47) 

Note that Millikan's equation in the limiting case of L/d 

<< 1 reduces to Stoke's Law for large particles.  Milli- 

Millikan, Phys. Rev. 22 (1923), 1. 
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kan's equation for the drag force on a particle is used 

in the subsequent ar.iysis. The advantage of using this 

is that the motion of Lhe particle can be determined for 

various pressures (and therefore moan free path lengths) 

of the gas stream.  The denominator of A-46 gives in effect 

|        the low pressure correction for n, which is then over the 

operational range of gas pressures independent of the gas 

I 
I.   . 
i; 

* 
pressure. 

A.5.2     Equation  of  Motion 

Since  the  viscous  drag  force  on  the  moving particle 

is 

F =   -F, (A-48) rdrag * 

the deceleration of the particle due to vircous drag is 

Fdraq  Unv          
a ■ ~   '"   —o -cd/L, * (A-49) drag m pd2  +  pdL(a + be  OO/tj 

For a particle  of  diameter d subjected to a  dielectrophcr- 

etic  force  and moving in  a viscous  medium,   the net accel- 

eration  is  then  given by 

anet "  "field +   0drag 

2 
e0(K-l)V0 18n   3r/at 

W   «     I  i       -     -2 ^--"—-^d/L  •      (A-50) 
pP,2r 3xi pd    +  pdL(a + be      '   ) 

In this equation,   the  cylindrical electrode  configuration 

has been assumed. 

*    See   "Kinetic Theory  of Gases," Kennard,   McGraw-Hill, 

New York,   19 38. 
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A. 5.3    Normalized Equation  of  Motion 

In   terms   of   the.  normcilized position   coordinate   x, 
i •• 

and the  normalized  velocity  x and accleration  x,   the  pre- 
vious  equation   can  be written  as 

2 

r,x -  - .j    x   r- 
1 pP'   r^x 

18 ri r, x 

pd     +   pdL(a  +  be       '    ) 
(A-51) 

or,   dividing  throucjhout by   r, ,   we  have   the  normalized 
equation  of motion  of  the particle  as 

x = - 
c0(K-])V0' 18nx 
n|2       4    3 pP'   r,   x pd2  +  pdL(a  + be"cd/L) 

(A-52) 

This  equation   together With  the   state   equations 

and 

v  =  r -   r. x 

net 1 

(A-53) 

(A-54) 

define;   the  motion   of  a  dielectric  paj tide   nioving  under  the 
influence  of a  diclectrophoretic   force  in  a  viscous  medium. 

3E A.6     Upper Limits  pn  the  Term E   -,-■- used  in  Computing  the 
Diolectroplioretic  Force  on   a  Particle 

So  far in  this  analysis,   only   two out  of a  large  num- 
ber of possible  geometrical  configuration  of electrodes 
have been  considered.     Although  both of  these  geometries 
were  shown  to be  equally  effective  in producing a nonuni- 
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form  field   it  remain^   to bo  ■hOMl  that  more  effective 
configurcitions  do not exist.     Accordingly  at  this  point, 
it is  preferable  to  take  a more  general  approach  and to 
consider  an  argument which sets  an  upper bound on  the 

variation  of  the   function 

with  r.     It  is  possible  to evaluate  such  an  upper bound, 
based on   fundamental  electrostatic principles,   that is 
independent  of  any particular electrode  geometry. 

To evaluate  this  maximum one  must   consider  the  total 
electric  field  function produced at  a point  r in  space  due 
to a  discrete  distribution of charges.     In  a physical situ- 
ati.-./i,   the   distribution of these   charges will be  continuous; 
however,   no   ]oss  of  generality  is   incurred in  considering 
a cliscreio   charge   distribution. 

It  is  convenient  to consider  two possible   classes  of 
electrode  configurations  separately;   one,   in which an 
invariance  of  the  electrode  geometry exists  along  one  oi   the 
dinensions.    This is the case with the cylindrical and planar 
geometries   that have  been   considered.     The  second,   and more 
general   case,   is   one   in which   the  electrode   configuration 
varies   arbitrarily  along all  three   dimensions.     The elements 
of the   first  configuration  are   units   of   line  charge,   of   the 
second,   point  charge  units.     We will   call  the   first  configu- 
ration  the  two dimensional,   and  consider  this   first. 

A.6.1     Two-dimensional  Geometries 

If a number of  line  charges  q.|   q2'*,,'qn  are  locatcd 
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at points   r   ,   r„,...,r     then the net  electric  field  at  a 

1       •* n 
point  r  in   space   due   to  these   line   charges   is   the   vector 

sum of the   field duo   to each such  charge. 

