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We have devised and demonstrated the successful operation of a low-cost, high-mass throughput technique
capable of performing bulk matter searches for fractionally charged particles based on an improved Millikan
liquid drop method. The method uses a stroboscopic lamp and a charge coupled device video camera to image
the trajectories of silicone oil drops falling through air in the presence of a vertical, alternating electric field.
The images of the trajectories are computer processed in real time, the electric charge on a drop being
measured with an rms error of 0.025 of an electron charge. This error is dominated by Brownian motion. In the
first use of this method, we have looked at 5974 941 drops and found no evidence for fractional charges in
1.07 mg of oil. With 95% confidence, the concentration of isolated quarks-wi#3e or +2/3e in silicone oil
is less than one per 2.%4.0?° nucleons[S0556-282(96)00411-

PACS numbgs): 14.65—q, 06.20.Jr, 07.50.Yd

I. INTRODUCTION 0.2 to 0.8, 1.2=2 to 1.8, 2.2 to 2.&...

—0.22 to —0.8¢, —1.22 t0 —1.8¢,
We have conducted a search for elementary particles with

fractional electric charge in silicone oil using an improved —22 to —28,.... (1)
Millikan liquid drop method in which we automatically mea-

sure the charge on individual drops of aboyum in diam- Our method is built upon the technique developed in frac-
eter. We have searched through 1.07 mg of oil and found nfional charge searches at San Francisco State University
drops that contained a fractionally charged particle with [1_4] and goes back to the original work of Millikgs—7].
3 or =% of an electron charge. Therefore, with 95% confi- As shown schematically in Fig. 1, the mechanical part of the
dence the concentration of isolated quarks with these chargegparatus consists of two flat, circular, stainless-steel plates
in silicone oil is less than one per 2.:440%° nucleons. separated by a distance small compared with the plate diam-
There has been much speculation but no confirmed evieter, the ratio being on the order of 1:16. A device called a
dence for the existence of isolated elementary particles witkdropper produces on demand a spherical drop of silicone oil
fractional electric charge. The most commonly proposedvhose diameter is between 7 angkBr. Early in the experi-
candidate for such a particle is an isolated quark that wouldnent, we produced drops that were 7@ in diameter. But
have charge-ie or +2Ze, wheree is the magnitude of the 94% of the drops studied had a diameter of Zrd. The data
electric charge of the electron. In this experiment, drops ar@resented in the paper is for both sizes, but for simplicity, the
produced with a nominal charge okp*1e, +2e,.... In remainder of the discussion refers to the grh drops.
the early part of the experiment, drops were produced with The drops fall vertically through a small hole in the upper
charges as large as10e, but in the remainder of the experi- plate, through the space between the plates, and then leave
ment, the drops were generally either neutral or had charges

of £1e, £2e, or =3e. The sensitivity of the experiment for Drop )
. generator Falling drop
an anomalous charge decreases wkgnthe net electric \I being measured
charge on the drop, is closele, N being an integer. There- E-field Image of falling drop
fore, our conclusions are limited to the charge regions L2 Z Z

Stroboscopic light source

CCD face of
video camera

*Present address: Department of Physics, Columbia University,

New York, NY 10027. FIG. 1. Schematic of the fractional charge search apparatus.
TPresent address: W. J. Schafer Associates, Livermore, CA 9455@rawing is not to scale.
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the apparatus through a small hole in the lower plate. The

entire apparatus is in dry air at atmospheric pressure and Q=6wnr(
room temperature. The frictional resistance of the air brings a

7.1;um drop to terminal velocity within a few thousandths of g, hetituting Eq(5) into (4) gives an equation for the radius
a millimeter. The terminal velocity for a neutral drop of this ¢ 1,0 drop:

size is 1.35 mm/s. The frequency of drop production was set

at 0.6 Hz. A 7.1um-diam drop of silicone oil has a mass of p ve, Vaown Ve, Vup| Y
1.71x10™* ug and contains 1.0810** nucleons. r=3 TP ® o ()
oil — Pair

Between the plates there is a uniform, vertical electric Vaoun™ Vup

field. The field strength changes in time with a square waveygre we have substituteH gour=Vgourfd and E,,=V,/d,
oscillation amplitude of 1.4 10° V/m. If the drop has a non-  \yhere Vipdown iS the appliedo voltagoeéi 13 kV) ;%d du de-
zero charge, the terminal velocity differs according topgtes the separation between the electric field plé®es

whether the electric field reinforces or opposes the gravitamm) Supstituting Eq(6) into Eq.(5) yields the charge equa-
tional force. By the means described next, we measure thgg.

terminal velocity in both situations and use the theory de-

v Edown_ v Eup

Edown+ Eup

. (5)

scribed in Sec. Il to calculate the charge on the drop and the 27 VE o UEyp
mass of the drop. Q=9md ror—pa) | VigourF V
Continuing to refer to Fig. 1, a stroboscopic lamp illumi- 9(Poil ™ Pair down ™ Tup
nates the drop twice for each electric-field orientation and a ve Voowntve. V
. up " down Egown " UP
lens images the shadow of the drop onto a charge coupled X (7)

device (CCD) video camera. Thus, the position of the Vdownt Vup

shadow of the dr_op on the CCD surface measures t_he POSt, improve the precision and accuracy of our measurements,
tion of the drop in real space when the stroboscopic lam e explicitly include the dependence gfand p,;, on ambi-

flashes. A desktop compute,r uses.the output of the CcC nt temperature and pressure. We define the function
camera to calculate the drop’s terminal velocities, diameter,

and charge. The computer also controls the experiment and 2
stores the measurements. F(T,P)= FNEr) n*?
The plan of the paper is as follows. The theory of the 9LPoil ™ Pair
experiment is outlined in Sec. Il. The construction of the / 2 aT3/2\ 32
apparatus is described in Sec. Ill. Collection, selection, and = 9(por—cPIm) | bsT) )]

presentation of data and errors are discussed in Secs. IV and

V. Our results are summarized and compared with Otheﬂvherepair=c(P/T) and »=aT¥%(b+T) and parameters are
measurements in Sec. VI. Proposed improvements and e¥jven asa=1.485<10 °kgm 's 'K 2 b=110.4 K, and

tensions of the experimental technique as laid oUBinare  ¢—3.489<1073 kg K m~3 Pa ~. The parameter® andT de-
discussed in Sec. VII. note the ambient air pressufi@g and the ambient tempera-
ture (K), respectively. Equatiofi7) becomes

