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FOREWORD
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Jr.. of the Air Force Aero Propulsion Laboratory. Fe and Technology Divislon. Wright-
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complished between June 1963 and June 1966. Mr. S. W1WIwsnd and liter Mr. W. C. Buraoe
served as project eagineer.

The report was submitted by the authors in June 1966.

The authors wish to express their appreciation to Mr. E. Frszcescone. technician, of Me
Air Force Aero Propulsion lAboratory, for his assisance in the laboso.y work.

Publication of this report does not constite Air Force approval of the reparts findings
* or conclusions. ft Is published only for the exchange and stimulation of Ideas.
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ABSTRACT

Ttrustors capable of high exhaust ralocity (specific impulse) and efficiency are desirable
for spae propulsion. The acceleration of chAr-ged dropleta (colloids) by in electric field

cnprovide a thrustor that meets these requirements. This effort was concentrated on
prod%.-1r positive an native colloids bythe electrohycfrodynamlc spraying of tonically
dped glycerol sohitloni from metal capllzr needles.

To date. the remrnlts of this program Indicate that both~ positive ad regative coioids can
* be produced with charge-to-mass ratios of sufficient rnagnIhue to be utilzed by in electro-

static space thrustor. Charge-to- mass ratios have been obtained In the razxges of appreximately
100-30.000 ou~lotubs/kIlogram for positive colloids and 100-4000 coulombs/ kilogram for

* negatie collilds. Current levels of 10 microamps per needle are easily obtained.

41b



-D

I

AFAPL-TR-66-72

TABLE OF CONTENTS

SECTION PAGE

I INTRODUCTION I

II MIAGNOSIC IQUIPMENT 3

L The Quadr-uole Mass Spectrometer S

2. The Time-of-Flight Spectrometer 9

1 3. The Faraaty Detector 21

III CAPILLARY AND FLUID PREPARATION 22

Irlr SOME EXPERIMENTAL RESULTS

V SOME THEORETICAL CONSIDERATIONS 46

k VI APPLICATION OF COLLOIDS TO PROPULSION 54

REFERENCES 67

4 I

I

II

4 0 9 0 4



AYAPL-TR-66-72

FIGU~RE PACE I
1. Electrohyd1rodym~.tie 0VMy~q Apparatus I

2. QoadruPole %pecrometr Schematic 4

3. Stability Diagram of mauxwgu Furctm i
4. Rtab Wty DIsgram of Wathi~co r tnctm 6

5. Frequency Il. Char7e-to-Mass R~atioI

7. Tr-( lgtSwrmtrScemtic Diagrsm P

9. Massedziler/T.0.F. oprsn1

10. T. 0.7F Collector Huin4 and quadrup~lo Mda$.r 14

11. Variable BWa Circuit for 7.0. F. Collector 1?

13, Schematlc Illustration of Cmbimd Quadrupole sad T.0.7y.
9pctrometer FatiJIlty 1

14. Combined Quadruzpole and T.0.7. SO&Ctuozoeter Facility 3

15. Faraday Detector Schematic

16. M~ode I 91wayin Sequsne 24

1T. U&xVmes at Mode I qrAYt;-q 34

1I& C~irft n tributions by htiiv*Wa Droplet Dougz a pulos 25

19. LzampleS of Mode U Spraying 26

20. NM sm ryiw 27

21. Modh I to Mode M~ Tranitom 3?

22. Mod~ned Mode MU Spraying 2?

M3 9dPerizvoed 7.0. 11. Decays. Mode I s&W Made RU Dem 29

24 Mowestaz Curruat Fluctutio. to Moft U! 29

38 Tree &,p0rim..d T. 0?. T"acs with Swad-sai QamT0014

Tahe. BWasr &W After Deca. 3

.......



ILLUSMhAT10NS (Contintied)

FIGURE PAGE

4 2. DiadUzg at CaPUary Tip 30

27. et Char"e Vs.. Capillary Potertla 33

PI. BeM C~zrre~t Vs. CapUIAry IotetI 33

29. 4;/m Vf. CapiLlAry Patentlal for Different Reservoir Pressures 34

VM) 1mvs. Vapillary Potential ftr 'Vauious Cctntntioas of N&I in
GlI"rol 35

31. TranaIon Behavior of Nat/Glycerol Solutioaa at Positive anid
Negatt Capillary Potentials 35

4 . Capilary Tip Letersorat~on 38

33. Capilaries After Extended Qeration 39

X4 Erosion Patern on TAO F. Collector After Extended Operation 40

433. q~tn Variation with Iloritals Angle 41

3K q/m Aniguar Vstriation at Two Voltages 41

3?. Anplar Variation ot q/m 42

31L bJoe t 43

439. Aet wtUO Heavy PartkIces and klo 43

40. AWWgato qie Q u pole Trace 44

41. PAYle9gh and Field EmieMnic Limits for Glycerol 47

4L. Ktsctzvs 10I* s of Sodium sad Idine bIn 51

43. SOMmaW opmaga. at Ion and Colloid Thzimtore 54

44. ScbenaWi dt Eletrod, eee Cbold Thnutar

4L. Scbematio a Elctrodelees 7hnwstor with Extracw as
Common Ground 55

44.. Aooeaerztlr FoWMWia Ve SWCR Acife Carge 56

46b. Z~v*rgse Efficiency VariatIon with Spray Half-Ac&l 54

41. Ratto od Proprubiona Syslem Mass to Total kzopule Ve. I s& Jr

PTTit



®
~I

AFAPL-TR-66-72

ILLUSTRATIONS (Continued)

FIGURlE 
PAGE

48. Ratio e- lropU Islon System Mass to Total Impulse Vs. I for
Nuclear Power Supply 6s

49. Optimum SMR Specific Charge Vs. Mission Time for Various
Accelerating Voltages, Nuclear Power Supply 62

.;a. Optimum SMtR Specific Charge Vs. Mission Time for Various
Accelerating Voltages. Solar Celia 63

51. Efficiency X Power-to-Thrust Ratio Vs. Isp and SMR Specific CQarge
for Various Accelerating Voltages 64

52. Efficlency Vs. Specific Inpulse for Various Pok *r-to-Tnrust Ratios 65

53. Thrust Vs. SpecIfic Charge for Various Acceleratn Voltages
and a Current of 1 Mlcroamp 

66

0

Till
....

, @ @I R Lk •S •



AFAPL-TR-66-72 "

LL.T OF S'flWjOLS

c charge-to--asa ratio

c capacitance

e $o, emlmion-limlted specifc tar

qR  limiting specift, charge

E electric field

F thrust

f frequency

0 pin

C. gravitatioual acceleratio

I current

i0  Imtial curreut

1 pecif ic impulse0

J1 electron level o solution

kionzration potentIl

K dielectric onstant

L T.O.F. leth

m MISSlm~z

K massflow

jMopllant nm

h~po Power supply mass
mp propulsion sys temMI

P power (w

q .argS

q/M dwr-o-ntsu ratio

r &Opiat redkwi

Ix

4 00 0 a 0 4



AFAPL-TR-&--,

Lsr or SYUBLOS (cuba±2o

0 AC U0

T misskt tim~e

U, pa~rticle acceleratimg voltge

U0 scofteratbrg voltage ued dr tg calffraion

V volage

VAC alternating cmzrr voltage

V DC direct current voltage

V 1 urticle velocity

W solvuio or 1bydratiox a wg£

40 pormltttvtty

work functim

y Surzface tmsku

a specific oer or dierg haff-azge

p ~ t

4C > average

p4



di

MMiN I

Sben a Lt1t lo Id is II me elcric fiel of eachvA ty t Mm eLmctricI1
forte omUb cbsrV carriers N1 9 th vulace tmwbo bre. tbai MeL-dsrfac

an =U all e droplets we llmme& h 7 w , PC"mnCallad mi
abxmzzM-mk. in 9r-m1ly carie o~d by eabbLkhing an Inse eletrc 5d at Um tip ct a
fine mmettifo aplazy tuecotaiirg a mdUla iqud 1k~1 I mm cd 2a electri Beld a
the charge carrise in the kmi is amhthal charges of oesIr, axe lore Io T lkquW I
meWl Lm~erface (wh~e Vy are meatraUmO whilese o f o~poits auga mo away frm

tecepitlai7. 1 he Pp~s m C f strong elecric fid& Cbe Iz dh&M~ carriers are
capable of overcm±rg suzface twel om and seprzttng tbelmwes Fro-iMe balk
liquid As they lave6 th carge carriers carry akrc a certaD 'r P f I knid; dese
charged ilk dropets are M - referred to as "ollikdsk." LDLpeaMif om Cir cd.argean
rmass the droples ca acqure #a a9reciable vkelcy as they puad t Me reg~m at Mgt

b practc the caillary is kxde in a w.cm awio t Cha Iso rn inves,
coo discharges, adotber ex effects ame -Mind . Is order dud a beam of
dro;et may be pxk and stmaed th capilary tip Is usmlly piucd perpeadb=Ir to a
metii ;)Late ootulzifrg a bole, the~~e of whicb les on the smis ct the Capillary. In
many Irstances, the czpillary Is hmserted he ole so that ft tip protracles a few
millimeer beyond the froct of the piste. By ralsixg the potntial of the capillary relative W ~ *
thr; pLat, a v'ery high elecric field can be produced 4 the capillary tip. 'Ib electric feld

an enmce ± sprrzyirg process, can be - P1, ze by ad±utbgr the czpillaxry jtial. A
typcal zrran reo of capllary. mcz plae and liquid ez~ly is shws In F~gum L

