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FOREWORD

This report was prepared by Mr. Stanley Wineland, Dv. R, E. Hunter, and dr. W, C, Burson,
Jr.. of the Air Force Aero Propulsion Laboratcry, Research ard Technology Divisson, Wright-
Petterson Air Force Base, Okio. Ths work was conductad in~house under Project 3141, “Elec-
tric and Alvanced Propuision,’” Task 314104, ‘‘Advanced Concepts.’” This work was sc-
complished between June 1363 and June 1968, Mr, S, Wim:land and later Mr, W, C, Burace
served a8 project engineer,

The report was submitted by the suthors in June 1966,

The authors wish o express their sppreciation to Mr. E. Fravcescone, techniciaa, of the
Alr Force Aero Propulsion Laboratory, for his asgistance in the lsboratory work,

Publication of this report does nut consticute Alr Force spproval of the report’s findings
or conciusions, B is published only for the exchange and stimulation of ideas.

2l Ko

GEORGE W. SHERMAN
Chief, Aerospace Power Divisicn
Alr Force Aero Propulsion Laboratory
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N ABSTRACT

Ard

[

Tarusiors capabdble of high exhaust valocity {(specific impulse) and efficiency are desirabls
for space propulsion. The acceleration of charged droplets (colloids) bty an slectric {leld
cen provide a thrustor that meets thess requirements. This effort was concentrated on
producing positive and negative colloids by the electrohydrodynamic spraying of lonically
coped glycerol solutions from metal capillary nesdiee,

To date, the results of this program indicate that botk positive and negative colioids can
bes produced with charge-to-mass ratios of sulficient magnitude to be utilized by an electro-
static space thrustor, Ckarge-to-mass ratios have beenobtained In the ranges of approximately

, 100-30,000 ocoulombs/kilogram for positive colloids and 100-4000 coulombs/kilogram for
. pegative colloids. Current levels of 10 microamps per needle are easily obtained,
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S8ECTION 1
INTRODUCTICH

When s coadncting Liguid s axposed 0 ma electric field of soch intersity C=t the elsctrical
forces o the cherge carrnrs exosed the surface temiion Grees, Gee Uw Loxkd serfzce
raplures i srmall charged dropiets are Sormed. This proocess, ceilad electrobydrodyresaic
stomizxiion, is carried out by estadlishing a» btense eiactricBeld st tm tipof 2
fine met:lic cepilizzy tube comtaining 2 saitable ligmuid, The actice of the electric Deld os
the charge carrisrs In te liguid is soch thet cherges of one sign are broad 10 Be liquid
metal interfsoe {wherz they are pextralised) whils those of cpposits sign zove ey from
the cepillary. & the presecce of stroog electric {elds, thesa latier charge carriers zre

:

hmmqﬁmnbmmmammsmmmmm
i cther extrapocus effecta sre minimised, Ib order that a beam of
w&mhmmm&em&pBMﬂmﬂmmba
metallic Duts coctaining a bole, tha center of which lies on the axis of the tepillery. I
many instances, the copillary is insertad throogh the bols so that the tip protrudes a faw
mil'imeters beyood the froot f the plate. By raising the polentizl of the capillary relative iv
thy; plete, a very high electric field cza be produced at the capillary tip, The electric field,
and bence the spraying process, cxa be controlled by adfusting the cspillary potectial. A
typical arrangemer? of capillary, extrackr plats, aad liquid supply s shown i Pigars L.
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SECTION I
DIAGNOSTIC EQUIPMENT

Since the study of beams of charged droplets involves the use of specialissd equipment gad
techniques which are oot widely known, a brief review of these is pressntad before procseding
o a discussion <f tha spraying process itzelf, A paremster of major intsrest in droplet beam
studies is the spectfic charge (charge-to-mass ratio) distribution of the droplets, Of the
various types of mass spectrometars svailsble, jew $ossess the rangs and versetilily mdaces-
ssry for examining charged droplst beams, By varying the cagillary potentisl, a typical
droplet scurce may be capabie of genartling baams with average specific charges ranging
from a fraction of a coul/kg to sewaral thousand coul/kg. In akiition, these basms may con-
tain both molecular and etomic ons. Thus, a mass spactrometer suitable for cherged droplet
studies should be able to gscan rather guickly the eatire epectrum of speciiic chargs values

between 10™2 and 107 ocoul/kg.

1. THE QUADRUPOLE MASS SPECTROMETER

One instrument capabls of meeting the above requiremonts is the quadrupole mass spectrom~
etar, or so-called ‘‘massenfilter,’”’ developed by Paul, et al, in 1954 (Reference 1). The
massenfilisr consists of four reils arranged symmetrically about an axis paraliled to the raiis
themselves, as shown {n Figure 2. The diagonally opposed pairs of rails ars connected by
a jumper wire, and each szet iz excited by the output of a speclal power supply, This power
supply consists of a push-pull variable frequency oscillator whose cutput floats st 2 specified

DC potential. The electrical potantizl in the interiorof the quadrupole is a function of position
and time: .

Vingaty® —- o -5t 2 Yoo 7 T el ()
(o} o

x;elsthadistancaﬁcmﬂsqudmpoleumdsymmtrymtbenﬁwedann.

x and y the position coordinatzs of a point insida the quedrupols,

VActbavoltage amplitude of the cacillator output,

w ths cacillator frequency, and

Vpg @@ OC poiential of tw rails.

Application of Lagrarge’s equation to Equation 1 yields for a particls of mass, m, and charge,
qQ, the following aquations of motion

o 2/a® = 0
2a{Vap & Vo 008 wit)a
dhrat - % AC S0 b (2)
Sﬂo
2al{Vpe + Vpecoswt)
Syt o 2Voc® Yagosalhy g
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which can be converted to Mathisu’'s differential equation
822740 + la-2bcos2l)Z = © (3)
by making the substitutions
e quoc/vogms‘.'
2

b2 ‘"Vm"og”’“ (4)

2 /2

The general solution to Mathjew's equation is the Mathisa Function

@ : ]
z 2 adkt Tn Cnc'"c + BeHE o cae"“; (s)
As~-M Az
where 1 is a function of a and b,

Rail voitage

Supply
A —
Yoc
\: ~) Yac O

Voe

Kpa =

fa

Ny

PR . P z
)

J - )" o -L‘ ‘\

Spsctromater = L Collector
Saction
Diftusios '
Pump
Fgure 3, Quadrupole Spactrometsr Schematic
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The behsvior of this function Is shown tn Figure 3, Tha chaded regions represert stadle
solutions; elsswhare the amplitude of the \nction incresses exponentially ead the soiution is
unstsble. The regions of stability correspond to casesd whare i 18 purely anaginary, Pxysiceily,
this means that the motion of a particle in the quadrupols fleld s conf.ed ezd jriodic,
4 18 real or complex, the particle will move with an exponsnilally increasing empiade snd
strike the rails,

For operation of the quedrupole as 8 spectrometsr, we conoern surselvwes with the stabla
region 1, which is shown in more detail in Figure 4 In this view, the portiom of the region of
stability below the b~axis hag been “foldad®’ up into tha first qusdrant. That this is a pormis~
sible manipulation may be seen by considoring the lines determined by the ratio

v e VDC,vAC. a/2q {6}

For 2 given u > O, there will be a corresponding ¢ of Wentical magritude tut opposite sign,
since VDC can bo positive or negative, depending oa which set of raila is considered. Thus,

the region of atable orbital paramsters (shaded) is bonndedbyao. bl.mdtbeq-um.lna
quadrupole with fixed u, Ty 20d w, a particle with specific charg?. q/m, will have s stable

orbit only Y its corresponding values of a and b lie in the ranges A2 snd Ag, Le., the pro-
jections of the segment of u in the region of stabdility intc the a- and b-axcs, Consecmently,
the bandwidth of the spsctrometer is narrowed by increasing y, Lo.. by increasing tha ratio
of the DC to AC voltages (Equation 6). R is apparent from Figure 4 that there is & maximum
valus of u which determines the minimum baadwidth, Tha values of a and q corresponding
(] umu are

09 * 0.2369}

90 * 0.7086

124

Substituting these valuss into Equation € yislds
Y nos s 66/200 * Q.1679 (8)

From Equationa4 and 7, we can determins tw relationship between ¢/m and w, VAC’ and
Ty for given quadrupole cperatad as a specirometsr:

%e * % 1o mw'/4q * 6.9613 t*g/m)”! (9)
whers f i3 &a frequency of tho AC voltage in cycles per second

A plot of { versus q/mﬁorrothﬁundeAc-IOw&a.Unowmmmmhnd

the AFAPL spectrometor. is pregented in Figure &, I can be ssan that a frequency runge be-

tween 1 ko and § mo covers mmmmmmmﬂmsmm’mm
quadrupole driver circuit is shown in Figure 6, Ths frequency range is coversd in 8 bands,
and each band with the oxoeption of the lowast is covered by varying the cecillater tank
capacitance, In the lowest berd (1-6 xc), the oscillstor i operated as a push-pull amplifier
and driven by a Eewlett-Packard Model 200 AB audioc cscillator. However, use of special
inductors oould maks tho driwr seif-oscillating over the entire frequescy range. The rails
in this inetrument are 1.92 cm {a diamoter and 1.14 meter long. Entranos spertures of 0,01
inch and 0,02 inch bavo been ueed; he lattsr allows bsttar examination of low currest basmsa,
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A very ussful feature of the quadrupole spectrometsr is its easily variable resolution. As
Equation 8 shows, lorering the magnitude of VDC lowery the resolution, Le., Increases s P

Nandwilth of specific charge paseed by the specirometer. When sesrching for discretn jete
‘rom » <roplet source, VDC Is switchod off ard { i adjusted to a value about twice as high

83 that at which acpecific charge poaak s expscted. The source i3 then ained until the collector
¢ current shows a maximum, The DT voltage is swilched on =nd the specific charge spectrum ]
is scanned, For low intangity beamas, VocmyhsvsmbadropwdmnXmonthaotderc!