Il. THEORY OF THE EXPERIMENT
( \/U Eudeown+ UEdoanup

Vdown+ Vup

v Edown_ v Eup
Vdown+ Vup

Consider a drop falling under the influence of gravity and Q=97dF(T,P)
a vertical electric field that switches between two discrete
states, up and down. By Stokes’ law we have the two equa-

tions lll. APPARATUS
Mg+ QEdowr= 677l Ve, 2) A. Drop generator
The part of the apparatus that has required the most de-
_OE. =6 3) velopment is the generator for producing small and uniform
mg—QEy=6mnrue,, size oil drops. The design of the oil drop generator, called the
dropper for the sake of brevity, is based on a combination of
whereg is the acceleration due to gravit§, is the net elec- ideas for fluid drop ejectors originally developed at San
tric charge on the drofE , 4owniS the magnitude of the ap- Francisco State Universityl—4] and Lawrence Livermore
plied electric field depending on whether the field points upLaboratories. Nevertheless, we have had to make many im-
or down, respectivelyy is the dynamic viscosity of air, provements.
VE,, and Ve, . are the terminal velocities of the drop corre- _As shovyn in.Fig. 2, the dropper consi_sts of a brass tube
sponding toE,,; goun T iS the radius of the drop, and is the with an inside diameter of 4.8 mm, wall thickness of 1.6 mm,

effective mass of the drop. The effective mass is given byand length of 6.4 cm. An annular piezoelectric transducer
m=471r3(po— par), Wherep; is equal to 913 kg/fh Taking ~ disk made from lead zirconate titanate with an inside diam-

the sum of and the difference between E@s.and(3) yields eter of 6.4 mm, outside diameter of 25.4 mm, and thickness
the two equations of 2.5 mm is attached around the lower portion of the tube
with epoxy. A 9.5-mm-diam stainless-steel orifice plate of
_ 0.4 mm thickness with an gm-diam concentric hole is af-
2mg+ Q(Egown™ Eun)_GW”r(UEdownJrvEup)’ (4) fixed to the bottom of the dropper also with epoxy. The
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FIG. 3. Cross-sectional view of the entire dropper ensemble.
The dropper is situated in a Delrin holder placed in a sheet of

0381 mm transparent acrylic that is attached toxay stage used to align the
dropper to the charge separator. The second acrylic sheet holds the
8 um charge separator and is fastened to the nylon platforms. The
through hole electric-field plates are attached to the nylon platforms.

FIG. 2. Drawing of the dropper and of the orifice plate affixed to iS necessary to prevent excessive surface wetting of the ori-
the bottom of the dropper. A cross section of the orifice plate isfice and fluid leakage during the equilibrium state. Empiri-
pictured at the lower right. It shows the conical features of thecally, it has also been observed that a slightly negative ma-
8-um hole that determines approximately the size of the dropsnometer pressure gives us more reliable single drop
Dimensions for the orifice plate were obtained by studying the platgproduction. (For a general introduction to drop-on-demand
under an electron microscope. The slope of the conical sides of thgystems, sef9] and the references thergin.
orifice changes from approximately 32° from the vertical near the
top to 20° from the vertical and finally to 18° from vertical. B. Charge inducer mechanism and charge separator

The dropper is situated in a 2.5-cm-diam Delrin holder
ith a 0.28-mm-thick concentric steel charge inducer plate
cated parallel to the ejection orifice with a 1-mm separation
(Fig. 3. The inducer plate has a 1Qgn through hole. No
electrical contact is made between the dropper, which is

bubbles acquired during the filling process are removed. :Ogggzg\'/: T/%Ittgz éndduecr)egnp(;l%tge ’ c\)l\l’/1h|\/(\:/rf]1 ;fhgflsvgtﬁa%?sgl\g
plastic tube with an inner diameter of 4.8 mm and approxi-; ’

matelv 30 cm lona is placed over the obenina of the dro e|rnduce net positive or negative charge on the drops. How-
Y m long IS place P g ot ropp ever, because we preferred to work with neutral or close to
and is likewise filled with oil. The end of the tube is varied in

: : neutral drops, the charge inducer was very rarely used.
height relative to the bottom of the _droppe_r to control t_he The dropper and holder are placed inside a 2.5-cm hole in
amount of relative pressure at the fluid meniscus of the eje

o : : .
. o . . a 12.7-mm-thick sheet of transparent acrylic. The acrylic
tion orifice (Fig. 2). The dropper holds approximayeb g of : T )
oil that was changed about every20F drops. sheet is attached to any stage used for aligning the drop

o S h . to th h tor. Th f X t i
Drop ejection is initiated when the piezoelectric trans-per o the charge separator e base ofihg stage is

. o ! mechanically connected to a 6.4-mm-thick sheet of transpar-
ducer contracts radially upon receiving an electrical pulse

from the high-voltage lse amplifier. This contraction ent acrylic that has a 2.5-cm hole that holds the separator.
r Igh-vollage puis pitier.  This contraction r,q charge separator consists of two small, flat electrode
squeezes the dropper and forces drop ejection. In our cas tates about 0.25 mm thick, 8 mm wide, and 1.2 mm high

the transducer is pulsed at a driving voltage ranging fro : . : . .
. . : nserted along two diametrically opposite grooves milled into
130 to 160 V with a pulse width ranging from 0.85 to .2 a 3-cm-high Delrin rod. A transverse electric field is set up

A restrictor nut sits inside the dropper so that there is a nOdBetween the two electrodes. During the troubleshooting
for the pressure wave arising from the trans_ducer pulse. Th hase of the experiment, we used the charge separator to
tralnsdlucer_licﬂen relaiges to its rest state until thc(ja geﬁ] elecltr 'patially separate the charged drops. A typical value of the
cal puise. 1he negative pressure wave caused by the re a%agnitude of this field would be>210* V/m. The actual

?tlt?n tOf tLheﬂp|izz%?le€[::]rlcdrrnaterl;al _Ifﬁ 'tf‘T %qU|I|Ibrr|T:J:1r sttrate_field, however, depended on the tests we were running. The
etracts the tiuid into the dropper. The Tiuid colu etrac charge separator was not used during data acquisition.
tion takes place in the long conical column of the orifice

hole, preventing air from being drawn into the main fluid
chamber(Fig. 2). Capillary action then restores the menis-
cus, so that upon the next electrical pulse, drop ejection is The stainless-steel electric-field plates are 15.24 cm in
once again initiated. A slightly negative manometer pressurdiameter and have 0.79-mm concentric holes through which

8-um-diam hole fixes approximately the diameter of theW
drop. The exact diameter depends on the voltage with whicn)
we pulse the transducer.

