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Search for fractionally charged particles in lunar soil*
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A search for stable fractionally charged particles (quarks) in lunar soil was carried out using methods based

on the ionic properties which would separate quarks and distinguish them from normal elements. Previous

searches in terrestrial substances are reviewed. An upper limit for the concentration in lunar soils, subject to
the uncertainties in the physical and chemical properties of quarks, is 2 X 10 "/nucleon, corresponding to a
flux of cosmic-ray origin of less than 5 X 10 "/cm'secsr or 1/m'yrsr,

I. INTRODUCTION

The remarkable success of the quark symme-
tries in describing the properties of elementary
particles has prompted a number of experimental
searches for fractionally charged particles, both
unstable and stable. Such experiments have been
reviewed by Jones' and by Kim and Kwak. ' Our
searches for stable quarks have been carried out
in various substances since 1964."

Free and stable P-type or n-type quarks, of
charge + 38 or ——,'e, would both result in negatively
charged ionic species. Any + —, quarks would bind
with an electron to become ions with charge ——,'e,
and the ——,

' quarks would combine with positive
nuclei in Bohr orbits' to produce atomic species
with net —38 charge. If a quarklike state with -~3@

or + 8 were the stable one, or indeed any state
with —(n+ —,)e or +(n+ 3)e, they would likewise give
rise to systems with net negative charge. Gen-
erally we attempted to concentrate onto small fila-
ments negatively charged particles extracted from
various substance. The negative emissions of
these filaments were then studied for the presence
of particles mith the unusual properties quarks
might be expected to exhibit: nonintegral charge
resulting in dependence of volatilization on elec-
tric-field polarity, small pulse-height distribution
in electron multipliers used as detectors of ac-
celerated ions, or unusual mass peaks in mass-
spectrometric analyses. The results were nega-
tive, with upper limits which were based on very
uncertain assumptions regarding the physical and
chemical properties of quarks both for concen-
trating in a particular substance and for the ef-
fectiveness of the extracting method.

In view of our ignorance, lunar material is per-
haps the best place to search for such particles
because of the absence of chemical and geologic
metamorphism over the last eon in the top 10
meters of lunar soil. Quarks of cosmic-ray origin
would tend to remain in this surface layer. In
this paper, we summarize our earlier searches

in terrestrial materials and present in somewhat
greater detail the final results of the search made
in lunar soil.

II. TERRESTRIAL MEDIA

A. Ocean sediments

Searches were made for quarks in air, dust
filtered from air, sea water, and deep-ocean sedi-
ments. %'e have reported earlier the results on
all of these'~ except for the deep-ocean sediments.
These sediments consisted of iron-manganese
nodules, which occur abundantly in the regions of
the oceans far from the continental boundaries.
This substance has been suggested" as a possible
place where quarks might concentrate if precipi-
tated from ocean water. In this suggestion, quarks
of + —,

' charge, or quarkic oxygen or hydrogen (ox-
ygen or hydrogen atoms with ——,

' quark bound in a
Bohr-type orbit) would form quarkic water, which
would be highly concentrated in the solvation shell
of polyvalent positive ions and would preferentially
precipitate with the hydroxide and hydrated min-
erals found in these sedimentation nodules. This
could lead to enrichment of quarks in these min-
erals and much higher concentrations than in sea
water, although the accumulation time is limited
to the age of the minerals. At any rate, stable
quarks of cosmic-ray origin would either accumu-
late in the water or precipitate by such a sedi-
mentation process; a mechanism such as the
"quark albedo" process proposed by McDowell
and Hasted' is not thought to be very probable
(see discussion in Appendix A).

Our search in sea water had established anupper
limit of less than 3 x10 "jnucieon subject to the
uncertainties in the assumption that quarks would
volatilize from sea salt at temperatures less than
400 'C.

