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An ion source and a charge spectrometer system have been used to search in solid, stable matter
for particles with nonintegral charge. Samples of niobium, tungsten, selenium, and meteorites were
searched for fractionally charged particles with effective nuclear charge Z =N + fe (N =0,1,...),
and Z =N + %e (N =0,1). No positive signal was observed and concentration limits are reported.

I. INTRODUCTION

It is generally assumed that quarks and antiquarks of
electric charge +1e, = Ze are fundamental constituents of
hadrons. Thus it is plausible that free fractionally
charged particle (FCP’s) might exist in nature, and many
experimental searches for such particles have been per-
formed.! New interest in searching for FCP’s has been
generated by reports of the observation of fractional
charges on superconducting niobium spheres by LaRue,
Phillips, and Fairbank.? Their results could indicate the
presence of FCP’s with electric charge modulo je at a
concentration level of at least 2 107 !8/Nb atom. It has
been pointed out that the fractional charges may be
transferred from tungsten during annealing of the niobi-
um sample, and larger concentrations of FCP’s may then
be expected in tungsten.?

Several groups have attempted to perform searches in
niobium at the sensitivity indicated by the results of Ref.
2. Some experiments have searched for FCP’s under the
assumption that the particles will diffuse out of niobium
at higher temperatures but will be trapped at lower tem-
peratures.* We reported some preliminary results on
niobium and tungsten,’® and an independent niobium levi-
tation experiment was performed by Smith et al.® All of
these efforts yielded negative results with sensitivity
exceeding that of Ref. 2.

In addition, several other groups have performed very
sensitive searches in other materials, again with negative
results.” Experiments carried out at San Francisco State
University with a modified Millikan oil-drop technique
have searched in 4 10' nucleons of refined mercury,
3.4 10" nucleons of water from a variety of natural
sources, and samples exposed to heavy-ion collisions at
the LBL Bevalac. Both room-temperature diamagnetic
and ferromagnetic levitation techniques have been used to
set very stringent limits by the Genoa group with, for ex-
ample, a limit of 1 FCP in 2 10%! nucleons established
for steel.

In this paper we describe our technique in more detail,
and report some new results on niobium, tungsten, seleni-
um, and samples of meteorites. Selenium was chosen be-
cause there was a previous measurement in the literature
which reported observation of charge Ze (Ref. 8). The
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meteorite samples were chosen because they are con-
sidered to be some of the oldest material available; some
of the meteorites exhibit isotopic abundances which are
distinct from those of terrestrial and lunar samples. If
free fractional charges did exist during the early stages of
the Universe, it is possible that they might still be found
among the remnants of the first matter to solidify from
the interstellar medium. An upper limit of 10~!7 FCP
per nucleon has already been set’ for certain samples of
meteorites and for FCP’s with masses less than 5
GeV/c?. Our search has covered a wider mass range and
has concentrated on samples with isotopic anomalies.

The Semarkona, Murchison CFO,, and Murchison
CFO/N meteorite samples were obtained from Yang and
Epstein of Caltech. A detailed isotopic analysis of each is
described in Ref. 10. The Semarkona meteorite contained
a component of deuterium-rich organic hydrogen with a
D/H ratio more than 80 times higher than the cosmic
value of 2 107>, This suggests that this meteorite con-
tains organic matter that formed before the formation of
the solar nebula at temperatures well below 100 K. The
other two samples were separates from the Murchison
carbonaceous meteorite (CM2 class). The CFO, sample
was a coarse-grained residue from a specified acid-
leaching procedure which also contains hydrogen of a
high D/H ratio, indicating a similar formation in inter-
stellar clouds. The other separate, CFO¢N, is a fine-
grained residue containing unusually high concentrations
of 3C-rich carbon. This material is thought to have been
produced through nucleosynthesis in red giant stars. The
other three samples were obtained from Papanastassiou,
also of Caltech. Murchison ME 2642 is a carbonaceous
chondrite of the type already discussed. Allende is also a
carbonaceous meteorite (CVB class); this meteorite is dis-
tinctive because it contains relatively large inclusions, en-
riched in refractory elements which are considered to be
early condensates of the solar nebula. Some of these in-
clusions contain correlated isotopic anomalies for several
elements (e.g., O, Mg, Si, Ca, Ti, Cr, Sr, Ba, Nd, Sm) and
also evidence for the in situ decay of extinct nuclides.
The Colomera is an iron meteorite which contains silicate
inclusions which have been dated at 4.6 10° yr (Ref. 11).
The age of this meteorite is approximately the age of the
solar system.
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II. GENERAL DESCRIPTION OF EXPERIMENT