4 0 0 * S



4

kFAPL-TR-66-T2 A

4

00

4

ILI

CL~



AFAPL-TR-66-72

SECTON 11

DIAGN06TIC EQUIPMENT

SSince the study of beams of charged droplets in'olves th ue of specialxind equlpcsit and
tec a which are not widely known, a brief review of these is presented before proosedlo
to a discussion f the spraying procem 1el. A parameter of major interest In droplet beam
studies is the specific charge (charge-to-mas ratio) distribution of the droplets. Of oh
various types of mass spectrometers avalable, few .osse" 0* rnge and versatility races-
aiy forexamini charged droplet beams. By varying the .Wa7ry potential a typical
droplet source may be capable of genert Ung beams with average specific chars ranging
from a fraction of a coul/kg to several thousand coulkg. In additloa. these besam may oon-
tain both molecular and atomic Sons. Thus, a mass spectrometer uitable for charged droplet
studies sbould be able to ccan rather quickly the entire spectrum of specific charge alis
between 10-1 and 107 ooul/g.

1. THE QUADRUPOLE MASS SPECTROMETER

One instrument capable of meeting th above requirement is the quadrupole mass spectrmn-
eter, or so-called "massenflter." developed by Paul, et al. in 1954 (Referenc 1). The
massenfilter consists of four rails arranged symmetrically about an axis parallt4 to the rails
themselves, as shown in Figure 2. The diagonally opposed pairs of ralls are connected by
a jmuper wire, and each set ie excited by the output of a special power rapply. This power
supply consists of a push-pull variable frequency oscillator whose output floats at a specified
DC poten tl. The electrical potential in the interior of the quadrupole Is a function of position
and time:

U ~t) voc '0' vA a
V(X,,) 7 .r (a -12 - Ito 'o

r is the distance from the quadrupole axis of symmetry to the rface of a rail.

x and y the position coordinates of a point inside the quadrupole.

VAC the voltage amplitude of the oscillator output,

v ft oscillator freque=y. and

VDC t D potfW of 'bLN ra"s.

Application of Lagran a equation to Equation 1 yielft for a particle oi ma, w, and charge,
q, the fbolcwng equatim of motion

cW Z/df 0

d~/O 5 J A ct_ .), 0 (2)
mrz

d102dt 2q(V 0K+ vACcoswt)y
,ao

•
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which can be converted to Mtatheu's dliferenti&I equation

d'Z/dC- (a - 2bcosZ C)Z '0 (3)

by makiz the mzbtltutione

aa8qV rO me 2

b224 M (4)b, - 4QVAC,,o1?#J / '

2 wI/2

The general soltion to Mathleu' a equation is the Matie2 Function

where 1A is a function of a and b.

Raii Voltoge

Supply
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4 4
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The behavior of this function Is shown in FIgure & T shad regions repr t stable
solutions; elsewhere the amplitude of the %rtction Increases exponentially and the sIolutn Is
unstable. The regions of stability correspoind to case warc g& is purely imaginary. Ptrysically.
this means that the motion of a lart;Lle in th qadrupole field is oo~nf.Ad and perodic. If
AL is real or complex. the particle will nve with an xpooentially increasir ampnd and
strike the rails.

For operation of the quadrupole as a spectrornater. we concrn zurelwo wtM the stable
regIon 1. which is shown in mre detail In Figure 4. In this tiew. the portio of the regon o
stability below the b-axis hbaa been "folde'" up Into the first quadrant. That ts is a permls-
sible zanipuation may be seen by onsidering the lines determned by the ratio

to a VC/VACe */2q (6)

For a given u > 0, there will be a crrepondirn v of kienticl navit.zW but opoaite sign,
since VDC can be positive or negative. depending on which set of ralls is considered. Th"s,

the region of stable orbital parameters (shaded) is bounded by a.. b,. and the q-axis. In a

quadruole with fixed u, r, and w . a particle with specific charge. q/m. will ae a stable

orbit only if its corrmsponding values of a and b lie in the ranges ha and A, Us.. the pro-
jections of the segment of u in the region of stability bito the a- andb-axs. Conse4ently.
the bandwidth of the spectrometer is narrowed by Increasing u. Le.. by increasing the ratio
of the DC to AC voltages (Equation 6). A is apparent from Figure 4 that there Is a maximum
value of u which determines the minimum bandwidth. The values of a and q corresponding

00 z0.2389) 7
q o *o. 706

Suhbst.ting thoe values Into Equation 6 yleldo

a 12q 0 3 0.1679 (8)

From Equations 4 and T. we can determine tt relationship between %/m and w, VAC* and
r0 for given quedrupole operatd as a specti=inter.

a ,q0 *r 1tt.14q a 6.96rolt 3(4/0) .1(9)

where f Is 2 frequency o tMe AC volte in cycles per secovd.

A plot of f versus q/m ior r0 - L16 cm and VAC a 10 vots the opera paramtes of

the AFAPL spectrometer, is prseted in Figure S. I can be asee lda a hfqmency rae b-

tween 1 ko and 5 me covers the .necifle charge spectrum between 0.5 avd 10 ocul/lg. The
quadruole driver circuit Is show in Figure 6. The frqueacy rang is covered tn 3 bads,
and each band with th e sption of the lowest in ocvered by varying the ascill&abr t
apacitanos. In the lowest band (1-6 kc). the oncilt4o operated as a rb-yaR amplifier

and driven by a Hewlett- Pmickrd Model 00 AB andio oscillator. However. ue of vecial
inductors could mWo the driver aeff-oscIllatl over th entire frequency rang.. MW irma
in ts instruent a 1.92 cm 'a diam ter and L14 meter long. Entramo aperir at 0.01
Ihc and 0.02 inch ave been u M d atter allows btr mminatom of low =rrsst beams.

1' 4



1,

V44

Region*s of Stability

4

1.04

x . IV

1.0

?Ipix 4. 8ta2iy Diqmm of Mathtmu Fwcwoui

00 *

41i"0w0



AFAPL-TR-66-72

______ _____ 0

Go -

* - 0

__0 _ ___0 00

_ _ ~ P I_ I_ o



1 ."

a8 a a a

0 Ii ILI
Le6

all



AYrAPL Tfl"$6" ?t

A very vwtul fe&,.*re of the quadruple spectrometer In Its easily variable rsolut un. As
Fquation 6 s.ain. larertig the magntdxe of VDC lowerv the resolution. La.. Increases the

,irxW.Xh of speclflc chargte passed by the gpectrometer. When searching for discretie Jets
:rjm a droplet source. V I D s switched off azr f La ad usted to a value about twice as high

us that at which a apecIfic charV peak is wxqected. The source I then alnsed until the collector
current show a maxImum. TU DC voltage is switched on and the specific charg spectrum
to wnaned. For low intmetty beams. VDC may have to be dropped to values on the order of

140 votta, deparing on the 9mwitlvlty c the collector meteri g circuit. There Is a tndency
for pe*ks to shift a the resolut is loaered. %ben operatirg at high resolutix. can mutt
be taken to maintain V AC constant as the frequency is varied to avid exceeding v
freq-;" is bold cons~tant and V AC is varied to acomplish the specific chscrve an. t -

-ir.ult of tto quadrrupole driver must be modified so that the ratio VDC/VAC remains
constant.