For the search in deep-ocean sediments, a
method similar to that used fox atmospheric-dust
samples was used. Several hundred grams of
ferromanganese mineral nodules collected at a
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depth of 2000 m in the North Pacific mere ground
up and loaded in an oven. While the oven mas
heated to 800'C, argon mas flushed over the ma-
terial and past a collecting filament at. a positive
electric potential, as shown in Fig. 1. After sev-
eral hours of heating to permit any quarks of the
form H, (Qq) '~', ' H(Hq) '~' ' or (Hq" 'Q) ' ' to
diffuse out of the material, the collecting filament
mas mounted in the ion source of a negative-ion
gun, as shown in Fig. 2. Then, using the same
technique as mas used in the air, dust, and sea-
water runs, the filament was slowly heated and
the negative-ion emission was studied for any
excess emission of ions above the normal back-
ground. This number was less than 10', corre-
sponding to less than 10 "/nucleon of sediment.
Since these sediments precipitate at a rate of
3 mm/10' yr, "this limit corresponds to an equiv-
alent ocean-mater concentration of 2.5&10 "
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FIG. 2. Apparatus used for examining negative-ion
emission of collecting filaments after the concentrating
process. The dashed lines indicate ion trajectories.

FIG. 1. Apparatus for concentrating onto a platinum
filament negatively charged particles flushed from heated
samples of deep-ocean ferromanganese nodules.
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FIG. 3. Mass spectrum of negative-ion emissions of
the concentrate from deep-ocean ferromanganese nodules.
The filament temperature was 1000'C.

quarks/nucleon for a 10'-yr accumulation, as-
suming 100/0 separation efficiency.

Several runs mere carried out mith a Wien-filter
mass spectrometer attached to the ion-gun ap-
paratus. The apparatus was an early version of
that which was used in the lunar-soil searches
described below. The mass spectrum of the first
run of a deep-ocean sediment separation shown in
Fig. 3 exhibits several peaks of unusual masses,
the atomic or molecular forms of which me have
not been able to identify. The strongest of these
was at mass 30-31 amu, with lesser ones at
masses 20.5+0.5, 9.5+0.5, and -0.6 amu. These
spectra also showed peaks of several commonly
observed and easily identified principal masses,
such as F, CN, Cl, and BO, , as well as minor
peaks thought to be HO, and BO, . The peak at
31 amu, which was quite large in one instance,
remains a mystery. The ion P, which has an
electron affinity of 0.78 eV, is theoretically pos-
sible, but it should be accompanied by a much
more abundant PO, or PO, peak, which was not
the case. Likewise, any nitrogen which could
produce NO mould produce NO, in greater abun-
dance, and the latter ions were not observed. No
other molecular species could account for a nega-
tive ion at 30 or 31 amu. The smaller peaks at
20.5, 9.5, and 0.6 amu are even more difficult to
explain. If these peaks are due to normal ele-
ments, it is necessary to consider some unusual
instrumental source, such as secondary ionization
due to electrons striking an intermediate focusing
electrode, or some malfunction of the Wien filter.
Since these unusual peaks were only observed in
the first run using a new quartz tube oven and suc-
cessive runs with the same oven failed to repro-
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duce them, no further efforts could be made to
identify them and we ascribe them to instrumental
effects.

10

CJ
CU
lA

0

0-

M
Z'.
LUI-
Z.'

Z.'
O

bJ

C9
LLJ

HOLD

B. Highelectron-affinity ions from air and sea-water runs

In the early work on air, dust, and sea water we
had observed negative ions whose emission or
evaporation from the collecting filament exhibited
the dependence on electric field polarity which we
expected to be the unique signature of fractionally
charged negative ions. A discussion of this phe-
nomenon is given in Appendix B.

Figure 4 shows one of the runs in which the
negative-ion emission exhibited this unusual signa-
ture: An exponentially decreasing intensity was
retarded for a period of 20 sec by application of
a retarding potential. The phenomenon was more
pronounced in the air and dust runs than in the
sea-water runs. Unfortunately no mass analysis
was made of these ions in the air or dust runs.
However, we are reasonably confident that we
have identified the ions as HP, O, , (mass =301 amu)
on the basis of a mass at approximately 300 +3
amu observed with the Wien filter in the low-tem-
perature emissions from one analysis of a sample
separated from sea water; also, a peak with a
mass of 300.9 amu was observed with the 100-inch
mass spectrometer in samples prepared from the
aluminum tubing used in the electric fence for the
air collections, and samples of H, PO4 loaded di-
rectly on the filament showed an appreciable
abundance of ions at a mass which measured 300.9