The apparatus used in these measurements is shown
schematically in Fig. 1. A sputter source atomically
decomposes the sample and injects any sputtered ions into
a tandem electrostatic accelerator in a mass-independent
way. There follows a system of electrostatic analysis
which selects particles with a particular electrostatic rigi-
dity (kinetic energy per unit charge). The selected parti-
cles are stopped in a detector which measures their kinetic
energy. The selection of electrostatic rigidity, combined
with the kinetic energy measurement, determines the
charge.

The discussion of different charge-states is facilitated by
defining the parameter

q
R = E, Vi,

where Ey is the kinetic energy, ¢ is the final charge state,
and V' is the tandem terminal potential. Thus, we expect
integrally charged ions that strip from charge —1 to
charge + 1, +2, +3,... to correspond to R values of
1,%,3,... . For an FCP, we expect a — 1 (—2) particle
stripped to +Z (+ 1) in the terminal to have an R value
of 2 (+). Of course, the actual R values differ slightly due
to the contribution of the source injection energy to the
total kinetic energy. The selected charged particle finally
comes to rest in a detector which measures its kinetic en-
ergy. Hence the charge is determined by a combination of
the measured values of R and Eg.

A major concern was that the experiment should be as
mass independent as possible, since the mass of the FCP
is not known a priori. This required that all the optical
focusing elements on the beamline be electrostatic and not
magnetic.

Another important concern was that the sputter source
preferentially select FCP’s. It was assumed that the
FCP’s were present in the sample ab initio and the
sputtering process caused them to be ejected from the
bulk sample to a region where they could be swept away
by an electric field. However, this sputtering process also
generated secondary ions, which would give rise to a
background in the experiment. Thus, a magnetically ana-
lyzed 30-keV Ar™' beam was used to sputter the target in
an ultrahigh-vacuum (10~° Torr) environment. This
sputtering by a noble gas in a clean vacuum reduced the
secondary ion yield.

It was also important to be able to search for both signs
of FCP’s. Clearly the experiment required negative injec-
tion into the tandem accelerator. Thus, for positive
charges, electron attachment in a rubidium charge-
exchange canal was necessary. Simple chemistry argu-
ments indicate that certain particles will preferentially
come off positive and others negative in the sputtering
process. In either case our method requires that the FCP
be able to bind an electron.

Consider fractionally charged atoms (FCA’s) with
Z=N++and Z=N+3% N=0,1,2,.... A positively
charged FCA present on the sputtering surface will be
emitted as a negatively charged object if 4 X ¢, where A
is the electron affinity and ¢ is the work function. If

A = ¢, positive emission is more likely. This simple argu-
ment correctly predicts the favored charge states for nor-
mal atoms and ions. Lackner and Zweig have investigat-
ed the chemistry of fractionally charged atoms!? and, in
particular, have calculated the electronegativity and ion-
ization potential for any such atom in the periodic table.
Their results were used as a guide to the chemical proper-
ties of FCP’s. It is to be noted that by FCP’s we include
not only quarks but also diquarks, or more exotic objects
such as hadronic color singlets, leptons, or even quark
constituents.

A direct negative extraction search covers all the
Z =N + 2 possibilities, and that region of the Z =N + 1
periodic table'> where the FCP’s will be more likely to
come off the surface negatively charged. A positive ex-
traction search followed by charge exchange is sensitive to
those regions of the Z =N + 1 table not covered in the
direct negative extraction search.