E(r)   = ( 
4irco  )  (r 7" "     (r   -   r2)- (r -  rT n (A-55) 

from this, 

BE 
8r 

1 
4 vc 

_    K±} + Zk  
(r •-  r^2 (r -  r^T 

• ■1- 

(r - rn) 
;A-56) 

Now,  both i:(r)   and J^     and  therefore  E  |^ have  significant 

vain': tj;.1y at i-lio   Rlnffularitittfl 

r ■  r1(   r2, or 1 n* 

Also,   at each  of  these  pointfii   Uie   contribution   due  to all 

other  line  cliarres  is   relatively  insignificant.     This  can 

be  seen  from  the   fact  that both 

'n 

■^r"+ £ - v (r^ ♦ c - r^ ' rl ^ rn 

and 

(rl + G " rnJ (r + c - x^) 

tend to. zero as e -♦• 0. 
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Therefore both  the   field and  the  gradient of  the   f;.old are 

a maxiinum in   the  vicinity  of  a  line  charyo.     It  is   thus 
9E sufficient  to consider  the  maximum value  of E  ■?— in  the o r 

vicinity of a single line charge (for convenience, at r - 0) 

The field due to this charge is expressible as 

and 

E(r) ■ 

m     B L w 

r 

. - 9L 

2 
SL 

(A--57) 

{A-58) 

(A-59) 

At thi.s point v;e can compare our result with Eqn. 25 

and more directly with Eqn. 3:3.  In bofh, the variation 
SIR o 

of E   £— is   US   1/r   .     Thus   It  can  be   asserted  that,   in   the 

tv;c  dimons.-i onal  situation,   the  tv.'o  geometries   considered 

are  just  as  effective  as  any  others  that  nay be   conceived 

for dieleei rophorctic  duflcction . 

A.6.2    Three-DiroensJonal Geomatries 

If  a  number  of point  charges  q. ,   cf,,--q     are   located 

at points   r, ,   r~--r   ,   then  the  net electric   field at each 1 ]'     2       n 
point  r  in  space   due   to  these  point  charges   is   the   Vector 

sum of   the   field  due   to  each  such  charcc. 

E(r)   = ] 

o   | (r -  r^^) (r  -   r,,) 
+ . .. 'n 

From this, 

(r - rn) 

(A-60) 

8E 
ar 47rco ((r  -  r^3 (r  -  r2) 

-.+...+ 
'n 

(r - rn) 

(A-61) 
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Again, both E{r) and IB/dr (and thorefore E 3E/'dr) arc 

significantly largo only at the singular points 

r = r1, r^ , . , .or r n 

?\lso,   since both 

'n 

(r. ♦ c - r )2 / (i-   + c - r.)a 

i n       /        i i 

1 n   » 

e  ->   0    , 

and 

'n '1 

(r1  -f  c   -  rn)   /    (r]   +  t  -   r^3 

tend  to  yo.vo,   the   contribution   due   to  t'lll  otlier point 

charger   is   insignificant  in   the  neighborhood  of  a  singularity 

An upper bound or, E is therefore of the  form 

E(r)   B 
o 

2   ' (A-G2) 

.'.   UB/dr -  -   2q/r     , (A-G3) 

and, 

E   9E/ar  ■ _  2q: 

r5 
(A-64) 

Comparing  this   result with Eqns.   2 5 and   35,   it  can  be  con- 

cluded that  there   is  something to be  gained  from a  transition 
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from two dimensional   tQ  thr..o  dimcnr.ional   electrode«  conficju- 
ratiant« 

.Mthoutjh   the  general   three  dimensional   geometry  appears 
to be  preferable,   there   are  a  number  of   practical   reasons 
which  preclude   its   use.     VJhereas   in   the   cylindrical  or  planar 
geometries   there   is   an   obvjous  path  along  which   particle must 
be   introduced,   no   such  symmetric   flow  path   exists   in  the  case 
of   a  sphoricnl   charged  electrode.     Secondly,   because   the 
fields  produced  by   the   spherical   chartje   are   correspondingly 
stronge1-, they also lead to breakdown in the interele brode 

gas very eariJy.  Hence lower accelerating voltages must be 

used to avoid breakdown.  Thirdly, if the particle! possess 

any appreciable velocity when they ara injected in the v.i ci n- 

ity of the: electrode, they will spend a very small time in and 

will n.us be only negligibly accelerated by the field. In 

the two dimeneiona] geometries, the particlea can very easily 

be mode, to posse's zero radia] velocity by inoneraing then in 

a cjas Btrean flowing parallel to the axia. 

