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A high sensitivity experiment was done to detect free quarks produced in 

collisions of 800 GeV/c protons with a heavy target at Fermilab. Two quite 

different, high concentration methods were used to obtain a small drop of Hg 

containing any produced quarks which stopped in a large amount of material. 

Using a new technique, secondaries were stopped in Hg tanks and the Hg was 

then distilled to small drops. In a second method, secondaries were stopped in 

liquid nitrogen tanks, and charged atoms were collected electrostatically on Au 

coated electrodes. The Au coatings were dissolved in Hg. The Hg drops from 

both techniques w·ere then tested for quarks in the San Francisco State 

University automated Millikan apparatus. These results show that charged 1/3 

quarks are produced below levels of 1.2 x 1 o-1 o at 90% c. I. for both methods . 

Upper limits are also presented for charged 2/3 quarks. The distillation 

technique should prove useful in performing high sensitivity quark searches in 

future beam dump experiments. 



I. INTRODUCTION 

The San Francisco State University (SFSU) automated Millikan drop 

apparatus provides a well-established method for testing bulk Hg for free 

quarks. It has been successfully used in high sensitivity searches1,2,3 for quarks 

produced at accelerators and for quarks trapped inside bulk matter. This 

procedure complements direct counter experiments which look for quarks 

produced at accelerators. We present here the results of an experiment (E747) 

at Fermilab which searched for ~ree quarks produced at the Tevatron in 800 

GeV/c proton collisions with heavy target nuclei. In addition to an electrostatic 

concentration scheme which has been described in several publications, we 

describe a new high concentration method which involves the distillation of Hg 

from tanks which have stopped secondary particles. Only one particle which 

could be interpreted as a fractionally charged particle was found. However, its 

production rate is consistent with known background. Therefore, no evidence of 

fractional charge can be found. Preliminary results4 from this experiment have 

been discussed. 

As there is impressive experimental evidence and theoretical bias 

against the existence of free quarks,s.s most particle physicists have accepted 

the idea of quark confinement within QCD. Nevertheless, the only proof on 

confinement is the fact that free quarks have not been yet observed. New high 

sensitivity experiments must be done when appropriate new opportunities arise, 

such as the commissioning of a new accelerator where a new threshold could 

be passed. Clearly, the consequences of finding free quarks would be of 

immense importance. 

Theoretically, it is widely believed that unbroken non-Abelian gauge 

theories confine the charges of the local symmetry group. However, it is not 
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possible to determine definitely from present theoretical and experimental 

results if the exact local symmetry in nature is SU(3)color x U(1 )em· If this theory 

is exact, color is confined and consequently, no free quarks cari be produced. 

Models have been produced in which SU(3)color is spontaneously broken and 

color is not an exact local gauge symmetry. Here free quarks could be 

produced in certain experiments and yet not violate the present experimental 

constraints. In fact, it was suggested that the production of free fractional charge 

might be greatly enhanced in relativistic heavy-ion collisions as compared to 

elementary particle collisionsJ.a The environment of a quark-gluon sea created 

in the heavy-ion collision would enhance the separation of a particle with 

fractional charge from the remaining colored fragment by maximizing the quark 

density that can be achieved. It might be possible to create a similar 

environment with large A nuclei in proton-nucleus collisions. 

The signature of a quark produced at an accelerator may be very 

different from that of a typical hadron. De Rujula eta/. argued7 that after a quark 

is produced it would capture nucleons as it passes through a detector. Since a 

bare quark could have a net color charge, its interaction with matter could be 

significantly stronger than a typical hadron. Therefore, its signature could be a 

particle with varying electric charge to mass ratio. Such characteristics are very 

difficult to detect with conventional detectors, so many previous accelerator or 

cosmic ray experiments would have missed such a signature. In addition, 

refined material, which has been used in many bulk matter experiments, might 

have been depleted of its original quark content during its production process.9 

The SFSU apparatus can detect free quarks with charge of l4/3le in 

addition to 11 /3le or l2/3le where e is the charge of an electron. In fact, any 

fractionally charged particle can be measured, as long as its residual charge is 

outside the resolution for measuring integral charge. Thus, exotic objects such 
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as hadronic color singlets and lepto-quarks can be detected. However, as we 

have assumed in our Monte Carlo calculations that quarks stop via the strong 

interaction, the quoted limits must be modified for exotic processes which have 

much weaker quark-nucleon couplings. 