III. EXPERIMENTAL APPARATUS

The method employed involved four steps (see Fig. 1):
(a) extraction of the FCP from the host sample and for-
mation of a negative ion; (b) acceleration of negative
FCP’s and stripping of an electron in a tandem electro-
static accelerator; (c) deflection of the (now positively
charged) FCP in a transverse electric field; and (d) mea-
surement of the kinetic energy in a particle detector.
Mass independence required both that the magnets at the
ion source, terminal, and exit of the tandem accelerator be
degaussed to the order of 0.5 g, and that as much as pos-
sible of the beamline be shielded with high permeability
magnetic shielding. Because the probability for charge-
changing collisions in the residual gas of the beamline was
proportional to the pressure, it was necessary that the vac-
uum pressure be ~5x 1078 Torr.

To extract FCP’s from a sample of solid stable matter,
a special ion source (see Fig. 2) was designed and built. A
sputtering beam of approximately 30 uA of magnetically
analyzed 30-keV Ar* was focused onto a 1-mm spot on
the target in an ultrahigh-vacuum environment. All sput-
tered ions were collected and accelerated through an ini-
tial extraction potential of ¥;. This ion yield exhibited a
plateau with increasing V, indicating 100% collection
efficiency. In addition, the aperture diameter in the ex-
tractor plate was varied to ensure that no ions were
skimmed off at this stage. Bucking coils reduced stray
magnetic fields in the extraction region to =10 mG. An
einzel lens focused the extracted particles, which then
passed through a 15° electrostatic analyzer. After the
analyzer was a rubidium-vapor charge-exchange canal
which was used only for positive extraction. Thus the
source could be operated in either of two modes. For
direct negative extraction the target bias, extractor lens,
and 15° electrostatic analyzer are tuned for negative parti-
cles. For positive extraction followed by charge exchange,
these three elements were tuned for positive particles.
The source emittance was calculated to be
~5000 7 mmmradeV!/%2.  Following the charge-
exchange canal was an accelerating column with a poten-
tial drop of ¥V, across it. The total injector bias was given
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by the sum of the target bias V| and the column bias V.
These potentials were typically about 8 and 70 kV, respec-
tively. Thus, a negative ion of charge —1 would have en-
ergy 78 keV. A directly extracted —2 particle would
have energy 52 keV. A directly extracted + 1 particle
which charge exchanged to —2 would have energy 49.33
keV.

The tandem accelerator used in the experiment was a
3-MV pelletron manufactured by National Electrostatics
Corporation. Its voltage stability on generating-voltmeter
(GVM) regulation was ~ 1:10*. The GVM was calibrated
at 496 kV by means of the 992-keV resonance in the
2’Al(p,y) reaction. A gas stripper (both H, and N,)
pumped by titanium sublimator pumps was used for
charge exchange in the terminal. The value of the termi-
nal potential for this experiment was determined by two
constraints. The transmission efficiency through the
machine improved at lower energies. However, the detec-
tor background increased at lower energies so the
compromise value of 2 MV was chosen for the R =1
measurements. The R =2 search had a 3.4-mgcm~?
aluminum detector window and so, to increase the range
of the particles, the terminal potential was set to 3 MV.
In searching for Z =1 or 2, maximal stripping of the sin-
gle bound electron was achieved by using N, stripper gas.
For other particles, however, the gas used was H,. This
reduced multiple scattering effects and increased the prob-
ability for stripping only one of the bound electrons.