2. THE TIME-OF- FLIGHT SPECTROMETER

Despite its versatility sod ru , the quadrupole spectrometer is limited in that It can
sample only a small portion of a beam at one time. and thus is incapable of providing an
accuras representation of the total beam characteristics. In 1963, H. Selton and 8. Cohen
(Reference 2) doveloped a time-of-flight spectro -eter which. although lacking the precision
and resolution of the quadrupole, permitted the specific charge distribution in the entire beam
to be measured instantaneously. The davice, pictured schematically in Figure 7, consists of
a shielded collector located at a distance L from the charged droplet source. Operation of

~Collector

Liquid Capillary

-in

Fxtrctc t

Input

-ig 7. T --- U -pcro& --emti -- j
014: IIOPii€

4 a0@ 0 0 0 0 9
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ec ril th
tho device to based on the following principles. The conftrirtion of electric field at the

capillary tip is such that the droplets acquire their terminal velocity within a few milli-
meters of the tip. The velocity. v. of a ptrticle of charge, q, and mass. m. which has passed
through a potential. V. is:

v ' /Z(Q/ ')v 10)

Thus. since all the droplets fall through the same potential, there will be a velocity distribu-
tion in the beam corresponding to the droplet specific charge distribution. Those droplets
having a high specific charge will have a higher velocity than those having a lower specific
charge. The current observed at the collector is the sum of each of the currents contributed
by the individual siecilic charge species. To determine the specific charge distribution in
the beam, the steady state current 10 is observed on the oscillscope nd noted (usually

photographically). The scope is then placed in the single-sweep, external-trigger. negative-
slope mode and the spark gap is activated. Wen the gap closes, the capillary potential decays
to ground in the order of a microsecond, and the droplet source stops operating for a few
milliseconds. The oscilloscope, triggered by the spark gap signal, records the cur:ent decay
at the collector. An idealized decay is pictured in Figure 8. Since no droplets are produced
when the capillary Is at ground potential, that species of droplets in the beam having the highest
velocity and hence the highest specific charge, will be the first to stop contributing to the
collector current. When the last droplet of this species arrives at the collector, the current
will drop to a lower level; this level of current is contributed by species of lower specific
charge. The decay shown in Figure 8 represents a beam consisting of three distinct species.
The time at which the current decays to a new level represents the time required for the last 0
particle of thi species to travel from the needle tip to the collector. This time is measured
by the scope and is simply the distance traveled, , divided by the velocity of the droplet.
From Equation 10 this is seen to be

t .._ L

which can be rearranged

q/m L (12)UVtz

Thus, each point on the l-versus-t decay corresponds to a specific value of cVm. If there is no
current decay at Uime t, there were no particles present In the beam having a specific charge
corresponding to t. in practice, specific charge distributions are usually continuout between
an upper and lower limit, so that the decay is a continuous function such as that of Figure 9,
rather than the step function of Figure 8.

The screen in front of the collector serves a twofold purpose. First, it increases the 0
resolution of the device by keeping the collector from "seeing" a charged droplet until the $
droplet has passed the screen, Le.. traveled the complete distance IL Secondly, by makn g
the collector positive relative to the screen, it prevents secondary electrons from leaving the
collector and giving an erroneous value of i . A second screen, biased positive, may be placed

in front of the first screen to prevent secondary electrons created at the first screen from
traveling to the collector.

The maximum speciflc chrge that can be measured with the time-of-flight mass spectrom-
eter is determined by the time it takes the collector circuit to recover from the qpark gap

10
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duced to the order of mIcrosecn&d. Although it is not possible to neasure atomic Io
species with drift distances on the ordier of 10-30 cm. Itbelr preaeae oma be detected by
noting the position of the start of the decay relative to 10or If there am n fcuatins Ia 1 0

4 and If the decay cannot be extrapolated back to to* than that portion of the curreit bebmme

the start of the decay am 1I was mat o b* byk hvnveyN apcf
charges totrahe h ollector during the eczbtr du-is Aascifs

of taosresluton. he RT ftmIntensity =a be increased to observe this Isatnm
drop when tons are preamti. This aod ,,Is particularly useful wbe~a the ollector current Is
fluctuating, since It shows the actual TWlOe of toat the beginning of the day.

Considering the many nnkz~owns in the oemdom of the timo-of-fligh spcrmtr eg.,
the effect of the decaying capillary potential on the steady state specific charge disrbtin.
the spectrometer "dead-time." etc.. one might welli nquire as to the aewsrcy wW rellamblity
of data obtained with this instrument It was primarily to mnswer this question that this
laboratory constructed the cobie quedrupole ad time-of-fligbt spectrometer facility

4described below. The results of a series of lavestigatlcs with tho combined setoem
demonstrated good quantitative agreenmt between the quadrupole aMd the tinme-of-fligbI 6swt"
(Reference 3). Figure ft sho'ws a low average speciftc charge qizadrupoLe trace thatw
transiormed Into a T.O. F. decay and 00eipoeIo an actua T.O. P. decay -ad urtv4
the recording al the quadrupole data. A similar proces has bown carried out in Flgur-d 9b
for a beam with a much higher average specific charge.

The abore analysis was vade by simply oowpwrln the l-vermuo-q/n dta obtained with
the quadrupole with the l-versus-t dota of the T.O.F. spectmamear. More precise sbxtlaa
with the two instruments raise the quistion of the ameain of "peakv" as ty are abtais4
with e~cba device. This problom to particularly apprent in the interpretation df T.O0. 7. or
qwadrupole data fur propulsion purpose&% as shown In Beotta VI. Ina this casm, it is wnee-
sary to obtain the two maze-wegte avsrage of xpecific charge. <c 1/ > e -c> wbich
are ftazx by Integrating the normalized znass distrblxton expressed as a %mxctlon of specific
Charge, f(c);

<4 V C it f4 fI (C) 4C (13)

A probtemn axlass in tLAt neither the quadrtixils nor the tlmeot'flgt aerwt gIVen
f(o) direct:7. r'or the quadrupole. the numbar of cycles ezecuted by a particle in the fied is
relate to the qua~drupole resolution. Using the emupirical relationshp determined by Paul In
Referawe 1, Hunter (Referwice 4) obtained an exrsinfor the bandit Ac of a qarpl
at speciftc ch=rg o in terms of the nmard resolution, ito. ad rail voltage. From this

expreesln, it is kvnM that the bw&±dt of the setaie increases lincarty wfth specifc

charge as a pecit cberge tom rn ade. To otsna th mass disirbton Axac t(c),

currad per unit speelc charge); ft~s is in tra dtd~d t7 ft specifc bzge, a, at Mck

___ is
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po.Zit (jreIdl:: the m~ass flow per =t s-cI~c charg) and fL-:LLy. for rzzazxy

the totWa mLs. flow. M. of ths a- led part~ciea Thus

where
i/a-

coc

In order to obtain <c /> 2d <c> from T.O.F. traces, Equslk 13 and 14 am mrdcied
to obtain specific chrge and f(c) in ter=s of time t. A curret distition f n cor-

MPMndl to tLhe T.O.F. trzce is deffrxDo&

f(f) d (M)
10 dt

wher LO 1 the crrent i UM t =-0odIIst T.O..acoLm-orcentat tt. ft

represents the time t whidch ti current becomes zero on the T.O.F. tra. then

M ~)dt,

and. grttn by parts

ff tff f

10 ,~(?

< t > f I (t )dt 2 t --dr " 2n I (8

1 '0 tzQ i 0  In18

From Eq.tlon 17, 18, ad 12, orbta

< C > T' -- (19)

C 1 2 tL C C 3 3 ( 2 0 )

usa  a

<€> -C tl>

Is the distrbbtkm effiency of the bum~

14

0p

-I

0 0 0 0 0 0 0 4 q
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i the c-a: of a limas &c from t - 0 to t1. the de-cmy tr-ce ag the olra ues:

t > 2 2 If2
• ; , L .f

3 f
2 0.75

cc > Sc 3mi nt

wbere c min s specific chre corresponding to tf.

An actu poIt-by-potnt comparison of < c and < /22 ole
andl t~m-f-flIght spcrmtr 1.s hardly o wll s! the q an l~e samp1 only a
small porton of the be am while the T.O.F. presents az rweesenting the met bsm chZb-
acteritic. For this reason. the zadruple is usually limited to studies of such parametersas te Ionic species exiting tn a beam whl the T.O. F. Is sed to study tl grosscertr
characterIstics of the bem. A detailed study of the elm tmbjydzdyrAinic sprzylg Froms
requires both Lntzu zts.

T successfl operation of a tln*-of-flltx spczrtr demands cauru a ~~ to
shielding of both the collector and leads A collector assembly which proed qJte satis-
fact=r7 from both a shielding and aintenance gtandpoitt is shwn in Figure 10. T7h qua-drupols adaptr and bo1e in the collector can be ellmme If only a T.Q.F. spe tter
is to be constrcted. Biasing of the collector and frequency mpe saton have been su-
cesdily accomplished using the scheme of Figure 1L The compensatlng circit is checked
by aplylng a square ware signal to t h collco and ascertaining that thre L ii-
tort= or attenuation of the sg-al at the oscillco e as tis varied. The 10k precsiao

resistor provide an Lt at te scope of 1 millivolt par O.ls. of carret at t collector.This via sems to prorvide an optnm~ copoms between noise jewel d amitvty.

The Talm of load resistance required between the powr suply and the spark pp depends
on th power mipply. ff the latter is well regulated sad cana surBt cvrrent, resistances
on the order of a few bede t±uan oins can be used. if the 'uply is smnall and wi wel
regulated. however, it Is best to use a high resistance7The scope is tr1gered at the start
of the T.O.F. decay by placing a small length of wire war te spaft p and concting it
to t triger Inpt o the osiieoe

To wse the quadrupole spectrometer to begt adY3aSrA. same maim must be provided
for almi' t bem of droplets into t quadrupole ance pertte An adjstabl ource
mrunt, evolved over a period of several years, Is b .a Figure 12. Aig=wt is cbecked
by remoi the qMadrupole collector and using a telescope to eight o th capillary tip.
The complete combination quadrupole/timr-clf-fl ght spectrometer is shown In Figure 13
and 14. The y-ax of the x-y recorder Is canected to the electrometr which mesures
quadrupole collector current. The x-axis is &in by the voltage between the wiper arm
and gromd of a potentiometer connected to the variable capacitors of the quipole
oscillator. This arrangement allows a conti .- msrs-f plot to be mde.