The dropper is filled with the silicone oil and placed under
a low-grade vacuum for about h. This is done so that air

C. Electric-field plates
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the drops fall. The dropper, holder, and charge separator esecond nylon platform with the same dimensions as the first.
semble is placed in a 2.5-cm through hole in a 230.5 In addition to attaching the electric-field plates to the nylon

cn? nylon platform, which is attached to the top electric-field platforms, the screws have the added benefit of enabling us
plate with screws. The bottom plate is likewise attached to @o adjust the parallelism of the plates. The two platforms are
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FIG. 5. Diagram of the experiment showing the stroboscopic source at the far left, the apparatus, the lens, and the CCD camera.
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connected by pillars at the four corners. Since the drops usddrned 90° from the usual orientation so that the 6.4 mm
are 7.1um in diameter, they are extremely sensitive to airdirection is parallel to the path of the falling drops. This
currents. Therefore, it is necessary to provide shieldingyives higher measurement resolution and avoids the image
against convection and other air currents by isolating thgosition distortion caused by the internal pseudo interlacing
electric-field region. Thus the remaining four faces of theprocedure.

box are covered with 6.35-mm-thick transparent acrylic. This The optical system images from the drop plane to the
material was chosen so that we can illuminate and view theamera focal plane with a magnification of about 4.0. Thus
falling drops. The entire assembly is located within anothereach CCD camera pixel images an area of 21 high by
chamber with 9.5-mm-thick transparent acrylic walls be-4.9 um wide in the real space of the falling drops. Recall that
cause we had observed that a single air current shielding bake drops are 7.km in diameter. The rms vertical positional

was insufficient(Fig. 4). accuracy with which the drops could be located in the real
space of the falling drops was less tha+0.35 um, which
D. Drop velocity measurement method corresponds to 17% of the vertical pixel dimension.
The drops are backlit by a stroboscopic soJrt# flash- The charges on the 75242 CCD pixels are transmitted

ing at 9.99 Hz(Fig. 5. A 210-mm focal length lens, 30 cm Via RS-170 stqndard videq signal, to a video image capture
away from the dropper, focuses the image of the drop’éjeVK:e, a m0n|t0r, and a video cassette recorder. This video
shadow as it falls between the two electric-field plates onto #Mmage capture device is an ImageNation Cortex-I, 86
CCD video camera 106 cm away from the lens. The RS-17@ray scalg¢resolution, memory buffering image capture card.
(US black and white televisigranalog signals from the CCD CCD imaging systems that do a direct transfer of digitized
camera are converted to a digital image by a video captur€CD image to computer memory are available, but are gen-
card installed in a 90-MHz Pentium desktop computer. Theerally an order of magnitude more expensive than standard
data acquisition program analyzes the image and locates tHeS-170 analog output cameras.

position of the drop. Two captured images are required for Each horizontal video linévertical real spagds digitized

one velocity measurement. The time between image captur@sternally by the capture card into 512 memory mapped pix-
is 100.1 ms. After one velocity measurement is completede|s representing 3.4m in real space in the image plane of
the electric field switches direction and two more images argnhe falling drops. Since RS-170 signals are internally dual
captured for another velocity measurement. In this way Mulinterjaced and a strobed image produces illumination over
tiple velocity measurements are made per drop. For everyny one of the two internally overlapping fields, the camera
two velocity measurements, one charge calculation is genefertical line resolution(horizontal real spageis only 242

ated according to Eq9). lines. This is not an important loss of data because the lateral

_Slnce our_(_:harge measurements are o_letermlned by MeBalocities of the drops are near zero and are not used to
suring velocities, determining th_e_ time intervals betVveendetermine the electric charge on the drops. The reduction of
drop measurements and the position of the drops has to be '

performed with high precision. The clock pulses Comingreal-space vertical pixel resolution from the 755 CCD pixels

from the CCD camera are separated by 100.1001 ms with Rer scan line to an internally represented 512 pixels also does
variation of approximately 0.&s. The electric-field switch- not represent a significant loss in position information be-

ing time was verified on an oscilloscope using an internaf2use the horizontal modulation transfer function of the cam-
1000:1 voltage divider. It was ascertained that the switchingﬁra goes to zero past the 550 horizontal lines due to electrical
time was sufficiently short that the electric field is able toPandwidth limitations.

settle to its final value before the next measurement cycle
begins. This switching time constant was measured to be
approximately 4.7 ms. The precision of the position of the

drops are discussed in the following sections.

F. Drop position algorithm

The essence of the drop position algorithm is to repeat-
edly find the real-space position of a single drop image by
computing the weighted centroid of the pixel intensities of
the drop image. Since the drop is backlit, the shadow is

The drops are imaged with a standard RS-170 outpudlarker than the background illumination, so the pixel gray
commercial grade CCD video caméfi®]. The active region scale values are invertdile., 255 minus gray scale value
of the CCD sensor is a rectangular region that is<8l8  before weighing to ensure that the darker pixels receive more
mn?, divided into 182 710(755x242) pixels. The strobe weight. Based on the available computational power, the al-
flash illuminates the active region of the CCD camera for 4gorithm design philosophy is to locate and track the position
us and the entire active region is read out and encoded iof a single drop image in a single pass of the image without
each RS-170 field. The dimensions of a pixel are @th  performing detailedand computationally intensiyemage
along the 6.4 mm dimension and 19/ along the 4.8-mm  analysis and without storing any image data. In order to do
dimension. Within the 4.8 mm, there are 242 pixels; an in-this within 100 ms, the algorithm had to be simple and con-
ternal pseudo-interlacing procedure involving intensity avercise. However, the simplicity required of the algorithm to
aging over alternate vertical pixels generates the 484 scameet the 100 ms time budget introduced the possibility of
lines required by the RS-170 video standard. The CCD chigialse triggers due to multiple drop images in the same field of
uses full frame transfer technology that gives a theoreticaview. Therefore, it was necessary to add real time cuts to the
100% fill factor for the photosensitive regions. The camera iglata.

E. Camera, image digitization card, and drop position
precision
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The algorithm consists of two steps: search and track. Isigned negative. The horizontal velocities are also calculated
the search step, no valid drop images were located in thand used to reject drop trajectories that have a sudden in-
previous frame and any previous track histories were writtercrease in horizontal velocity. This is the first cut on a mul-
to disk and no longer available. Each subsequent frame iple drop event, since a heavy, fast-moving drop may over-
examined using a two-level trigger to locate a drop image irtake a slower drop for one or two frames, which pulls the
the frame. The first level searches the frame by examiningentroid to one side and causes a large horizontal velocity.
every other pixel of every other row for any pixels that areWhen one velocity for each field orientation is measured, the
darker than some threshold value. If at least one dark pixel iracker computes the charge. We can see from(8ghat it
found, a coarse centroid of all dark pixels is passed to thenight be possible to compute an imaginary result. Physi-
second level trigger. If there are two or more drops, the ceneally, this can never happen, so this becomes the second cut
troid is computed with pixels from both. The ideal algorithm on multidrop events.
would compute the distances between various dark pixels so
that clusters can be detected and multiple coarse centroids |v. DEVELOPMENT OF EXPERIMENT, OPERATION

computed. In practice, however, such an algorithm proved to OF EXPERIMENT, AND DATA
be too computationally intensive to use in a real time search. _
Since the algorithm is designed to measure the charge of A. Development of the experiment

only one drop at a time, the second level trigger was de- Our goal in the experiment was to search for isolated
signed to eliminate the case where two drops are in the fiel¢ractional electric charge in about 1 mg of Dow-Corning
of view at the same time or there was sufficient nonunifor-200, 5-cS(1 ¢S=10"2 cn¥/s) silicone oil. In the beginning of
mity in background illumination to cause one or more back-the experiment, we knew that we required drops with diam-
ground pixels to fall below the threshold. However, as dis-eters of 10um or less to obtain sufficiently good charge
cussed in Sec. VB 1, double drops still posed a problemmeasurement precision. However, there were many ques-
Using the coarse centroid of dark pixels passed from the firsfions that could only be answered by experimentation.
level trigger, the second level trigger examines the<11 ~ Among these were: How uniform would be the drop size? At
pixel subframe centered on the coarse centroid. In a singl@hat rate could we make the drops? What drop size would
pass, it computes an average of the four corner pixels tgive the best precision? How rapidly could a PC-type desk-
determine the level of the background illumination, sorts thetop computer with a video image capture board determine
remaining 117 pixels, and computes a refined centroid usingnd record the drop charge in real time?

