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We have carried out the largest search for stable particles with fractional electric charge, based on an oil drop
method that incorporates a horizontal electric field and upward air flow. No evidence for such particles was
found, giving a 95% confidence level upper limit of 1470 22 particles per nucleon on the abundance of
fractional charge particles in silicone oil for 088 |Q,csiqual <0.82. Since this is the first use of this new
method we describe the advantages and limitations of the method.
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[. INTRODUCTION which drops can be measured and we had to acquire consid-
erable experience to understand this limitation. We conclude
We have carried out the largest search for fractional elecwith Sec. V, giving our results, comparing our results with
tric charge elementary particles in bulk matter using 70.1 mgther fractional charge searches, and discussing the applica-
of silicone oil. That is, we looked for stable particles whosebility and extension of this new Millikan oil drop technique
chargeQ deviates fromNe whereN is an integer, including to other searches.
zero, anck is the magnitude of the charge on the electron. No

evidence for such particles was found in this amount of sili- Il. EXPERIMENTAL METHOD AND APPARATUS

cone oil. We used our new versidt] of the Millikan olil

drop method containing two innovations compared to the A. Experimental method

classical method that we used in Halgbal. [2]. One inno- The principle of the experimental method is simple. Con-

vation is _that. the drpp charge is ot_)tained by o_bserving theider a drop of radius, densityp, and charge® falling in air
drop motion in ahorizontal alternating electric field com- through a horizontal electric field of strengg as shown in

pared to the classical use of a vertical electric fige-4].  Eig 1. Applying Stokes’s law the horizontal terminal veloc-
The other innovation is the use of an upward flow of air toity v, is

reduce the vertical terminal velocity of the drop, which en-

abled us to use larger drops, about 2Quén in diameter QE
compared to the 1@m drops used in our previous experi- Ux
ments.

We define the residual drop charge,=Q— N,e where X
N, is the largest integer less thap/e. We find the 95% Airflow Duc ‘—lz
confidence level upper limit on the abundance of fractional \
charge particles in silicone oil for 0.288&Q,<0.8% is Falling Dro ~—
1.17xX10 2?2 particles per nucleon. This experiment was a
follow up on our previous search in silicone oil, Halgbal. Electric N a
[2], based on 17.4 mg. In that search we found one drop with Field Plate\\
anomalous charge, but no such charge was found in the \Q
present experiment. |

In this paper we describe the experimental method and .
apparatus in Sec. II. In Sec. Ill we discuss the measurement High Yoltage %
precision resulting from the various measurement errors and
the calibration methods. The data analysis method, including
the criteria used to accept drop charge measurements, is dis-
cussed in Sec. IV. Here we pay particular attention to the
drop spacing criterion necessitated by interactions between
adjacent drops. This is the primary limitation on the rate at FIG. 1. Basic principles of the experimental method.
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i Suobed LR Avtay . Microdrop Ejector

Airflow Duct_,___n_ 4

* Transparent Walls
Camera

- Electric Field Plate FIG. 2. Diagram of the appa-

ratus. Diagram is to scale, except
for the lens and CCD which are
shown at X scale. Support struc-
tures are drawn transparent for
clarity.

/\t;

where 7 is the viscosity of air. Hence measuring givesQ  drop ejector. The drops fall through the upward moving air in
providing r is known. As explained in Sec. lll A, the drop the measurement chamber passing through a horizontal, uni-
radius is determined from theg, of integer charge particles. form, alternating electric field. In this figure the electric field
Note that the measurement &f does not depend on the is perpendicular to the paper. The electric field alternates as a
density of the drop and is also independent of the gravitasquare wave with a frequency of 2.5 Hz and has an ampli-
tional force on the drop. The electric field alternates in thetude of about 1.8 10° V/m.

+x and —x direction so that the drop is moved back and A rectangular measurement region 2.29 mm in xhei-

forth along thex axis. This cancels some sources of error andection by 3.05 mm in the direction is projected by a lens
allows the drop motion to be viewed in a relatively narrow onto the charge-coupled devi¢€CD) sensor of a mono-
horizontal area. Previous uses of a static horizontal electrichrome, digital video camera. A light source consisting of a
field in the Millikan oil drop method were in 1941 by Hopper bank of light emitting diode$LEDs) provides 10 Hz strobo-
and Laby[5] who measured the electron charge and byscopic illumination. As the motion of the drop carries it
Kunkel [6] in 1950 who measured the charge on dust parthrough the measurement region, its image appears on the

ticles. surface of the CCD. Thus the camera collects 10 frames per
If the drop were falling in still air, the vertical terminal second, the drop appearing as a dark image on a bright back-
velocity would be given by ground.
5 In addition to thev, motion there is also the, motion,
_2r°pg @) Eg. (3). Since the camera has a field of view &
Vzterm™ g =3.05 mm in the vertical direction, the 10 Hz stroboscopic