The two-stage electrostatic analysis system at the high-
energy end was designed to have a resolution of ~0.2%
for 2-MeV ions. The first stage was a single set of parallel
plates of length 30 cm, gap 3 cm, and produced a
deflection of 2.5°. There followed a drift of 1 m to a
second stage. This second stage had two sets of parallel
plates, each of length 50 cm and gap 3 cm. The total
deflection of this second stage was 8°. The plate voltages
were balanced so that there was zero potential midway be-
tween the plates. When tuned for R =1, the R =1, 1,
etc., beams did not get past the variable horizontal slit S2
(cf. Fig. 1). A fixed slit of width 1.27 cm between the two
sets of plates in the second stage of analysis had the func-
tion of eliminating any halo which would hit the plates.
This slit also put a vertical limitation of 1.90 cm on the
beam. To eliminate particles which had scattered from
plates in the second stage, a variable slit S3 was posi-
tioned just after this stage. Further down the beamline
there was a fixed collimator of diameter 5 cm to eliminate
scattering from the inside of the beam pipe. After the
second stage of electrostatic analysis, there followed a
drift of length 5.5 m to a 0.5-cm aperture in front of the
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FIG. 1. Schematic diagram of the experimental apparatus.
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FIG. 2. Schematic diagram of the FCP source.

detector station. This aperture served to define the resolu-
tion in electrostatic rigidity. The settings for the object
slits S'1 and horizontal slits S2 and S3 were obtained us-
ing known mass beams from the cesium source, and by
demanding that all particles with masses greater than 200
MeV/c? be transmitted through the system. The high-
energy quadrupoles and electrostatic analysis system were
computer controlled, which enabled the easy and precise
scaling from one charge state to another.

Because the experiment demanded the detection of
heavy ions with MeV energies, it was necessary to cali-
brate all detectors for pulse-height defect. This calibration
agreed with existing prescriptions'> at the 1-2 % level.
We employed two separate detection systems in these
measurements. For highly ionizing particles with range
less than 20 pum in silicon, a heavy-ion-type Si detector
was used. It had an active area of 100 mm? and a sensi-
tive depth of > 60 um at a bias of + 100 V. It was found
that the major source of background in the region of in-
terest, i.e., 0.5-3.0 MeV, was from room ¥ rays interact-
ing in the depletion region. Thus, the detector was
operated at a bias of + 33 V and surrounded with 5 cm
of lead shielding. This resulted in one background count
every 4 h in the region from 0.6 to 2.1 MeV.

For lightly ionizing particles a three-stage E—-AE detec-
tor was used, consisting of a gas detector (GAS), a 500-
pum Si detector (Sil), and a 60-um partially depleted
detector (Si2). The gas detector was 30 cm in length and
was filled to a pressure of 8 Torr with isobutane. The en-
trance window to the gas detector was 20 ugem™2 of
Formvar, constructed of three layers of equal thickness.
The thickness of the window was measured using the
5.486-MeV « line of *'Am. The gas AE detector was a
gridded ionization chamber. The Frisch grid was con-
structed from 20-um gold-plated tungsten wire mounted
on a brass frame. The anode was biased at + 300 V and
the grid at + 150 V. The E detector was mounted in the
volume of the gas detector, and was a 500 um totally dep-
leted Si surface barrier detector. All known stable parti-
cles would stop in the GAS or Sil. However, certain
types of observable FCP’s could penetrate both and to
detect these, Si2 was placed after the GAS and Sil detec-
tors. It was a 60-um partially depleted silicon detector
with an applied bias of + 50 V. The main source of
background in the GAS-Sil-Si2 detector system was the
interaction of cosmic rays in the 500-um-thick depletion
region in the Sil detector. Thus, the gas detector was sur-
rounded on four sides by 0.64-cm-thick plastic scintillator
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paddles. The addition of this cosmic veto reduced the
cosmic-ray-induced event rate by a factor of 4 to ~2 per
h.