140 wolts, depording on the sensitivity o the collactor matsring circuil, Thero is a tsadency
for peaks to ehift za the resolution is losered, When operating st high resolution, care muet
be taken to maintaln V. constant as the {requency is varied to amid exceeding v . 4

froaency is bsld constant and vAC is varied to accomplish the specific charge scan, e

circult of ite quadrupcle driver must be modified so that the ratic VDC/VAC remains
constant,

3., THE TIME-OF-FLIGHT SPECTROMETER

Despite its versstility sod range, the quadrupols spectrometer ig limited in that it can

( sample only a small portion of a beam at one tima, and thus ia incapable of providing an >
accurs\a representation of the total beam characteristics, In 1263, H, Shalton md B, Coben

{Reference 2} daveioped a time-of-flight spectrometer which, slthough lacking tho precision

and resolution of the quadrupole, parmitiad the specific charge distribution In the entire bteam

to ba messured instantansously. Ths dovice, plctured schematically in Figure 7, consista of

1 shislded collector locatad at a distance L from the charged droplet source, Operation of

Coliactor
Liquid Capiliery

Line
! \
R '
| LT L
v Seark Gap — ! .
?T Extractor ‘ A
L

"T
@ - ’

External Trigaer o3
Inputl il .
Oscilloscepe = b

o T ———

Figure 7. Time-of-Flight Spectrometsr Bchematic Diagram
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tho device is based on the following principles. The oonfisiration of electric field at the
capillary tip {s such that the droplets acquire thelir terminal velocity within a few milli-
meters of the tip. The velocity, v, of & particle of charge, q, and mass, m, which has passed
through a potential, V, is:

v e S ZqimiV {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, Thosa droplets
baving a bigh specific charge will have a higher velocity than those having a lower specific
charge. The current observed at the collector i3 the sum of each of the currents contributed
by the Individual specific charge specles. To determine the specific charge distribution in
the beam, tha steady state current Ip is obaerved on the cacilloscope and noted {usually

photographically). The scope is then placed in the single-sweep, external-trigger, negative-
alope mode and the spark gap is activated. When the gap closes, the capillary potential decays
to ground in the order of s microsecond, and the dropiet source stops operating for a few
milliseconds. The oscilloscope, triggered by the spark gep signal, records the cur.ent decay
at the collector. An idealized decsy is pictured in Figure 8, Since no droplets are produced
when the capillary is at ground potential, that species of droplets in the besm having the highest
velocity and hence the highest specific chargse, will be the {irst to stop contributing to the
collector current. When the last droplet of this species arrives ai 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 beamn consisting of three distinct species,
The time at which the current decays to a new level represents the time required for the last
particle of thei species to travel from the needle tip to the collector. This time is measured
by the scope and is simply the distance traveled, L, divided by the velocity of the droplet,
From Equation 10 this is seen to be

t 2 -3:- 2 a—tn (1)
JEVq/m
which can be rearranged
2
q/m = —-L—? (12)
2ve

Thus, each point on the I-versus-t decay corresponds to a specific value of ¢/m., ¥ there is no
current decay at Ume t, there were no particlea present in the bsam having a specific charye
corresponding to t. In practice, specific charge distributions are usually contimious between
an upper and lower linit, so that the decay is a continvous function such a8 tha! of Figurs 9,
rather than the step function of Figurs 6,

The acreen in front of the coliector serves a twofold purpose. First, it increases the
resolution of the device by keeping tha collector from ‘‘sesing’’ a charged droplst unttl the
droplet has passed the screen, Le., travsled the complete distance L. Secondly, by making
the collector positive relative to the screen, it prevents secondary slectrons from leaving the
collector and giving an erronsous vaius of 13+ A second screen, blased positive, may b3 placed

in front of the firat screen to provent seccndary elsctrons created at the first screan from
traveling to the collactor,

The maximum specific charge that can be measured with the time-of-flight mass spectrom-
eter Is determined by the time it takes ths oollector circuit to recover from the spark gap

10
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radigtion. By cereful shielding and judicious desige of leads, this time can wamwmlly be re~
duced to ths order of microsecomxis., Although it is not possibie to messure stomic los
species with drifl distances on the order of 10-30 cm, ‘heir presence can be dstected by
ooting the positica c!thaamndthemaynhunmlo.umemmmuwwmmto

aod f :mdmaymmmmnmummwao.mwmmdmwmm
the start of the decay and 1, was prolsbly comtribated by icas deving vory Rgh specific

clarges thet resched the collector during the spectrometar’s ‘‘dead-time.” At a sacrifies
of trace resoluticn, the CRT beam intensity caa be increassd to observe this iastantznocus
drop when {oas are prescnt. This mods is particalariy useful whew the oollector current is
ﬂmmung.aimltahovsmwmunmsdloatthebeg}mnngdthedmy.

Cousidering the many wmiknowrns in the operstion of the time-of-flight spactrometsr, ¢.g.,
tho effect of the decaying capiliary poteatial oo the steady state gpecific charge distributioa,
the spectrometer ‘‘dead-time,’” otc., ons might well inquire as to the socurscy esd reliaiility
of data obtained with this instrument, It was primarily to answer thig question that this
laboratory coastrurtsd the combined quedrupols spd time-of-flight epectrometer facility
deacribed below. The results of 2 series of investigeticns with tho combined spectromseders
demoastrated good quantitative sgreement betwamn the guadrupole and the timo-of~flight davicsy
(Reference 3). Figure 2a sbows a low average specific chary® quadrupols trece that was
trangiormed into a T.0.F. decay snd guperimpossd ou aa sctual T.0.F. decay mede durtvg
the recording ¢! the quadrupols data, A similar process has been carried cat in Figurzs %0
for a beam with 8 much higher average specific charge.

The above analysic wes made by simply compuring tha [-versus-~q/m data obiained with
the quadrupols with the -versus-t data of the T.O.F. spsctrometisr, More precice studies
with the two iastruments raise tbe question of ths meaning of ‘‘peabs’’ as they are odtatend
with eech devics, This prodicm is perticularly apparesst in the interpretstica «f T.O.¥. o7
@uadrupole dats for propuisiom purposes, a8 shown is Section VI. In this case, it i9 seces-

sary to obtain tho two mass-weighted mmdwﬁcm.<cv’>w<c>.m
are found by inlegrating the normalized masww distribution exprassed as a funcitca of specific
charge, f(c);

P
<c¥? z‘f c'®eic)ec 3

<c>",r@c9(3)dc 3

A problem ar‘pes in that acither the quadrupole por the Uroe-of-flight specromster gives
fic) direct);. Tor the quasdrupole, ¢ oumbar of oycles executed by a particie in the fleld is
ralsiad to the quadrupole resciutica, Using the empiricel relationship detrrminsd by Paul ia
Reference i, Bunter (Referesocs 4) obtaived an expreesion for the tandwidth Ac of s qusdrapols
st spooific charge © mm&mmmao.mmmmrmm

expreesion, it is faund that the beodwidth of the epectromater increases linearty with epecific
charge 23 a spocific chargs scza i3 made, To obtaia the mass distribution fmctica fic),
mmmmwmlvwmmmmmm

currest per wait specifio charge); this i3 im tarn divided by ths specific charge, o, o2 cach
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it Gislding the mass flow per unit spocific charge) aad {imaily, for sormaiizatae, ¥
tha total mass Jow, M, of the serrpled particies. Thus

ia
fle) 2 —— (is)
Mcidc)
where

@

. i

oz ——-s——dc
ctae!

In order to obtain <c1/2> and <¢> {rom T.O.F. trzces, Equations 13 and 14 are modified
fo obttain specific charge ard {(c) in terms of titne t. A currest disiribution functicn cor-
responding to the T.O.F, trace s defiped:

. (:6)
Io ét

whare ‘0 is the current at time ¢ =Oam‘li!stm‘r.0.?.couecbtcurmazumet.ﬁtr
represents the time =t which the current becomes zero on the T.O.F. trace, then

e
iz} t{n)qr,
"9
£nd, integrstinrg by parts,
e e ?
<> = f 1210114t 5 f-}-cﬂ: P ‘—Q-’-’, (?)
° e © as0 o 8
te te ]
<t> 2 [ 9e0tigr 2 2 t,'—df:;zZni,-A—’-’-‘ll (18
i aT0 i 'n
From Bquations 17, 18, and 12, onc obtairs
2
<e>r ———p 19
dv <t (s
et iy
<> 2 3 €C¢> (20}
- 2v <> ! €> 3
where
st 2
3 3 <c B2 21>
<e> <1
is the distributicn efficiancy of the beam.
14
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h the case of s linexar o3y from :-Ozotrthedeaytncemecblbnzgm:

<€t > =
< f') 3
n = 073
<&t {8/74) cmin
€c> * 3Caqin
rbencmmlsbespecmcdu_rzecomspondugmtr
1/2 2

An actal poirt-by-poirt comparison of <c > and <¢ ' > 23 obtained by the quadroole
and time-of-flight spectrometer is hardly worthwhile since the quadrupole samples only a
small portion of the beam whiie the T.O.F. presents datz representing the oet beam char-
acteristics. For this reason, the quadrupols is usually limited to studies of such perameters
as e jonic species existing {n 2 beam whils the T.0. 7. is used o study tha gross operatirg

charicteristics of the bearn. A detailed study of the electrobydrodynamic spraying process
regiires both instrumests,

Tohe successful operation of z time-of-flight spectrometsr demands careful sttention ©
shieldirg of both the collector and leads, A collector zssemdly which proved site satis-
factory from both a shielding and msintezance stindpoirt is shown in Figurs 10. The qua-
drupole adaptor and hole in the collector can be elimimaied if only &8 T.0.7. spectrometer
is to be constructed. Blasing of the collector a4 frequency compensation hars been suc-
cessfully scoomplisbed usirg the scheme of Figure 11. The compensating circait is checked
by 2pplying 2 square wave signal (o the collector and ascertaining that there is oo dis-
torticn or satteruation of the nmlubwum”a'uvmmlum

resistor provides an inpat st the scope of 1 millivolt per 0.1us of current st the collector.
Tais value seems to provide an optimum compromise between roise level and sensitivity.

The value of load resistance required between the power supply and the spark gap depends
on the power supply. H the latter is well regulated and can bandle surgs current, resistances
on the order of a faw hurdred thousand chms can b2 ussed. ¥ the ~upply is small and mot well
rogulated, howsver, it is best to use a high resistance, The scope is triggered st the start
of the T.O.F. decay by plscing a2 small length of wire nasr the gpark gap and comnecting it
to the trigger input of the oscilloscope,

To use the quadiupole spectrometsr to best advants<r:, some mesns must be provided
for aiming the beam of droplets into the quadrupols entrince sperturs. An adjustebls source
mount, evolved over s period of several years, is shown . Figure 12, Alignment is checked
by removing the quadrupole coliector and using & telescope o sight oo the capillary tip,
The complete combination quadrupole/time-of-flight spectrometar is shown in Pigures 13
and 14, The y-axis of the x-y recorder is connected to the elsctromatsr wiich messures
quadrupole collsctor current, The x-axis is driwen by the woitage between the wiper srm
and ground of a potentiomstszr connected to the warishls camacitors of the quad-upole
oscillator, This arrangemert aliows a contimous i-versus-f plot 10 be mads,

The fluid reservoir and trazsier linc are simpls x? rugged and relisdle. A malf-filisd
100 ml Sltration flagk provides & more than adaquats sply of fluid for most purposes.
The tramsfer lie is mads from glass tubing, 8 mm ia dismster with a 3 mm bors, The
cunnection between tha transfer line and tde capillary mount i3 mads with Taflon tubing of
sufficient length to aliow for rotationof the source through an angle of 20° from the quadrupols
axis,
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After the source chamber, reservoir, and transfer lino are sufficiently evacuatad, the flask nl
oontaining the {luld is raised so that the tip of the short arm of the transfer line lies sbout
1 cm below the fluid level, The reservoir pressure i3 then ruised to about S or 10 cm,
causing the fluid to flow through the transfer line into the capillary. The mass flow rate of
§ the {luid during oper. - n is controlled by varying %“. reservoir pressure, ]

3. THE FARADAY DETECTOR

The third device which has been used in charged-droplet studies is the Fursday Detector
{Reference 5). This dovics consists of a cylinder about 5 mm long and 1 mem in diameter
mounted insids & shield and connected through a cathode follower to an oscilloscope (Fig-
ure 15). As charged droplets pass through tle cylinder, approximately rectapgular pulses
q are produced, from which the charge and mass of the droplet can be determined. ¥ the
gain and capacitance of the cathode follower and scope preamp are G and C, respectively,
then the pulse height, Vo. is related to the charge q on the droplet by

G 3 C%/6 (21

d H the accelerating potential of ths droplet is V‘.the length of the cylindrical delector is 4, )
and the pulse lepgth is t, then the specific charge q@/m of the droplet is

G/m =z d"/Z\.fm2 (22;

If the density p of the droplet is known,Equations 21 and 22 can be solved to determine the
¢ droplet radius, ie, ) ®

2
t"CVvo (V3
T ( 32\: dfeo ) 23
~—£7p

—~—

This detector is affected by background noise, and so its use {5 rather limited. The minimmur

a charge that can be detected by this device is something on the order 10 ¢ coulombe, In ’
addition, we have found that the dstector becomes clogged with fluid rather quickly when
placed in a droplet bsam of low specific chargs.