In this paper, we define free quarks as any strongly interacting 

fractionally charged particle. Charges are measured in the unit of "e". 

II. EXPERIMENTAL DESIGN 

As Fermilab entered a new fixed target energy regime with its 800 GeV/c 

Tevatron program, our collaboration undertook a quark search experiment to 

explore this region with a high statistics proton-nucleus experiment. 

Experiments10,11 have been done for pp collisions at the higher energy of the 

SPS collider with much less sensitivity than can be done with our method. 

This experiment was designed to avoid problems that many quark search 

experiments have had by using bulk matter to capture any produced quark 

independent of the details of the production mechanism. Bulk matter has the 

additional advantage that essentially the full intensity of an accelerator can be 

directed into the targets. Since quarks are stable because of charge 

conservation, the analysis of the stopping material, including the target, can be 

done later in a laboratory. 

Ill. SEARCH FOR QUARKS. TRAPPED IN MERCURY 

Our experiment consists of four stages: 1) production of secondaries in 

collisions of the beam with heavy target nuclei, 2) stopping of the secondaries in 
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tanks of liquid Hg, 3) concentrating any stopped quarks into a small (about 10 

mg) drop of Hg, and 4) testing this Hg drop for quarks using the SFSU Millikan 

apparatus. 

Four steel cylinders filled with mercury were centered in an 800 GeV/c 

primary proton beam line. The integrated intensity was 1.0 x 1015 protons on 

target. Each cylinder, whose diameter was 16 em and length was 10 em, 

contained 1.50 liters of mercury. The tanks were filled almost to the top with Hg. 

An air gap of about 4 em was left to allow for expansion of the liquid due to 

beam heating. The geometrical arrangement is shown in Fig. 1. In order to 

sample different depths of the hadronic shower, 10 em of lead were 

interspersed between each of the mercury targets to slow any produced quarks. 

The exposure to the beam lasted for 2.5 weeks. The temperature was 

monitored for each of the tanks. The highest temperature reached was 56.7° C 

for the first tank when the beam intensity was about 3 x 1011 for a spill which 

occurred once every 60 seconds. The temperatures of the other tanks 

decreased monotonically. The temperature of the last tank was significantly 

over the room value. After the exposure, the steel tanks was monitored by 

measuring the radioactivity of the steel to confirm that the beam hit the tanks in 

the center. 

As the SFSU Millikan apparatus can only measure material whose mass 

is of order milligrams, it is necessary to concentrate any quarks in the original 

volume of mercury to a much smaller volume. We decided that the best way is to 

use distillation apparatus to concentrate the exposed mercury. 

The most significant argument for quarks remaining in the residue when 

Hg is heated is that a "quarked" atom will be attracted to its neighboring atoms 

through its image charge. 9 The quarked atom cannot be neutralized by other 

integrally charged atoms. The attraction of the image charge holds the quarked 
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atom within the sample of Hg when the sample is gently heated during the 

process of distillation, as long as the kinetic energy of the atoms are less the 

binding energy of the image charge. Thus, while the Hg is heated the normal 

atoms of Hg will escape, leaving the fractionally charged atoms in the liquid. 

A more speculative argument can be made using the chemistry of the 

quarked nucleus. Lackner and Zweig12 have shown that when a quark attaches 

itself to a nucleus the new atom will have different chemical properties. The 

difference can be viewed as a translation of the chemical properties in the 

periodic table. They have calculated new electronegativities for quarked atoms 

and identified the closest element that has a similar value. For instance, if a -1/3 

quark is captured by a Hg atom it will behave like a Cd atom while a -2/3 quark 

would change a Hg atom to behave like a Sr atom. Since all of the neighbors of 

mercury and most of the other elements have much higher boiling points, the 

chemical shift would result in the quarked atom that has a much lower vapor 

pressure and therefore would stay in the residue when heated. Therefore, from 

all of these arguments, we conclude that heating the mixture of mercury and 

quarked atoms should selectively remove the mercury atoms from the sample 

and leave the quarked atoms in the residue. 

Due to the high radioactivity of the Hg, distillation was not started until 12 

months after the exposure. First, approximately 700 ml of Hg was transferred to 

the distillation still and then slowly heated to about 300° C under vacuum. 