_ _ _ illumination leads to acquisition of
whereg is the acceleration of gravity. However we use an

upward flow of air of velocityv,;, in the —z direction. Nimages= 10Z/v,=30.5b, (4)
Hence the net downward velocity of the drop is

2r2pg images of any given drop, before the drop moves below the
v,= —Uair - 3 viewing area of the camera. Here is in mm/s. Hence we
z 9 alr X h
n get a larger number of images per drop, leading to better

charge measurement precision, whgnis small. Of the or-
der of Njmages= 15 are required.

We give an example of the importance of the upward
airflow in obtaining this many images. Consider a typical
drop of diameter 20.6.m with a density of 0.913 g/cfn

Figure 2 is a schematic picture of the apparatus. Drop&rom EQ.(2), v, erm=11.3 mm/s. If there were no upward
averaging 20.6um in diameter are produced at a rate of 1 airflow there would be an average of 2.6 images per drop. To
Hz using a piezoelectrically actuated drop-on-demand microebtain Nimages= 15, v, must be about 2.0 mm/s. Therefore

As explained in the next section we want to be small
hence we set,;, to be close tw, o but slightly smaller.

B. General description of experiment
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T drops determines the ratio betweéh and the measured
Liquid Level quantityv,, from Eq. (1). A secondary reason that we did
not initially appreciate has to do with Eq®) and(3). We set
55 mm Piezoelectric U,ir Close tov, 1erm SO thatv, is much smaller thae, term-
- S~ Disc Thus a small cﬁhange inleads to a relatively large cHange in
_______ v,. This dispersion disrupts the consistent spacing between
— adjacent drops, and a decreased separation between drops is
R undersirable for reasons discussed in Sec. IV A 6.
Gilass Tobe With a clean and newly tuned drop generator we get re-
/ markably uniform drop radii, constant to abati0.2%. The
drop generator also ejects in a consistent downward vertical
Micromachined direction along the centerline of the airflow tube. At 1 Hz
Silicon Aperture operation, the drop ejector exhibits slow drifts in its charac-
teristics with time scales of the order of a week. These drifts
appear as changes in drop size and as destabilization that
manifests as the appearance of satellite drops or inconsistent
FIG. 3. Drop generator. drop production. Typically, these effects can be compensated
for by small changes in the drive parameters or adjustments
of the air velocity or both. By the end of the first data set, set
from Eq. (3), vay must be 11.32.0=9.3 mm/s. 1, the drop ejector had destabilized to the point where it had
be removed from the apparatus for cleaning and refilling.
imilarly during the taking of data set 2, the drop ejector and
Air velocity required periodic small adjustments. The end of
set 2 was caused by increasing instability in drop production
Rwhich could not be compensated for. We do not know the
reason for this behavior.
In our drop generator the silicone oil drops are produced
with a spread of chargefQ| ranging mostly from 0 to about
C. Drop generator 10 e. A few percent of the drops have larged|. As de-
. scribed in Sec. IVA1 we used drops witlQ|<9.5% to
. . ) ; HRaintain good precision in the charge measurement. We do
pr|nC|pIes_ U.S‘Ed n piezoelectrically actuqted, qup'on'not know what sets the charge distribution for a particular
de”?"".r?d’ |nkjet' print hegds. OL.” generator is designed fo{1rop generator. But we have the general observation that
flexibility, allowing a variety of liquids to be used and pro- gjjicone il gives narrow charge distributions, whereas water,

viding ?as_e O{ control ar;d mamtenatr;}ce. Thte be(tjg (?f th ineral oil and most other organic liquids give broad charge
generator IS giass so as lo preserve the purity of the Uiy tions, with|Q| values as large as several 10@0or
but the ejection aperture at the bottom is micromachine ven larger