Because of thcHe reasom , it ia  desirable to operate with 

two dimensional electrode configurations.  Oer approach to the 

design of such a ayatem will thus h< confined to the two dimen- 

sional , cylindrical geometry« 

A. 7 Design Approa c;h to Pi c;lr.ct rl cS oparation 

The differentia] equation of notion for the cylindrical 

geometry was found to be 

ii 

x + ♦ k2 x  = 0, (A-65) 

v;hcre k. 

and k. 

co (K - 1) Vo' 

,2   4 
p p  r^ 

lln 
Pd' + pdL(a + be"c/dL) 

(A-66) 

(A~67) 
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We must KumiM   this difiorontial equation for the domain in 

which the particle motion is not drag limited, but is instead 

determined primarily by the electric field.  That is, to find 
operating conditions such that: 

k2 x << 1 
3" (A-68) 

Let B be a OOMtant such that 0 << 1, and let us substitute 
for (he; previous inequality the equation 

k2 x ^ ß -4 , 

or  h7**.    m     3 
St 

k. 

x 3  ' 

(A-G9) 

(A-70) 

We will write  this  differential  equation  in  separable  form, 
and obtain 

h?  X  d>:   -    3   k     dt. (A-71) 

Upon integration, wo find that 

-.x. 

x 
ß kj I 

JS. 

T, 

(A-72) 

whore the particle motion occurs between T and T  from x  to 
J- fc J, 

x2. 

If 

<X2  - xl )  i 

(T2 - T^ 
is defined as Ax 

AT 
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then 
Ax 
AT 

4P   k. 
CA-73) 

is   a   ^onclJlio]!   for  •ssentially   drag-free motion  of   the  particle 

We notice in the result abovt that, since >:„ < x, , tlie 
dominant term in tha dt^terminati on of Ax is x, , th(^ initial 
position. 

We  arc;  now  able   to  dfttermine  which  paranelerr   must  be; 
maximized  or minimised   in  order   to  obtain  effective   dielectric 
scparafion when  particles  of  different  si?.es,   densities.,   and 
dielectric   constants   are  present  in   the  gas   stream. 

From Equation   73,   WO   find   that  for  field-determined 
motion of  the  p;nl.ic]es,   the  ratio  k./k* must  be  rs   Large  as 
possible.    Thus  this  rctio 

}■ 

k2 

'o   * 11   V o pd2 + pdL(a  i  bo"c^dL) 

P r'2 r./- 18n 

(A-74) 

should be maxiinized. 

before analysing the various parameters individually•   it  Is 
preferable to examine the combination of sons of  then that 
are   limited by  othei   considerations.     For   instance.   Equation 
74   suggests   that  for  effective  dielectric  separation,   the 
applied  voltage V     should be   as  high  as  possible.      However, 
limits   to  the  applicable  voltage  are  imposed by   the  possibil- 
ity of eventual breakdown  in  the  interelectrode  gas.     Thus,   a 
more global  consideration must  apply  in  the  determination of 

the maximum usable voltage. 
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We will write Equation 74 in slightly modified form to 

enable breakdown effects to be analyzed. From Equation 32, 

we see that the field in the interelectrode space is given by 

o E(r) = -     , 
pi r 

(A-32) 

and thus 

V 
l-(rJ ■ 

P. 2 
(A-75) 

Since  r     is   the minimum  radius,   the  field  strength  at   bhe 
o 

inner  electrode  surface  is   a maximum and thus  possible break 

down will occur on  this  surface.     We  substitute  Equation   75 

into  Equation   74 to obtain 

kl 
c      (K - o 1) 

B2(r0J   • 
r o 

k2 P -vl 

pd2  +   pdL(a   !■  be~c/dT') 

iCn 
(A-76) 

The various parameters that affect the efficiency of dielectric 

separation can now be enumerated. 

Since the objective for effective separation is to 

MUCinis« the ratio kj/k^ from Equation 76 we have the con- 

ditions 

a) E(r ) should be as large as possible.  The limit to this 

is set by breakdown considerations.  Thus, in dry air at 

standard temperature and pressure, the voltage gradient 

should not exceed 30 KV/cm. 

b) The ratio r /r, should be maximized.  Tlv s suggests that 
o 1 

the inner electrode should be as large as possible while 

the"outer electrode is as small.as possible. 
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I c) r« should also be minimized from entirely separate 

conniderations. This criterion coincides with the 

previous one. 

d) The mean-1rcc-path length of the carrier gas should pre- 

ferably be as large as possible.  There are two ways of 

accomplishing this goal.  First, it is possible to select 

cjases Which hove large mean free paths.  An example is 

hydrogen, with a mean free path of 0.]18 x 10   metres, 

or 3.85 times that of Sir«  Second, it is possible to 

rarify the gas such that a corresponding increase in the 

mean free path length occurs. 