When the residue was reduced to a volume of 15 ml, the heat was removed. 

After a short time, the residue was transferred to a smaller distillation flask. 

Using the same procedure, the residue was heated until a few milligrams of 

material were left. During this procedure, the Hg was held well below the point 

where it would boil. This residue was later examined in the SFSU Millikan 

apparatus. 
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The mercury in the four tanks was distilled by a factor of 3.3 x 1 os, 4.0 x 

1 os, 6.0 x 103 and 3.91 x 1 os respectively. The reason for the large difference 

in the distillation factor between the tanks was due to the different purity of the 

original samples and the desire to measure at different concentration levels. In 

addition, some undistilled mercury was measured for trapped quarks . 

A. Tests of Distillation Procedure 

The concentration of fractional charged objects in the mercury distillate 

compared to the undistilled mercury has been estimated from four different 

measurements: 1) mass concentration, 2) y-spectrum measurements using the 

Geli detector, 3) y-ray spectrum measurements from the Nal, and 4) specific 

activity measurements. 

The first method is straightforward. The mass of the initial undistilled 

samples (typically a few kilograms) and the mass of the final residue (typically a 

few milligrams) were measured. Assuming that no fractional charges are lost in 

the distillation, the ratio of the mass of the initial sample to the mass of the 

residue is the concentration. 

Tests 2-3 have a critical assumption that the quarked atoms distill similar 

to the metallic contaminants which are produced by the bombardment of the 

mercury by the proton beam. The radioactive decay of ·the metallic 

contaminants is used to measure the concentrations in the undistilled and 

distilled samples. 

Using a Geli detector, the gamma spectrum from the undistilled Hg and 

the residue from the distilled sample from tank 2 were measured. Fig. 2 shows 

these two measurements. The y-ray lines were measured for the residue and 
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for a similarly sized drop from the undistilled Hg. In the undistilled sample, 

203Hg, which was the created by the proton beam, and room background 

isotopes, such as 40K, 214Pb, and 236Ra, which were produced by radiation 

from impurities in the detector or from the adjacent environment can be 

identified. However, the residue contained significant quantities of 194Au, 

195Au and 110Ag. These elements could be measured in the residue as they 

were concentrated during the distillation procedure. An upper limit for the 

195Au distillation was estimated by comparing the number of counts in the 

residue produced by the decay of 195Au to the maximum plausible number of 

counts above background in the undistilled sample. From this data, we can 

estimate that 195Au was concentrated by a factor gre~ter than 4.2 x 1 os. The 

volumetric measurement for the sample used in method 1 was 4.0 x 1 Q6. 

Method 3 used a Nal spectrometer to identify the ratio of the amount of 

the isotope 203Hg to Au in both the distilled and undistilled sample. A Nal 

spectrometer was used to identify 203Hg through its B-decay to 203TI from the 

characteristic y-ray and accompanying x-rays. The ratio of the dominant 

metallic contaminants (assumed to be gold) to 203Hg showed that over 80% of 

the gold was removed from the distillate and presumably remained in the 

residue. 

Method 4 is complementary to method 3 but also in slight disagreement. 

In method 4 the total activity of similar mass samples of undistilled, distillate and 

residue are measured. The concentration of the specific activity was measured 

for two samples to be 52% and 57% of that of the volume concentration, 

indicating that only about 50% of the gold was retained in the residue. 

Thus, we consider a reasonable estimate on the efficiency of 

concentrating fractional charges to be 50% of the amount measured by volume 
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(or mass) ratios between undistilled and final residue. This value is included in 

the upper limit calculation. 

B. Analysis of Residue from Distillation 

Once the Hg was concentrated, it was tested in a Millikan type apparatus 

. which has been described in our previous publications1-4. The device has an 

electrically biased mercury dropper which produces small drops of mercury 

which fall between two electrically charged plates. The polarity of the electric 

field is switched two times while the drop passes through the plate. 

Measurements are recorded by computer when the drop passes the slits. Using 

these measurements, calculation of the terminal velocity and thus the net 

charge can be made. Consistency checks which include charge changing 

during the measurement, drop radius and multiple drops are made for each 

measurement of charge. 