silicon [7]. The diameter of the aperture sets approximately
the diameter of the drop. Upon application of a short voltage
pulse, usually 3 to 20us, across the surfaces of the piezo-
electric disk, the central hole in the disk contracts in diam- Referring to Fig. 2, the stroboscopic light source consists
eter, squeezing the glass tube and sending a pressure puffea rectangular bank of 20 LED’s emitting at 660 nm. The
down the liquid, ejecting a jet of fluid from the aperture. The pulse length was about 10@s. The lens, a 135 mm focal
forming of a discrete fluid drop from the high speed jet is alength, f/11, photographic enlarging lens, images the mea-
complex process with the repeatability of the process and theurement region onto the face of the CCD camera with a
final diameter of the drop being highly dependent on themagnification of 2.1.
properties of the fluid, and on how the fluid is driven. For  The rectangular active image area of the CCD carf@fa
this reason, the shape and amplitude of the voltage pulss 4.8 mm in the horizontal, that ig, direction, and 6.4 mm
applied to the piezoelectric disk must be specifically tunedn the vertical, that isz, direction. Hence the viewing area in
for stability and the desired drop size. In addition, it is nec-physical space is 2.29 mm horizontally by 3.05 mm verti-
essary to experiment with single and double pulsing, varyingally. We remind the reader that the electric field is horizon-
both the pulse width and the separation between the pulsetal. The active imaging area is an array of 240 horizontal
The pressure in the drop generator is maintained slightlpicture elementdpixels) and 736 vertical picture elements
below atmospheric pressure by 10 to 30 mm Hg. This help$pixels). We chose this orientation of the array to maximize
to retract the excess liquid outside the ejection aperture aftéhe vertical distance, maximizing the number of images per
the drop has been produced and also prevents leaking of titgop.
liquid between pulses. Given the magnification and pixel density of the CCD,
It is important that the drop generator produce drops ofone would expect from geometric optics that the shadow of a
constant radius, the primary reason being that the size of th20 wm diameter drop would cover 2 pixels horizontally and

~70 mm

— T\

Each image from the CCD camera is processed though
framegrabber in a conventional desktop computer, the sign
in each pixel being recorded. An analysis program then find
the drop images and calculates thandz coordinates of the
centroid of the drop image. Using all the images of the dro
and knowing the time spacing of the imageg,andv, are
then calculated.

D. Optical system
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Iy has a roughly constant central region and falls to zero at the
+ boundarieg9].
8.3 mm | I
* Transparent )
v Side Walls F. Electronics
46 mm Top View for VieWin . . .
_ Drop Motion All the electronics of the apparatus, Fig. 5, are hard-wired
A to give reliable timing, independent of the operation of the
computer. A 30 Hz handshaking signal from the CCD is di-
51 mm e > vided down to provide a 10 Hz clock that synchronizes the
31.8 mm o LED strobe, the electric field switcher and the computer im-
E'ecgl'ct':'e'd age acquisition. The switching of the electric field, which is
\ B ate driven by the clock signal divided by 4, operates at 2.5 Hz.
A This results in a cycle where two images are acquired with
/ the electric field in one direction, and then two images with
51 mm / the electric field in the other direction. These relationships
between the signals is depicted in the timing diagram of Fig.
\ 5. The drop generator is driven asynchronously at 1 Hz.
A
\‘
1
:\I" G. Data acquisition and storage
203 mm ! !
% Data acquisition was performed by a single desktop com-
. : puter running Linux. The computer was equipped with two
vl ! special components: a digital framegrabber that allowed the
Cutaway capture of image data from the camera and a general purpose
Side View input/output interface board with digital I/0O and A/D conver-

sion capability. The additional inputs allowed the computer
to monitor the state of the experiment as well as a variety of
environmental variables.

FIG. 4. Airflow tube and measurement chamber.

5 pixels vertically. The actual observed shadow typicall . .
COSered 3 pixels %orizontally and 7 pixels vertically, gr?d ha)(; All software was custom written in C. Hardware depen-
an intensity variation that was approximately a two dimen-de'f't code was encapsulated into dnver; at _the kernel level,
sional Gaussian. This can be quantitatively described as thihich allowed a guarantee of synchronization of the soft-
convolution of the simple shadow predicted by geometricVare with a.pparatus by a combination of hardware and soft-
optics with a point spread function that is a result of theware buffering of the data. _

diffractive effects due to the finite aperture of the lens. We do  The overall strategy was to acquire data from the appara-
not and should not observe diffractive effects caused by th&us and write them to files inaw form for later processing

small size of the drops. off line. Recall that each image frame contains X280
pixels, each digitized to 8 bit accuracy. Therefore acquiring
E. Airflow tube and measurement chamber data at 10 Hz produces a data rate from the CCD camera of