IV. EXPERIMENTAL METHOD

The first step in the search for FCP’s was to establish a
set of tuning parameters for mass-independent transmis-
sion. Consider the situation for R :%; i.e., one is looking
for FCP’s that enter the pelletron with charge —Z and
strip to + 1 in the terminal. The high-energy analyzing
magnet was degaussed using a bucking current. Then the
cesium source was used to generate beams of hydrogen,
oxygen, and copper with identical injection energy to that
used with the FCP sputter source. The high-energy
analysis system and quadrupoles were tuned for R =1
(i.e., the —1— +1 charge state) and the beams were made
spatially coincident at the detector by using magnetic
steering elements at the high-energy end of the accelera-
tor. The system was then mass independent for masses
between 1 and ~65 GeV/c? at 4 MeV energy. To ensure
this mass independence from 200 MeV/c? to ~200
GeV/c? for 2-MeV particles, the following procedure was
used. At each of the three variable slit positions—object,
S2, and S3—the positions in space of the hydrogen, oxy-
gen, and copper beams was determined, and the slits were
set for an extrapolated lower mass of 200 MeV/c?.

The cesium source was then shut down, the low-energy
inflection magnet degaussed, the argon sputter beam
tuned up, and a sputter beam intensity of the order of 30
uA obtained. This beam was then directed onto the
desired target and the secondary ion beam was extracted,
accelerated, and tuned on the detector station Faraday
cup. Only very slight retuning from the cesium source
tune was necessary. One of the components of the ex-
tracted beam was hydrogen, which provided a check on
the mass independence of the system from the sputtering
site, where the H™ were formed, to the Sil detector,
where they came to rest. A slight adjustment of the
high-energy magnetic steerers was sometimes necessary.

The high-energy quadrupoles and electrostatic analyzer
were then scaled from R =1 (—1—+1) to a background
beam of similar rigidity to that of the FCP beam. This
background beam resulted from the + 2 charge state
picking up an electron between the end of the accelerating
column and the beginning of the analysis system. Finally,
one scaled from the —1— +2-— +1 background beam to
the FCP rigidity setting, which involved a rigidity change
of only 1.1%.

The mass-independence procedure for the R = £ search
was identical. However, the running procedure was
different. Because the R =% FCP setting is degenerate
with the + 2 charge state it was necessary to run with 3
MYV on terminal and with a 3.4 mgcm 2 aluminum foil
on the window of the gas detector. This enabled a search
for R =% particles to be carried out.

The positive extraction search was run at R =1 with 2
MYV on terminal. There were two independent stages of
charge-state filtering, and so it was necessary to scale the
low-energy optics as well as the high-energy optics. Ac-

cordingly, the beam-related background was usually negli-
gible in this search.

Every hour during the search, the data acquisition was
halted, to check the beam tuning and ensure that no set-
tings had drifted.

V. EXPERIMENTAL RESULTS

The FCP ion source could be configured to extract ei-
ther positive or negative particles. When sputtering for
the first time on a new niobium target, beam currents as
high as 20 nA could be extracted. However, over a
period of several hours this current dropped to ~2 nA, as
surface contaminants were sputtered away. The composi-
tion of the direct negative extraction beam was found to
be ~80% chlorine, ~15% fluorine, and 5% hydrogen.
The niobium targets were made from commercially avail-
able niobium obtained from Alfa Products. A sample of
the niobium was chemically analyzed and found to con-
tain 2 ppm of chlorine and not more than 0.1 ppm of
fluorine. If one assumes 100% ionization, extraction, and
collection of the chlorine atoms, then there is excellent
agreement between the observed value of 2 nA of beam
and the calculated value.

The 2-nA positive extracted beam, when passed
through the rubidium charge-exchange canal, produced a
negative current exiting the canal. This beam had three
main components, which from pulse-height considerations
were hydrogen, carbon, and silicon.

Considerable effort was expended in this experiment to
ensure that the results be independent of FCP mass, over
as large a mass range as possible. The lower-mass limit is
affected by two independent considerations: stray mag-
netic fields and relativistic effects in the high-energy
analysis system. The lower-mass limit, due to stray mag-
netic fields, was conservatively taken to be 200 MeV/c?2.
The relativistic effects are important only in the case of
R =2, Z =% particles, and in fixing the lower-mass limit
at 250 MeV/c? The upper-mass limit was taken to be
the mass of an uranium nucleus as pulse-height defect
effects and stripper performance are uncertain above this
mass.