11e fluid reservoir and transfer lIt are simple but rqM and reliable. A hal-fMed
100 ml fltration flask provides a more than adeqats supply of fluid or most purpmes.
The tranofer lin is made from glss tubing, 8 in dian mter wit a 2 = bore. Tbe

betwee the tmaer lim and te capillary moun is rad with Tenton tng of
sufftcat lemgth to allo for tatim d the source t an aae of W from an quadrole

-AXIS.
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After the source chamber, reservoir. and transfer line are sufficiently evacuated, the flask
contairniN the fluid is raised to that the tip of t* short arm of t transfer l l~es about
I cm below the fluid level no reservoir pressure In then raised to about 5 or 10 cm.
causiir the fluid to flow through the transfer lIne into the capillary. Tbe mass flow rate of
the fluid duxn oper-. "n is controlled by varytn " * reservoir pressure.

3. THE FARADAY DETECTOR

The third devtce which has been used In charged-droplet studies is the Furaday Detector
,Reference 5). This device consists of a cylinder about 5 mm long and 1 mm in diameter
mounted inside a shield and connected through a cathode follower to an oscillospe (Fi-
ure 15). As charged droplets pass through tLe cylinder. approximately rectanglar pulses
are produced, from which the charge and mass of the droplet can be determtnd. E the
gin and capacitance of the cathode follower and scope preamp are G and C, respectively.
then the pulse height. V0 . is related to the charge q on the droplet by

q : C(21)

If the accelerating potential of the droplet is Va . the length of the cylindrical detector is d.

and the pulse ler&.h is t, then the specific charge q/m of the droplet is

q/m z d '/ZVOt (22)

if the density p of the droplet is knownEquat/ons 21 and 22 can be solved to determine the
droplet radius, Le.

r (3V*tCvo ")'

x : Nk t PdC V) (23)

This detector is affected b7 background mise, and so its we Is rather limited. T mlnIrd

charge that can be detected by this device is something on the order 10 " 16 ooulombs. In
addition, we have found that the detector becomes cloggd with fluid rather quickly when

placed in a droplet beam of low specific charge.

Cothod

Folower Amplifier

tI

* 0 0 0

Cylinder

* 0 0 0

6 ~FIgur 1I. FaradiW Detector Sahem&WI

........-.- S.

0 0 S 0 0 • 0 •
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SECTION MU

CAPILLARY AND FLUID PREPARATION

Two of the major rAriables in the electrohydrodynamic spraying process arv the capillary
and the fluid sprnyed. Of thege, the capillary represents the primary source of dff ilculty.in botth preparation and reproducibility. Aifug some work haa been performed usin gi,"

and quarts tubes, (References 2. 5). by far the best results have been obtalt -d with metallic
capilltries (References 4. 6); platinum and stainless steel have been tsed most frequently.
A prime requirement for these capillaries is that they be relatively smooth and &xilly
symmetric. Capillary size Is governed primarily by the "cuum system capabilities. Atypical six-inch diffusion pump station with L12 trap wil handle most doped glycerol solutons

in capillaries having bore diameters up to about 1/4 rm. Most of the work at AFAPL has
employed capillaries with a bore of about 0.1 mm.

The capillaries are cut to length (-4 an) from commercially avallible stock, and the ti
are formed and polished by hand in an instrument lathe. The most satisfactory procedure for
preparing the tips has been to machine the tip to rough!y the coriguration desired and then
finish the surface with an orangewood_ stick imregnated with Jeweler's rouge. During the
polishing process, a wire must be run thrugh the capillary occasiorlly to keep It from
becoming plugged with rouge f,'agments. With softer metals such as platinum. it Is some-
times necessary to finish te polishing with a light oil and rouge mixture on the sUck.

After polishing, the capillary must be flushed thoroughly with acetone or aimlar solvent 0
to remove rouge particles. The standard procedure in this laboratory has been to flush thecapillary, boil it in distilled water, and rinse It in methyl alcohol. Following the cleaning
procedure, the capllary is mounted in the source assembly and Installed in the vacuum
system. The capillary is usually maintained at 10kv for some trme prior to spraying.

Different tip shapes have been tried by various researchers (eerences 3, 5, 7. 8). In
general, a sharp tip will produce beams o higher specific charge than blunt tips, The sharp,
tips are more subject to deterioration during operation, hc-,vver, and produce beams that
are harder to control.

The location of the capillary tip relative to the extractor plane does not appear to be
particularly critical If te extractor plane is biased negative relative to the chamber wsWll
to prevent seconday electrons from reaching the capillary tip, it Is best to place the Up
flush with the front surfac of the plate.

The fluid, after mixing, i usually filtered dthzmh a 0.8 millipore filter and then outgassed
by heating in vaco at about 80"C for one or two hours. Followirg th some or all of the
properties are measured, Including resistivity, density, viscosity, and PH. The sample to
be sprayed is again outpssed at 80C in vacuo. Immediately before transferrng the flask
and fluid to the experimental system, while the fluid is still rather warm, the pressure In
the flask is raised to one atmosphere by Introducing an Inert gas such as argon. The flask is
then quickly transferred to the system and re-evacuated. With a small born capillary and a
good LN2 trippm m on pump on the system. the entire procedure can be carried out while
the source chamber Is evacuated.

113
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SECTION IV Jr

SOME EXPERIMENTAL RESULTS

The spraying process is initiated in the following manner: After the preliminary steps
have been completed, the fluid is allowed to flow through the transfer line to the capillary.
The arrival of the fluid at the capillary tip is observed by means of a small telescope. If
the fluid his been properly outgassed, a small drop will form at the tip and gradually In-
crease In size. Any evidence of bubbles or other unusual activity at this point is an indication
of entrapped gas. (FAxpertence has shown that this condition Invariably results in poor source
operation. e.g.. sparking, broad specific charge distributions, etc.) If a clear stable drop
appears, however, the capillary potential is increased until the droplet is removed and
spraying begins. The capillary is usually allowed to operate at thin potential for about 30
minutes to allow the source to "break in." This break-in period permits that initial portion
of the fluid, which may have picked up dirt or other oontamimnts from the transfer ln.
Teflon tube, and capillary, to pass out of the system before operation begins.

After the break-in procedurm, the capillary potential can be -. rled over a wide range.
providing a number of interesting spray mo6es. Followi-, Cohen (Reference 2), Te can
classify these modes into three general catagorles, a !Aws:

a. Mode L This is the mode that occurs at the onset of spraying and at slightly higher
potentials. With a suitable telescope or microscope, one can baerve a drop of fluid going
through the formatiom and ejection cycle pictured in FIg.ure 16. Typical current pulses cor-
responding to this -d-t. are presentM in Figuro 17. These data were obtained oy allowing
the charged droplets to strike a collector arranged as in Figure 7. However, many different
pulse patterns have been observed. For a given reservoir pressure. Increasing the capil-
lary potential generally reeultz in decreasi g the pulse length and pulse period. At a given
capillary potential, however, varying the reservoir pressure affects the pulse amplitude
and length, very little but Increasing the reservoir pressure induces the pulse period con.
sideribly.

*This spraying mode has been investigated in detail by Carson (Reference 9), who showed
that each pulse is omposed of a multitude of small charged droplets. By allowing the droplets
to pass through a variation of the Faraday Detector. described previously, he was able to
show that the charge on the droplets .was greatest at the peak of the current pul"s (Figure 18).

The spraying appears to take place contlnuou•l- from the tip of th6 filament. As the length
and radius of the filament change, one would expect to find the charge and mass of the emitted
droplets undergoing a corresponding change. due primarily to variation In the charge density
and hydrodynamic stability of the filament. Using a time-flight mass spectrometer. Carson
verified this end found that. in general, the specific charge spectrum itself varied Zrom pulse
to pulse, and that the sprayed droplets had higher specific charges at the beginning and end
of the pulses than at the peaks. This information, coupled with his observation that the droplet
charge is a maximum at the peak of the pulse, indicates that more massive droplets are
generated during this portion of tz pul s. Carson also obsrved a maxinuam spread of
apecific charge values at the peak of the pulse.