Fi 4 sh liahtly simolified. di ioned d about 2 MB/s, much too large to be stored. Since an image
'gure 4 snows a stightly simplitied, dimensionead araw- ¢, najng just a few drops, most of the pixels in an image

ing of the airflow tube and the measurement chamber. '%ave just the background signal, which allows the informa-

rectan%ular ?#Ct d(_:onttz_;uns ﬁ‘hteh up\llvartd_ ﬂ?"\ﬂjng "gréllt és 8-3tion to be stored using sparse storage. As mentioned in Sec.
mm wide n the direction ot the electric field an S MM, D, the typical image of drop extends over an area of 3

¥y|(|:1(je '? :hetc::r?(g'c;n p?rr]pendmular to thte (ra]lecttr;c fleld.S';'-he ixels by 7 pixels. In each frame the regions containing
I€ld plates that define the measurement chamber are m ops were isolated using a thresholding operation. The po-

high a}nd 28.6 mm W'd.e' The inner surfaces of the plates Aition of each drop was then measured using a simple center
machined flat and are in the same plane as the inner surfac ? mass algorithm, and for each drop only a surrounding

of the walls of the airflow tube. The optic axis of the optical region containing 13 horizontal pixels by 21 vertical pixels
system passes through the transparent side walls of the allz the image is written to the output file

flow tube.
The air velocity is sufficiently small, with a Reynolds
number on the order dR,=50 so that the flow is laminar. H. Data collection

The 203 mm length of air flow tube between the measure-

ment region and the air inlet allows the air to settle into its The search was carried out in two sets described in Table
equilibrium flow pattern. At equilibrium, the velocity profile I. At the beginning of the set 1 the drop ejector was operated
of the air is approximately parabolic across the narrow direcat 0.5 Hz, then at 1 Hz for the remainder of set 1 and all of
tion of the channel X axis). Across the long axis, the flow set 2.
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Image Data Sparse Data
CCD Camera Computer
Field Index
Frequency Divider Data Storage
10 Hz Clock HYV Power Supply Pulse Generator
V|-V FIG. 5. Schematic of elec-
1 HV Moaitor HV Pulse Amplifier tronic system. The I._ED and high
LED Driver High Voltage Switcher voltage is synchronized to the 10
I I Hz clock, while the drop generator
- T runs asynchronously.
LED Light Source Electric Field Plates Drop Generator
s — | | | [[|[[|[{[T]]]

E Field
| | |
! 1s L 1s !
lll. CALIBRATION, ERRORS, AND MEASUREMENT in one-hour-long blocks, the averagér ratio for any given
PRECISION block was known to much better accuracy than this.
A. Electric field and drop radius ] ] -
) ) B. Brownian motion and drop position measurement errors
Rewrite Eqg.(1) in the form . L
0 \/E The precision of the determination of the drop charge de-
vxz(_ (_) (5) pends upon the precision of the measuremens ,of Con-
6mn/\r sider the sequence of position measurements the trajec-

. ] tory of a drop. For two consecutive framgsandj—1, the
Consider nonfractional values oQ=ne, n=0%1,  yelocity measurement, ; is given by

+2,....Then, as shown in Sec. IV B, the measured values
of v, sharply peak ah=0,+1,=2,....From a fit to the X7 Xj-1
center of these peaks, Ecp) gives the fittedE/r ratio. UxiT T AL (6)

The electric field strengttg, is calculated from the mea-
sured voltage across the electric field plates, known to 3%ere,At is the time between successive frames, 0.1 s in our
and the plate separation, 828.01 mm. The plates are par- case. Sincé\t is known with very good precision, the error
allel to within 0.1 mrad. Inserting the calculated valueEof in measuringy, comes from the error in determining the
into the fittedE/r ratio, we obtain the drop radius of the drop centers, and from Brownian motion. Take the
We have two additional checks of the drop radius, oneerror in centroiding to be normally distributed with a stan-
from the measurement of the error caused by the Browniadard deviation ofo .
motion, Sec. Il B, and the other from the measurement of During the timeAt between any two successive measure-
the net downward velocity of the drops, in Eq. (3). ments of thex; positions, Brownian motion adds a random
The drop radius depends to a moderate extent upon theontribution with standard deviatioistd. dev) given by
size and shape of the voltage pulse applied to the drop gen-
erator and to a slight extent upon the age and history of the B [KTAt
drop generator. However over periods of hours the average b= 3myr
drop radius could be taken to be constant, with fluctuations
of =0.2% for individual drops. Since the data were analyzedderek is the Boltzmann constarif, is the absolute tempera-
ture, n is the viscosity of air and is the drop radius.