In analyzing the data we assume 100% collection of
secondary ions produced by the FCP sputter source. The
system was designed to achieve this and there are two in-
dependent observations which lend strong support to this
assumption. First, the acceptance of the collection system
was increased by a factor of 2 with no resulting increase
in extracted beam. This was achieved by doubling the
size of the extractor hole in the extraction plate. Second,
the calculated value of extracted current, based on 100%
ionization and extraction of chlorine and fluorine, is in ex-
cellent agreement with the observed value.

Consider an argon sputter beam of I pA incident on a
target with sputter yield S (sputtered atoms per incident
ion). Let the transmission from sputtering site to detector
be t. If there are N counts in the FCP window of the
detector in T hours, then the FCP concentration C is
given by

—-u N1

C=4.4%x10 .
% T SIt
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FIG. 3. Energy spectrum for the niobium data for Z =N +§
particles with electron affinity X 3.5 eV.

The sputter yield was calculated to be 6.3, 2.5, and 4.6 for
niobium, tungsten, and selenium, respectively. This
sputter yield was measured for niobium and was in good
agreement with the calculated value. Except for the
Colomera sample, all meteorites were ground with a mor-
tar and pestle to a very fine powder. To reduce electrostic
charging of the meteorite samples, they were mixed with
10-um copper powder to approximately 50% volume.
(This copper also ensured that the temperature in the
meteorite powder grains increased < 10°C.) The ratio by
weight of meteorite to copper was measured, as was the
total weight of material before and after sputtering. The
difference in total material gave the amount of the mix-
ture sputtered. In order to get sputter yields for the
meteorite samples themselves, it was assumed that the
amount of meteorite sputtered was in the same weight ra-
tio as that of the original mixture. Knowing the total
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FIG. 4. (a) shows the FCP region of Fig. 3 enlarged. For
comparison, (b) shows the 2-MeV Rutherford-scattered peak of
niobium ions, scattered through 90° from a 10-ug cm~2 gold foil.
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FIG. 5. Improved upper limits for the FCP concentration per
target atom in niobium (solid line) and tungsten (dashed line)
plotted as a function of FCP mass for Z = 1 particles.

sputtering time for each sample, the rate of meteorite
sputtering was calculated. These rates were on the order
of 0.4 ug/min.

The transmission efficiency through the accelerator to
the detector was determined as a function of mass with
known mass beams from the cesium sputter source. The
chlorine beam was used to measure the transmission
efficiency for the FCP source. The mass dependence of
the transmission efficiency for the FCP source was taken
to be that for the cesium source, with the chlorine point
providing the normalization factor. For positively-
charged-FCP extraction there was an additional transmis-
sion factor for ions passing through the charge-exchange
canal. This resulted from the velocity dependence of the
electron pickup probability in the rubidium vapor and was
calculated using the Landau-Zener'* theory of pseudo-
crossing of energy levels. This theory, when applied to in-
tegral ions passing through the charge-exchange canal,
predicted the transmission efficiency to within 20% of the
measured value.

No positive evidence was found for the presence of frac-
tional charges in niobium, tungsten, selenium, or the
meteorite samples. Figure 3 shows a typical energy spec-
trum obtained in a 40-h run on a niobium sample with
the FCP source configured in the direct extraction mode

TABLE 1. Selenium concentration limits.