amu as well as an isotopic peak of mass 303 amu
having an abundance about 2.2Q of the 301-amu
peak, as expected from the abundance of "O. In
the last case the high-electron-affinity property
was not present, perhaps because of different
surface conditions with such a large sample. We
assume that this was the species that exhibited
the unusual property in all the analyses. The
relative abundance of phosphorus in sea water
(0.1 ppm) and in dust (estimated 0.1%)" is in line
with the much higher intensity observed for the
latter runs.

If, on the other hand, these ions were quarks,
their relative abundance in air (10 '0/nucleon),
dust (2 x10 "/nucleon of equivalent air), and sea
water (3 x10 '4/nucleon) does not fit our estimate
of relative concentrations; the value for the at-
mosphere is much too large compared to that for
sea water or to the value based on direct cosmic-
ray searches. '

III. LUNAR MATERIAL

Initial measurements were carried out with
small samples (fractions of grams) obtained from
the Apollo 11 and 12 lunar missions. These were
heated in a crucible mounted in the ion source of
the 100-inch mass spectrometer and the mass
spectrum from 16 to 80 amu was examined for
any unusual masses. The results were negative.
The limits that can be set are not very low be-
cause of the low efficiency inherent in scanning
a wide mass range and the presence of many in-
tegral mass peaks from the normal elements. To
overcome these difficulties, we utilized an im-
proved experimental arrangement similar to that
employed during the earlier work for air and sea-
water samples. Several grams of lunar soil were
heated slowly in a crucible up to the melting point
of the soil ~ This crucible was the source for an
ion gun and all the negative ions emitted were
implanted in a clean rhenium filament. The sub-
sequent negative-ion emissions of these filaments
were then studied for any possible quarklike prop-
erties. This process should have reduced by many
orders of magnitude the number of reemitted im-
purity ions such as 0, Cl, and S relative to
quarklike material, because of the low surface
ionization efficiency for negative ions of all the
known elements.

IO I I

20 40
T I M E (sec)

I

60

FIG. 4. Negative-ion emission vs time at 200 C of a
filament used to concentrate negative ions in air. During
the interval labeled "hold" a retarding potential was ap-
plied to prevent negative-ion emission from the filament.

A. Apparatus

The experiment is illustrated schematically in
Fig. 5. It consisted of an ion source with an ac-
celerating electrode system, a crossed-field Wien
mass analyzer, and a target system consisting of
either a Faraday cup for mounting the implantation
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filament or an electron multiplier located 0.0125
rad off the beam axis. This apparatus was used
for both steps of the procedure: the implantation
in a rhenium filament, and the examination of the
negative ions which were reemitted from this tar-
get filament. For the latter step, the filament was
moved from the target position and mounted in the
ion source in place of the crucible.

The focusing properties of the ion source with
the einzel lens located at the exit of the analyzer
resulted in nearly 100%0 transmission of the 15-kV
ion beam, from either the 1.5-mm-diameter or i-
fice of the crucible or the 1.25 mm &3 mm target
filament, to a 2 mm&3 mm collector slit. The ion
beam was aligned by radial and "z"deflection elec-
trodes located at the exit of the ion source and the
entrance of the analyzer.

The crossed-field analyzer was operated with
zero resolution for the most part, i.e., for more
than 90~/o of the time during the implantation runs
and for all the measurement of the emissions from
the target filament after implantation. The crossed
field was used occasionally during the crucible
runs to examine the mass distribution of the ion
beam at various temperatures. It was also useful
in calibrating the pulse-height distribution of the
electron multiplier for various masses. In order
to have truly zero resolution, it was necessary
to cancel the residual magnetic field of the ana-
lyzer by means of a small current through the
coils of the electromagnet. The electron multi-
plier detector was an EMI 20-stage "venetian-
blind" unit with a polished aluminum first stage
at a 45' angle to the ion beam axis.