Fig. 3 shows a fitted residual velocity curve that was measured from a 

typical drop. The velocity is fitted in the three different regions shown on that 

curve. The curve shows the difference between the fitted and the measured 

velocity. In the first region, the drop falls and reaches terminal velocity. The first 

arrow shows when the sign of the electric field is reversed. After a short time, 

the drop again reaches its terminal velocity. At the second arrow the field is 

again reversed. After passing a few more slits, it reaches its terminal velocity. 

For this particular drop the measured charge was 19e. The net charge 

resolution for the apparatus was measured to be about 0.04e for these series of 

runs. The total mass of mercury processed before this experiment was run is of 

order of milligrams . 
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From the mercury tested, a total of 230 Jlg of Hg from the third tank, 47.3 

Jlg of Hg from the fourth tank, 5.6 Jlg from the first tank passed all tests. These 

tests included checks for charge-changing, multiple drops, and good X2 for fits 

to the velocity. A total of 65,713 drops passed these preliminary online and 

offline cuts. From this sample there were five events that had a significant 

residual fractional charge. 

In order to determine whether an event is truly a fractionally charged 

particle, the characteristics of it were carefully compared to other events 

measured at approximately the same time. The most sensitive test for trajectory 

errors is to examine the deviation from the average of the residuals from a fit to 

linear velocity plus exponential field change damping. From this information, 

we can then determine the residual between fit and data. The residuals of all 

events that have a measured fractional charge are examined with the average 

distribution for charged drops whose charge is very close to the event in 

question. Fig. 4 shows the velocity distribution for one, R071 0039.213, of the 

five candidate drops with fractional charge. To make a more detailed analysis, 

it is necessary to examine the deviation from the average residual for this drop 

which is displayed in Fig. 5. The average residual is the deviation from the best 

fit to the trajectory of the drop which is measured at each slit. Also, on this 

figure, is the residual plot for an integrally charged drop that had almost the 

save change and that was measured in the same run. Notice, the significant 

deviation in R071 0039.203 around slit 45. The reduced x2 of the deviation of 

the residual for this event (2.25), which is shown in Fig. 6, is more than 3 

standard deviations higher than the average event (1.0 ± 0.4). Because of its 

significant deviation from the average residual, this event is rejected from the 

final analysis data set. 
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Similarly, another event can be rejected as its radius is significantly 

different from neighboring events. Finally, we arrive at three fractionally 

charged candidate drops that pass all tests. The residual charge of all drops 

that passed these final tests is shown in Fig. 7. Two of the events near (1/3)e 

were subsequently identified as a "test quark". "Test quarks" are events that 

have their charge displaced randomly by either ±(1/3)e or by ±re by the data 

acquisition computer. The variable r is a positive number less than 1. These 

test quarks are generated, so that we can measure the efficiency of the analysis 

procedure in detecting quarks. These two events were the only test events that 

were generated and therefore the detection efficiency for quarks is 1 00%. Due 

to these small statistics, we take the value of 80% which is derived from this and 

previous runs. 

·At this stage in the analysis, one candidate for fractional charge, 

R071 0052.322, remained near residual charge 1/2. Event R071 00052.322 

showed no evidence for anomalous deviation from the average residual (X2 is 

1.3). However, this drop is from a sample of very high concentration and 

· radioactivity and consequently the run contained numerous charge changes. In 

fact, 1 drop in 5 was rejected as a charge change by examining the change in 

its initial and final velocities. The apparatus is sensitive to a charge change 

over about 60 slits. However, the probability of a charge change at one field 

reversal and an equal and opposite change at the other reversal is significant. 

In fact, if a change occurs within 3 slits of the field change then such a change 

cannot be detected. The probability of such a change is then 

(1 /5)(3/60)(1 /5)(3/60)(1/2) or 1/20000. We have measured a total of 12,000 

drops and thus have about 50% chance of having a double opposite charge 

change around the field switches. 
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Furthermore, Monte Carlo studies have shown that opposite charge 

changes at field switching produces fractional charges of 0.45e or 0.55e with a 

spread equal to the run resolution and that event R071 00052.322's individual 

velocity segments are consistent with velocities from integral charges. Thus, 

although event R071 00052.322 cannot be rejected, the measurement of a 

fractional charge for that event is consistent with the hypothesis that an opposite 

change happened. Consequently, we conclude that this event is probably 

produced by a double charge change on an integrally charged drop and should 

not be identified as containing a fractionally charged particle. 