Th pulses which characterize Mode I are extremely regular. This cp.a ce damon3trated
by triVering the oscilloscope swep on the Initial positive-going part of the pulse and ob-
serving the pulse length and period. Qr.!y slight fluctation la observed in pul period and
amplioids over a period of several mites. :
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Figuare 16. Mode I Spraying SequencG

Collector ~ ~0.0075" i d Stainless
Current NZ§<'%~~b Sei COV4617or;

(O.I)Aediv) 05cc "ISO.$/ lcc

E~rc
-Time 2 Zmsec/dIv)

Cole~tv ~ ~0.0075" Ld. Steirleu
4 Cuv'ent Sl.6gmOIlOrm

(O.5 .&ofdlv) d S6eel CIoy / 0I
Gtycetol; V0 fku
(Two Esposurs)

-Time 5mnsec/div)

1 Fip"r -7. Emawple. of Mode I Sprayfrq
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CtJRRENT

TIME

Figuire 18. Current Contrlbutions by btfr~d Dropets Durtig a Ni..
(From Referewe 9)

b. Md IL An the capillary poteztWz is izjw"4 t regularity of the pousLn- often
deteriorates, resultin in a collector current that consists of r an do m mois at DC lev'el
(Figure 19). It is generally postulated that this mods is ft result ot a mifbS of filamentS
ope rating in Mode I bmt independently of one anotber. Very littl quxsntativo data is avai-
able oncerning this mode.

c. Mode IL. The most attention to data has bees given to Mode II, or the uo-ealled
"1DC made." which i characterized by a 2teady emission a( charged dropets at a ostant
current and specif ic charge distributimn (Figure 20). Itis maode is nems obtained
directly from Mode I by Increasing the capillary potential (Figure 21). On other oocaulons,
It Is possible to drive a Mods, 1 beam into t DC mods by ad~uting both the capillary
potential and mass- flow rate. In some instances, usually with a damaged capillary or poor
nations have proved capable of operativig in thi made over a wide range of pataxtials witbeut

deganeraininto Mode I or IL

Oten a beum Is referred to as DC even fugb tk-*re La som 49ise" or vitlin present

DC current level. Figure 22a ahows such a beam current. The pvseof addtkxWa Pulses

pais er ta~lrytphe VClvldosntanrt dvsl affc suc prattm Figreyi ho*znm

T.a .trcs fa use D ee- A&1; ajstut tail cpllr

potm~~isd or mass Dow rate Is somet~iassfientolintsMeaaig

7b 0C cu obere at a ole paeinaImprtngnVd sIsfno
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Igre 19. Example. of Mode 1U Spr"yi
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Current___
(0 I4o/dtv)

Flbmrs 20. Mode M Sraymg

Current

(Ijua/div)

4 ~Time (0 2 ,ec/diw) -

V2z4.3kve 0.va.sbw

Figur 22. Moxl I t Mode mTr&Mzzi
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Mods L. Thus. Mtods M to moat LIkely a special came of Mode Il in which Th palme freuemcy
and the period of the rriou flhAm~zts are ligh enq~ W overam th effcca of phase
d '!e renoe. An Intlcation of tb =zmber at filamiazts contrirtL-g± to suc opration can be
obtasinalu by obe'ervlnm the morme.nATry hJcotk (PL-feroc 10) in car~ezt wbic soch
times occur in am otberwiae stable beam (FIr" 34). Ib shape c( thIs pmLzie to4rctes thet,
for some reason. a filam~ent momeattrily stopped spray Irg andi then started sVln I aln the
filaments are ootrlmzling ?rxagty the same amount of calZren± Usn the rnapikk; ofte
current drop Indcates ftla abouzt a doze~n filments must be prsL

One m1lot razooably ass that Me DC spre-y1xg m Is th resul of a dalk=cam d
pe rh"a fortuitoux relatloaahip, between th source variables and that Mn exterm! distrraa
of the mirce would upoet tWs relationship and lead to Mod I or U operitio Haveer. adis
is not generally the case. Figure 2.5 shows th.-ee vapertn~xoeed time-of- f1igt trce taken
over a period of about two mlimrtma The fact that the capillary potential. can be aborted to
ground f7r a few mxilliseconds and den a.lobed to retamrnzily to its original lev~el u-lxal
charging either the current or specific charge diest2lmli of ths beam gives an Utication
of the stability of the spraying uecbsnam. Furthermnore. comw~idering V as the pectal at
which the beam chsznes from Mtode 13 to Mods Ml. it has otnbeen observed that after M&t
Il operatiov has been obtaned. the capillatry potential can be lowered severul bmdred
volts below V withut the beam retarnug to Mode M. Tere Is at ft prese~t no e=lmtm
available for this hysteresis effect.

One can often obeerve a beam operating In two moes slma tameously. au.Uy to M I
and Mods IL or in M*oe III and Mods L Ocasionally two )ets are observed to be spraying
in Mode I elrnulaznemasly but out of phase with each other (see Figure 17d).

A fourth mods has been observed In elactrohytfrodynumic spsaylrg wbereln = etectricil
discharge takes place at the capillary tip (Figre 26). UWtl data is arx.1lable oa this mode
simply because most investigators strive to avoid It. A eource oprting in d"i mode pro.-
duces bems o~ntainlrg om~ou quantUtls of ions In additio to a brood distrildto of km-
spectflc charge prticles. Capillary eroci'xj beommes ser, In this modec. ad in some case
the b&" hae mn observed to glow red hot a&W even me~lt Oe eplanation that bas ben
offered fok this modsin s that scoadry electrons best Me capillary tip and inceaft fluid
evaporation, whIch leads to a local high-pressure rego In the vicinity of the capillary tip
and submeqat electrcal breakdown beccuse of the highlsl pzesent. This sme bebavior
Is fomid in sources that are operated at ceative potentials, houeer. hilia tht th
cause Is most likely in the soucie itself. This - og ot operation is datrimental. to sorces
designed primarily for heavy particle gaeratio:4 but it is Intereatlin amu in 'toel to
warrant more sta2y than It has received.

Figures 27 and 38 show bow Specific charge and buam carrt vary as a funtio C apillary
potentia for a fm~ solutions. The parameters corresponding to thee r"S are f Tr In
Table L Plts of specific charg ms V for t same solutlo at different reservoir pressm-es
ire presented in Figur 29. FIgor 30 illustrates bow th specific charge vermu capillary
vnlb gM varies with Solute

As can be senfrom thes raspb, tbs behaviou of a givm soro apd uo boM U
solute and the capillary from which it in sprayed; for example, omrws A a&W D of F~gur 27
ar" both SeneraWe from stainless steal souroes writh the same solvent ad cation, yet the
slop of A Iticreases with increaulzg Va while the sop of D ftcreases. This bahaviom is
most Makly the reeult of a differesoe tn aaom n d two solrUoms A stimilr cirustaci
-xlsts In A amd 4 of Figure 2&. Here Ifentical soates were twed In gtyoeroljxt the capil-
lazy materials (stainless steel for A and PRatlam for J) appareatly caued ftcuv alop p
to Inore~m amd dicrea^e mOPectyely wih '=mzansg vltq&
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Fi~r .Dshreat Capillary Tip

Table I Is a oomplation of the resulta obta'ned from over two year's study of various Q
fluids. Ibe data presented unmer the beading "representative performance" indicates the
beat results that ould be achieved oonistently with the designated source/solution com-
bination. Data =arked with an asterisk is exceptional performmce which. for one reason
or another, w-ald not be duplicated or was ot typical of the source's usual operati The
spocific details are described under the column beaded "comments."

Wth the ozoept= of H 2 S0 4 / gwerol. ehtutions vfich were found io perform WeU at

O posittiv capillary potential would wot perform well at negatve potentials and vice versa.
Figure 31a ahovs that previously described tansitoa of an Nal/glycerol soluion from
Mode I to DC as the capillary potential is I--reaed. A! negative potential however. the
pulsed mod degenerated into an unstable combination of Mode 1 and IV (Figure 31b).
Extended examination of Nal/glycerol revealed that this fluid was not capable of producing
a DC beam at mgtle potentials. A possible explanation for thi behavior Is prevented in
detail in the following section.

ItIs laterestirg to observe the action of vario solutions and operating oonditlons On the
capillary. Figum 32a Ows the tip of a stainless steel capllary with mz e O 0.32
inch o.d. and 0.0195 inch Ld., and with a 0.012 inch dia ter wire Inside It; pitting was
noted after the catpillary was operated at 15-20 klovolts for several heur. The soluin
consisted of 3 ml E2S0 4/100 Ml Slycerol. The case o the pittiC6 1 IA o nWM

Cohen has oocasionally observed similar pitting on platinm capillari. The 0.019 Inch
o.d., 0.004 Inch Ld. platimim capillary tip shown in Figure 32b was operaWed for over 24
hours at both po.,tive and negatve potentials betoen S and 13 ky. A solution consistng of
I gD NIC1 in 100 ml tetratthylene glycerol was being sprayed. Figurw 32c and 32d are
before and after photba of a 0.012 inch o.d. and 0.006 Inch Ld. stainl~es =PillarY whicb
sprayed a 2 ml HSO4 /100 ml glycezol 9oluion for about 40 bours. The capillarY shown

in F res 3ft and 3bae 0.019 inch o.d., 0.004 inch Ld. platin machined to a0.010 mIa
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lornr tip about 0.009 inch in diameter. This capillary is shomm as it a ppe ared after at-
cumulir a tota opert±,g time of over 400 hours at aoeit.1ye potential wnh 20 KMn !ale V'Qn,
glycerol solutiocts. Altbo~gh no deteriorato of the tUp, w-aJ observed serm F4J ioCb as
that &'tov in Figure 32c were found alorg Cie side of Q'* ca-pilk'vT about 2 = t!r.ce the U
This pflhlrg may be dm to econdary electroas emiztted f-rom the -,.cv-umr chaber "Urs.
The tip protably rrtined undlamaged because the* extractor plate *-as operated at ta.t
400 volts below ground to produce an electron potentia1 hill in frozit of U-me capia;y. Fig-
ure 334 #bows a 9talriless steel capillary masurirg 0.008 irach o.d. and 0.004 inch 14. d:hat
became pl;:ed with nick*el after spraying .10 gin N1Cl 2 *41 Oe 50 glycerol solzitsoc for bour

days at a potential of -5 klkrvolts.