Cathode
Followear Amplifier 1
)
a Shistded ‘ b—
Coble ——_ l }omm nout
© o ® o
° ° ) )
¢ Chorgsd Droplet Becm ~- Detector ’
. . ° Cylinder |
® ® [ ] ® |
Shisid ,
¢ Figure 18. Faraday Detectar Schematio
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SECTION M
CAPILLARY AND FLYUID PREPARATION

Two of the major variables in the electrohydrodynamic spraying proosss are the capillary
snd the fluid sprayed. Of these, the capillary represenis the primary source of difficulty,
in botl preparation and reproducibility. Aithough some work has teen performed waing giasse
and quarts tubes, (Referencss 2, 5), by far the best results have been obtalr 3d with metallic
capillaries (Raferences 4, 6): platioum and stainless steel have boen used most frequently.
A prime requirement for these capillaries is that they be relatively smooth and sxizlly
symmetric. Capillary size is governed primarily by the vacuum system capabliities, A

typical six-inch diffusion pump station with LI-I2 trap will handle most doped glycercl solutions

in capillaries hzving bore diameters up to about 1/4 mm., Most of the work at AFAPL haa
employed caplilaries with a bore of about 0,1 mm.

The capillaries are cut to length {~4 cm) from commercially avaijzbie stock, and the tips
are formed and polished by hand in an instrument lathe, The moet satis{actory procedure for
preparing the tips has been to machine the tip to roughly the mnfiguration desired and then
finish the surfsoe with an orangswood stick impregnated with jeweler’s rouge. During the
polishing process, a wire must ve run through the capillary occasicually to keep it from
becoming plugged with rouge f{ragments. With softer metals such as platinum, it is some-~
times necessary to finish ths polishing with a light oil and rouge mixturs co the stick.

After poiishing, the capillary must be flushed thoroughly with acelone or simijsr solvent
to remove rouge particles. The standard procedure in this laboratory has been to {lush the
caplllary, boil it in distilled water, and rinse it in methyl alcohol. Following the cleaning
procedure, the capillary is mounted in the source assembly and instalied in the vacuum
system. The capillary is usually maintained at 10kv f{or some time prior to spraying.

Different tip shapes have been tried by various researchers (References 3, 5,7, 8). In
general, & sharp tip will produce beams of higher specific charge than blunt tipe, The sharp

tips are more subject to deterioration during operation, hewever, and produce beams that
are harder to control,

The location of tha capillary tip relative to the extractor plane does not zppear 'o bte
particularly critical. ¥ tae extractor plane {s biased negative relative to the chambor walle

to prevent secondary eloctrons from reaching the capillary tip, it is bost to place the tip
flush with the front surfaco of the plate.

The fluid, afiter mixing, i usually filtered througha 0.8 millipore filter and then outgassed
by heating in vacvo st about 80°C for ope or two bours. Followirg thizs, some or all of the
propertiez are measured, including resistivity, density, viscosity, and PH, The sample to
be sprayed iz again outgessed at 80°C in vacuo, Immediately before transferring tha flask
apd fluid to the experimental system, while the fluid is still rather warm, the pressure in
the flask is raised {o one atmoaphere by introducing an inert gz< such a8 argon, The flask is
thea quickly transferred to ibe system and re-evacuated. With a small borc capillary and a
goodwzmmcﬁ.‘umwmpmtmmwm.mwummmmmumledmtm

the source chamber 12 evacuated,

.
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SECTICON IV

&

SOME EXPERIMENTAL RESULTS

d 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 st the capillary tip is observed by means of a2 small telescope, H
ths fluid hss 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. (Fxperience has shown that this condition invariably results in poor source
operation, e.g., sparking, broad specific charge disiributions, etc.) If a clear stable drop )

a appears, however, the caplllary potential is increased until the droplet is removed and
spraying begins, The capillary is usually allowed to operate at this potential for about 30
minutes to allow the source to ‘‘break in,’”” This break-in period permits that initial porton
of the fluid, which may have picked up dirt or other contasmimints from the transfer line,
Teflon tube, and caplllary, to pass out of the gsystem before operation begina.

After the break-in procedury, the capillary potential can be varted over a wide range,
¢ providing a number of interesting spray modes. Followir; Coben (Reference 2), we can
classify these modes into three general catagories, as fllows:

hd d

a. Mode L This is the mode that cccurs at the onset of spraying and at slightly higher
potentials, With a suitable telescope or microscope, ona can observe s drop of fluid going
through the formation and ejection cycle pictured in Figure 16, Typical current pulses cor-
responding to this mode are presantsd in Figurs 17, These data were obtained by allowing N o

€ the charged droplets to strike a collector arranged as in Figure 7. However, many different
pulse patterne have been obeerved. For a given reservoir pressure, increasing the capil-
lary potential generslly results in decreasirg the pulse length and pulse period, At s given
capillary potsntizl, however, varying the ressrvoir pressure affects the pulse amplitude

and length, very littls but incressing the ressrvoir pressure induces the pulse period con=
siderably.

q This spraying mode has been investigatsd in detail by Carson (Reference 9), who showed )
that each pulse is compoaed of a multitude of simall charged droplets, By allowing the droplets
to pass through a variation of the Faraday Detectos, described praviously, he was able to
show that the charge on the droplets was greatest at the peak of the current pulss (Figure 18),

The spraying appears to take place continuously from the tip of the {ilament. As the langth

and radius of the filament change, one would expect to {ind the charge and mass of the emitted

d droplets undergoing a correspending change, due primarily to variation in the chargs density
and hydrodynamic stability of the {ilament. Using a time-of-flight mass spectrometer, Carson

verified this and found that, in general, the specific charge spectrum itself varied irom pulse

to pulse, and that the sprayed droplets had higher specific charges at the beginning and end

of the pulsas than at the peaks. This information, coupled with his observation that the droplet

charge is a2 maximum at the pask of the pulse, Indicates that more massive dropicts are

generated during this portion of the pulss. Carson also chbserved 3 maximmum epread of )
q specific charge valuee at the peak of the pulse. '
The pulses which characterizs Mode ! are extremely regular, This ceu de Zomonstratad
by triggering the oscilloscops sweep on the initial positive-going part of the pulse and ob-
serving the pulse length and period, Oriy slight fluctuation ls cbserved iz pulse period and
amplitude ovar a period of several minutes, !
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Figure 18. Current Contributions by individwal Droplets Daring a Pulse
(From Refersace D)

b. Mods II. As ths capillary potentisl i incressod, tha regularity of the pulaing cfien
dateriorates, resulting in & oollector current that ccusists of random mise at DT lavel
(Pigure 19). It is gonsrally postulated that this mode is the result of 8 oumbsz of fliamants
operating in Mode I but indspendsntly of coe ancthar, Very littls quarstitative data is avail-
abla concerning this mods,

¢ Mods Il The most attention to clata has bees given to Mode IIL, or the so-called
“DC mods,’” which is charsacterized by a steady smission of charged droplets at a constant
current and specific charge distributicn, (Figure 20), This mode is sometimes oblained
potantial (Figure 21). On other cocasions,
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twre is comg “unoise’’ or pulsing present,
TUsually this labeling is limitad to beams in which the pulse height ia kcea thae 10% of the

22a chows such a buam cvrrest, Ths osence of sdditional pulses
Jevel does not appear to advarsely affect cource cparaticn. Figure 33 showd three
superimposed T.O.F. tracee of & pulsed + DC bear. A alight sdjustment of either ceplllary
teatial or mass flow rats i sometimes sufficient (o eliminste tie pulsing.

b

The DC current obssrved at a collector placsd in a haam oparating iz Wods III ig the net
of the myriade of charged droplete produced by a mumber of fllamants Jooatad on the
of tha capillary tip. The individua)l filamests probsbly are spraying in a modifiad b
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Figure 19, Examples of Mode II Spraying
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Mode L Tduw, Mods I is most Likely a spocial czse o Mode I 1 which the palse frecquency
and the poriod of the various fllaments ere Xzh esoagh © overcoms the offects cf phase
diference. An indication of tho pumber of fllzmests costrilxting to such cperelion cas be
obtaineu by observing thes momastary {Iuctations Melfsreoce 10) i carrest which mme—
times occur in a2 otherwise stabls deamm (Figure 14). The etape of this palce Sxticates that,
for some reascn, a f{ilament momestarily stopped spraying aad then started sgain ¥ 2l the
filaments are contributing roughly the sams amowmt of curresat, then the megnitude of the
curreat drop indicates that sbout & dorea filaments mast t» present.

Ope might reasorzbly assuma that the DC sprayirg mode is the result of g delicate srd
perhans {ortuitous relaticnzhip between the source variables and that 2ny exterma® disturbance
of the suurce would upset this relationship aad lezd © Mode ] or [l operaticn. Fowever, s
is pot geoeraily tho case. Figure 25 shows th.ee swerinpoeed timne—of-flight traces taken
over 8 period of about two micutes. The fact that the capillary potestisl can be shorted %0
groumd for 3 few illiseconds and then allowed to return rapisly 1o its original level withoat
ckarging oithar the current or specHic charge distraulica of ths beam gives :a iIndication
of the stability of thke spraying mechanism, Furthermore, considering V as the potectial at
which the beam changes from Mode I to Mode II, it hes often been observed that fter Mode
Il operatiop haz boen obtained, the capiliary poteatisl can te lowered seversl andred

voltz below V withcut the beam returming to Mods [L There is st the present o explarttion
available for this hysteresis effect,

Oos can oftsn observe 3 beam opersting in two modes simultansously, usmlly ia Mods I
and Mods II or in Mode III and Mods L Occssionally tao jets are cbeerved © be spraying
mmxemmwmmdghmﬂmmmrmmnxm.

A fourth mods has been obsarved in slectrohydrodymamic spraying wherein em electriczd
discharge takes place at the capillary tip (FPlgure 26). Littls data i3 svailable o3 this mode
simply beczuse most investigaiors strive to svoid it. A sourcs operating in this mods pro~-
duces bsams containing coplous quantitics of torg in eddition to 3 bhrosd dstribation of low
specific charge particles. Capillary erosicn becomes ssvare In this mode, and in some cases
the t'>> have Lsen observed to glow red hot and even melt, One explanstion that hes been
offered for this mods is that sscondary electrons heat the capillery tip and increzse fluid
evaporation, which leads o & local high-preesurs regios in the vicinity of the capillary tip
and subosquent electricz] breskdown beczuse of the high fislds present. This same behevior
is found in sources that are oporated at cezativs potentiais, however, indicating that the
cause is most likely in ths scurce itself. This mods of oparztion i3 dstrimentai to scurces

designed primarily for leavy particls gemeration, but it is intaresting epovgh in itself to
warrant more stady than it hes recaived,

Figures 27 and 28 ahow how epacific charge and bsam current vary as a functicn of cspillary
potantial for 2 few solutions, Tho paramelars co to these curves are fourd in
Table L Plots & specific charge 2. V {or the same solction at different reservoir prezawres
are presented in Figure 28, Figure 30 f{lilustrates how ths spacific charge wersus capiliary
woliage curve varies with soluts conczatration,

As can be seea from theso praphs, ths bdehsviour of & given scurce dspsods upon both the
soluts and the capillary from which it {2 sprayed; for example, curves A and D of FPigure 27
ars both generstod from stainiess steal sources with ths sams solvent 2nd catior, yet the
slops of A Increases with MMWV‘MMMQDMMWB

most 1ikaly the rezult of a difforesce in zaioes to the two sokitiond. A similar pircumstance
‘xists in A and J of Pigure 28, Hare idsntical solutes wore used in giycerolbxs the capil-
lary matsrials {ztainless stesl for A and Platimam for J) spparently cauzed the curve slopss
© incresse sd deczesde, respecitvaly, with increcsing woltags.
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Figure 26, Discharge at Capillary Tip

Tabls I is s compilatioa of the resulta obtained from over two year’'s study of varicus
fluids, The data presented under the heading ‘‘represestative performapce’’ indicates the
best results thet could be achieved conaistenily with the designated source/solution com-
bination. Datz marked with an asterisk is exceptional performence which, for ore reason

or ancther, cocld oot ba duplicated or was not typical of the source’s ususl operation, The
specific details are described undsr the column hsaded “‘comirents,’?