In the analysis of dielectric separation! we will con- 

sider two gasesi air and hydrogen. Also, each of these will 

be considered Loth at Piandard temperature and prcsruvo, and 

at the reduced pressure of 1/100 atmospheres. 

Another design parcjneteri which is not included in the 

previous discussion, can be evaluated from Equation 73.  Since 

the condition for obtaining drag-free motion also involves 

minimising the ratio Ax/AT in this equation! we see that Ax 

should be as smal] as we can make it.  From the expression for 

Ax, we can derive a fifth condition for effective; dielectric 

separation, namely 

e) particle trajectories should be confined as close to the 

vicinity of the inner electrode as possible.  Ideally, 

the motion of the particle should terminate at the inner 

electrode. 

These are some of the design criteria that must be kept 

in mind in the actual design of a dielectric separator. 
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A.C An Alternative Approach to Dip]octrophorctic Scparation 

In an alternative approach to particle separation evolv- 

ing out of the previous design, the dielectrophoretic, inward 

foice on the particle is balanced by an outward, centrifugal 

force, by placing the particle in a circular orbit.  A suc- 

cessful design based on this approach should eliminate any 

considerations of the viscosity of the carrier gas.  We will 

analyze this scheme in detail in this section. 

We must calculate the magnitude of the centrifugal accel- 

eration required and consequently the cngulrr speed required 

to be imparted to the particle in order to achieve this dyna- 

mic balance.  An equally important question is the dynamic 

■tability of this equilibrium situation.  Here, the magnitude 

of the angular speed is derived for a given particle.  The 

problem of dynamic stability is considered later. 

A. 8.1 The Equi3 ibrj urn Orbj t of a Parti c] e 

She centripeta] acceleration of a particle moving In a 

circular orbit of radius r with an angular velocity co (r) is 

ar ■ -« tr) (A-77) 

If this particle is in equilibrium under the simultane- 

ous acceleration due to a uielectrophoretic force, this force 

must be equal in magnitude to the force of centripeta] acceler- 

ation.  The value of the acceleration due to dielectrophorosis 

is obtained from Equation 3G.  Here, the net outward force F 

will be expressed as a sum of the (outward) centrifugal force 

and the (inward) dielectrophoretic force. 

2 

F = m tj (r) • r - m o V 
(K - 1) 

.2 (A-78) 

In dynamic equilibrium, that is, when F = 0, 

.. 2 
2 / v u)  (r) r = (K - 1) 
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co (X - 1) 

P' 
(A-80) 

I 

This result can be interpreted in two ways. 

a) The equilibrium radius of a given particle is inique, 

for a given angular velocity profile tü(r), and is deter- 

mined solely by the particle dielectric constant and 

density, being independent of the particle size. 

b) For a given radius to which particles are confined, the 

angular speed of a particle is detcrnn %d by its dielec- 

tric constant and density. 

Of these two, the first viewpoint is of greater importance 

for dielectrophoretic separation. 

r 
A.8.2 Self-stabllity or S tablllty In Vacuum of the Equi3 ibr ium 

Orbit of a Particle   ' " " ' 

It is of interest to fl^ter"4   whether a particle in a 

dielectrophoretic field in Ul«-    nee of any drag forces due 

to a gas flow stream is in stable orbit or not. 

In the absence of a tangential field« there is no torqne 

on the particle and hence the angular momentum relation takes 

the form 

g-£ (mr w) = 0 (A-81) 

Assume a particle to enter the cylindrical interelcctrode 

region v; 

radius r 

region with a tangential component of velocity v , at the 
'  P 

Then the initial angular momentum is mv r  and 
p p' 

since this must remain constant throughout the path of the 

particle, 

mr    to (r)   = mv  r 
P P (A-82) 
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Co(K   -   1)   Vo
2 1 8

2r 

'ot2 3  P'2 r3 

(A-84) 

t (K - 1)      V^ 
VP : y— —2_ ;i   ,., 

at which the pnrticlo is in a circular orbit about the 
inner electrode. 