The beamit of charged droplets p-roduced by the electroiydrodymarmic spraytrg 7rocess
are usually confined withIn a total angle of 6W. Qu.te oftMn the be=m axis ;s k~x to lIe

* at a small angle relative to the CspLary aXIS; this 1s probably due to the captUAry not

being centee in the extractor eliectxode bole It is not wncoinion to find meveral disti=,O
beams belzg produced siultneosly. resulting in a beam of bol-law cical c7,083 scti.m
Figure 34 shows bow suchi a beam "poLiabed!' an annular pvrtion of a coletor. leavirg the
center uadisturbed.

Attempts to mesure the specific charge distribution within the beam have not been very
successfuL F~gure 35 shows a horizontal distribution measuremnent -na with a time-of-
fnight spectrometer and a 20 gmn Nal1O ml glycerol solution being spray-ed from a 0.00
inch o.d.. 0.004 inch Ld. stainless steel capillary. These measure ets were taken at a
potential of 6 kv. Figure 3.6 is a similar distribution measurement m with a 15 gmn
Nal/100 ml glycerol solution and the quadruzpole mass spectrometer. As shown, the general
trend ia for a beam to become more collimated at higher capillary potentas Figure 37.
madle with the same source ctiaracteristics as Flgure :sO, shows 1bow the distribuxon raries
borizontafly and vertically.

The spei charge vermn collector current curves presented in Figures 38-40 show
some of the specific charge distributions that have been obtained. Figure 38 shows a beam
consisting predominately of ions. The peaks correspond to thooe prurwvd by sodium lo=
surrournded by glycerol molecules The differewe between the experimental values of the

o peaks and the calculated values is Indicated in per cent. Similar ion lets have bvmen crved
at negative potentials, as shown to Figure 40. FIgur 39 shois the specific ebargo distribu-
tion of a jet containh~b heavy pLrticlee and lons.



4 AYAPL-Th4#?l2

TAB LA I

4 ~PPRAJWtERS PoM Cjivi IX MUMJKS 27 ANtD 28

Curve Solution Sour -e

A 15g* KaI/1O0al Glycerol .010'o.d. z .004"L.d. stalinless

ateol. , ."Mg
I 008"o.d. 3t .0O4"I.d. etaiW ess

Steel; Pa mlIag

C 1.6 pu ?aCl/lO0al Glycerol .016"o.d. x .0075"L.d. stsinea.

4steel; P, 0

D PR a 5"H4
pta

F p~ R.20-ag

G Sul R 2 so Il0(k Glycerol *016"o.d. x .007501.d. stainless

4 steel with .005 dia Pt. vire

stuffing; ?I f 4"Hg

R 0.78gm VaCI/1O0nI Tetra- .019"o.d. x .004"i.d. ptAtirnu;

ethylenoslycol P, M

1 0.35go 1RaC7E50al Glycerol *008"o.d. x .00401.d. sta~e

cteel; P, -"H

3 20pm W./5(7*1 Glycerol .019"o.d. £.004"i.d. platimm:

PRa £"H

K 0.3a.1 12 so4/50&1 Glycerol .008"o.d. z .004"I.d. st.Inss

steel; Ps l"Rg. V~ a U*tivo

L 1.Sga aCl2 61120/50&l .008"o.a. z .004"i.d. stainles

Glycerol steel; P~ R 1.5c S . V a Cative
m 0s ZC12 50aGlycerol .008ro.d. x .0041*.d. stailsa

steel; ?p to 30"Hg. va nnative

32
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Equations 24. 25. and 26. calculated for glycerol, are presented grapically in Figure 41.
Rayleigh-type Instability predominates at low values of specific charge. and the field els o
limit at high vals. Te fid emission limits plotted in Figure 41 have used as Eo tr va.tm

100 Ivlt/meter and 109 volts/meter. which are representative values for field emission of
ions and of electrons, re'pectively, from metals. The electronic structure of a metal how-
erer. Is vastly different from that of an ionically doped fluid mach as glycerol In the case
of a metal, the conduction electron are not bound to a partcular atom and. this. have a
Fermi distribuon of energies. Since the electrons in an ionic solution are bod to the
varikos Sons, the electron energy is comparable to the vibrational energy of the Ions. Con-
sequently, the electron emission limit for negative liquid droplets is ,ults likely on the order
of Ce positive ion emission limit for metals.

The spraying of charged droplets from an electrified capillary Is thus een to be the result
of coulombic forces ommcoming surface tension forces and ruptuing the liquid surface.
Obviously, for this to occur, free charge carriers must be present in the liquid. A perfect
dielectric, instead of spraying, would tend to flow to the region of highest electrt. field
(a phenomenon known as dielectrophoreels). Experimentally one finds that many dlelectrc
fluids do spray - probably dua to field enhancement of their conductivity - but these fluids
are characterized by very low currents and specilic charges, even at extremely high ex-

4 traction potentials.

7U Rayleigh limit cannot be applied directly to the liquid su i ce at the tip of a capillary
because It is Impossible in practice to measure either the charge density or the elm ct the
let. that ocur daring spraying. At best, the Rayleigh liilt providess a feeling boo max)-
mum droplet size that can be expected at a givs value of specific harg.

The specific charge of the droplets prodced as a charged liquid t rip r Is a fuction
of the charge density at the jet tip Just prior to droplet formato. TIs charge dnsty. It
turn. depends o the electric field in the vicinity of the jet, the charge and mobility of the
charge caniers in the liquid, and finally, the rat at which charge Is neutralied at the
capillary. Thus, for a given capilary potential, the three major faetors governirg the
spraying process are the Rayleigh instability. ionic immobility. and electrode rractuon at
th capiliar. Of these trtse, the Rayle1h Instability is probably the least subject to control;
the others depend ton field strength, solvent. solbe, ad 'pillary material, Either the lioc
mobility or the electrode nutralisaton reacton may be the rato-datermining factor in t
spraying process. It is quite likely that, in met caes, a combinat of thsse two factors
detrnes tb. rate of the spraying and hence the specific charge of the droplet beam. in
selectIng the doplag agents to ba used In a particular solvent, one must tWu psy bee"
attention to the electrochemical characteristics of the solutlon. I partlculLr. the *pixq

4 aget shoWl go 11;;t tufic sobstion, and should be capable of re'dwmng the restivwity of
the solve2A to tm order of a few thousand ohm-centImeters without ahvr ely affecting
the viscosity or vapor pressure of the solvent. 11 a given polasity beam is to i ganerated.
then the I" species of oposite ai In th solvent must t capble of beIng e-sily crslzd
at goe capillu. This compatibility Lwairemment is a reut of the elctrona atan of th
Ions wW capillary material and can be detenived In the folbog nuaw.

4 0
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An iot% of charge q and radius a in vacua has associated with it an electric field in which
is stored an amount of energy equivalent to the work required to charge the ion. This energy
is of magnitude

I Q2

A - (27)
vacuo 47q 0  2a

In a liquid of uniform dielectric constant, k. the work required to charge the ion Is lower

th&n in vacuo by the factor k "1 so that the energy stored in the ionic field in lower;. Le.

liquid 4rr , 2Ka K VOCUO

This difference in energy is called the solvatiob or hydration energy, W. of the Ion In the
liquid and is given by the Born equation:

4j W I
C I -q--(! --- ) (29)

4 17 o 0 a K

The hydration energy of an ion of radius 2 x 10- 10 meters is about 3.6 e.v. in liquid such a1

glycerol and water which have a dielectric constant for which(1 - - ) = 1.aK

In order to use Equation 29. one must use the crystal radii of ions and modify these values
to account for the variations In the dielectric constant of the liquid in the Immediate vicinity
of an ion and the %ffect of solvent molecules on the ion. latimer (Reference 16) found that
the addition of 0.1A to the crystal radii of negative ions and 0.85A to the crystal radii of
positive Ions in the Born equations produced values of solvation energy in good agreement
with experimental values. This method was wied to calculate the solvation ener'les in
Table 1I

The solvation energy of an ton canpes the position of the electronic level of the ion in
solution from the value in vacuo. This effect is demonstrated by carrying ion A through a
Born-Haber cycle:

a
4 Vacua: A (neutral) - - - A (charged)

H S
HaJ 1J

4 Solution: A (neutral) ' A (cirged)

In the cs.e of a positive ion A+. the depth J+ of tm lo est vacant electron le sl in sobtion

Is equal to the work required to remove an electron from the neutrbal atom In sohuti This
work is equivalent to that required to remove the neutrl atom from the cohtlmn Le.. tM