only the 20 darkest pixels after subtracting the mean back- Therefore, when we began operating the experiment, we
ground illumination. If the mean weight per pixel of the 20 mixed periods of data acquisition with periods of apparatus
darkest pixelgassumed to be part of the drop imagemore  testing, apparatus improvement, computer program improve-
than 2 below the mean background, then the trigger passesent, and troubleshooting. Two months later we were able to
the refined centroid to the tracking routine as a valid dropdevote most of the experimental time to data acquisition. The
position. experiment had to be interrupted for about two months when

If the first level falsely triggers on random fluctuations in a five-month-long renovation of the roof and air-conditioning
the background illumination, the second level trigger shouldsystem of the building forced us to move the apparatus to a
reject the event since the rms fluctuation of the backgroundeismically quieter location. The experiment was resumed,
illumination has consistently been observed to be less thaand then ended two months later, seven months after initia-
two levels of gray scale from the mean value when averagetion.
over an 1X11 subframe. If the first level triggers on two  During the entire experiment, we saved the position-time
drop images in the field of view, then, if the drop centroidstrajectory measurements of every drop produced during a
are separated by more than pfn in real space and are of data acquisition run on the hard drive of the acquisition com-
equivalent darkness, the coarse centroid will fall in the reputer. When the hard drive reached maximum capacity, we
gion between the drops. If the drops are much closer, thetransferred all the data for all the runs on the hard drive to
the second level trigger will pass this detection as a valithack-up data cartridges and then proceeded to purge the hard
drop, leaving the final rejection to the tracking algorithm. drive.

The tracking algorithm uses the same two-level trigger as In the early stages of the experiment, we found that the
the search algorithm and maintains a stack of at most fouprecision of the drop charge measurement improved as the
drop positions at any given time, since this is all that isdrop diameter decreased. The principal reason is that smaller
required for a single charge measurement. When a track haiops have smaller gravitational terminal velocities, as
been started and a frame fails to pass the search trigger, ahown in the equation
track data are written to disk and the algorithm returns to
search mode. Additionally, if there is a drop image that was 2r%(poj— Palr)g
near the bottom of the field of view in one frame and there is Vg terminar™ 9y
another image near the top of the field of view in the next
frame, the tracker assumes that one drop exited and a new
one entered and writes all past track data to disk and starts@rop charge measurement precision improves as the ratio
new track. Ve termmaI/Ug terminal mcreasesuE terminal bemg the Component

Two positions are recorded for each orientation of theg velocity produced by th@E force[Eqs (2) and(3)]. On
field to determinevg = anduvg, . If the drop moves in @  the other hand, since the goal of the experiment was set at 1
direction opposite the field orientation, then the velocity ismg total of drop masses, the smaller the drop, the larger the

(10
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- Since the end of the experiment, we have found a way to
operate the dropper with a frequency greater than 100 Hz.
The drop position detection algorithm was also deter-
mined to be sensitive to nonuniformity in the light field illu-
mination. By affixing a ground glass screen on the side of the
(\1 ] experimental chamber facing the strobe, we were able to

—
(=]
o
T
1

—_
o
[
I

diffuse the light from the stroboscopic source and thereby
improve the uniformity of the light field illuminatiorisee

Fig. 5. We also found that the light distribution from the
stroboscope changed slightly as the bulb aged. Therefore, we
periodically readjusted the bulb position slightly and we re-
placed it once.

As the experiment went along, a phenomenon occurred
and recurred that we do not yet understand. As already men-
. tioned above, except for the first stage of operation, we did
not attempt to induce any charge on the drop, the charge
] induction voltage was set to zero. Then most of the drops
] had zero charge with a few drops having chargée and
E rarely =2e. After a few months of operation we noticed the
charge distribution spreading to3e, +4e, and even*t5e
with fewer drops having zero charge. We preferred to have
T T Oe, *1e, or =2e because the precision of the charge mea-

5 55 6 65 7 75 8 85 9 95 10 surement is better when the drop charge is s(sak Appen-
average diameter in um dix B) and a large spread leads to more drop measurements
not meeting the criteria outlined in Sec. V B. The only way

FIG. 6. Histogram of the average diameter of the drops prowe found to reduce the charge distribution spread was to
duced. The initial stage of data acquisition utilized 7ué drops. remove the old oil in the dropper and fill the dropper with
The remainder of the experiment used Zsh drops. new oil, the new oil being taken from the same storage con-
tainer as the old oil. Then over a period of several months,

number of drops that must be studied. We compromised witi€ limits of the charge distribution once again spread from
a drop diameter of 7.km. Figure 6 shows the size unifor- ~2& {0 =5€. Our speculation is that ions form in the oil
mity of the drops produced. elther_due to chemlqal mteracﬂon of th_e oil with the dropper
We found that two factors placed an upper limit on theMmaterial or due to dlffu_5|on of contaminants that appear be-
rate at which drops could be generated and their charge me§2USe the manometer is open to the atmosphere. We have no
sured. First, the algorithm for finding the drop position failed €vidence for this speculation.
if the image captured more than one di@&@ec. Il B). Sec-
ond, for reasons we did not understand, as the drop genera-
tion rate increased above 1 Hz, drop production became ir-
regular until two or more drops are produced simultaneously. During periods of data acquisition, we operated the ex-
This led to unreliable data, as discussed in Sec. V. Thereforgeriment continuously, 24 h per day and 7 days per week.
for clean, consistent data we set the drop generation at 0.Bable I illustrates the data and calculations recorded for each
Hz. As discussed in Sec. VII, our goal for the next experi-drop on the computer hard disk. The data acquisition was
ment is to considerably increase the drop generation rat@livided into runs abau9 h long, each run containing about

number of drops

104} 5

B. Operation of the experiment

TABLE I. Sample of data taken for a typical drop. The drop is identified by a tag number shown in the
first column. The field direction is given by the polarity. A polarity fl indicates that the electric field is
pointing down and a polarity oft-1 indicates that the field is pointing up. The values under the columns
entitled Row, Column, Row,, and Columa locate the centroid of the drop in terms of pixels at two
different times separated by 100.1 ni§he pixel positions are recorded to three decimal places for conve-
niences in performing calculations, but the measurement precision is about one decimallplad®rizon-
tal velocities of the drop shown in the column entitiedand the vertical velocities of the drop are given in
the adjacent column, both in mm/s. The last column shows the net charge on the drop.