With ths axceptica of 82804/glyrzml‘ eohiticas which were fcund to porform well a2

positive capillary potential would not perform well at negative poteniials acd vice versa,
Figure 31a shows that previcusly described transition of an Kal/glycerol soluiion from
Moda I to DC as ths capillary potential is iocrezsed. At negative potentials, howaver, the
pulsad mods degenerated into an unstebls combination of Mode II and IV (Figure 31b).
Extended examination of Nal/glycarol revealed that this fluid was not capable of producing

a DC bsam at negutise potentials., A possible explanstion for this beshavior i3 presented in
dstail in the following section,

R iz intatresting to observe ths action of various solutions and operating conditions ca the
capillary. Figures $2a shows the tip of 8 stainless stsel csplliary with measurements of 0.32
inch o.d ent 0,0185 inch Ld., and with a 0.012 inch diamatar wirs inside R; pifting was
poted aftae the capillary was cperated at 15-20 kilovolis for ssvoral hours. Tie solution
comiswdafsmlﬁasoélloongymml.'lheumec!tbepiﬁlna&wtm

Cobsn has occasionally cbssrved similar pitting on platimun cspillariea. The 0.019 Inch
o.d., 0,004 inch Ld. platioum capillary tip sbown in Figure S2b was opezated for over 24
houra &2 bdoth po.itive and negative potentials botwean R and 13 kv, A solution oorsisting of
1 gm NaCl in 100 ml tetraethylone glycerol was being sprayed. Figures 32¢ acd 32d are
befors end afte? photog of & 0.012 inch o.d. and 0.006 inch L.d. stainlegs capillary which
sprayed & 3 ml 82504/100 ml glycercl solutioa foz about 40 bours. Tho capillary shown

in Pigaves 338 and 33) are 0.019 inch o.d., 0.004 inch 1.4, platinum machirsd to 8 0,019 fnch
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org tip sbout 0.003 inch in diameter, This capillary is e2own as it sppesred sNer ac~
curruiating 2 totz] cperating time of over 400 hours at poeitive potential witk 20 g Ml STmi
glycsrol solutions. Although no deterioration of the tp wais observed, severa pita such as
that shown (n Figure 32c¢ were found along the side of e capillsry about 2 o froen the LD
This ptiting may be due (o secondary eiectrone emitted {rom the —wcuum chamber walls.
The tip protably rer.uned undamaged because the extracter plaie was cperaied at sbowt
400 wolts below ground (o produce ar electron potentia] hiil in front of the capiiiary. Fig-
ure 33d shows a stainless steel capillary measuring 0.008 inch o.d and 0,004 ch L4, that
became plugged with nickal after spraying a 10 gm NiClz-cﬂ.zOJSO glycerol solutxca for four
days at a potential of -5 kilowolta,

Ths deams of charged droplets produced by the electroltydrodynamic sprayicg process
are usually confined within a total angle of 60°. Qu.%e ofen, the beam xxi9 i3 found o I
at a3 emall angle relative to ths cspillary axis; this i8 probably dus to the caplilary mot
being centared in the extractor electrode hole. It i3 mot wacommon o find several distinct
beams being produced simultansously, resulting in 3 hsam of bollow oaical cross sactoa.
Figure 34 zhows how such a beam ‘‘polished’ an annular portion of a collector, leaving the
centar undisturbed,

Attampts to messure ths specific charge distributios within the beam kave mot btees very
successful, Figure 35 shows 3 horisontal distribution measurement made with z time-of-
flight spectrometer and a 20 gm Nal/100 ml glycerol solution being sprayed from a 0,063
inch o.d, 0.004 inch Ld. stainless steel caplllary. These measurements wvere taken at &
potantiel of 6 kv. Pigure 38 iz & similar distribution measurement mades with a 15 gm
Xal/100 ml glycerol eoletion and the quadrupole mass spectrometer. As siown, the gereral
trend i3 for 2 beam to become more collimated at higher capillary potentials. Figure 37,
made with the same scurce characteristics as Figure 36, abows how the distritation vares
borizoatally and verticelly.

The spacific charge versus collector current curves presented in Figures 38-40 show
gome of the specific cherge distribmtions that have been obtaised, Figure 33 sbows & boam
oousisting predominately of lons. The peaks correspond to those pre %aced by sodivm lons
surrcuncied by glycerol mwoieculez, The difference between the cxperimental values of tas
peaks and the csiculsied valves is indicated ip per cent. Similar fon jets havwe been obeerved
at pegative poteotials, a2s abown .n Figure 40. Figure 39 shows tho specific charge distribo-
tton of a jst contsining buth heavy prrticleg and ions,
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< PIRAMETERS POR CURVES IN FICURES 27 AWD 28 »
f
Curve Solution Sour " ;
A 15gm Kal/100ml Glycerol .010"0.4. z .004"1.4, statnless R
¢ steel, !’2 e 2%Mg
B " * .008"0.d, = .004"1.d. staicleas "
steel; P, ~ 1™Hg :
c 1.6ga KaCl/10Cal Glycerol .016%.4. = ,007571.d, stainlewss
p steel; "i ° 1,5"Hg d
D - L} P‘ ™ sﬂgs
® " » PR « 1?”:; +
¥ - " P, = 20"Hg
c Sml HZSOI‘IIOQI.I Clycerol L,016%0,.d, x .007571.4. stainless
¢ steel with .00S dia Pt. vire » @
stuffing; ?l « &"Hg
H 0.78ga HaC1/100nl Tetra- .019"0.d, x .004"1.d, platinus; .
athyleneglycol P‘ - "Hg {
p 1 0.35g= NaOH/50al Glycerol 008%0.4. x .004"1.d. stainleas , b
cteel; Pl - 0"Hg f l
J 20ga Kal/SOwl Glycerol .019%0.d. z .004"{.d. platicum: Jo
P, = O"Hg D
K 0.3ml H2$O‘/50a1 Clycerol .008%0.d, x .004"1.d, stainless ‘
Pl steel; P, = 1™4g, v, oegative P
L 1.5g= NgCl, 64,0/50a1 .008"0.a. x .004"{.d. etainless '
Clycerol steel; PR = 1,5cm Eg, V. negstive
M 20¢m an12/SOnl Glycerol .008%0.4. x .004"1.d. stainlesa
; steel; PR = 30"Hg, V‘ negative ,
q ]
E
a3 3
: 3
! b 4
] - ) ’ - T 1
° ® ) © () ® ®
M, O S 9 T YA S FO s . bt A A TN Sl s o el A Y it S




v T re

p
4

;
.
4
8
[

i apos o el

fpuctts Qargy Yo Coptiry Ptestial

P S———

CAPRLARY POTERTIAL! Ricvetty) -«

KLTLIRATOG POTERTIAL (80) o

Noem 13, Bam Owvent Yy, Caplifory Pedeadend
»

2
Ngero X7,
e e SR -

o ® <

(o7 ) ®1 Lu3Nen2 Avae

e (PR 71709 ) BOBYHI 1410348

:
:
2

— N A R S e e ————




AFAPL~-TR-66-72 53

60

P. :15‘Nq

||

{
!
, \
[ DY ST SR,

356

JURENE QI S SO >

B
+

82 4+ - - - i . . - l : i_- —

44y —— e

e . g

> 36 ) ¢
z |
~
é 32 B S N e — e o
S
) st 2 e
x 28 4 4 !
P ‘ ) @ {
o 24 ; ! -
5} . 1 «
"y ¢ Par 20 Hg
o . i ,
W 20 ,
0

o 1
0 { 2 3 4 3 ] 7 8 9 Y n 4
CAPILLARY POTENTIAL (Ritovoits) —————um

Figure 29, q/m Vs, Capillsry Potential for Different Reservoir Pressurss

® o ® ° . ° ot * & <«

. [ L i & S L Tyt R [ A ~§;’54“ oy N
3 o wre Lo —_—y AL Lk B ey S S g e N AN v denr et T e o A
i B s W oA SRt e R e 3 fa: e e i:?w% TR W O sl AT TRCaR B
§ kS ¥ - s k) Rl N DA T T TN AU UL S
RISk - DA S N g _GTw Iy T Tl




U - %

AFAPL-TR-43.73

H
'o ‘ 7 - < - 4 » — — ‘
— i [} 4+ 3 N a,
o T 4'» e f- e v __ 13 gm Hal/ 100 m Cipcmep f
> _—— Fo— + r m i —— - - S S —
\‘ N S, S e -f--»-— - & a [N SOV S————
q F] A N PN S )
> l / 10 gen 1]/ 10D Glycoros
w + ; N .
o - , /
« |
o 3
z
W ‘d S r i PP SR |
@ ) " : -°—*:*/~f:/ﬁwwloow Glycerot ——1 \
b / b o— TSP | |
o —- m——— - R e |
w i
Q - — e i e -t et - Q v w e eewase v G eere— ——————
0 ! — AU G
ar & o —— - 4-- - + - B el e . '
i ;
q ' SIUSPSNNUIUUUNIIVIGY WS, ———— B kel i )
10

®
&
~

* 2 4 6
CAPILLARY POTENTIAL( V) i

Figure 30. q/m Vs. Caplllary Poteatia] for Varjous Concentrations of Xal ta
Glyoerol

Cellector

Cutrent

{ tpa/div)
|

v
D e o t——

- . .