Mass FCP/selenium atom

z (GeV/c?) Peak Integral

1 0.25m 5250 See Fig. 6(a)

% 0.25m 5250 6.5x10°1

% 0.25sms4 6.7x 10716
N—{—%a 0.75m 5250 3.9 10716 7.2%x1071
N+1° 0.75m 5250 See Fig. 6(b) 5.7x107"
N =1,2,3, ... and electron affinity X 4 eV; negative extraction.
°N =1,2,3,... and electron affinity S4 eV; positive extraction

with rubidium charge exchange.
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and the high-energy analysis system tuned for Z =N+ +
particles. The peaks, in order of decreasing pulse height,
are due to fluorine, chlorine, and niobium ions which are
accelerated as a + 2 charge state, pick up an electron be-
tween the end of the accelerating column and the analysis
system, and then are scattered into the detector system.
These ions have too high an energy to be FCP’s. Figure
4(a) shows the FCP region of Fig. 3 enlarged. For com-
parison, Fig. 4(b) shows the 2-MeV Rutherford-scattered
peak of niobium ions, scattered through 90° from a 10-
pgem™2 gold foil in a calibration run. These data were
analyzed to obtain the upper limit of 1.5Xx10~'® for
Z=N+1,N=1,273,... FCP’s reported in Ref. 5.

In Fig. 5 the improved upper limits for Z =1 FCP’s in
niobium (solid line) and tungsten (dashed line) are shown.
These resulted from the addition of a thicker Si2 silicon
detector in a data run after the results in Ref. 5 were re-
ported. Table I and Fig. 6 summarize the results for
selenium. Each line of the table corresponds to different
running conditions and particle spectrum analysis. The
rise in upper limit at higher masses in Fig. 6 is due to de-
creasing transmission through the rubidium canal in the
case of Z=1 particles [Fig. 6(a)] and increasing detector
background in the case of Z =N + 1 particles [Fig. 6(b)].
The concentration limits obtained for the meteorite sam-
ples are summarized in Table II and Figs. 7 and 8. The
measured limits differ from sample to sample because of
different background rates and running times. The quot-
ed concentration limits are actually estimates since the
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with (a) Z =1 and (b) Z > 2 with low electron affinity.
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FIG. 7. Upper limits for concentration of Z =N + 1 FCP’s
in samples of the Colomera, Semarkona, and Allende meteorites.

transmission efficiencies and sputter rates of FCP’s are in-
ferred from the behavior of integrally charged ions. In
general these estimates are probably accurate to about a
factor of 2; however, somewhat larger deviations are con-
ceivable in special cases.

In summary, we have searched in samples of niobium,
tungsten, selenium, and samples of meteorite for fraction-
ally charged particles without a positive signal. The
searches for positively charged FCP’s are limited by room
and cosmic-ray backgrounds, which are reduced in the
present experiment by 5 cm of lead shielding and active
scintillators, respectively. The searches for negatively
charged FCP’s are limited by the beam-related back-
ground. It is not possible to search for Z =N +2
(N =2,3,...) particles with this technique because of the
rigidity degenerate integrally charged background beams.
The present results severely constrain the plausible inter-
pretations of the Stanford experiment.? In particular, it
appears that a heavy-ion-type FCP with Z =N 42
(N =2,3,...) is the only remaining candidate that could
be present in appreciable quantities in niobium (i.e.,
greater than a few FCP’s per ball).
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FIG. 8. Upper limits for concentration of Z =N + 1 FCP’s in
the Murchison samples Me 2642, CFO/N, and CFO..
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TABLE II. Meteorite concentration limits

Peak concentration (FCP/nucleon)

Mass Murchison Murchison Murchison
z (GeV/c?) Colomera Semarkona Allende CFP, CFOsN Me 2642
1 0.25m =250 2.7x107" 3.1x107 " 4.7x107"® 6.7 107" 1.7x107" 4.69x 107"
% 0.35sm 5250 2.7x 1018 1.5x 10716 3.6x10°Y 4.0x 107" 7.6x10°" 5.2x 107"
N«i—%a 0.25m 5250 3.9x10°18 3.9% 10~ 18 9.5x 107" 1.9 10~ 6.6x1071° 4.7%x 107"
N+1° 0.25m 5250 See Fig. 7 See Fig. 7 See Fig. 7 See Fig. 8 See Fig. 8 See Fig. 8
N =1,2,3, ... and electron affinity X 3.5 eV; negative extraction.
°N =1,2,3, ... and electron affinity 3.5 eV; positive extraction.
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