Drop. No. Polarity Row  Column Row, Column, Uy v Qle
1 -1 180.971 38.341  181.366 84.301 0.0093  1.3830
1 +1 181.696  129.739  181.972 174.972 0.0065 1.3611 0.0605
1 -1 182.710 220.573 183.127  266.399 0.0098  1.3789 0.0493
1 +1 183.432 311.861 183.499  357.009 0.0016  1.3585 0.0564
1 -1 184.369 402.686  184.353  447.772 —0.0004 1.3566 —0.0052
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FIG. 7. Histogram showing the distribution of the charge on the 0.2 -0.15 -0.1 -005 0 005 01 015 02

5974 941 accepted drops. Note that a majority of the drops are residual Charge q (units of e)
neutral or are close to neutral.

FIG. 8. Histogram showing the residual charge on the 5 974 941
10 Mb of data. The data from each run was put through &ops. The residual charge is defineddpy Q/e— N, . A Gaussian
data analysis program to look for any free fractional electrict yields 0,=0.025.

charges and to make sure the apparatus was working prop-

erly. If the data showed unusual properties, such as an ab- Q
normally high drop rejection rate, data acquisition was g=—N; (11
stopped until a solution was found. When about 600 Mb €

accumulated on the hard disk, the data were transferred to.a . L
back-up data cartridge. iS the signed deviation of the measured charge from the clos-

est integer charge. Figure 8 is a histograngdér the entire
experiment. This histogram is approximated by a Gaussian
distribution with

During the course of the experiment, we measured the
charge on 6 161 651 drops. Using the criteria for acceptance 04=0.025. (12
of drop charge measurement discussed in Sec. V B, there are
5974 941 drops in the accepted charge measurement caibis fit has ay* per degree of freedom of about 1.5. This is
egory. Thus approximately 3% of the drops were rejec’[edthe experimental precision of the drop charge measurement.
These drops have a total mass of 1.07 mg and comprise \We are pleased with this smal,. In Sec. V C we discuss

C. Data

total of 6.41x 10%° nucleons. the factors that may be preventing an even smailer
Figure 9 is another presentation of the data shown in Fig.
V. MEASUREMENT OF DROP CHARGE: 8. We defineN; as the largest non-negative integer less than
EXPERIMENTAL PRECISION, CRITERIA |Ql/e and then define
FOR ACCEPTED CHARGE MEASUREMENTS,
AND LIMITATIONS ON PRECISION _@_
qs= Ns- (13)

A. Presentation of data ©

Figure 7 is a histogram of the accepted charge measurd-his is the histogram that we use to search for fractional
ments for the 5974 941 accepted drops. The distributiotharge, hence subscriptfor search. Figure 9 also shows the
shows that most drops have a cha€yén the range between search range to whicty is sensitive. During the experiment
+5e with the Oe peak dominant. As discussed in Appendix we looked at the data as they were produced in the presen-
B, neutral drops led to slightly higher precision charge meatation of Fig. 9. Our provisional criterion for possible frac-
surements. tional charge events was that

In analyzing the data, we defii¢, as the signed integer
closest toQ/e. Then 0.2<g<0.8. (14
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AR A N L A AL LA SS LA Two measurements of chard@; andQ,, on a given drop

i would allow a test for charge change by considering the dif-
ference AQ=Q,—Q,. However, we felt more confident
with requiring at least three measurements of charge per drop
as it falls between the electric-field plates. This criterion of at
least three charge measurements requires at least four differ-
ent velocity measurements, which, in turn, require at least
eight different position measurements along the trajectory of
the drop. This means that the first and the third measurement
of charge on a given drop are completely independent. Thus
the first criterion of an acceptable drop charge measurement
is

number of drops

criterion 1: 3 or more charge measurement§l5)

We use the arithmetic average

et
sz where n=3, 4, or 5 (16)

to define the charg® on the drop. To eliminate measure-
ments that contain a charge change we define

R Qumin=mMin(Qy..,Qn), (17

0 01 02 03 04 05 06 07 08 09 1 -
residual charge q_ (units of e) Qma=MaxX Q- Qn), (18
AQ=Qmax— Qmin- (19

FIG. 9. Another representation of the data presented in Fig. 8
showing the residual charge. Here residual charge is defined
<=|Q|/e—Ng. Histograms of this type were viewed for the indi-
vidual runs to look for anomalous events. As shown above, no
fractionally charged particles were found.

b\\f\/e then require
criterion 2: AQ<A; (20

e for the charge measurement on a drop to be called accept-
S.UCh a drop WOUld. h_ave a charge _dlffenng by more thanable. The majority of all drops, 87.7%, have four charge
eight standard deviations from an integer charge and it easurements, 5.9% have three, and 6.4% have five. Our

chhargg shou:gi be gnea;ured W'thh thehsame prec:csmnl as Itlifﬁmal choice forA.;; is outlined in the following subsection.
other drops. From Fig. 9 we see that there are no fractionally a4 o criteria were originally developed to eliminate

charggd particles with a charge sife or . We note that drop charge measurements that contained a charge change,
there is one event that shows an absolute charge greater thgﬂt they turned out to be crucial in the elimination of two
0.%. The charge on that one drop V\_ras).204&. Therefore_, instrumentation effects. The first instrumentation effect is
that event is mgrely part of the taﬂWe also note at this that the drop position algorithm depends upon uniform light
point tha@ fractlonally_ charged paruqles W'th m_easuredﬁeld illumination of the falling drop. This uniformity was
charge within 0.2 of integer charge is IHQIStI_H'QUIShable checked frequently by the experimenters and adjusted when
from our measurement spread unless a 5|gn|f|car_1tly_ Iargﬁecessary, but these adjustments had to be done by hand.
peak were found that rose above the Iailhe final criteria £, yhermore, the performance of the stroboscope bulb dete-
for the fractional charge search are discussed in Sec. V B. riorated with age and was affected by the line voltage of the
building. We found that deviations from illumination unifor-
mity could interfere with precis€ measurement by intro-
ducing noise in the target window. This noise appears as
As discussed in Sec. 1, the determination of the Charg@arkened pixe|s that would be taken by the drop f|nd|ng al-
and radius of a drop requires two velocity measurementgorithm as part of the drop centroid it is locating. This would
vg,, andvg, . The first velocity measurement requires two give an erroneous position of the drop and therefore an erro-
vertical position measuremereg andz, ; the second veloc- neous charge measurement.
ity measurement likewise requires two vertical position mea- The second instrumentation effect eliminated by the two
surementg, andzy . If the charge on the drop changes at anycriteria is the inability of the drop finding algorithm to ana-
position betweerz, andz,, a false fractional charge would lyze events with more than one drop per video frame. Mul-
be measured. The charge would change if a free ion or elegiple drops might appear in a frame for two reasons. First the
tron attaches itself to the drop or if the drop is hit by adropper occasionally produced two drops simultaneously.
cosmic ray. Therefore, a single measurement of the charggéecond, drops produced at the rate of 0.6 Hz might occasion-
on a drop cannot be used for a fractional charge search. ally appear in the same frame. As an illustrative example,

B. Criteria for acceptance of a drop charge measurement
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consider two drops, one positively charged and the other
neutral. Assume that the neutral drop emerges from the drop-
per first. The positively charged drop then is initially only
1.67 s behind. But before either drop enters the active imag-
ing area, they are affected by the electric field leaking
through the 0.79 mm hole in the upper electric-field plate.
The electric field always starts negative and field switching
begins only after a drop enters the measurement region.
Therefore, a drop experiences a negative field on average. 104;
The negative electric field leaking through this hole will ac- i
celerate the positively charged drop so that the spacing be- [
tween the neutral drop and the positive drop will be dimin- 1031
ished. Both drops reach terminal velocity, however, before i
they enter the measurement region of the electric field and on
average the charged drop falls with the same velocity as the )
neutral drop during the time of measurement taking; there- 10 3
fore, the diminished spacing between the drops remains and :
they may appear in the same video frame.