Coltecter
Current

o (0.53/div)
|

o

3

Vo -2 %% ——-——-——ovo--asuv

Figure 31. Transition Behavicr of Nal/Glycerol Bokaticas &t Positive and
Negative Capillary Potanticle

35

A e sy, s A, - X . n o e - - — - - —

o ® o ® ° ® 9 °

P R T Wy e y T B o ¥ ety Land, i L AN Pt . . " « 3 Y Taatan, "
AT RS A .t o S :‘:“.’“‘6‘“’ f'ﬁ&: ;"’j“f““”"\ - é’wn et m%ngwmw{%w?,g»wf?%ﬁw% N

T ook




-

EAIRRAAS

il

o

e

e

il

o

R i

—
AFAYL-TR-£3-13
3818 13
ALTION/SOCICE COND IRATTONY
CIAKINED 15 TRE KSAYY PAXTICLR LiZPASR PROCER
Ssletion Resfotivity | Soures Xatorial Yreeent 62178 Aot fyTreace
Selxte 2l - @ &t e.d. 5 1.4, v, . o Fa Coouant e
Aol vent »°C (mdle) Qe (» & (cwn3 /W) ("vg)
g Bal/ 1.9 (et Stule. &, +lo 14,3 b1 1 Blune, policied
190sd Clyverol 33°¢ [ N + 8.6 3.9 1% 9.9 ccptllary
LK ] 17 39,0000 2 } Ooze tshes oftar
+0.2 1 35, 000e 3.9 SPEtD 1¢R ove? aight
20ge Wul/ $tals. 8. + 4.6 0.2 160 ]
10t Clycersl 1.4 | R ) LN 0.8 450 13
‘e Gal/ $talo. 8,
100w} Clyesrsl 0sé 4.4 01 3] $. s
410.0 9.0 130 19
10us BeC1/ $rele. 8. L W ) 1.6 50 1.3 Dot all Rall wose
100atl Clyceral W0xd >3 4.3 1020 1. iste solut lad
Teya Swl)/ Plef toum o4 9.3 12 0.3
1002l Clycoral WMzt L 0.73 14 0.3
* 4 0.7 [ 3
. 1.2 9.3 b}
Pelypimepberic Acid tals, 8. 3 123 | 4n10® 10 Tos viciows to cvatrol
1024
.02t Polyphospderic Stsls. $. s 02 0.1} 3 is
Acid/32el Oztofl 1324 410 -5 18
M Polyphespdoric feals. S, +? ¢.1 ~l 3
Actd/Yomi Octoil 10z 4 + 9,8 9.} 0 )}
+Jnl Pelypheeshoric Stzls. $. + 2.4 ~0.3 b§ 4
Acid/30nl Tetrenchylons Wes +19 0.4 8 1
tiycol
1.%gm WCly © @0/ Stals. S, -3 0.33| mo .
Clycarel 14,9 0z 4 -89 1.93 008 [)
0.3l REOH(ND) .4 eals. §, - 7,83 2.6% 4008 0.8 .
Wl Clyoerel n'c [ R ]
Q.knd Hys0y/ et fale. 8, -1 [ 8 ] n [ ] o epiliery evesten.
el Ciycessl 24°¢c Sxd -~ 4,6 0.2 26 ) Rt tipped capillory.
0.3l 23904 (383) 1.5 o= tenls. 8. - 4.1 0.1 £3.2 1 Thin rim cagllisty
S0ul Glycarel 2r°t | R - 8.3 1.8 115 0.3
- 3.2 1 M43 1
sl 8,90 Scale. 3. ) 1 el )
603 Qy.,mt.i a3 [ ] 3.2 06 L)
stulfad vith L] s a2 ?
3 sl slatinw
—xira '
-3 0.13 »e 1 )
10gn Cry(B8y)y 1.6 Stuls. 8. -8 e.8 800 11 Send-¢hin vtn
(my) e ud 3 sznd -8 3.2 33 11 capillary
3%l Rlycersd n'c - 1.3 1.6 11308 11 '
-4 1.2t J4%e L&
6gn CrCly « &V 4.3 e eals, 8. -3y 1l % 34 Tein-rio cspilliory '
Mut Qypvarel 3°c | B X -3 ~) »109 1 totsoxitteat puloing !
9m 1y/ ] ttals. S Y} (%] % 13 ThAo~ein cepdilery x
el flpoessl 8ad -7 4 ko » by
-3 0,03 3843 [}
3
Mg Oy ¢+ IR/ L - iatince - 7.0 e.3 (1 b Tpared tip
0al Oiyosrsl wr'e HNad - 66 9.2 % .2 Sich poch & ~ 830
sonl/hg
:: acly/ 19 ttals, 8, ? (%] ”s 3
Qycacol [ X} [} 0.3 mn H
&
?
. t
b
s ar o o e ———— - et s [
hd .
\‘ i -~
® e [ ] © ® ©
2 1 AR NS VA s S e s A e M




B B ————— e tiay . < An n -
E o
TR
g b
3 % APAPL-T2-0-13 )
¢ f; *
? TIRS 11 (Cone lewad) <
olwtico festattivity | Sowrco Wstortal {ve 2 1
Trinme 8 - o m od. n .4, A E [ [ Camonss
Sl vent b _d (wtls) v} {v @ (eoxishg) %)
‘ 13gs oeCiy/ o Sesds. 8. .31 €0t | wea [ Cooitdersdle epwetiag >
Yol Clyeorsl [N} ™ Bfo Ut
3L o/l merrel 0.4 tals. 8. L] 1.8 W 3 tnoernt e zeng
8a24 8.3 1= [ suleet bens
9. 3340 Bact/ L tania. 8. .3 1.4 | <o ® sy stable; gecs
H SOat Ciyrerel & 1 [ EX] 3.8 2.3 | o] 1.3 éimridation
1.29m ledioe/ Secls. 8. -» ~1 — »
. Kol Glycerel e ]
i ou PMely/ 1% o Stals. 8. +d 0.7 | we
3 el Giyesrel e S ) .} t 3.3
] 299 LICIGY + M0/ 1.8 stale. 8. NENY 9.1 e 2
Sl Glyceral $28 -5 8.8 | 1lae ?
H 1028 BC1/600ad s tesls. 8.
§ Gycernd 8z4 - 5.3 3 3} »
i - 5.3 H 143 ? »
{ 4 -1 3 1608 1.4
! 1090 MCly - @Wg0/ 2w S20ls. 8. -~ 3.3 6.1 13 3 M™o-rie
¥ %ul Glycerol 3% 124 - 3.4 e o ’ cagtilary
- 5.4 0.4 1343 P
: - 8.3 3.3 | w0 2
' 3. 3%m 5241/ 1.8 a¢ Stale, 8. .3 0.2 -1 171 | Peer ¢/v taeridation
sl Clpeersl 33 8sd ’ 1 ~ Xx9 1.7
1
\ ‘ S za &g50y/ 3.3 stole. . .12 enl s ) Fearkieg ado Eode L] ®
Omd Clycerel s d -2 s | & s 111 steataedle st
i lew T, mly.
XYW 2% e Skals, 3, - 6.3 067 | ] 2rza copillany
St iyeevel n.5% $3b -5 138 | 1 (%)
13¢n W22/ s Seale. 5. 8 62 | o 3 s 11T meitatamio
S8l Clyesrol 12
: Wga g/ us e Seals, & -9 (SR ) Tiostremn o beaw y
{ 2wl Clycered e asd erpiliasy basty Tieds
ts spty
{ a0ge 315! Ty Stale, 8. -8 0 | ) fombing 3 electymo
X2l Clycerel e and -3 [ ] —— [ X )
1.3gy Bag8i0y & Hnias Kale, 3. - 4.4 () »
e ot -8 048 | »108 1
! [ -1 .l -— (%
i | Rlestylphrialarel t2als. 8. -9 1 ”» or )
‘ Tottae e -13.9 4 [ @ 879
! 1555 Tedtoe/Muh 1.6 & trade. 3, -9 X 150 8.0
. Clastyishtinlace ns [ FE} ~.1 | jue [ *]
150 OuC3g + Mg/ o Y P i -1 .4 | ™ 3.4
%l Tetraschylano 0.6% Y - 2.8 VA2 |~ )
g \ uM
p ‘ g Latice/Smi 23 at Rete. 8. | - 2.2 «r |18 “ ’
5 | strorthylow Glpasl ' Sad -3 14 | e (3
»
¢ l
3 !
”
» A
—— ey v -~ - PR - e
4 .; '
‘ P d
-
& R RN il hsni aus2i o PR nbnail)
¢ » ] ® o o ] ® [ ® ©

SR S oSt g i ko L SR e RS g e




)
{ AFAPL~TR-86-13

A : 1 : R At s S AU y KON
Eon AT
y g k)

W
3 SAN
o 0{,;,‘\,;,3 s i )
Vg, At i
A T
)

AN XY
s

Wk

s
et o)

Rl
R

i SN
3
-

e

s,

”
o sy ;
! " o oq !
FIN : A0 R AS i L
b Bt DR s “»;&-w.u. SN
RASNY ik -

3 "-"K'-“'*('
T T RO,
BT

e D
"(‘;,\:( TV

- ——

L
"4

Z

?ié'}f‘}i;“‘:; v

LAy
~

Pigure 32, Capillary Tip Deteriorstion Lo
¢

1 ‘

-

¢ ® ® ® N 0'
‘ iR R st N o

. -
5 N VSRR PR S e g SN IC
B i S SR SR N St ) § Tk

] ° ® 9

T s o s




AFAPL-TR-66-72

o O

x;.-??{?:r

£
w3
ol

-

b
£

o
s
ottt
s
i

TV
N

AN

PR
AR
(4 vy o

"v

el

%ot 5N

N VI
AL

o

RIS
)

548

oo

R

P AL
<

]

{

)

Q

{

¥

i —————a

—

- e -

&

P

%

PN




AFAPL~-TR-Z8-78

<5

e

3
X

5

3

%

B
CoF e

4

Figure 34, Rrogion Puttarn ea T.0,F. Colloctor After Bxtended Oparatioa

W/mg,

* "

(63/1703) L Of

3 )
! i
? |
w ~ .
: B 4
N
o> §
' I
§3 % |
I
2 g |
I T
g o
Is -
! )

‘F“nﬁ g

53 st P

3

&

okl
-

¢ Vs
e

ar ar

;

i
Al WP

o

s Y
OO -5}

Ay




i
g AFAPL-TR-62-73 '
% &
H
)
; 120
| % S
| |
100 ’
: aok
F; Ny T .
~ X {
= . ’
. 3 .
. P |
; 1
/
' &
) 20 ,
QW - - -'o 6
)
Pigare 36, ¢/m Asgular Varisiion ot Two Voltages
1 ]
1
]
i
| ]
t ‘ ]
: s
i .
} — P ‘.::*"YZ‘
o e -]
ORI s




« @

AF7APL-TR-68-13 »

&

3
90 v

t .
8 vedday T : * -
| ¢ * 3°( Yerheat Angse) .
1 )
70 - 4=
Y $r7 '
s 60 k 4 +
~ — -4 . - ——
3 N \
S \ A 180 P @ ¢
g 580 \ —_— —_ b — - S b ————
> \ \,\‘
» ¢
30
20% 3 S 8 " 8 7 8 9 0 n 12 b (
KORIZOMTAL AMGLE, § {¢agress) i
!
l
;
Figure 37. Asgular Varistioe of ¢/m » ¢
4
* R 1
] » ¢
&
——— . - - - —— ) ’ e
- 1

¢ ) -] @

A~

] 9 ® @

I . A
ok R Y Y b A S 2R gL ATl e B e e A TR
A AR L i PR 2] TR Ry LT g e g2 ; ;
R I I L el D LoD S vren s
' NP LN N 3 s L, e N
AR SR IR e RSREES




ATAPL-TR-£63-T3

(30-Ra AN)

%
)

-w

[

- L X
4 § Sxag 2
i a ~90%, o
i s % 2ITAL .-
& lQ QS. ; 8
- & Neesks Potentiel = 74 v °.’géé °
- bt Current 3 tug > L
¢ 4l Keesa 000F ad = COO4™ 1 ¢ Stossess Shoe! S fie” 2 ® q
s Frxd Bom Nol/ 100 i Giycere! Canfi 2
‘} 2 Spectromster V7Y .2 0 16 '02' oy o
{ MW*ZxQ-‘Tm "‘ s Q
§ L § 1 Ghcerol Molecue ' T a
l 8
! g = > 4
o e >3 3 A
' id wo* ' 10° 10° 0t

CMARGE- TO-WASS RATIO {coul/ig)

Figure 38, bbo et

SHAS . A O BOF B Sew o -

] e
I} Nestiz Poienticl 2 6.3 1y
iagat Corrent 3 LI ye .
- Heedle 1 0.008 od.z 0.006 | ¢ Steiciess Steed
'Q Fluid: 20 om KX/ K00 et Glycsssi
- s Spectromster Ve sy, 108 , o
Chexbgr Prassure 3 10 Tam
E e rs
Q
g ;\/\1 ] [
g o ) % A2 22333 y 1 2 2 3.8 142 2 A__ & * % 2 2102
* ] t0° . 10° .. w
CHARGZ-TO - ASE RATIO (cout /Ry )
¥igure 83, st with Ezavy Purticles and bao . ’ e
48
R b q
» L
~ ot DL TomeIE e % -....(. E R PV e Fa PR X e B e - b f
) ® ® © () S e




& ®
> - -~ - - - - - -~ -
.- b ad e halacoade 4 L@l ot AT 25

] !
_ !
| m
N
i

eoua] modnipend vy eanud g 0p emig Mw

¥,

W 1

' e %

i .