For an ensemble of particles which have various values 

for the ratio (K - 1), this offers a means of selection. 

or 

v  r 
W(r) = —£-/- . (A.83) 

r 

In order to obtain an idea of the radial stability c? 

the particle, the net radial force is equated to the rate of 

change of radic- " nomentum.  The radial force has two compo- 

nents, one due to the electric field, and the other the cen- 

trifugal force on the particle. 

Equating the sum of these to the produd of macs and 

radial acceleration yields 

BUT U (r) - B 

as tho equation of radial motion. 

Several interesting conclusions can be drawn fron this result. 

BJ nee 

2     ( ) 
B r    \     2       2 eo(K ~ V 2    1 

Zt* P   P       p p.^     o    l r3 

the particle trajectory is in general an unstable one, with 

the particle either spiralling inwards with constantly in- 

creasing radioi velocity, or spiralling outward at a slower 

increasing radial rate.  However, there is one particular in- 

jection velocity 
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Particles with high dielectric constant/density ratio will 

spiral inwards from rp/ while less dielectric particles will 
spiral outwards. 

A' 8 • 3 ^^.-Oftllg^quilibriuin Orbit for a Given Ar.au 1 a r 
VeTocity Prof lie Vl[7y — ~ 

It is assumed that the particle is constrained to move 

in a gas stream flowing in the annular region between the cy- 

lindrical electrodes (see Figure A-4).  In this case, w(r) 

an externally determined parameter in the pr-vious equation. 

The orbital radius of a particle in equilibrium is then found 
to be 

1/ 
r = ^P P' (ü(r) 

(A-87) 

For a given angular speed »(r)« the equilibrium radius r 

is determined by the particle dielectric constant and donnity. 

As an txampla, it is  assumed that to (r) is a constant 

(i.e., »,oJ between ro and r^.  This represents an ideal Mo- 

tion of the gni ttroam. Iho  d-pendence of r, the equilibrium 
radius, on K, the dielectric constant, is 

V" K 

(A-8P; 

A. 8 . 4 Stabi_lj^ oJ_Ji_Pjirticlc   in Equilibrium Orbit 

The distribution at equilibrium will be considered to be 

determined by the angular velocity profile aj(r).  Each parti- 

cle comes to an equilibrium at a specific radius, depending 

only on its dielectric constant and its density. 

A given velocity profile cü(r) can be obtained by con- 

sidering the particle to be immersed in a fluid stream flowing 

in the annular space between the inner and outer electrodes 

(see Figure 1).  Fluid streams of various angular velocity 
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FIGURE A-4. 

AMGDIAR VELOCITY PROFILE OF A GAS STREAM 

FLOWING BETWEEN CONCENTRIC  ELECTRODES 
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profiles can bo obtained by having a gas flow botweon sta- 

tionary olootrodos, by rotating one or both eleotrodes, ot 
by a combination of both these methods. 

The stability condition for the equilibrium orbit of a 
particle is as follows: 

8n F(r) 
If   Jpl     is the first non-zero derivative of P(r), 

then 
9n F(r) 

8r 
n  "^ 0  is a condition for stability. 

Here we. »rill simply assurne that 

' 

5  F(r)_    . 

3r 
0, 

{A-89) 

^nr^   therefore  the  condition   for  Btabillty  ifi 

9r (A- 'JO) 

o 
(K - 1) 

V o 
P. 2  r3 (A-51) 

9F(.r)      ( o 
_ ■»J»*(r) ♦ 2r M(r) -sS. 
3r       I dr 

(K - 1) P.2 -rj 

(The factor m is dropped from here on out.) 
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The condition for stability is thus 

U (r) + 2rtü{r) 
So) 3e V 

P,a  r- 8r       p 

(A-93) 

To MÜCa this equation more tractable, v/e substitute for 

r from Equation 87, to obtain 

u)2{r) + 2r«(r) -^- +  3 cü2(r)  <  0, 

or 

r -l«kL. ,   2 w(r)   <   o 
9r 

on the .implicit assumption that w(r) > 0. 

The precading equation can be written as either 

(i)   , fr^f)  <  . 2u(r) 
8r 

(ii) 
ar 

<  - 

J: 

1 _S(iL(r) 

M(r) 

vrhere   o. (r)   is   eons trained   to   >   0. 

(A-SM) 

(A-95) 

(A-56) 

(A-97) 

' 

are: 

a) 

b) 

Some conclusions that can be drawn from these equations 

A uniform angular velocity profile (vs. radial distance) 

is not sufficient to obtain dynamic stability.  Since 

du/u  is then zero.  Thus the idealized case of uniform 

angular flow considered previously is not sufficient for 
orbital stability. 