C. Monte Carlo Calculation of Quark Stopping 

An estimate of the bound on the inclusive quark production rate requires 

a model for quark production, and a model for hadronic quark scattering. The 

Bethe-Bioch formula13 is adequate for estimating the energy loss from the 

electromagnetic interactions of a fractional charge. We have written a Monte 

, Carlo program to estimate the efficiency of the tanks to stop a produced quark, 

and varied several parameters of a model for quark production and scattering 

over a reasonable range of values. These calculations should be good enough 

to estimate the bounds of the production cross section of fractional charge 

within an order of magnitude. 

The first step of the calculation is to Monte Carlo where the primary 

beam-target collision occurs in the apparatus. We compute the mean free paths 

for the incoming proton beam using as the inelastic cross section, 14 

O'inel = 7.8 [Ap 113 +At 1/3 -0.9]2 mb (1) 
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where Ap is the number of nucleons in the projectile and At is the number in the 

target. When an interaction occurs, a single charged quark is produced. 

If quarks are produced in high energy collisions, it is reasonable to 

assume the collision is central and to use a standard hadronic interaction1s 

model. Thus, we assume an isotropic inclusive quark distribution in the center­

of-mass frame of the beam and target nucleus. As only a fraction of the target 

nucleons could be involved in this collision, we define an "effective" target mass 

in defining the center of mass. The effective mass of the target nucleus is one of 

the parameters that are varied. 

We select an exponential distribution for the quark produced in the 

proton-nucleus collision. This distribution has a high tail, in order to be 

conservative about the angular distribution of the produced quark. For 

simplicity of calculation, we select the distribution in the center of mass frame, 

N(k)d3kf~2e = exp[--v'Skl (kr2) 112]k2dkdQ (2) 

where (kr2)1/2 is the RMS value of the transverse momentum in GeV/c, and k is 

the magnitude of the 3-momentum in the CM frame, also in_GeV/c. 

From Eq. (2), we obtain the momentum and direction of the quark in this 

frame, which we then Lorentz transform to the laboratory frame. The quark 

propagates in a straight line through the various elements of the primary target 

and collection apparatus until it either scatters by its strong interactions, losing a 

fraction of its laboratory energy, or it slows down electromagnetically by dE/dx 

according to the Bethe-Biock formula. When the velocity of the particle reaches 

0.03c, the lower limit for validity of the Bethe-Biock formula, the quark is stopped 

and then captured by a nucleus. 

The hadronic interactions of the quark are also assumed to be central 

with the distribution used in Eq. (2). Of course, it might be expected that quarks 

have a cross section for scattering peripherally but such contributions were 
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neglected. The mean free path for a quark-nucleon interaction is defined by a 

third parameter, crq. which is the quark-nucleon total inelastic cross section. 

Typically, we assume crq is 5 or 20 mb/A in the target and ignore nuclear 

shadowing. These parameters can be rescaled, if it is assumed the cross 

section goes as A213. For example, 5 and 20 mb should be replaced by 29 and 

117mb/A for Hg and by 12 and 48mb/A for interactions with N2. 

It is necessary to define the center of mass for the quark-nucleus 

scattering, so we must assume a quark mass and again an effective target 

mass. We have taken a variety of quark masses: 1, 5 and 10 GeV. The 

calculations have been carried out for two values of (kT2)1/2 at 0.5 GeV/c and 

2.0 GeV/c. Table 1 shows the probability for quark stopping for several of these 

assumptions. For the purposes of calculating an upper limit, we chose the 

values for a cross section of 20 mb. A quark charge of 1/3 which has an 

absorption probability of 0.036, 0.038, 0.034 and 0.014 for the four tanks 

respectively; while a quark charge of 2/3 gives an absorption probability of 

0.040, 0.054, 0.029, and 0.017. 

If the charge were higher than the assumed (1 /3)e, then quarks would be 

slowed down faster and thus more quarks would be stopped. Changing the 

charge to 2/3 results in a stopping fraction of quarks of only a little more than the 

1/3 quark values. This factor is much less than the factor of 4 which would come 

if the z2 electromagnetic stopping is the most significant process. 

Consequently, the hadronic inelastic cross section is the dominant mechanism 

in this model. 