(09,103 ) DO TN I1410348 ww

o i

O

13- tess2010 © Py i

y o

¥
L1 10293410 ¢ 13 10100410 o 4z 3

44

1010400419 ¢ g

S
0B )LASHNNG BOAUIITYO

‘000s YOOO Suns oAl  HS

Se1°0 © 3>\00> - m
I—oo .05@0&-0“ sb°b.b~°~ ] ‘ " 0& .i“ 90“ .58“.“ |.l b ] y )

A1011100) 1HO04F SAOIWINNG 'P°C G000 B Pl _900°0  HOI
wo - u g1 s & *r0eokin )Mo

n

AT O —r o . o o>
.

AFAPL-TZ-88-173




S8ECTION ¥ X
SOME THECRETICAL CONSIDERATIONS

Oze of the major probiemas i3 the study of charped droplst beams to the aifficully in ] {
4 . decriding 20 spraylng process rigorously by mstiemostical meens, This &Micslly arices
; beczupe G provses i3 micrueccpic and muat be treated on g dmemic rethey Haw ¢ statie
i hasts. Furtlermore, mesy of ths parzroeiers tefhwncing ths spreying, &g, & solntics
resiotivity, serface ‘ssaie, vepsY pressure, €40, vedsrgd major changee from thetr sortal
vebms whan expoesd 0 ke ocoaxiitiops existing st (he capillary tip durisg sprayiog. B i2
pogsibie, dowews?, 9 apply some fsxiamental physical prieciples to Lo cpersticn o the

souroe exd gais some understanding of the basic comstralnsis woder which chargsd droplists b ¢
g aro poduoed (Refgrences 11, 13, 13, 14).

Oee important considarstion i3 thet of o instability forces which sct on 3 sriace by
virtes of b2 chargs. Such instabilitios have bees studied recently, bold saalyticelly sod
exporimentsily, by Hoges (Reference 11), Schosider (Refercace 10), snd Carson (Referencs

?). The two most importest imatabllity critsris 2re O Raylsigh lirzit erd Seld exiseion
limit,

The Raylelgh Umit reprecents e maximwas specific chargs (hat 8 dropiet cea possssa

tafors the cladilizing eurfzce enargy forcss are overcoma by coulombic reprisioe foross,

which cawe Us droplet curfacs o rupture, Ragloigh orvigisally calcuiated 2o lmitisg
spoctily charge 833

8 Jag ¥ ) -] ¢
a C;‘ * . t29)

mc’ 8 %o maxicwas specific chargs st coa be poosceasd by s Sroplet of redin I,
Gensily p , axd curinee temsion v. Using cesrgy mintwmizetics
Reubaus?r

tacheigns, Woraged ced
. mmmmmma limaiting spectfio charge just kalf thal of Rayleigh,
Sy

v aJ—_-
Cp * —=2L. @)

Plotilse (Refereazs 13) fomnd o lstler aspreesion @ ko B sgreszent wildk experiments o )
a mmmm:meaWMmma '

9ectfio chargs kvels ca Ba order of 167

A ascead Imil o symotflo charge artoes wies o clectric flald of s Jroplet tacomes
geffictontly tatonss to fiold smit ftows, or elsotross H the dioplet s cogaltvaly chargad. The
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Equations 34, 25, and 26, calculated for glycerul, are presented graphically in Pigure 41,
Rayloigh-type instability predominates at low values of specific charge, and the fleld emissicn
limit at high valuas. The field emission limits piotied in Figure 41 have used as E: tes valves

10 volts/meter and 109 volta/meter, which are reprosentative values for fleld cmxseaa of

lom and of electrons, respectively, from metals. The electronic structure of a metal, how-
( ever, is vastly different from that of an lonically coped fluid such a8 glycerol. in (e case I 4
of & metal, the conduction electrons are not bound to & particular atom and, thus, have a
Fermi distribution of energies. Since the siectrona in an fonic solution are bound o the
various ons, the efectron energy is comparable io the vibrational energy of the ons, Con-
sequently, the electron emisaion limit for negative liquid droplets is (uils likely o the order
of the positive lon emission limit for metala,

¢ The spraying of charged droplets from an electrified capiilary is thus seen (o bo the regult 4

of coulombic forces overcoming surfece tensica forces and ruptwring the liquid sarface.

Obviously, for this to occur, free charge carrisrs must be present in the liquid, A perfect

dielactric, imstaad of spraying, would tend to flow to the region of highest electric field

{8 phanomenon known as dielectrophoresis). Experimeatally ons {inda that many dislectric

fluids do spray - probably dus to fleld enhancemant of their conductivity ~ but thege fluids

ars charactarized by very low currents and specific charges, even at extremely high ex- ®
¢ traction poteatials. 4

The Rayleigh limit cannot be spplied directly to the liquid surfzce at the tip of a capillary i
because it is impessible in practice to measure either the chargs density or the sizo cf the
jete that occur during spraying. At best, the Raylsigh limit providas a fesliipg for the maxi-
mum droplst sizo that can be expected at a given value of spacific chargs,

¢ The specifio charge of the droplets procuced as & cherged liquid jet ruptures is & function tob
cf the charge dansity at the jet tip just prior ®0 droplet formation. This charge dwnsity, is .
turn, dependa on the electric flold in the vicinity of the jst, the charge and mobility of the
charge carriers in the liquid, and finmally, the rate st which charge is noutralized st the
capillary. Thus, for & given capillary potential, the three major faciors governing the
spraying process are ths Raylsigh inatabiiity, ionic lmmobility, and electrodo reaction at
p the capiliary. Of these three, the Raylsigh instability is probably the least subjest to control; )
the otters depend upon [isld strength, solvent, solvie, and ~apillery matarial, Either the ioric .
mobility or ths electrods nsutralization resction may be the rato-detarmining {actor in e
spraying process, R 18 quite likely that, In most cases, & combinstion of thess two factors ‘
datarmices thh rato of the spraying and hence the specific chargs of the droplst beam. In
seloecting tho doping agents to bs used In a particular eolwnt, cne must thus psy close
attention to the electrochomical cheracteristics of ths solution. In particulzr, the Joping
‘ agerd should go (nic fonic sohution, and should be copabls of reduding the resietivity of S )
ths solweat to the ordar of a few thousand chm-ocentimeters without advoreely affocting
| the viscosity or vzpor preasure of the solvent., i a given polazily boam is to uo genaraled,
then the lon species of opposits gign in the solvont must o capeble of being cesily rectralissd
at ithe capillary. This compatibility \equiremest io & rosult of (e elsctronio nature of e
fons znd capillary material and can be datarmined in e following mancer,
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An fon of charge q and radius a in vacuo has associated with it an electric fleld in whick
is stored an amount of energy egquivalent to the work required to charge the ion, This energy
is of magnitude

J . qz ) §
LS. S 7
evccuo * 4"‘0 2q (27}

In & liquid of uniform dislectric constant, k, the work required to charge the jon is lowsr
than in vacuo by the factor k1 g0 that the energy stored tn the tonic fleld is lower; Le.

) P
ﬂ € L toal (28)
i liqud  ayq, 2Ka L3

vacuo

This difference in energy is called the solvatioh or hydration energy, W, of the ion in the
liquid and is given by the Born equation:

2
Wer —— (- (29)
Mno 20 [ 4

The hydration epergy of an lon of radius 2 x 10”19 meters 1s about 3.6 e.v. In liquids such as

glycerol and water which have a dielectric congtant for which(l - % )1,

In order to use Equation 29, ocne must uge the crystal radii of ions and modify thess values
to account for the variations in the dielectric constant cf the liquid in the immediaie vicinity
of an fon and the effect of solvent molecules on the ion. Latimer (Reference 16) found that
the addition of 0.1 to the crystal radii of negutive lons and 0.853 to the crystal radii of
positive lons in the Born equations produced values of solvation energy in good egreement
with experimental valuss, This method was uzed to calculate the solvation ener~ies in

Q Table HL ’ e
The solvation epergy of an fon changes the position of the electronic level of the jon in
solution from the walue in vacuo. This effect is demonstrated by carrying fon A through a
Born-Hsber cycle:
% » ]
e vacuo: A (neutral) & {charged)
(39) ’
Hy w
4 J ] Q
Solution: A {noutral) -——————— A (charged)
In the case o(npoaiuvabaA’.thedapthJ’oﬂmmetncmtelocmn lsesl io eolution
is equal to ths work required to remows an electroa from the nsutral stom in solutioa, This
work s equivalent to that required to remove the meutral stom from the solution: Le., the X
4 beat of solution, H_, of the atom pius the work reguired to ionirs thy atom (the atom’s 4 9
43
|
i
4 [ ]
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TABLE 111 ¥

I0KIC PARAGTERS 1¥ CLYCZREOL

] hpprozinats » {
Ionization Ksergy Solvation lonizatice Esergy Iotarfecial lonice
los In Vacuo, 9 * Inergy ¥ Ia Solutfon J loeuaua. Ennr gy Fability we
(electron volts) { (eloctron wolts) | (electrom wolts) {C = Jex (G -J) @ 18°¢
(olectron voits)
Ag* 7.54 3.3 4.30 .97 34
Ba* 5.14 2.96 2.23 .n
@ 7L 9.9% 12.9 0.03 4,98 3 » t
Ca* 6.09 3.48 2.6 6.09
Ca® 11.82 15.3 o $.91 $1.6
cae 8.96 3.5 .42 7.19
[ Rt 16,84 5.5 488 10.86 45.9
co® 781 -—— — — —
Co* 17.3 17,95 —— — —
Ct° 6.74 ~3 ~b -~ 5.37
cr™ 16.6 ~14 ~6 ~11.3 » ¢
¢ Cu® 7.68 3.5 3.79 $.73
" 20.34 17.95 628 13.31 45.3
Fe* 7.83 ~3.5 ~4 ~ 3,91
Fa ® 16.16 ~17.74 ~2 ~9 43.3
Te ™ ~ 30 ~42.6 ~5.14 “17,57
: 14 13.53 il 4.67 9.1 313
ag* 10.39 3. 7.07 8.7
Bg* 18.65 14.45 7.%2 13.09 ®
e * 4.32 3.2 1.09 2.70 6.9 b ¢
e 5.36 4,61 0.75 3.06 13.1
Hg* 7.61 4,22 3.39 $.00
S 14.96 18.7 0.48 7.72 43.3
Rs® .12 3.8 1.0% 3.09 43.3
I8 7.61 ~3.3 4,28 ~5.93
18 18.2 ~17.2 ~4,37 ~11.29
Y 24 - 8.0 ! .d L3 ad - & o )
P s~ Y 17 ~3 ~11 P 4
g - 24.7 #2394 ~2.3 ~15.3
Sr* 5.67 3.28 2.42 4,08
Sr e 10.96 14.3 -0,07 ~3 54,0
Ine 2.36 4.07 5,29 7.33
In® 17.89 16.8 5.6 11.52 48.7
- -4, 1* 4.83 -8,06 -6.08 46.6
a- -3, 75 3.69 -4.23 -5.0 65,3
I -3.52¢ 3.44 -5.98 ~4.73 67.3 'Y P
e - -3.12" 3.12 -5.47 29 6.1
s- ~2.5% 3,08
0° 2.4t 2.46 -2.26 -2.22
ox- -2t 174
roy” 61.6
s03— 67.9
ID;' 33.9
e M0, 3.4 > P
§ Baadiook of Piyplce and Chemisrry, 398D pdieton; Chen. Rudbor Publishing Co.
** Principles end Applicatfons of Klectrpchemistry, 3f3 Rditica, Creightos snd Koehler; Jobm Wiley
& Sous, Ioc,
' * 2ahlewo o , ropoede, Geoshysik mod Techaik; Loodolt-
i tdroctein, Spmgﬂ Voru&, Bctun. cm‘any (1950)
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lonization potential, ¥}, minus the eolvation snergy, W , lost when the fon is returned to the
solution. Thus,