4 heat of solution- Ha, of the atom plum the work required to onize th atom (ft atom's

48
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TABLS tl 4

IOUIC FARAXMI TS II CLTaCUM

q Akprozlwste
Ionisatioa rneray Solvation lonization Esergy laterfacla. IOel

Io In Vscuo,. D Ener y V In Solutlon J loiztatlor. ErrwfX IbbIlity 4
(electron volts) (electron volts) (electron volt.) C 0 .7J+" ( . ) 180C

we trot t volts)

AS* 7.54 3.4 4.20 5.87 54
W 5.14 2.96 2.23 3.71

1140 9.95 12.9 0.01 6.96 5
Ca 6.09 3.48 2.61 6.09
Cae' 11.82 15.3 0 5.91 51.6
Cd 8.96 3.54 5.462 7.19
Cd 16.84 15.5 4.88 10.46 45.9
Co " 7 1 ....
CO, 17.3 17.95 - -

Cr* 6.74 - 3 -4 - 5.37
Cr' 16.6 -14 ' 6 -11.3
CU 7.68 3.59 3.79 5.73
Cb 20.34 17.95 6.25 13.31 45.5
Te* 7.83 - 3.5 -4 4 5.91
F* 16.16 -17.74 - 2 9 45.3
re --30 '-42.6 - 5.14 -17.57
R* 13.53 11.1 4.67 9.1 313
R6# 10.39 3.32 7.07 8.73
9$ 18.65 14.45 7.52 13.0S
g" 4.32 3.23 1.09 2.70 44.5
LO 5.36 4.61 0.75 3.06 33.1

fg 7.61 4.22 3.39 5.00
Mg'- 14.96 18.7 0.468 7.72 45.5
us 5.12 3.87 1.05 3.09 43.3
a1 7.61 - 3.37 4.24 - 5.93
RI'- 18.2 -17.2 -4.37 -11.29

Sb I 4 "5 -L1 .

Sb 4w 24.7 "39.4 -2.3 -5.5
Sr* 5.67 3.25 2.42 4.05
Sr'- 10.96 14.3 -0.07 5-- 54.0
7.a 9.36 4.07 5.29 7.33
Zn 17.89 16.8 5.16 11.52 46.7
" -4.11 -. a -8.06 -4.06 46.6
C". -3.78 t  3.69 -6.23 -5.0 65.3
ar -3.52 t  3.44 -5.98 -4.75 67.3
I- -3.12 t  3.12 -5.47 -4.29 6.1
5" -2.5r 3.06
0" -2 .34 t 2.46 -2.26 -2.22
an -2 t 174
P*3- 61.6
50%- 67.9
103" 33.9
?0 4 ' 53.4

* as&oqk of Thyotca and (haststry. 39th Zdt1o oo a. Chu s Publshing Co.
h .aSples llti of KlctMheutlutj, 3rd Editim, Creilhton sd =4 e r; Je= Vile7
4 Boca, Inc.

t ishleiwerts O~d -VwctIoo9i ma. ?twsik, Osko. AMtrnoni,, e. mb~k mgd Ttdth L~dolt-
30rustain, Springer Verl a. berlin, Gay (1950)
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lonizatton potential. minus the salvation energy. W.. lost when the Ion it; returned to the
solution. Thus.

assuming H ato be negligibly small. The result of the Lon's salvation erergy is to raise the
position of the vacant electron level in solution relative to its position in vacuum.

In the caue of a negative ion. B', the depth. 3 , of the highest occupied electron level will
be equal to the work required to remove the electron in this l- vel Infinitely far from the
neuitral atom. This work requires removing the ion from solution at an energy Investment
equal to the solvatlon energy. W_. of the Ion and then removing the supernumerary electron.
the last operaton requiring an amount of work equal to the electron affinity of the neutral
atom. Returning the neutral atom to the solution results in a negligible energy gain in the
form of heat of solution. The total energy expended in the above process is4. a ' - 32)
Therefore. the occuplbd electron level Is lowered in solution. This hidftfng Cf etectroz levels
is presented graphicalIly In Figure 42.

In t case of do~ubly charged ions, Equations 31 and 32 become

I J ~(W -W (31o)

j +(W-w W1320)

where J, and J are the respective electronic levls In solution of doubly charged positive

and negative tons. W+and W+an ute solution energies of thoe ingly an doukbly charged
positive Ion while W and W are the solution energies of the negative ion.

We must also account for the fact tha some ions forta diatomic molecules upon neutrali-
zation. ln this case, a further modification of Equations 31 and 32 to necesary:

S .- W, + D (31b)

2

Here D denotes the dlsso'Aation energy of the neutral diatomic molecule.

An mentioned previottsly, the importance of the above factors appea. s in the neutralization
reaction occurring at the capillary. At positive capillary potentials. tho electrochemical
reaction occurring at the capillary tip Is one In which negative ions amre utralired wtile
positive ions escape in droplets. The neutralization is accomplished as an electron passes
from the knion to tho capillary. Folloxing Qrney (Reerence 17) and Butler (Reerences; 18,
19). wa view the avarage rato of the neurlization to be dependent upon the relative magni-
tudes of the capillary work functionm ' and the depth of the electran level at the metal

05 rI
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solution interface. Thus, since neutralization requires the electron to pass from the anion
to the capillary, the optimum energy relationship for this reaction should be

SJ. + R (3}

where R is Included to reflect the waning Lnfluence of the solvent nolerules or the Ion's
electron level as the ion approaches the capillary/solutlon interface. Since the electron level
will have a depth between its valu of I in vacuo and J in the lpferwr of the solution. an
arbitrary level

has been defined for purposes of oeleetion and tabuated for glycerol solutions of various
tons to Table IL Equation 33 thus becomes

> (35)

Therefore. the requirement for an anion to be wed in a solution for the generation of vositive
charged droplet beams is that the anion's interfacial electron energy level ;,s "s UUs the
capillary work function.

At negative capillary potentials, the neutralization process consists of an electron being
transferred from the capillar to the cation. The resulting condition for ca"Lun/capillary
compatibility at negative capillary potentials is

0. < a (34)

The fact that Equation 36 is not satisfied for the Na4 ion explains the extremely poor per-
forma= of solutions of sodium salts at negative potentials. l should be emphaslzed that
these relationships have been deduced asuming very elementary models of ionic sohdtmis,
and that they do not therefore apply to more complicated sltuations where complexes or
Uganda ame furWOC.

The above logic led to the selection (Reference 14) of aboxt a half dozen doping agents which
performed quite satisfactorily. it was found, however, that although rmt*artals selected on
the basis of the orteria of Equations 35 and 36 were always capable of Mode Il operation.
they did not always lead to high specific charges or efficient speciflc charge distributions.
While this could be doe to many factors, it was found that if the ion being neutralized had a
higher mobility than the ion ejected from the capillary, then much better specific charge
distmiu ns reculted (e.g.. NaOlH/glycerol produced better distributions thn Na/glycerol
at positive potentials an dS04 /glycerol yielded better performance at negative cap|lary

potertals than at poaitive.) Under these conditions., the average specfic charge also in-
created. Indicating tfe poseible Importance of the neubrlzation reaction on thas paramter.
Some values of inoie mobilihiea for aqueou solutions ar tabulated in Table UlL These
values do not vary Significantly from solvent to solvent for all ions with the possble ex-

oeptl of the H Jon.

The above oamiderations have treaed the charging process as induothe. Glpt O -
erenms 2) has advanced the theory that dropl charg results from a corona type die-
chag present at the capillary tip drW apryln . Several factors mitigate against this
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view. however. First is the repeated observation that source performance always improves
with lowered ambient pressure. It Is when the local pressure in the vicinity of the caAl'lary

Increas to about 10. 5 Tor that one begins to observe diffuse glow at the capillary tip,
poor specific charge distributions, and deteriorating performance in general. Secoadly. M.,
visible discharge or glow has ever been observed at the capillary, even with a telescope
and a completely darkened room, when the source has been performing at its best. Finally,
the corona charging view is not consistent with the observed dependency of specific charge
peaks and distributions on the electron levela of the sulvaed ions.

Equations 35 and 36 establish the ionic and metallic characteristcs neesary for the
production of a stable charged particle neam. but give no indication of the curreit or specific
charges obtainable from a charged particle eurce possessing these characteristics.
Pfeifer (Reference 12) examined some of =h muaor parameters influencing te specific
charge of electrohydrodynamically sprayed droplets and obtained an expression relating
specific charge to the surface tension y, permittivity 4 . density D, and eistivity p of
the working fluid:

-- N (37)

where

E is the electric field at the capillary tip.

M is the mass flow rate of the fluid through the capillary, and

k3 Is an area proportionality constant with a value between I and 4. Pfeifer oowcluded that

the fluid resistivity and surface tension at field streagths balow 250 x 105 volts/meter would
ba affected significantly by variations In the electric field E and would make th droplet

specific charge approximatly proportional to E2. In the intermediate field stre region
of 250 x 105 to 700 x 105 volts/meter, the field effects n fth rsisivity are expected to
approach a constant value and cause the apecifl charge to become roughly proportional to

E I/ . At field itrengths above 700 x 105 volts/meter, electron emission was expected to
become significant in the conduction process and the droplet gpeciflc charge to increase In
some exponential fashion with Increasing electric field strengtb. These conlusions have
been found to agree with experimental data (References 12. 14).