)

TABLE I. Data collection. The trajectory of uncharged drops, which have no contri-
bution to their trajectories due to the electric field, can thus
Data set Weeks Number of drops Total méss) be written as
1 13 3377477 12.1 j
2 17 13430167 58.0 Xj=Xo+ 0| +i§1 Th,i
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i=1.2,... Nimages (8) TABLE II. Drop selection criteria. The entries are the percent
removed by each criterion separately. The bottom row gives the
with X, set by the initial position of the drop, and where the total percent of drops removed by all criteria. Since the same drop
oci (op;) are normally distributed with a std. dev. of, may be removed by several criteria, the t.ota.l percent.rerlnowaadis
(o). The analysis for charged drops is similar if the effect ofthe sum of the percent removed by the individual criteria.
the electric field is first subtracted from the observed data

points. It then follows that Criterion Set1l Set2
B q 0.3 0.6
Ox A= 0+ 06 = 061 © oq 41 0.6
and X 4.9 2.5
Uz 4.6 4.0
202+02, j=k, X 9.3 0.5
, 5 o R 12.4 5.4
(Ux jux A" =9 —o¢, li—kl=1, (10) Total 21.0 9.4
0 otherwise.

Therefore the total error.on any given velocity measurementig tions in the electric field plates. Since the iregularities are

o,, is given by oy=20¢+0p, and the centroiding error constant over long periods of time, they can be accurately
introduces an anticorrelation with magnitudes? in two  measured and corrected for. For this analysis, that was not
consecutive velocity measurements, due to the shared posiecessary.

tion measurement. We use the concept summarized in EQ. Another possible source of error would be a nonunifor-
(10) and the observed distributions of the; (after removal  mity in the electric field in the measurement region giving a
of the contribution due to the alternating electric fletd  horizontal gradientsl E/dx. This would produce a horizontal

separater. from oy, . force on the drop’s induced electric dipole moment. This
We find that averaged over this experiment, dipole force acts in addition to th@ E force. We found such
a dipole force to be negligible compared to Q& force.
0c=0.31 um, 0,=0.47 pm, (11 A small, vertical deceleration of the drops as they fall

. . . . through the measurement chamber was observed. This
n the measurement region. Compafe.d to the size of an IndEimounted to a change of 3@m/s in the apparent terminal

wdual p'XTI i?sg]efccp' tTeT%entro:dmgferrck))r IS s;lnall, ap'velocity of the drops as they fell through the measurement
p_r(;mmate_ yd g a p'ﬁ(e " N xa ue be htalge pro- 4 [egion, or a systematic uncertainty in the radius of the drop
vides an independent check on the size of the drops, and |x1he order of 0.3%. We believe that the deceleration is due
consistent with the size determined from the terminal velocy, ha evaporation of the drop as it falls. The magnitude of
ity and the electr|hc f|eldr:jr|ftr:/elocny. . _ this effect is small enough such that it can be neglected in the

Equation(11) shows that the Brownian motion errar,,  cajcyjation ofv, . As a side note, any systematic uncertain-

ISiaboutine same magniiude as the error involved i_n ﬁr]dmg?ies in the radius of the drops are absorbed by the calibration
the drop positiong. Therefore substantially reducing, process described in Sec. lll A, and do not affect the final
through the use of smaller pixels will not by itself substan-charge measurement.

tially reduce the error on the charge measurement, since the Similarly, other possible sources of measurement error

Brownian motion error can only be reduced by increasinggch a5 apparatus vibrations, optical distortions and CCD

Nimages: ) . array distortions, and patch nonuniformities on the electric
The final charge measurement of a drop is made using ggq plates, were negligible.

single, detailed best fit to the entire observed trajectory of the
drop, and the final error on the charge measuremsgrit a
result of propagating the errors, and o, through this cal-
culation. A. Drop selection criteria