From this data, an upper limit at 90% confidence level for 1/3 charged 

quark production from 800 GeV/c protons can be set at 1.7 x 10-10 quarks per 

incident proton for the first tank, 0.2 x 10-10 for the third tank and 4.5 x 10-10 for 

the last tank. Combining the data from the tanks yields an upper limit of 1.2 x 

14 



~) 

~' 

1 Q-1 o. The limit for 2/3 charged quarks is 1.1 X 1 Q-1 o. Using the numbers in 

Table 1, one can scale these limits for other assumptions on quark-nucleon 

interactions. 

The nominal values for the parameterization of the quark-nucleus 

interaction that we choose to use in the acceptance are very conservative. As a 

quark would have a bare color charge, the strength of the interaction may be 

much stronger than a nucleon-nucleon interaction and consequently the 

calculated upper limits should be much tighter than are quoted in this paper. 

For instance, in the model? of De Rujula eta/. where quarks have an extremely 

large interaction, the our limits would be at least an order of magnitude more 

sensitive. 

IV. SECOND METHOD - TRAPPING QUARKS IN LN2 

A complementary method to trapping quarks in mercury was used in a 

second run. This method has been described in several publications. In a 

previous experiment2, CCI4 was used to slow any produced quark and a 

charged fiber was used to trap it. For the present experiment because of the 

safety problems with handling CCI4, it was initially decided to use a simpler and 

less dangerous polar liquid. At first, Freon-113 (CCI2FCCIF2) was chosen. 

However, chemicals (most probably related to H and F ions from disassociating 

Freon atoms during the run) were produced which dissolved the quartz 'fibers. 

The next choice was to use liquid N2 in insulated tanks. 

The principal idea behind this method is that once a quark stops, it 

becomes captured by a neighboring nucleus. The resulting quarked atom is 

electrically charged and cannot be neutralized by the surrounding, integrally 
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charged atoms. Consequently, the quarked atom will be attracted to one of the 

charged wires. After the quarked atom reaches the wire, it will be trapped on 

the surface of the wire through its image charge. 

In this run, the proton beam struck a 10 em thick lead target. A quark, 

produced in the interaction, could stop in one of the four nitrogen tanks whose 

layout is shown in Fig. 8. Each tank was constructed of 6.4 em thick styrofoam 

with a stainless steel tank in the center. The dimensions of the steel tank were 

46 em by 20 em in the horizontal direction and 37 em in the vertical direction. 

Two charged wires were placed in each tank. These wires, which consisted of 

a 125 ~m quartz fiber surrounded by about a 200 A layer of gold, were held at 

potentials of 5000 KV and -5000 KV while the outer steel tank was held at 

ground potential. 

The field configuration was selected to allow a collecting time on the 

order of minutes for N2 atoms with a residual charge of 1/3. In laboratory tests, 

we could see macroscopic particles drifting toward the electrodes, while 

presumably neutral particles remanded stationary. So, the effect of collective 

motion of the liquid resulting from electroconvection16 does not reduce the 

collection efficiency of the electrodes. 

The tanks were filled to within 2.5 em of the top of the steel container and 

the voltage turned onto the wires about 2.5 hours before the first beam particles 

struck the detector. The exposure lasted for 6.0 hours with a total flux of 4.1 x 

1 013 800 GeV/c protons on target. After waiting 1.5 hours, the voltage was 

disconnected and the wires were removed from the LN2. The LN2 level 

dropped a total of 13 em. About 3 em can be attributed to energy deposited by 

the beam; while the rest of the loss can be attributed to evaporation caused by 

heat from the environment. 
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Immediately, after the exposure, the wires were removed from their 

holders and then moved through a small bead of mercury, so that the gold 

containing any trapped quarks was transferred to the Hg bead. A total of four 

beads were used, so that each bead contained the residue from two wires. 

Measurements, at the time of the extraction, showed that the wires were 

significantly more radioactive than the surrounding material. When the wires 

were rinsed, the radioactivity was transferred to the Hg. As the radioactivity of 

the bead was sufficiently higher than the surrounding material, the ability to 

attract particles was demonstrated. Furthermore, visual observation of the wires 

under a microscope showed that more than 95% of the gold on the wire was 

transferred to Hg. Folding in the field configuration of the tanks, the efficiency of 

this process to capture and trap charged particles can be estimated to be about 

50%. 