The primary motivation for the work described in this report has been Me promise of a
very efficient and versatile electric propulsion thrustor. the details of which are described
In the following chapter. Specific charge levels and currents suitable for such 2ppLkstkms
can now be produced, but much work remains to be done. Some ot the areas yet to be explored
are spraying of liquid metals, operation of higb-current high-apeciflo-charge sourcs, and
study of positive and negative beam interactions, to name but a few. As ws pointed out above,
understanding both the hydrodynamics and the electroclemical aspects of the proom bas
barely begun. A study of these problems will lead to not only a better understanding of the
electrohydrodynamic process in particular, but to icrend knowliet of electrode processes
and electrokinetic phenomena in genoral.
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SECTION 
VI

APPLICATION OF COLLOIDS TO PROPULSION

The benefits of applying electric propulsion to space missions have been amply illustrated

by many authors and summarized by Stuhlinger (Reference 21). Electric propulsion systems
are power-limited. which leads to an optimum specific impulse for a particular missbon.
This optimum Isp is a fuwctloc of mission time and power-supply specific power. Resistor-

Jets. arcjet. MPD arcjets. and lov engines cover the specific impulse range of approximately
700-2000 and 4000-20,000 seconds. The range of 2000-4000 seconds, however, Wae not been
satisfactorily covered by any devioe.

Covering this range has been the objective of new propulsion schemes. including the
collod thrustor. Also. oollokd thrustors are presently attractive for meeting the require-
ments for low power and ),w thrust (100-200 L lbs) engines suitable for altitude control
and station keeping for earth satellites. Tvw parameters of intereat from the propulsion
standpoint, the beam current and charge-to-mass ratio of the droplet, depend upon the
capillary potential, flow rate of propellant, and the solution being sprayed. Positive particle$
having charge-to-mass ratios of 100-30.000 ooulombe/kg can be obtained in the laboratory.
Negative colloids can be produced having charge-to-mass ratios in the ran of 300-4000
coulombs/kg. Ten microamperea per capillary needle and a thrust of 1-3;Lb per edle Is
presently possible.

Originally. a colloid thrustor was viewed as a variation of the conventional Ion engine
(see Figure 43). Laboratory results, however. Indicate that use of the extractor electrode
alone will be sufficient to accomplish missions of moderate specific impuLae. The advantage
of the colloid engine over an ion eagine is its high ionization efficiency, which is especially
critical at low power levnls. Dr. Ri. E. Hunter of AFAFL proposed a colloid thrustor which
simultaneoumly expels po~itlv and negative droplets. This concept eliminate the need
for neutralization by ele.-ron injection, which is an inefficient method of neutrallzation.
Arranging capilU&-cis in a matrix so that each is surrounded by four capillaries of opposite
polarity establishes a virtual aceecr"le .1.etroe in front of the arrayA shown in Fig-
ure 44. Another scheme woutl L. I,, us, A ct.r.a om extractorplane with the capillary needles
positive and negative with respect to the a ractor, a shown In Figure 45.

Oo Forming Electrode E"troctor
Porous W Accelerating ElectraoEectod

iooizer DcI Electrode Nde

and Neutra I I isv a ede

0

Cvpor-, Neutr Liquid

1W

4
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positivengoiv
liquid liquid
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FIg~rO 44. Schematic to Eletrode~ig Colloid Thrustor

4 ' p



*0
A? APL- TR-&6- 72

0%

0?

1.0

hii

Figue 6. Div eerow Pteta V.S[ Spcifi Cgeli

0.5



AFAPTR--66-72

Tvf llawu-zg dibcuss~on sad ar-lysis will ad.ernt to gve a rr -! indicet ofth rar~
of appI .z.jUO for a coc id !Iirudor based %;= toizys tect~kloo and £36n~ng te neces-
s a r y W'e tx ~ e s a m~ p s aih ie - o .

1
F = - 1 UJ <C > (718) 4

2 cc8

I 2u+"2 <c"- 212 (S Fig 4 6 (39)
2 4d

M Ps ME +Up + M 0 (41)

!dP propualsion "Sytemr mass

PS

PO pcroer s;upply mass

c = q/n2) diarg to r.'ss ratio

< > aveiage

a specific Smer (kw/kg)

- (42)
M PO 

4

1------ a 772a'T(3

efiiec =e = ekaaust velocity
=U masatilization T = misadon time

?A FT - FT (4

M ~B E) , + V a (45

M -ME /d1** + -'- a'0 (40)'
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V , - ( ZaT) (47)

and
Ad~~ ~ 2!F E( 8

v Eqmtl L s 47 sad 40:

a< 3. aT -1 (49)

By Equations 49 and 48

' T E , < 2 (5 0 )
e~F optt l '/

4CC" 2~Q17 I ?d U

PP F
I a 7)P(2

* PO " (5 2)

77-LP  !#- = < • 153

F 22

where
whereP 3  beam power

4

Equations 40, 45. 48. 49. and 53 were used to plot the grphs shown as Figures 47 gh
53. Shaded areas tndicate the poasible range of application for a cmIold thrustor. The
Nm values of specific power are for solar cells and the SNAP 10-A nuclear power plant.
These "- xhes are representative of the present state of the art in space power plants or

Ftgr 47 shows that missions from about 1/3 to 1 year fall in the fpeL-flc implse ap
for minimmu welght when the specifIc power for solar cells is used in the calculations.
The SNAP 10-A power supply has a specific poer much less than that of solar cell; hence
the optimum specific impulses for 1/3 to 1 year for this sourc are below the lp gap.

Any impr- -meata In nuclear power generator. in the next few years should give values 4
soz,.ewhe. -i between the two extreme* ilhustrated.

The sllid shaded area in Figures 47 and 48 Is the possible capability of a coloid thrustor
without post acceleration, based on present laboratory datA. The lined ara represents the
capability assumig post aocelerat up to 100,000 volts Is possible. hs aLso ampmes
that th lifetime required Is obainable; to date, the kngest oortlwus ra of a collM
source Is 269 hors
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The areas enclosed by the dotted and dashed lines In Figures 49 and 50 are based upon
the charge-to-mass ratios which are easily obtained in the laboratory. The dotted line is
for no poet acceleration; the dashed line assumes post-acceleration voltage, up to 100,000 A
volts. Charge-to-mass ratios up to about 30.000 have been obtained, but not with regularity.
Continued research may result in charge-to-mass ratios up to 100,000 ooulombs/g, which
will greatly reduce the required accelerating voltages for specific impulses in the 2014-
5000 second regime.

Based upon the charge-to-mass ratios preeenUy obtainable, the colloid thrustor Is ap-
proaching the olpimum specific impulse characteristic of solar cells for missions on the
order of a year. It is capable of producing the optimum specific impulse for any present
or near-future nuclear power sources bawd on 1-5 year mission times.

There are satellite missions which require on the order of 10-200/ lbof thrust. For a
colloid thrustor the power level required is so small that the weight of the power supply
is negligible compared to that of the fixed engine.-power conditioning, and propellant. This
is due to Its high efficiency, =75%. The contact ion engine pays a high penalty at these thrust
levels for ionizer power which reduces its efficiency to vs 5. For such missions, the
coloid thrustor could be operated at only moderate Isp to keep the p.VpelSnt weght at a

reasonable value; the power Aeded can be obtained from the primary power source of the
satellite. For example, to provide 10 lb of thrust for me year. a colloid engine operativ4
at 600 seconds Isp and 75% efficiency would require only 0.07 watt and 0.5 lb of pro-

pellant. Single needle colloid sources operated in the laboratory have produed about 3
IAlb thrust at an Isp of about 500 seconds. Therefore, if the necessary lifetimes can be

realized, the colloid thrustor is Ideal for this type of mission.

For high power missions (100 watts and up) the problem will be the number of capillary 0

needles required. At 10/4 amps per needle, a mission requiring 500-watt, 1000-seond
specific Impulse would require about 8000 capillary needles for a q/m of 10.000 and an
accelerating voltage of 4000 volts. This would present quite a fabrication problem. The
current output per needle must be pushed upward for high power misaims.

In summary, the colloid thruslor it at the stage of develo t where It could be used
for low power. low thrust missions of several months duration at moderate specific impulses.
'or oerate to high power levels and specifl impulses the grouxi work bas ben lai for

Lrther development and future Application. The two purametm which must be increased
by continued test and research are the charge-to-mass ratio and current output per needle;
Iin these two areas will permit smaller engine szes and lower accelerating
voltages. which mill be critical for high power misson. Figures 51. 53, and 53 arm I*-
clhaed for the coavenience of making quick calculations of various parameters associated
with a collold thruotor. Figure 51 permits a rapid deterMI o of P/F. q/m. U. and I

Figure 63watsma by assuming 17 la-nd cc, c SC
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