To obtain stable particle orbits, du/u  must be negative. 

Since cü(r) is positive by implicit assumption, it follows 

that dui/dr  must be negative.  Thus a configuration which 
produces high angular speeds toward the center is required 
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if stability is to be achieved. 

Such a configuration could be obtained, for instance, if 

the inner electrode v/ere rotated with respect to the outer 

electrode. 

A. 8 . 5  L9£Li^l<l,i^i^i_]_i_ty Conditions for a Sped fie Flow Pro file 

It is possible to solve the preceding equation for any 

specific radial flov; profile oj(r) and thus to predict the 

region:: in which a particle, in a circular orbit, can be ex- 

pected to be stable.  As an example, assume that a flow profile 

is created in which the gas stream flow velocity as a function 

of radial position is expressed as 

(r, - r) 
Dir)     m    OJO — (A-98) 

""i " V 

I 
I 

I 

I 

This velocity profile is obtainable« for instance, if 

the outer electrode is otationary while the inner electrode 

spins with an angular speed of u , giving rise to a linearly 

decreasing velocity profile as a function o.'r r. 

Using Equation 96, the stability condition is 

—.-.-    v *  < 
•r  o j     . 

(rl " ro) 
i- -   ..if 1 '•r) 
r  o '. " ~ 

{rl " 1o) 

i.e., 

- to 

'rl " 'o' 

,     (r, - r) 
<  - £   y    i  

r  o 

This simplifies to the condition 

(rl - ro) 

(A-99) 

[A-100) 

| (rx - v} < a (A-101) 
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D 

or 

[ (A-10?) 

for stable orbits. That is, the region of etability for a 

linear gas flow profile lr the outer on--third region between 
the tv.'ü conductors. 

The above derived stability condition is somewhat sur- 

prising in one respect] namely that the stability of the 

particle is independent of u0,  the magnitude of the angular 

speed with Which the inner electrode is rotated.  In theory, 

stable particle motion could be obtained with Very low rota- 

tion speeds of this inner electrode.  Jn practice however, a 

certain minimum angular speed must be used. This is true be- 

cause the stability condition we have derived is one of the 

bounded-input bounded-output kind, and says nothing about the 

excursions of the particle about its stable orbit.  As the 

angular speed OJO is decreased, the excursions of the particle 

around its equilibrium orbit become larger and larger, and at 

some point the uncertainty in the panicle orbit becomes cora- 

'.arable to the total width of the stability region.  A mini- 

Mum angular speed MO for the inner electrode must therefore - 

be used.  This minimum value of » must be derived from sepa- 

rate, perhaps experimental considerations. 
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A. 8.6  j^rovcd^ParticlG Stability Cond..tions for the Flow 

Profile Obtained by a Rotation of the gloctrodes 

| It is possible to solve the stability condition derived 

I       in the previous section for any specific flow profile u(x), 

and thus predict the existence of regions of yas flow in which 

)       a circularly orbiting particle can be cxpectod to be stable. 

In this section we will consider the gas flow profiles 

resulting from rotating the cylindrical electrodes about their 

axes, and derive the corresponding stability region« for the 

particles.  The gas m thn  annular region is assumed to have 

no externally impressed velocity profile.  Thus the angular 

velocity of the interclcctrode gas is determined solely by the 

spe-ds of the inner end outer electrodes, which are assumed to 
be concentric« 

Sue!) a gas flow must necessarily be lemlnax and satisfy 

the governing fluid dynamic equations and boundary conditions. 

However« these condition« are not sufficient, to ensure the 

stability of the gas flow itself. The instability of the 

flow of a viscous gas between concentric cylinders is a kind 

of inertial instability, and its possibility MUSt be taken into 

account.  This will be dealt with later in the analysis. 

In the analysis, we will consider that the inner and outer 

electrodes spin about their common exee with angular velocities 

WQ and w1# respectively.  Under such conditions, and assuming 

laminar behavior, the velocity profile of the gas in the annular 

region can be shown* to have the time-avörage form 

*  Taylor, G.I., 1923, Phil.   Trans. Roy. Soc, London, A223, 
p. 289-343   
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where 

A 

w(r) = A + - 

2     2 
wiri -woro 

B (A-103) 

2   2 
ri -ro 

(A-104) 

and 

B ■ 

.    .22 (VcVr3 fo 
2   2' 

ri -ro 

(A-105) 

We will apply the previously derived particle Btability con- 

dition, namely 

dwjrj < -20) (r) 
5r     r (A-10G) 

to thif; particular velocity profile and obtain the region! of. 