—
o
(=3

number of drops
3

10
1. Determining the final value forA i
As a preliminary analysis of the data, we considered in
detail all drops for which 1
0 01 02 03 04 05 06 07 08 O. 1
0.2<g<<0.8 (22) AQ/e
and FIG. 10. Histogram showing that about 97% of the data have
AQ<0.1%. From the tail of the distribution we calculate that the
AQ<O0.4e. (22) upper limit to the number of drops that undergo a charge change

during measurement is less than 0.02%.

We called such drops anomalous. . . . .
At first we simply looked at the three separate charget'on will be the same for drops with noninteger charge as for

calculations and the velocities from which the charges ar&roPs With integer charge, our finAlQ acceptance criterion

derived. Then about one-third of the way through the experi!S

ment, we began to record on cassette tape the video image of

the falling drops. We then looked back after each run at the AQ=0.1%. @3
video image of the anomalous drops if there were any. Inigyr final criteria for noninteger charge events are then
tially we videotaped 16 h per day, eventually going to 24 h

per day when the videotaping system was upgraded. Taking 0.2<gs<0.8, AQ<0.1%. (24
into account that our videotaping was incomplete, as just

explained, we found that about 43% of the anomalous drop$hese are the criteria for the data shown in Fig. 9.
videotaped actually consisted of two close together drops.

Such a configuration leads to errors in the calculation of the C. Limitations on the precision of charge measurement
drop position because the centroid found by the drop finding
algorithm is not the true centroid of either drop. We visually
inspected over T0drop images wherein the drops had

We have considered, and where possible, calculated or
measured, the following phenomena, which may limit the
precision of the drop charge measureméintBrownian mo-

tion of the drop in air(ii) change in mass of the drop by
evaporation during fall(iii) force on the drop due to the
induced dipole momentjv) precision of drop position mea-
gurement(v) apparatus vibratior(vi) air currents in the Mil-

; ) likan chambervii) nonuniformity of the electric field, and

Returning to the anomalous drops defined by Eg$) L L . .

and(22), we found a total of 31 drops divided as follows: 10 f)\glrl) time variation of the temperature in the Millikan cham-

drops, no video image; 12 drops, video images show 1 drop ~°

per image; 9 drops, video images show 2 drops per image.
As we mentioned earlier, we used the inequality _ _ o )

AQ<A; as a criterion to reject charge measurements in The impact of air molecules colliding with the drop

Wh|Ch there has been a Charge Change during the measu[@.uses a ﬂuctua“on N the Vert|Cal Ve|0C|ty Of the dl’Op g|Ven

ment and we used_;;=0.4e during the data acquisition pe- by

riod in order to study the tails of th&Q distribution. How-

ever, approximately 97% of all charge measurements have KT (25)

AQ<0.1% (Fig. 10. Since we expect that th®Q distribu- UBrownian™ '\ oy

0.0<(gs<0.2 or 0.8<gs<1.0,

and none of the viewed drops showed a double drop in th
video image.

1. Brownian motion of the drop in air
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whereT is the air temperature and is the mass of the drop. is proportional to the dipole force. We denote bye the
This leads to terminal velocity of the drop caused by the gravitational and
electric force so that the total velocity of a drop is given by
g, Brownian~ 0-021, 26 =vg et Udipole: BOth vg g and v gipge @re given a positive
sign when they are in the downward vertical direction. Near

the square of which is about 70% of the measured precisiO{he top platep gpaeltop) is positive, that is, downward and

of aﬁ. For a fixed drop mass), o grownianiS the lower limit
on the attainable charge measurement precision. Appendix A V=g e+ Vapod 10D > Vg e (29)

gives a detailed derivation of this value.

As the drop continues to traval,,. decreases in magni-

tude but remains directionally the same. At the center, the
Another factor that contributes g, is the evaporation of velocity of the drop is given by

the drop as it falls. The change in the mass of the drop has an

effect on the charge measurement because a mass change V=VgE (30

causes a velocity change and therefore an apparent charge

change, Eq(9). In the initial stages of the Millikan oil drop ~SiNCe vgjpgelcentej=0. When the drop passes the center,

experiment, we actually started with water as our test fluidVdipole Changes direction and is then upward. Therefore,

However, evaporation of the water drops was not a problent gipoi(POttom <0 and

we could overcome to our satisfactip?0]. To test whether

the Dow Corning fluids also demonstrated a high evapora- U=0g e+ Udipoid OttOM <vg g (32)

tion rate, we conducted bulk studies of the 5 ¢S silicone oil . ] ]

and empirically compared its evaporation rate with those off hus the field nonuniformity then has the overall effect of

the 1 and 2 cS fluids. Although the bulk studies showedMonotonically reducing as the drop falls, giving a nonzero

negligible evaporation, evaporation is, in fact, observable irfv/dz. However, we make our measurements in the central

our experiment because of the small drop size. 1.6 mm between the electric-field plates whépéoz is neg-

We measured the average valu@ (92) evaporaionby tak-  ligible (see Sec. V.Cjr -
ing a run with the electric field off, that is, with zero electric  USing @ method similar to the one described in Sec. V C 2
field, and for each drop, considering the four or more sefor finding (9v/92)evaporation We measured the average value
quential velocity measurements;,vy,,v¢,vg.. ... Letz,  (90/9Z)dipoe bY taking a typical run and selecting the charge
be the average position during the determinationpind so  Z€ro drops. Again, for each drop, we considered the four or
forth. We then calculated/ 9z) eyaporationdy averaging over More sequential velocity measurements;,vp,vc,vq.- - -
the quantities €, — v,)/(zy—22), (Lg—v)/(Zg—2Zc),. - . and and calculated v/ dz) gipole DY averaging over the quantities

over all the drops. We find (vp—va)(Zp—24), (Vg—v)/(Zg—2Zc),. .. and over all the
drops. Subtracting the effect due to evaporation, we find

2. Change in drop mass due to evaporation

(9v192) evaporatio —3-0310°°  mm/sum.  (27)
_ (9v192) gipole=1.73< 10" ° mm/sum. (32
Therefore, over one charge measurement cycle wherein the
drop traverses approximately 2@, this velocity gradient  Again, over one charge measurement cycle, this leads to an
leads to an error in the velocity measurement of &6 * average error i of
mm/s. This provides an upper limit to the average errag in

of Saq.dipole= 1X 1073 (33

— —3
J4.evaporation= 2X 10", (28) Compared witho;=0.025, 34 gipele IS Negligible.