IV. DATA ANALYSIS AND RESULTS

In this section we us@=Q/e, a measure of the drop
C. Other sources of errors charge in units of the electron charge. We required that all
We |Ooked for Other sources Of errors, but a” are negli_drops Used in the ana|ySiS meet the Criteria in Ta.ble Il. The
gible compared to those in E6L0). When we developed the Criteria are designed to maintain a charge measurement ac-
upward air flow method we thought about the possibility thatcuracy of approximately 0.02 and to reject irregular drops
there might be some horizontal air velocity, ,;, in the mea- ~ caused by inconsistent operation of the drop generator.
surement chamber, contributing an error é¢g of order
Uy air X At. By studying a large amount of data we found that
the distribution ofvy 5; XAt had an rms value of 100 nm, For any given drop there is an uncertainty in the radius of
and was a fixed property of the measurement region. Foapproximately 0.2% which contributes to the relative error
comparisorv X At was of the order of 8um. These irregu-  on g. The absoluteerror onq thus increases linearly with.
larities invy ,;; are probably due to residual surface imper-Since the absolute error apmust be kept to the order of

1. g<9.5 criterion
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0.03 e, restricting the data sample to drops wig<9.5 Sttt rrrrm T
keeps this contribution to less than 0.@2 The overall G
charge distribution is such that only a few percent of the N
drops havey values outside this range. . e e e e B B e e e g
B I g G G I 4
2. 04<0.03 criterion R e B e S by e e o e e e e
Primarily, this criterion is a measure Oy, ,qes Of the - — — — — \i 7’/’» - - -
drop. Brownian motion and centroiding accuracy, character- RS e R —
ized byo. and oy, as described in Sec. Il B, limit the accu- N 7
racy of the charge measurememt,. For any given drop, the e e e e . __"=,\ e e -
number of position measurement$,4es, and the state of .
the electric field during those measurements, in addition to B Dol
o, and o, determines this accuracy. As noted earlier, T T T T T T s e s s s s
Nimageswas of the order of 15. If a drop has an exceptionally - T T T ‘\ o e
large radius or is falling too far from the centerline of the T St ottt
airflow tube, v, will be too large andNjyages Will be too I R

small. ) ) i
FIG. 6. The viscous coupling between a moving drop 1 on a

neighboring drop 2 in still air. The small arrows show the vector
velocity of the disturbed air. Note that there is a slight disturbance
As mentioned earlier, the final calculation of the chargeat the position of drop 2 that will affect the trajectory of drop 2.
on a drop is done using a fit to the trajectory of the drop. It
was required that thg? probability of the fit to the drop’s o o
trajectory be better than 18. This rejects a large class of 5. x deviation criterion
rare artifacts based on the statistical likelihood that the ob- This criterion
served deviations from the fitted trajectory could be attrib-
uted to the Brownian motion and centroiding errors. For ex- |X—Xpioc] <0.19 mm (14
ample, a drop would be rejected if it had an anomalous
trajectory due to vibrations in the apparatus or due to itsrovides a direct constraint on how far a drop may deviate
charge having been changed by collision with an ion duringrom the centerline in the direction. Herex,,. is the av-
measurement. erage value ok for all the drops in the one hour data block.
The purpose of this criterion is to eliminate drops that were
4. v, criterion produced irregularly. The 0.19 mm upper limit in Ed.4)
was determined by examining the distributionxgbositions
of drops produced during normal operation of the drop gen-
eration and setting the upper limit to eliminate the tails.

3. x? criterion

The net downward velocity of the drop,, depends upon
the drop radius and the upward air velocity;, , Eg. (3).
This criterion insures consistent drop radii within the hour
long data blocks by requiring 6. Minimum distance R between any two drops criterion

The drops interact with one another through their induced
electric dipole moments and viscous coupling through the
air. Consider two drops of radius drop 1 moving with a
wherev, is the measured value for one drop angoc is velocity v, due to the force of the electric field on its charge,
the average value af, for all the drops in the one hour data &s shown in Fig. 6. This motion will move the surrounding
block. Using Eqs(2) and (3), takingu,;, as fixed and using . At the position of drop 2, the velocity of the air in the
an average value farof 10 um, this eliminates any drops direction,Vy gisurped ain S given by
with r different from the nominal value by more than about
+0.5%.