Measurements17 on trapping of charged atoms on a metallic surface 

have been done at University of California, Irvine (UCI) for a check of a double 

beta decay experiment1B by observing the decay of daughters 222Rn. This 

chain was introduced into the gas volume of a Time Projection Chamber (TPC) 

through the alpha decay of a 222Rn atom to 218Po. The 218po atoms, which are 

most probably positively charged, became attached to an aluminized mylar 

surface which was held at -1 KV. The captured 218Po decays to 214Pb via 

alpha particle emission. Then, the 214Pb nucleus (t112 = 26.8 m) decays by 

emitting an electron to 214Bi (t 112 = 19.7 m) which also decays via emission of a 

beta particle. 

The UCI group found using their TPC that the efficiency to detect both the 

214Pb and 214Bi decay at the same location was greater than 90%. Accounting 

for the misidentification probability of detecting the first decay and the efficiency 

to detect the second, they believe that their data are consistent for 100% 
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trapping of the 214Bi nuclei for a time scale of at least an hour. These results 

reinforce the hypothesis that once a quarked atom sticks on a wire, it becomes 

trapped. 

A. Analysis of Hg Beads 

The four Hg beads were brought to the SFSU Millikan experiment to 

determine, whether any fractional charge was captured using the same 

procedure ~o look for quarks that was previously described in this paper. The 

beads were combined and 1/2 of the mercury was dissolved in triple distilled 

mercury to make a sample of 7.0 mg. It was necessary to dilute the sample, in 

order that the sample could be inserted safely in the Hg dropper. From that 

amount, about 213 Jlg of material were processed. The charge distribution for 

the 46,310 measured drops, which is shown in Fig. 9, shows no event which 

cannot be explained by integral charges. 

B. Stopping Efficiency of the N2 Tank$ 

The stopping efficiency of the tanks was calculated using the same 

Monte Carlo simulation which was previously described in this paper. Table 2 

show the stopping acceptance under various assumptions. For the purpose of 

calculating the stopping efficiency, we assume that quarks are produced with an 

average transverse momentum, (kT2)1/2 of 0.5 GeV/c, have an inelastic cross 

section of 20 mb, strike a target of mass 1.0 GeV/c and have a mass of 1 GeV/c. 

These assumptions lead to a stopping efficiency of 0.078 for charge 1/3 quarks. 
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If (kT2)1/2 were 2.0 GeV/c, then the stopping would decrease by 35%. The effect 

of having an increased (kT2)1/2 is usually insignificant except in the regions of 

low quark mass and high target mass where the stopping is reduced to a 

maximum of about 1/3. The stopping using the nominal assumptions for a 

charged 2/3 quark is 0.118 which is about 50% higher than for a 1/3 charged 

quark. 

Using the incident proton flux on the target of 4.1 x 1 Q13 and the 

previously described efficiencies, we find that the upper limit is 1.2 x 1 o-1 o 

Charged 1/3 quarks per proton interaction and 7.7 X 1 Q-11 Charged 2/3 quarks 

per proton interaction at the 90% confidence level. 

V. CONCLUSIONS 

In summary, no evidence for fractional charge has been found in 800 

GeV/c proton-nucleus collisions. From this experiment, upper limits using two 

different methods of trapping fraction?! charge can be determined. Analyzing 

an irradiated target of mercury yields a limit for charged 1/3 quarks of 1 .2 x 1 Q-1 o 

quarks per proton interaction at 90% confidence limit; while a method using 

electrostatic attraction of quarks to a gold plated wire results in an upper limit of 

1.2 x 10-10. The results for charged 2/3 quarks are 1.1 x 10-10 and 7.7 x 10-11 

respectively. 

The new method for collecting quarks by trapping them in mercury and 

then concentrating them by evaporation is very powerful. Highly interacting 

fractional particles can be collected and measured with a very high sensitivity. 

This technique is well suited for fixed target experiments as essentially the 
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whole intensity of an accelerator can be passed through the passive mercury 

targets. 
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Figure Captions 

Fig. 1. Top view of the experiment for irradiating the Hg tanks. A number refers 

to the Hg tank label to which is referred in the text. The shaded rectangles are 

lead attenuators which were used to slow down quarks. The striped circles 

represent a cylindrical container which was filled with Freon-113. 