Jyor B-w,, (31)

asguming Ha to be negligibly small. Ths result of the ion's solvation energy is to raise the
position of the vacant electros lovel in solution relative to its position in vacuum,

In ths caze of a negative jon, B, the Gapth, J_, of the highest occupled electron isvel will
be equal to the work required to remove the electron in this level Infinitsly far from the
neutral atom. This work requires removing the ion from solution at an energy investment
equal to the solvation energy, W_, of the {on and then removing the supernumerary electron,
the last operauon requiring an amount of work aqual to the elsctron affinity of the nsutral

atom. Returning the nsutral atom to ths solution reguits in a nsgligible energy gain in the
form of heat of solution, The total energy expended in the abovs process is

J.® 9. +w 132)

Therefore, the occupi>d elactron leve} is lowered in solution, This shifting of electron lsvels
is presentad graphically in Figure 42,

In the case of doubly chargud Sons, Equations 31 and 32 become

g 3'“-(w“-w.) ( 3i0)

s }_+ (W_-w) (32¢)

-

where J - and J__ are the respective electronic levels in solution of doubly chargsd poeitive
and negative lons. W _and W__ ars tae golvation energies of the eingly and doubly cherged
positive fon while W_and W__ are the eolvation ensrgies of the negative fon,

We must also acoount for the fact that some fons forra distomic molecules upon neutralf-
zation. In this case, a further modification of Equations 31 and 32 is neceseary:

5, s §, -w, +30 (31b)
gt %,»w,--%-o (325)

Hero D danotes the dizsociation energy of the neutral diatomic molacule.

As mentioned proviously, the importance of the above factors appea. 8 in the nsutralization
reaction oocurring at the capillary. At positive capillery potentials, tha elsctrochemical
reaction occurring st the capillary tip is one In which negative ions are nsutralized while
positive lons escape in dropiets. The peutralization is accomplished 28 an eloctron passes
from the acion to tho capiilary. Following Gurnsy (Reference 17) and Butler (References 18,
19), wo view the avorags rats of the nsutralization to be depsndent upon the rolative magni-
tudes of tha capillarv work function, $ , and the dspth of the elsciren level at the metal
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solution interface. Thus, sinos neutralizstion requires the electron to pass from the anion
to the capillary, the optimum energy relationship for this reaction should be

$,> J.+ R {33) )

where R i3 included to reflsct the waning influence of the solvent molecules or the ion’s
slectron level as the ion approaches the capillary/solution interface. Since the electron level

will have a depth between its valus o{} in vacuo and J_ in the interior of the sotutlon, an
arbitrary lsvel

|
‘ G. = J.*Z(F-u) (34

bas baen defired for purposes of salertion and tabulated for glycerol solutions of varfous
tons in Table Il Bqustion 33 thus becomss

é, > G, (33) ]

Therefors, the requirement for an aniua to be used in a solution for the generation of positive
charged droplst beams is that the anfon’s interfacial electron ensrgy levei iss iome lunu the
capillary work function,

At negative capillary potentials, the neutralization process consists of an electron being ® ®
. transferred from the capillary to the cation. The resulting condition for catiun/cspillary
compatibility at negative capillary potentials is

¢. < 6, (36)

The fact that Equation 36 is not satisfied for the Na* lon explains the extremely poor par- b
( formsnos of solutions of sodfum salts at negative potentisls. B should be emphasized that

thess relstionshipe have been deduced assuming very elemantary models of jonic solutirns,

and that they Jo not thsrefore apply to more complicated situstions where complexes or

ligands are furmed,

Ths sbove logic lad to the selection (Reference 14) of about a half dozen doping agents which

performed quite satisfactorily. It was found, however, that although matarials selectzd on )
( the basis of ths oriteriz of Equations S5 and 36 were always capable of Mode I operation,
they di¢ not always lead {0 high specific charges or efficlent spscific charge distributions,
While this couid bs dus to many factors, it was found that if the fon being neutralized had a
higher mobllity than the fon ejected from the cspillary, then much betier spacific charge /
distributions rseulted (e.g. NaOH/glycerol produced better distributions then Nal/glycerol
at positive potentisls and i 12804/glyoerol yielded hettor performance at negative capillary
potertials than st positive.) Under these conditions, the aversge specific charge also in- ' b
creasod, indicating the possible importance of the neutralization reaction on this paramster,
Some walues of inoic mobilives for aqueous solutions aere tabulated in Tabls Ol Thess '
vajues do not wvary significantly from solvent to solvent for gil ions with the possible ex~ i

osption of the H* son, ’
The sbove oonsiderations have treated the charging process szs inductive, Gigroux (Raf- »

« erenoo 20) has sdwanced the theory that droplet cherging results from a corona type die~
charge present at the capillary tip during spraying. Ssveral factors mitigate against this
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view, however, First {a the repeated observation that sourcs perfecrmance always improves
with lowered ambient pressure, it 13 when the local pressure in the vicinity of the cayiliary %

increases to about 16”0 Torr that ope begins to observe diffuse giow at ths capillary tip,
poor specific charge distributions, and deteriorating performance in gensral. Secondly, nu
visible discharge or glow has ever been observed at the capillary, even with a telescope
! and a completely darkened rcom, when tho source has bees parforming st ita best, Pinally, 4
the corona charging view i3 aot consistent with the observed dependsncy of specific charge
psaks and distributions on the electron levele of the sulvated ions.

Equations 35 and 36 establish the lonic and metallic charactsristics mecessary for ths
production of a stable charged particle peam, but give o indication of the current or specific
charges obtainabls from a charged particle swurce possessing these characteristics,
Pfelfer (Reference 12) examined some of e major parameters influencing the specific
charge of electrohydrodynamically sprayed dropiets and obtained an expression relating
specific charge to the surface tension y, permitiivity ¢, density D, eed resistivity p of
the working fluid:

3
¢ = [(MPuayr 2] (&) on

where
E is the electric field at the capillary tip,
M is the mass flow rate of the fluid through the capillary, and

ls3 is an area proportionality constant with 2 value batween 1 and 4. Pfeifer ooncludedt that

the fluid resistivity and surface tension at field streagths balow 250 x 10° volts/mster would
bo affscted significantly by variations in the eolectric {isld B end would make ths dropile

p specific charge approximately proportions] to B2 In the intermediate field strexgth region )

of 260 x 10° to 700 x 10° volts/meter, ths field effocts oa the rasistivity are expected to
approach 2 constant valua and cause ths apecific charge to become roughly proportionai to

El/z. At fleld strengths above 700 x 105 volts/meter, eloctron emission wes expected to
become significant in the conduction process and the droplet epecific charge {0 increase in
some esxponontial fashion with increasing electric field strength, These conclusions pave
‘ been found to sgree with experimental data (References 13, 14). )

The primary motivation for ths work described in this report has been the promise of &
very efficient and versatile electric propulsion thrustor, the deteils of which are described
in the following chapter. Specific charge levels and currents suitabls for such spplications
can pow be produced, but much work remains to be done, Some of the arcas yst to be explored
are spraying of liquid maetals, operation of high-currest high-specifio-chargs scurcss, and
4 study of poaitive and negative bsam interactions, to name but a few. As was pointed out above, )
undsrstanding both the hydrodynamics and the electrochemical aspects of ths proccas bas
barely begun. A study of thase problems will lead to not only s better understanding of the
eloctrohydrodynamic process in particular, but to incresasedknowledge of alactrods processes
and electrokinetic phenomens in genorsl,
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SECTION VI
APPLICATION OF COLLOIDS TO PROPULSION

The benefits of applying electric propulsion to space missions have been amply illustzated
by many suthors and summarized by Stuhlinger (Reference 21). Electric propulsion sysiems
are power-limited, which leeds to ar optimum specific impulse for a particular mission,
This optimum Iap is a function of mission time ami power-supply specific power. Resistor-

jets, arcjets, MPD arciets, ead fon engines cover the specific impulse range of epproximately
700-2000 and 4000-20,000 seoconds. The range of 2000-4000 seconds, however, hag not been
gatisfactorily covered by any device,

Covering this range has been the objective of new propulsion schemes, including the
collo!d thrustor. Also, colloid thruators are presently sttractive for meeting the require-
ments for low power and }ow thrust (100-200 u Ibs) engines suitable for altitude cootrol
and station keeping for earth satellites. Tw~ parameters of interent from the propulsion
standpoint, the beam current and charge-to-mass ratio of the droplet, depend upop the
capillary potential, flow rate of propellant, and the sclution being sprayed. Positive particles
having charge-to-mass ratios of 100-30,000 coulombs/kg can be obtained in the laboratory.
Negative oolloids can be produced having charge-lo-mass ratios in the range of 300-4000
coujombs/kg. Ten microamperes per capillary needle and a thrust of 1-3 ulb per needle 18
presently possibls.