Recall that the air velocity is approximately parabolic and
that close to the centerline it is given by

|Uz,drop_vz,block|<0-124 mm/s (12

3 vyl
Vx,disturbed air 1R (1+ cos 0). (15

Since drop 2 sits in this disturbed air, it due to the
)= _ 2 force of the electric field on its charge will have superim-
Vair(X) =vair d 1~ (X/%w)"] (13 posed upon iV, giswurbed air THiS Will distort the charge mea-
surement. Therefore/, giswrbed ar MUSt be kept small by
wherex is the distance along theaxis from the centerline of keepingR, the distance between the drops, much larger than
the airflow tubex,,=4.15 mm is the distance to the wall of r, the radius of the drop. A large separation also serves to
the tube, and ,;, o is the air velocity along the centerline. minimize the interaction between the induced electric dipole
Therefore this criterion indirectly restricts how far the drop moments of the drops, which increases as the inverse fourth
can be from the centerline. power of the separation. We require
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FIG. 7. Theq charge distribution in units of. FIG. 8. Theq, charge distribution in units oé.
R>0.62 mm (16)  0.85 e. In this residual charge range there are fewer than

) S 1.17x 10 22 fractional charge particles per nucleon in sili-

separation between any two drops, which limits these forceggne oil with 95% confidence.
to a small fraction oQE. Thus this 70.1 mg search did not confirm the one unusual
aspect of our previous 17 mg search, Hagyal.[2], where
we found 1 drop with &, of about 0.29e. No such charge

Table 1l gives the percent of drops removed by each criwas found in this search. While it is of course still possible
terion averaged over each of the two data sets. The totdhat the fractional charge found in the 17 mg experiment was
percent of drops removed is also given. Since the same drogal, we are inclined to believe that the 17 mg experiment
may be removed by several criteria, the total percent rehad a very small background that has been eliminated by the
moved isnot the sum of the percent removed by the indi- improved method of this experiment.
vidual criteria.

7. Summary and magnitude of drop selection criteria

B. Results

After the application of these criteria we had a final data 105;
sample of 1.% 10’ drops of average diameter 20,6m. The g
total mass of the sample was 70.1 mg. Figure 7 shows the [
charge distribution in units ot (The asymmetry of the ;4|
charge distribution is a property of the drop generator as |
discussed in Sec. Il CWe see sharp peaks at integer num-
bers of charges and no drops further than Oelfom the 103'
nearest integer. We emphasize that there is no backgroun
subtraction here; this is all the data after the application of
the criteria previously discussed.

To show the shape of the peaks at integer valueswé “’Zg
superimpose them in Fig. 8 using the charge distributign, i
defined byg.=q— N, whereN; is the signed integer closest
to g. The peaks have a Gaussian distribution with a standarce
deviation of 0.021e. The absence of non-Gaussian tails is
what allows this search method to be so powerful.

In Fig. 9 we superimpose the valleys between the peaks,
using the residual charge distributiag,, defined byg,=q
—N, whereN; is the largest integer less thanWe did not
find any drops with residual charge between 0dfnd FIG. 9. Theq, residual charge distribution in units ef
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TABLE llI. Searches for fractional charge particles in ordinary [2]. In the Appendix we discuss further increasing the search
matter. All experimenters reported null results except LaRual. rate by using still larger drops and by using multiple columns
[10]. There are 6.4 10°° nucleons in a milligram. of drops to increase the total rate of drop production. We find
that with this new method the mass per second search rate

Method Experiment Material — Massng  o4n pe further increased by a factor of the order of 10, but
levitometer  LaRueet al.[10] niobium 1.1 probably not by a factor of 100.
levitometer  Marinelliet al. [11] iron 3.7
levitometer Smithet al. [12] niobium 4.9 ACKNOWLEDGMENTS
levitometer Jonest al.[13] meteorite 2.8
::33:3 g[gg Hixzestej}gﬁ] S'!ﬁ;ﬁ:'{)” 177'3.1 This work was supported by Department of Energy con-

tract DE-AC03-76SF00515.

V. CONCLUSIONS
APPENDIX: INCREASING THE SEARCH RATE

A. Comparison with other fractional charge searches
in bulk material There are several ways in which the mass per second
In Table 1Il we compare this search with previous, largersearch rate can be increased in this experimental method.
sample, searches for fractional charge particles in bulk mat-
ter. No evidence for fractional charge particles was found in

the searches by Marinelét al. [11], Smith et al. [12], and 1. Use of larger drops
Joneset al. [13], similar to the null result in the present ] ) .
search. The first way to increase the search rate is to use larger

In their superconducting levitometer search in niobium,drops. Maintenance of the precision of the charge measure-
LaRueet al.[10] claimed to have fractional charge particles ment requires thail;,»4esincrease in proportion to the drop
with e/3 and 2/3. But Smithet al.[12] who also searched in fadius. An increase ifljmagesCan be accomplished by some
niobium using a ferromagnetic levitometer method did notcombination of a decrease in and an increase in the ver-
find any such evidence in a four times larger sample. Atical lengthZ, Eq. (4). However a significant decreasedn
present the results of LaRuet al. [10] are not understood requires too fine a balance between andr?, Eq.(3). If we
and are generally not accepted. keepv, constant, an increase @ can be attained by an