Fig. 2. y-ray spectrum for the mercury exposed to the 800 GeV/c beam: a) 

shows the spectrum from a drop of the undistilled sample from tank 2, while b) 

shows the spectrum from the tank 2 residue. The only significant y--ray lines in 

a) are from 203Hg and from background processes; the y--ray lines in b) are 

produced by those isotopes concentrated in the distillation procedure. Several 

of the identified lines are lableled. The symbol "e" refers to the line produced by 

internal conversion. 

Fig. 3. The measured velocity minus the fitted velocity is shown for a typical 

drop. The unit of velocity is arbitrary. The arrows indicate the location of the 

. drop when the field was reversed. In this figure, the fitted velocity was fitted 

independently in each of the three regions. There was no term which described 

the region where the field was changing. 

Fig. 4. The velocity distribution of the drop R071 0039.203. The two arrows 

show the location where the field was changed. 

Fig. 5. The solid line shows the difference between the measured and fitted 

velocity for drop R0710039.203. A similar curve for a measurement with nearly 
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identical charge is shown as a dashed line. For this plot, an exponential curve 

was used to parameterize the region where the electric field changed. 

Fig. 6. Histogram of the x2 distribution for drops that have closely measured 

charge to event R071 0039.203 from the same run and three nearby runs. The 

dashed line shows the x2 for event R071 0039.203. 

Fig. 7. A histogram of the measured residual charge for drops which passed all 

acceptance tests for the distilled mercury. The two arrows show the expected 

position for residual charge for any drop which contains a charged 1/3 or 2/3 

quark. The one event at residual charge 1/2 can be explained as a background 

event. The other two events, which are indicated by dashed lines, are test 

events generated by the data acquisition computer. 

Fig. 8. Arrangement of liquid N2 tanks for the second phase of the experiment. 

Each tank contains two wires which were held at opposite high voltage. Each 

stainless steel tank was held at ground potential. 

Fig. 9. A histogram of residual charge for drops for the liquid N2 data set which 

passed all acceptance tests. The two arrows show the expected position for 

residual charge for any drop which contains a charged 1/3 or 2/3 quark. 
•· 
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Table 1: Fraction of Quarks which stop in Hg tanks 

Effective Target Quark-Nucleus Tank Fraction of Quarks stopped with mass: 
Mass (GeV) Cross Section (mb) 1 GeV 5GeV 10 GeV 

1 5 1 0.000 0.000 0.005 
2 0.015 0.017 0.029 
3 0.019 0.052 0.044 
4 0.018 0.062 0.064 

--~ 
4 5 1 0.006 0.013 0.006 

2 0.009 0.032 0.044 
3 0.007 0.043 0.046 
4 0.010 0.052 0.064 

10 5 1 0.011 0.017 0.010 
2 0.013 0.039 0.038 
3 0.005 0.028 0.060 
4 0.008 0.043 0.053 

1 20 1 0.036 0.030 0.035 
2 0.038 0.100 0.129 
3 0.034 0.075 0.092 
4 0.014 0.028 0.020 

4 20 1 0.068 0.054 0.033 
2 0.034 0.095 0.109 
3 0.026 0.058 0.079 
4 0.006 0.022 0.019 

10 20 1 0.065 0.067 0.044 
2 0.026 0.088 0.089 
3 0.020 0.049 0.058 
4 0.003 0.016 0.026 
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Table 2: Fraction of Quarks which stop in all LN2 tanks 

Effective Target Quark-Nucleus Fraction of Quarks stopped with mass: 
Mass (GeV) Cross Section (mb) 0.5 GeV 1 GeV 2GeV 

1 5 0.011 0.005 0.012 
2 5 0.007 0.004 0.019 
10 5 0.014 0.025 0.033 
100 5 0.010 0.024 0.036 

1 20 0.056 0.078 0.100 
2 20 0.042 0.086 0.137 
10 20 0.045 0.084 0.174 
100 20 0.035 0.078 0.143 

·~ Q 

5GeV 10 GeV 

0.010 0.018 
0.020 0.015 
0.052 0.045 
0.067 0.065 

0.150 0.179 
0.163 0.173 
0.191 0.249 
0.239 0.280 
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a) 1-ray spectrum from undistilled sample 
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