However, evaporation affects all drops similarly and presum-

. 4. Precision of drop position measurement
ably this error does not fluctuate from measurement to mea- PP

surement and is taken into account in the calibratisee There is a lower limit set on the precision with which the
Sec. V D. Any errors arising from evaporation is therefore z position of a drop can be measured, the limit arising from
negligible in comparison to,=0.025. the nonzero size of the CCD pixel and defects in the drop
position algorithm. We have not found a way to measure this
3. Force on drop due to induced dipole moment precision. All we can do is find an upper limit om, by

assuming that the major componentsigfare o grownianand

The vertical electric field of 1410° V/m induces an :
Then we find

electric dipole moment in the drop. If the electric field were 9z
spatially uniform, that isE,=const, there would be no net
force on the drop due to the induced dipole, but the holes in
the centers of the electric-field plates break the uniformity. L 0 .
Along the vertical symmetry axis of the plates, the field ig!" real space, which is 17% of a pixel.
smaller near the holes and has a maximum halfway between
the plates. Therefore@)E,/Jz is not zero and the interaction

of the induced dipole witl#E,/ 9z produces a dipole force on When we began the experiment, we found that some part
the drop proportional téE,/9z. By Stokes’ law, this dipole of the initial o, was caused by vibrations of parts of the
force changes the terminal velocity by an amoug,. that — apparatus. These vibrations, in turn, arise from the vibrations

0,<0.35 um (34)

5. Apparatus vibration
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FIG. 11. Numerical calculation of the gradient of the electric FIG. 12. Numerical calculation of the electric field. Shown is
field. Halfway between the plates,is zero. the relative deviation of the component of the electric field from

its value at the center between the plates.

in the walls and floor of the building. Therefore, the appara- o ]

tus was built on a wooden table that was stiffened with twothat generates the value of the electric field by calculating the
| beams. Weights were placed on the table to further dampefharge distribution on the plates.

residual resonances. We also moved the entire assembly to AS mentioned earlierz, is smaller at the plates because
that part of our laboratory room with the smallest wall andof the holes in the plates. The variation in the center region is

floor vibrations. The effect of residual vibrations oy is ~ very small. We use the central 1.6 mm of the vertical dis-
included ing, . tance for viewing the drops, thus taking measurements where

E, is most uniform. The calculation shows that
6. Air currents in the Millikan chamber

- . . - E —-E
We have eliminated observable air currents in the Milli- M~1o‘4 (37

kan chamber by enclosing the chamber in double walls and EA0)
by operating the experiment in a temperature controlled

room. Unobservable air currents may contributertasince in the region of interes(Fig. 12). The charge measurement is
affected by the same negligible factor.

The same calculation also provides an estimate of the di-

v TFUgET U, air 35
measured Tg.E T ¥ zalr 39 pole force, which is given by

whereuv, 4 is thez component of the air velocity. We have
not found a method to measuwse ;. We can, however, set
an upper limit on the average horizontal component of the air
velocity vy 4 by looking at the measurements of the horizon-
tal position of a drop as it falls. By taking the root mean whereP, is thez component of the induced dipole moment
square of the lateral velocities of each drop and then takingn the drop

the root mean square of that value, we obtain

IE,

z E! (38)

I:dipole: P

e—1
[vxaid=<0.013 mms. (36) P,=4mey > I°E;. (39

€

Of course,v, 4 can easily be larger. Therefore, 5, may

contribute tog, For silicone oil e~2.7 [21], which impliesP,=1.46 cm.

The gradientd,E, in the central region varies from about
—11 to 11 V/cnt, which leads to variations in the apparent
charge of about=1.2x10 3. Since this is the maximum

Figure 11 shows a numerical calculationsgE, along the  variation, this result is in good agreement with the experi-
z axis. The calculation used a computer relaxation methoanentally observed fluctuation of 1x10 3e.

7. Nonuniform electric field



53 IMPROVED SEARCH FOR ELEMENTARY PARTICLES WIH . .. 6029

8. Time variation of temperature in Millikan chamber TABLE II. Limits obtained in bulk matter searches.

As previously discussed, to minimize the effects of tem—Grou Material Mas$mg)
perature on the data, the experiment is conducted in a tem- P 9

perature controlled room and thermometers in the measureaRueet al.[12] niobium 1.1
ment chamber enable us to enter temperature as a paramef@irinelli et al. [13] iron 3.7
in our data acquisition program. As yet, however, the instant jepowitz et al. [14] iron 0.72
taneous temperature is not directly supplied to the chargemith et al.[15] niobium 4.87
calculation code in the computer and must be entered manyjiner et al.[17] niobium/tungsten

ally. We have observed temperature fluctuations of UDjoyceet al. [2] sea water 0.05
+2.5°C per day. Savageet al. [4] native mercury 2.0

The _temperature depen(_jence_ of the Ch‘?‘iﬁq- (9)] This experiment silicone oil 1.07
comes in two places, the viscosity and density of air. The
correction arising from the latter is small compared with that

from the viscosity of air. A+2.5 °C change in temperature |n 1.07 mg of silicone oil we have not found any accepted

causes a variation in the viscosity of air 00.65%. This in  drops with fractional charges in these regions. This 1.07 mg

turn leads to a variation of the calculated drop charge of  contains 6.4%10%° nucleons. Therefore, with 95% confi-
dence the concentration of particles with charges in these

| 8g,temd <0.01. (400 charge regions in silicone oil is less than one per X.1&°

nucleons. This result, of course, applies to the specific case

This may be an important contribution i@,=0.025. We  of searches for isolated quarks with the charge taken to be

regret that we did not directly supply the instantaneous tem=1/3e or +2/3e.

perature of the Millikan chamber to the charge calculation Table Il lists the results of other published searches for

code. Our analysis is based on an average temperature isblated quarks with charge:1/3e or =2/3e. Ignoring the
22.0°C. differences in the material examined, we see that our null