stability fox particle notion« 

Solving for both Bides of this equation and eguatingi 

we have 

2B 

r 

A , B 
r ' "5 (A-107) 

an the stability condition} that is, 

& <   0 r 
(A--100) 

Since, in the expression for A, r,  is always greater than 
2 r0 , the condition for stability thus reduces to the very 

simple one: 

or 

2      2 
Vl < woro 

,  U)oro a)1 <  T 

{A-109) 

(A-110) 
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i Wo will for simplicity supposo that tho outer electrode 

is held stationary (w, ■ 0) while the inner electrode is spun 

f       at the speed u«.  This situation satisfies the stability 

criterion, and the particle orbits are then stable at any 

radial position. 
! 

A.8.6 Inertlal Stability Conditions for the Gas_Flow Profile 

In order to obtain stable orbital motion of the particles, 

it is necessary to rotate the inner electrode- at an angular 

speed UJQ.  Although this arrangement stab.ili :.os the particle 

motion, we must additionally ensure that th. resulting gas 

motion is itself stable. 

As discussed previously, i.t is possible for a gas streasi 

under such boundary conditions to exhibit a form of iacrtial 

instability arising from the acceleration of the container. 

The following is a condition'-' sufficient to ensure the absence 

of this kind of stabilityi known a« Taylor' instability. 

For stable gas flow, we must have 

T-- r2«(r) > 0 (A-llD) or 

in the entire region r» .< r < r, . 

V7e substitute the known form of oj(r) from the previous 

section to obtain the condition 

•I (Ar2 + B) > 0 (A-112) dr 

which reduces to the condition 

A > 0 . (A-113) 

* C-S. Yih, "Fluid Mechanics", Ch. 9, Sec. 3, McGraw-Hill, 1969 
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This condition for the stability of tho gas flow is the 

cxacL opposite of the condition required for the stability of 

the particle orbits, derived in the previous section.  We are 

thus forced to conclude that the conditions for stable gas 

llow and stable particle orbits are mutually incompatible. 

I 
I 
i. 
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Reproduced   from 
best   available   copy. 

Appendix 3.     FORTRAN Prcxjreims  toGwierateiParticle  Trajnctoricr, 
in   the-  Planar  and Cylindrical  Geomotries 

TYP«: nrLu 

nrAL KAr.'>A 
c 

rc--c.':T.K- is 

KArrAMB.e 
p?^(/:.o:(?.r«r.3.c-i.j>)»«2 
ETA-.-. lttK>4 
POf.'.'-'f.? 
ACCITT   ".VTA?    (TYP!:   J.8   FÖH  I'rFAL^T)'OLTA1 
I r  (rr..-, :.:.:■ .e.g)  EV-ETAI 
Arc:5? Hr0S!i1  "/rcf.M 
IF c;:. i.:.; .r.r>  rc.r:>ior'j| 

c 

IB 

S3 

?f. 

03 

35 

f.! 
C 

c 

Wf I TU 10, 10) 

JF.ADC 1 I, TOM 
ro}::,-.:(:.i.r) 
y.'}'/ ! -T. o 
vr: TE« ir. ?r.> 
row*?«* PAXTICLI 
Kt/i8(lt< sctoa 
FOI:;,-T..-^. n 
!»£■ C0{« lt*()*«| 
V." iT;.( Iff, 3E; 
FC>:-:/:( •   VOLTASI   7   <> 7. i> •/> 

• P^A: {i ;,••..-)'.:.:,is 
FC:-.'AT(> 7. 1) 

r-.i-r.:-. in t:ic;r.::;5 ? (FS.DV) 

A'.V-;/ a. e* i ;• (K/.T.
-
- D^WÜTfi 

/:.':;•  .•:.?:://•;;.. ^ 
■/;_;5/!JO 

TP0K<*P0fH*K* li .':.( 

ACC:^;:.-;;/■•; f£»/< i.c-; :r:;**2j*»3 
TACef'ACOoH* ic.-.e 

irpjTt(iB«:o) 
roR!AT»T3, •;, 5ITIC:J*,TJ6. 'VM-rci"?', T; ?, V.cc-J.^ ^TIO'", 

1 T«8» TJELO ACCNVTSSI'DflAO'ACCS       TlHXV   ' '   " 
2 vs^n.sTict'CM/sccVi»« •CM/stcsg,<  ' 
3 T.r, •c::/:;:; : i, * C*: / 5:. c r* o       K 5£C * /1 

vr; T;.( I:, so :; :r:.-, :v: u#TACOi 
fc::-. AT (■;;■, CII«««TlS*CII>««TU«S||*««T4i«C| !./;, Tf-.',, Ml. A, FT. 3) 