Our search is by far the largest to date and has the smalincrease in the number of vertical direction pixels in the
est upper limit of any search on the concentration of fracCCD array of the camera. Existing CCD cameras with 10 Hz
tional charge particles in bulk matter. But it is important notframe reading rates have twice the 736 vertical pixels used in
to generalize our limit to other kinds of bulk matter for sev- the present camera and larger arrays will probably be avail-
eral reasons. First, we do not know what happens to fracable in the future. Therefore based on this consideration
tional charge particles that are in natural matter when tha@lone, drop diameters of several times 20n are feasible.
matter is processed. Note that except for the search in mete- However, there are two problems that must be considered
oritic material by Jonest al.[13], all the material in Table for drop diameters larger than 30 to 40m. The dipole
[l is processed. force on a drop in a non-uniform electric field is proportional

Second, if we assume the existence of stable, fractiondp the third power of the drop diameter. This force was neg-
charge particles, we do not know what natural materials aréigible in this experiment, Sec. Il C, but would have to be
most likely to have a detectable concentration. Our owrconsidered for much larger drops. The other problem is that
thoughts are that the most promising natural material is thaihe maintenance of a small and constant Eq. (3), requires
found in carbonaceous chondrite asteroids, since they are,j, t0 increase as the square of the drop diameter, possibly
representative of the primordial composition of the solar systeading to non-laminar flow. Therefore without more design
tem, having not undergone any geochemical or biochemiceind experimental studies, our conservative conclusion is that
processes. Hence similar to the motivation of Joaeal.  the drop diameter is limited to about 3@m. This would
[13], our next search will be in meteoritic material from an lead to an increase of the mass search rate by a factor of 3
asteroid. compared to the 2Qum drops used in this experiment.

B. Remarks on further use of this new method .
2. Increase of drop production rate per column of drops

The purpose of the new meth¢d] used in this experi-
ment was to allow large drops to be used compared to the Let the drop production rate for a column of dropsrbe
classical method, thus increasing the rate at which we coulger second. Then the vertical separation between drops in a
search through a sample and also enabling the use of suspaoiumn isR=uv;, /n. The criteria in Sec. IV A 6 requir&
sions of more interesting materials. We have succeeded in0.62 mm. Usinguv,;,=2.0 mm/s, this gives an upper
doing this, using drops of about 2@m diameter compared limit on n of about 3 Hz. However our experience in this
to the approximately 10um diameter used in Halyet al.  experiment, Sec. Il C, strongly suggests that a maximum 1
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Hz rate is conservative practice, because of irregularities in 4. Correction for drop to drop interactions
drop production. It is clear that the primary constraint limiting the density
of drops achievable in the measurement chamber is that of
3. Increase in the number of drop columns Eq. (16). To reiterate, interaction between the drops due to

fheir induced electric dipole moment and viscous coupling
requires that there be a minimum separation allowable be-
B/veen drops. In the limit that these interactions are small,
oth of these effects can be calculated from first principles,
:Efr example as in Eq(15). In principle then, it should be

In this experiment we used one column of drops, howeve
the extension to many columns of drops is straightforward
Of course the horizontal separation between adjacent co
umns must meet the requirements of Efj6); a nominal
separation of 1 mm is useful for design purposes. The use
multiple columns requires two changes in the experiment
design, namely the number of pixels in the horizontal direc-
tion in the CCD array must he mcrease_d and the space b equires further study, it is not clear to what ext@tan be
tween the electric field plates must be mcreased._The Iattqreduced and throughput increased.
requirement means the alternating potential applied across
the plates must also be increased to keep the electric field
constant.

Existing 10 Hz frame rate CCD cameras limit the number Putting these estimates together we can see how to
of columns to three but improvements in these cameraachieve an improvement on the order of 10 times the present
would probably allow five columns. The corresponding in-mass per second search rate using existing CCD cameras.
crease in the electric plate spacing and the potential differFuture cameras will probably allow a factor of 15 improve-

ossible to subtract the effect of these perturbing forces from
he measured trajectory of each drop. Given this, it would be
ossible to relax the constraint dd Since this possibility

5. Summary

ence is straightforward. ment.
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