result agrees with the null results found by all the experi-
ments except LaRue, Phillips, and Fairb4aR]. These null
experiments range from being about 5 times more sensitive
We conclude this section with a short discussion on thehan our search to being abogi as sensitive. Our experi-
limitations of the absolute charge measurement. Since thment uses an organic material, but we do not consider this
goal of this experiment was to detect fractional charges, greainportant.
care has been taken to eliminate fluctuations in individual We have developed a reliable method of searching for
charge measurements. However, there was no need to opfiactional electric charge in bulk material. As discussed in
mize the accuracy of the absolute measurement. Instead thige next section, we know how to greatly increase the rate at
integer spacing of the drop charges has been used to calibraigich we produce and examine drops. Therefore, we know
the measurement apparatus and has been absorbed into Hgv to examine samples up to 100 mg in mass, ultimately
empirically determined magnification factor of the optical perhaps 1000 mg. Also, while oil is the most convenient
system. This magnification had to be readjusted only whematerial for our present experiments, we believe that our
the oil was changetbecause this necessitated removing themethod can be extended not only to other liquids, but to
dropper from the system and then replacingaitd can ab- suspensions of small particulates in liquids.
sorb an overall adjustment of about 3%. As a consequence, it
was not necessary to include corrections for the slight non- /| PROPOSED IMPROVEMENTS AND EUTURE
sphericity of the drops due to air drag and interaction with EXTENSIONS
the electric field, nor have we included the small radius cor-
rections to Stokes’ law that Millikan applied. For the drop ~ The goal of our next experiment is to increase, by at least
size considered here, these effects are very small and sinéefactor of 100, the rate at which we produce drops and
they affect all drops equally, they are simply absorbed in theneasure their charges. While the charge measurement preci-
calibration. sion and the reliability of the experiment are adequate, some
improvements are required. The computer system, including
VI. CONCLUSION the video digitization card, must be able to find drop posi-
tions, calculate drop velocities, calculate drop charge and
As shown in Fig. 9, once the measured charge is withinmass, and record at a rate greater than 10 Hz and eventually
0.2 of integer charge and the measured charge approach@ to 100 Hz. The algorithms for finding drop positions and
that integer, the sensitivity of search rapidly decreasesgalculating drop velocities must be able to distinguish the
Therefore, our main conclusions are for charges that are afajectories of many drops whose images are in the same
least 0.2 distant from an integer charge: namely, the regionsjideo frame. We have been developing programs to attain
these goals and with a faster computer and video digitization

D. Calibration

0.22 to 0.8, 1.22 to 1.8, 2.2 to 2.&,..., card, it is straightforward to make this improvement.
Another required improvement is to generate drops at a
—02% to —0.8. —12% to —1.8 much greater rate. For the next phase of the experiment we

have already created a prototype system wherein we are ca-
—2.2 to —2.8e,.... pable of producing a two-dimensional array of drops while
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pulsing the dropper at 100—-150 Hz. The size of the dropghus a velocity measurement, given by two position mea-
produced is about 7—gm. We can control the size of the surementd\t apart, has an uncertainty due to Brownian mo-
drops and the rate at which we can produce them consigion of
tently.

In the previous pap€di8], we discussed the value of levi- KT
tating a drop after charge measurement if it is a fractional Av=1/————=8.1X10"2 mm/s.
charge candidate. Then the charge can be measured again. 3myrAt
This was to be accomplished {8] by always producing
drops with large charges, @Go 20e. However, in this ex-
periment, we have found that we get the best precision an
more consistent overall operation if the drops have zero or
close to zero charge. Therefore, we are developing a method
for putting a large charge on a drop after its initial charge has

This uncertainty in velocity arising from Brownian motion
ropagates as an uncertainty in the charge calculations ac-
ording to the equation

been measured and the drop is considered a fractional can- B + 2t (Coe
didate. This will be described in another paper. 0q=0,C1) (Cavgy,,, T Cave,) (C2=Cg)
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Because not all the charge measurements are independent,

it was necessary to estimate the error arising from related
APPENDIX A: CONTRIBUTION TO THE ERROR IN charge measurements. The first charge measurement is ob-
CHARGE MEASUREMENT FROM BROWNIAN MOTION tained from two independent meas_urements of velogity
andvy,. The second measurement is taken frognand v

The thermal velocity of the drop leads to a random walkand so on with the third and fourth che_lrge measurements.
We can calculate an average charge using

with the thermal velocity and a step size that is roughly the
stopping distance due to viscous drag. For timdsmuch

longer than the stopping time, the variation in position is q_ =1[Q(v,,vy)+Q(ve,vp) + Qve,vg) + Q(ve,vg)].
given by[22,23

AZ2 2kT At We assume that each measurement of the velocities has the

- 6myr same errots. This yields

(A3)

2 2
AQave=5\/ ( ﬁ(%:e) +(5Qa"e) +

duy

( &Qave) 5
+

v

( aQave) 2
+

dvgy

( aQave) 5

e

The partial derivatives can be expressed in terms of thosg afd we find

aQave_ 1 (aQ(Uaan)) aQave_ 1 (&Q(Uaivb) dQ(v¢,vp)
z ’ ~3 *

ﬁva - (9Ua &Ub 0Ub (9Ub
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f?Qave: E dQ(v¢,vp) " &Q(UCde)) ﬁQave: E ((9Q(UC!vd) n dQ(ve,vg)

dv, 4 v v dvg 4 dug dug
aQave_l IQ(ve,vy)
dve 4 e '

If we make the additional simplifying assumption that the variations in the velocity measurements are sufficiently small
(independent of electric field directipnve can evaluate the derivatives at the average values. We obtain

AQM:%S V(0,,Q)?+4(d,,Q)*+4(d, Q)*+4(3,,Q)°+(d, Q)% (A4)

We note at this point thata*vc*l)e:vedown
andv. where appropriate, EqA4) becomes

andvb~vd=vEup. Therefore, substitutingEdOWn andvEup forv,, vy, ve, Vg,

8
AQave=7 \/6(avEdoan)2+ 8(avEupQ)z

(e Q)*=(d,, Q)°
2\ T, QP+ (0, Q1 (AS)
4 (v, Q%+ (dy Q7|
|
We assert, however, that the second term in the radicand is Q:Cle(vEdown_vEup) /szEdown+ Cave,,; (B1)

negligible  since  §,. Q)*—(d,. Q)’°<(4,. Q)*
down up down
2 . .
+((7UEUPQ) . This is due to the fact that ggying for the quantityve, —ve  and substituting this
(ﬁvEdoan)zochdown, (c9vEu Q)zocv.;up and ve,  —ve guantity into the error equation, EGA1) becomes

B P up
<VEy T VE, Equation(A5) then becomes

5 , , ‘Tq:ffu01| (Cvgy,,, +Cave, )| 2+ (C2—C)
AQave:Z \/7[(avEdoan) +(‘?UEUPQ) ]

Q 2 2

V78 3| T(c5+c3)
- T \/( 8vEdoan)2+(avEupQ)2‘ (AG) Cle(CZU Edown+ Cgv EUP)

Q 2 1/2
Similar derivations for the cases where the number of 2c.e(Cv Tcw )3/2 . (B2

charge measurements is three and five yield factor&is 154 2% Bgonn ' 37 Eyp

and /9/5, respectively. To determine the overall multiplica-

tive factor in our error estimate we add these three factorSincec,=c;=3 in this experiment, the above equation can
together in quadrature with their appropriate weigtfecall  be simplified

that 87.7% of the total number of drops have four charge

measurements, 5.9% have three, and 6.4% have Tive.o,

used in Eq.(A2) has this multiplicative factor taken into Q 2
account. This gives us an error of 0.021 for a jh-drop 0q=0,Cq \/ug 2+ FYSp ) (B3)
from Brownian motion. Because our errors add in quadra- [ G180y
ture, Brownian motion accounts for about 70% of @tﬁr.
_ Q |
APPENDIX B: THE EFFECT OF Q ON CHARGE =0,C1\ Vg 2+ 35| |- (B4)
MEASUREMENT i

Using the definitions foc,, ¢,, andc; described in the Equation(B4) clearly shows that higher charged drops lead
preceding appendix, we note that Ef) can be written as  to a greateioy.
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