Originally, a colloid thrustcr was viewed as s variation of the conventional lon engine
(see Figure 43). Laboratory results, bowever, indicate that use of the extractor electrode
alone will be sufficient to accomplish missions of moderate specific impulae, The advantage
of ths colloid engine over an jon engins is its high lonization efficiency, which is especially
critical at low power levsls. Dr. R. E. Huntsz of AFAFL proposed a colloid thrustor which
simultansously expsls positive and negetive droplets, This concept eliminstes the need
for neutralization by electron Injection, which is an isefficient method of nsutralization,
Arcanging cspilli=izs in a matrix so that cach iz eurrounded by four capiliaries of opposite
pularity establishog a virtual scceler-‘ing »lactrode in front of ths array,as shown in Pig-
urv 44. ADother schema would L. *o uec & Coruiwt extractorplane with the capillary needles
positive and negztive with respsct to the extractor, &s shown in Figure 45,

Beam Forming Electrode Extractor
Po'roos‘lw Aecslerating Elsctro Electrode
aizer
| r'/o?l Ewc}‘rode s
and Neutralizer Nead
. e
~Zo el neutral - | 955
el utre - _
oo S = I
M P =" 0 @

i

7

7

1f

pall

Figure 43, Schsmatic Disgrsms of loo and Colloid Thrustors
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The {.Lowing discusson and znz2iysis wil adempt to g rve & v ~vh indication of the rarge
of appl.c-tfon for a colluid thrustor based won today’s teckrology and zssuming the neces-
sary ife tumes are possibie.

i+ cos a

Fr S t2u® e (z8)
ITona -2 {Ses Figure 461 ) (331
2 (-}
v
I, ¢ (2;:’ z< 2> qd'”(Sq:agw 463) (a0)
Bog = Mg + Mg+ M (41)
where
Hps = propulsion systerm mess
L&E = engine mass
!d? = propellart mzss
gpo = power supply mass

¢ = (g/m) charge to o ss ratio
< > = average

a = specific power (cw/kg)

s 2
e = " {42)
p | v FT vV
s ]
Mpo * = * 27 3 ZanT (43)
n = efficiency Ve = exhaust velocity
Ta = mass utilization T = mission time
Mp = FT =z FT (a4}
Scleplne Va i
oM_-8 Y
(_F‘ E) ! 8 4s)
FT NuVe 2aqT
M- t t :
—p € - .
o(—Fr )/av. * Tu' * 29Te *0 (e8]
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(2a7) (47)
opt Ty

—— (48)
oot NN,27
By Equations 47 ard 40:

(49)
u U 7

(30)

®
+
™N] o
[ ]
~
N]._

Fve _(51)

(52)
—_
q_;’_g _; : <¢"'>,/«-ﬂ_2 (33)

where ¥ ¢
Pg = beam power

Equstions 40, 45, 48, 49, and 53 were used i plot the graphs shoen as Figures 47 through
53. Sheded areas indicate the poasible range of application for a cc¢'loid thrustor. The
two values of speclfic power are for solar cells snd the SNAP 10-A nuclear power plant,

These valves are representative of the present atate of the art in space power plants or .
sources, 4 ¢

Figure 47 ghowsp that missionz from about 1/3 to 1 year fall in the specific impulse gap
for minimum weight when the specific power for solar cells is used in the calculations,
Tbha SNAP 10-A power supply has a specific power much less than that of soiar calls; hence
the optimum specific impuises for 1/3S to 1 yautorthlsmmmbemmalspm
Any imp- -~meats in nuclear power generators in the next few years should give values > ¢
sot.ewhe. o batween tha two extremes illustrated.

The sclid shaded area in Pigures 47 and 48 i3 tha possible capability of s colloid thrustor
without poat acceleration, baszed on preesnt laboratory data, The lined area repraseuts the
capability assuming poat sccaleration up to 100,000 volts i3 possidle. This aiso assuines

that tho Jifetime required i3 obtaimable; to date, the loagest contiouous rum of & colloid
gourve 13 268 hours,
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The areaz enclosed by the dotted and dashed lines in Figures 49 and 50 are based upon
the charge-to-mass ratios which are easily obtsined iz the iaboratory. The dotiad line is
for no post acceleration; the dashed line assumes post-ecceleration voltages up to 100,000
volts. Charge-to~-mass ratios up to about 30,000 have been obtained, but not with regularity.
Coatipued research may result in charge-to-mass ratios up to 100,000 coulombe/kg, which

will greatly reduce the required accelerating wvoltages for specific impulses in the 2000~
$000 second regime.

Based upon the chargs-to-mass ratios preescntly oliainabie, the collotd thrustor {8 sp~
proaching the optimum specific impulss characteristic of solar cells for missicas ca the

order cf a year. It i{s capable of producing the optimum specific impulse for any preseat
or near-futurs nuclear power sources bee~d on 1-5 year mission times,

There are aatellite missions which require ca the order of 10~200 Ib of thrust, For a
colloid thrustor the power level required is so small that the weight of the power supply
is pegligible compared to that of the fixed engine,-power conditioning, and propellant. This
ts dus to its high efficiency, »75%. The coatact ioa engine pays & ligh penalty at thess thrust
levels for ionizer power which reduces its efficieocy to m 5%. For such missicns, the
ccolloid thrustor could be opsreted at only moderate lwmmpmmmmmmwua

reasoasable value; the power nceded can be obtainad from the primary power source of the
satellite, For example, to provide 10 i 1b of thrust for one year, a colloid ecgine operatizg
at €00 seconds lsp and 75% efficieacy would require oaly 0.07 watt end 0.3 1b of pro~

pellant. Single needle oolloid sourcea operated in the laboratory have produced about 3
jlb thrust at an lsp of sbout 500 seconds. Therefore, if the necessary lifetimes cea be

rezlized, the colloid thrustor is ideal for this type of misaica.

For bhigh power missions (100 watts and up) ths problem will be the mumber of capillary
noedles required. At 104 amps psr needle, 2 mission requiring 500-watt, 1000~seccad
specific impuise would requise about 8000 capillary needles for a ¢/m of 10,000 and an
scceiarating voltage of 4000 volts. This would presant quite a fabricatioa problam. The
current output per needls must be pushed upward for high powsr missious.

In surmmary, the colloid thrustor is at the stage of dovelopment where it could bs usedt
for low power, low thrust missions of several moaths durstion st moderate specific impulaes,
for moderate to high power levels end specific impuises the ground work bas been lald for
writher development and future application. The two parameters which must be increassd
by coantinued teat and research are the charge-to-mass ratio and curzent cutput per neadls;
improvement in these two areas will permit smellar sogins sizes and lower accelerating
voltages, which «ill be critical for high power missions, Figures 51, 53, and 53 are io~
chadxd for the coavenience of making quick calcuistions of various parameiers aseociated
with 8 oolloid thrustor. Figure 51 psrmits a mﬁdde&srmimﬂmdplr.q/m'u,am!lm.
Figure 53 was made by assuming qeﬂlmd S P -h-
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produced with ctarge-to-mase ratios of sufficient magnitude to be utilized oy an electro-

tatic space thrustor. Charge-to-mass ratios have been obtained in the canges of epprodimately

00-30,000 coulomps/kilogram for positive oolloids and 100-4000 coulombs/kilogram for
ve collojde, Current levels of 10 microamps per needle are casily obtainad,

DD .57 1473 UNCLASSIFIED
Secudty Claselh caton

o@e

,.
1\&




_UNCLASSIPED

Security Cissasbontion

I v OMDg

- 4 - § i Lree ¢

-y L 14 ~— o | eove -

Cotloids

Elsctric Propulsica
Elsctroydrodynamic Sprayiag
Charged Particie Geoeraticn

-
-
PR,

S
-

INETZUCTENDS

L ORXIRATING ACTIVITY: Laer the sanse saf shirese
of the comtracter, sebcentracty, cractee. Dupartawe? of De-
fonse rirvaty o othar ergmaisetion (comperare aechor  evoing
the repot.

2a FEFORT SZECIMTY CLANIFICATIONR Later the oves
ol secwrity closedicatcd of e raport. Iadicate ohethar
“Raetricted Dets”™ 19 iacivdal Xeting is t» be in accrd
GECE BTN OPIWIste SISWRT rOLE DR

5 GEOCP- Awsastic fowagrsding ie pacus? is Ded Db
rective $2000 IO ead Arrwd Forces issustriyd Nemmel Lmc
the growp swmber. Aite. »ios aplicsdie, shew that cpeionn!

Narkiags bove Yoen el (or Crong 3 sad Grexy 4 e sther-
1o0d.

3 REPORT TITLE: Emer the ceaplste rapent titls i o2
ceptial Jottera. Thiso ia all cases 3kould be waclseaifiol
2 s nvenmglul tle coamst 3o Dolectol withent claseifice
tioa, stow t1tle cisacificationa is sil capfials i peovathents
mardieraly lollewiag the ttia

4 DEXCRIFTIVE NOTER If poreprics, estc the type of
repert, 6.5 . iRerm, progrose. sommery, sacuet, o flaal.
Give the mcivarre éotos shen 8 tywcylc rapertiag piriod ie
covervd.

S AUTMOMT) Tater tho ssan(n) of eutheu(s) se thoew oo
o i the raport. Exxer lost aeme, Mrot aane, midde nitial
H milnery, mmdmdm Th--nd
the pracipel «2hre 12 20 cboet roquis

& RIPORT DATL: Zater the et of the repact se deoy,
acath, yeer or ooith, yees If mere thon one dute o3
oa the repent, sae {ate of pablication

?a TOTAL MUMBER OF PACER Tie kel pago coost
shoeid follow aswvnel pegisction precodwos, Lo, estzr k2
smehar of pagee contaliing laformotion

73 NOMBER C7 REFERINCIR Raser the tatal soaber of
refmoaces ced 12 the rapect.

$. JORTRACT OR GRANT NUAMSRIR: !f sporepriste, enter
e appiicadie manber of the coaroct av grant vadsr which
tk% repost was ritten

® & 1 PROJECT XUMEBER: Eater tho socrepriste
=ity SPpatoes i€aotificotion, Sch 80 preject Cmdar,
swipretect avabe, systsa agabern, tash sumber, ot

%o ORIGINATOR'S REPORT WUVBER(ExX Entor thy ofS-
cisl rapert wsobor by which the dccceent will be idont led
ond contrelled by the erigiastiag ectivity. This acmber mast
90 matex to this repart.

S OTHER RAPORT XUMBEF(S): Il the repcet 2os beas
saigred any other repert sumdors (2ithes by the eciinater
o0 37 ihc apoaser), 1130 enter thic sember(s)

W AVAZLAELITY/LEATATION NOTICER Zater ) li>
Ritienc sa fwiher dicosdication of the repect, ¢ thea 106

(D “Porwgn = i @ of ©ee

(0 "% L Goreraaer® "CIacioc Bey ehaite copiee of
2z rapoct direcdy B> DIC. Omer qut oS OOC

-

(0 X L atlitery sgeacien mey odtam ~cotes of Dis
report directly hom DOC. Order gualit, =€ saers
ahal] reguest 2 ough

(5) TAD éisrDatica of 1his raport 12 contmiled Quel-

If the repent 2ee Doen fwnished 10 the Offce of Tochmical

Depertaest ¢f Commerce, for sate 1 e pubiic, 12l

Services,
cxy Uns fact snd ot e 0he Price, if kaswa

1L SUPPLINEIXTARY NOTER Use fer sdlicsecal coplace

P antes

12 SPORIDRING MLITARY ACTIVITY: Ester ko came of
B dapertmeia cviect olfice or fstocstory mpeeesriag (pap

tag 3¢} (9 rensvarch a=c devalopment. lochade sdfvese

13. AKTRACT: Later az shetract givieg s esef and focrsel

mery o Dy decTRent Idicativo of e repert. svon theugd

it may slae sCpess +iscwhece 10 B Lody of the wekaica | ro-

port U cdditionsl spaco io reguared. ¢ coetivest.on 940t she!?
o sttached.

hawnma«mmuewm
anacigesified Zach pemgraph of e shetrect shall sud wid

an jedicotica of the nilitary secuny clessificoton of the -

formeban ix 2o persgegh, wPreceatod 88 (T1). (S (C). or ()

Thom is 00 baitstien ca Be loegD of A s2etrect. Kow-
oves. the cagpescsd laagnh 3 from 1350 19 228 wonds.

le. KXY PORDE: Mﬁsmm&w.ﬂ

or chert Sk timt ch TLL® & rePoet 0od may be voed o0
mmwmmmm Koy wurds muet be
sslect:d oo fict 53 socwnly clestificstion is required Kogt -

flevs, sxch 63 sguipmect wodal desigastion. ado 209, ilitery

project code came, grograghic locotion, mey k> ecod e» bey
words et ©til be follcwed by e eficaticn of techcicel com-
tezt. The ssigament of liaks, roloc, cad saights is opticasl

r’ﬂ Ral 17 1R Sh Mt ]

— -

@