65 

70 
C 

T, 
i:r= e.o 

to   71   1=|, ICB 
T|HE«TIHC»0< I 
TO   65   J- 1, ICO 
ro.'ui I:-;. ll.-t«Vn.«0.D«('l£-6)».i;.ACtJJ 
Vj.l,=:V,i,«< |C-t)«AC0H 
FACC.,., = -AM.IA/I05;i.»3 
rAcci •r:.TA.V!.L 
ACC^-FACC-J-IACCJ 
TPOSN' P05N«H« U'3.0    ■ 
■fVL!,^ V; L»H» i;t'. 0 
• ACUS^ ACu.-J.H» IJ.I.ß 
TFAcr*j = F/.cc:;»ii» iJO. o 
TOACCN«DACCN«N« IBJ.O 
CCNTI-JVE 

VFI TC< 1 0. 63) TPOSJ, tVBL« TACCN, TFACCJ. TCACCJ. T1MF. 
COHTINUI 

STOP 
DiD 
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REfJ,   KAPPA 

ER-n.a'iF.- 12 
W(Ü=3t3 
KAPPA    H.D 
PP=</.LOG(^y.0)>*«2 
ETA-C. IVtC*4 
PO::I-C. i 
ACC; PV   -UM    (Ti-PF.   CO   FOR  I'EFAU.T; ", ETAI 
IF   (1 TAl.i;t..',.C)   ETA-ETAl 
ACCLPT   •TO:::?    "/POSNI 
IF  <ror:M.t;;:. e.O)  POSNaWMi 

vm ire in« it) 
FOFMAK'    ELECTTODU   tUmtftM   J"   C;.    7   ir4*tlVt 

HF.ADC I i. :?>>( 
ror:;AT<FA.2) 
H = H/?/)0l'.O 
VRlTE(ie«8St 
FOlMATr'   PAPTICLE MUMCTni IN NICMBMS 7   fft*!)*/! 
READC 1 1/jr>LD 
}Oi::r,~(ri- I) 
tr^ cnn IE>6I*«I 
vnnnc id/?:.) 
rOIMATC1   V&LTACF  7   (K7. OV) 
REAM 1 N'.C; VOLTS 
JOI:lATCK7. I) 

M,n(AaSt< <uAPPA- |}«VOt.TS«*t/fiM/n 
ALI H/r M,r!iA/ll**4 
UtAF ly.l' r.lA/IJ<0/l>2 

Trorfj = Po.'';!<'K» ica.a 
TVF.L^C.C 

ACCN»At.imA/P0SN*4 3 
IACC.'-ACC ;«:n IPB.O 

UPITF.C 13, SJ) 
For:;.-,Tcia. ■t>otlTI0tl,«TI*4 •vrLOCirr1, Tr9, ,MCia.tltATION*« 

1 T4C*'flEI.D ACCNSTSS; *DHAe'ACGN       TrMKV   " 
2 T9*,Q|>**TI6«,01/SEC'«TS9«'CH/SECSQ*«    ' 
3 T'.?, 'C.-!/;;.CLQ,,T5L, 'CV^FCl'!; KSSCV) 

VF.l TK( IC* tO>TM M« * VI;./ 7ACC.-J       ..'... 
romAT<TS«CI U4«TIS#EI l./'/T^B/EI I. A, T.'.|, El 1. «. TSfl, i.l 1./., r7. 3J 

c 

10 

eo 

25 

00 

M 

c 

c 

50 

M 
c 

65 

C 

T, 4HE«C.O 
DO   7C   I« 1. ICO 
TIilL-Ti!!F40. | 
DO 65 J- 1. iro 
P0 5JJ=ro' ;♦ i::-6«VF.L»0'5t< IF.-6)»«2*ACC71 
vct*vn.*< i!.-6>«Acai 
FACCii ^-.■J-Pi;lvrO£N«»3 
DACCt.'-'f? IMVLL 
ACCtJ-'FAC(VJ-rACCN 
TWfN'POSH*!!« It;3.0 
TVEU^ViLM!« IC0.O 
7ACCN>:AC;:N»H» leo^e 
TFACD< = FAr,r;:«H» 100. 0 
TDACCN-'DACCN'»!!» 100.0 
CONTINUE 
WRITEC 10, ta)TPOIN/TVEL,TACCN*TFACrW,TDACCN*TIME 
CONTINUE 

STOP 
END 
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