The square-wave 60-Hz voltage, with adjustable
duty cycle, could be applied to the radial deflec-
tion plates at the exit of the crossed-field analyzer
in order to carry out two-stage implantation. Us-
ing this feature, 50% of the ions reemitted from
one implantation-target filament could be implanted

in a second target filament, while the other 50%
was monitored by the electron multiplier. This
feature was used in some of the runs.

Several materials were tried for the target fila-
ment. Zone-refined rhenium was chosen for a
number of reasons: low background negative-ion
emission, high work function, and low vapor pres-
sure at the temperatures used to bake out impurity
contamination. Two matched filaments were used
for all the implantations (except run A as shown

in Tablet). These filaments were 0.025 mmx 1.25
mm zone-refined rhenium ribbon shaped as a
hairpin with a 3-mm-long flat section as the tar-
get area. The filament for run A was the same
except that it was 0.05 mm & 0.75 mm in cross sec-
tion. The filaments were mounted at the target
end inside a Faraday cup with the filament insu-
lated at —45 V with respect to the cup so that the
collection of the ions on the filament could be mon-
itored whenever possible by a vibrating-reed
electrometer. When the ion current was too low

to be detected directly by this method, the beam
was deflected to the electron multiplier using the
beam-deflection facility with a 10-15% duty cycle.

The system was pumped by a turbomolecular
pump and a 5-in. -diameter liquid-N, trap located
above the ion source; the latter had a very high

pumping speed for condensables both during the
heating of the lunar samples and during that of the
target filament. A 4-in. valve was located between
the ion source and rest of the system to minimize
the exposure to air during the extensive prelim-
inary tests.

B. Negative-ion emission from lunar samples heated in a crucible

The lunar-soil samples were loaded into a plat-
inum crucible 1.0 cm in diameter and 4.5 cm long
with a 1.5-mm orifice. The crucible was inside
an alumina cylinder around which was wound the
platinum heating wire, with the crucible itself
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FIG. 5. Apparatus used both for concentrating onto rhenium target filaments the negative ions emitted from heated
lunar soil samples and also for examining the negative-ion emissions of these target filaments.
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TABLE I. Summary of implantation runs of negative ions onto rhenium target filaments
from heated samples of lunar sail.

Run no.
Amount of

lunar soil (g) Remarks

C-1

C-2

D-1

D-2

0.25

2.2 a

+ 2.6

0.4 '
+4 pa
+ 3.0

3.0

Two-stage implantation of emissions
from gold foil in which all negative

. ions from lunar soil had been im-
planted

Implantation from lunar soil onto tar-
get filament

Implantation from lunar soil onto tar-
get filament

Implantation of 50% of negative ions
from run C-1

Implantation from lunar soil onto
target filament

Implantation of 50% of negative ions
from run D-1

a Incomplete implantation because of instrumental difficulties and adjustments in focusing.

TABLE II. Mass spectra of negative ions from 3.0 g of lunar soil sample 10084.17. See
Fig. 6 for the time and temperatures corresponding to spectrum numbers.

Mass
(amu)

Probable atomic or
molecular species

Relative intensity of mass peak in % of
total intensity

Spectrum
3 4

12
16
19
24
25
26
27
32
35
36
37
42
43
48
50
59
64
72—80
85—90
90—96

300 +10
2500 + 300

C
0
F
C2

C2H
CN

C2H3

02 and S
3 Cl
C3
37Cl
10BP-
ii AP-
SO
?

S02 (?)
P03 (?)
?

HP40ii (?)
?

15
73

13
7

20
13
20

4
7
1.4

0.5
2

11

0.2
7

13
32

1

23
1

9
5
0.8
2
0.4
1.6
3
0.9

19
19

1

2

45 15
4.5

7
28

4
32

18
15

4
9
3
0.7

0.2
3

13

12
10
0.1
0.6

Total ion intensity (A) 2 X fp 7 7X fQ 5 fp-12 5 fp-i2 3X fQ-ii fQ-10
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FIG. 6. Negative-ion intensity (solid line) and temperature (dashed line) versus time during the heating of 3 g of lunar
soil sample No. 10084.17. The numbers on the time axis indicate times at which the mass spectra of Table II were taken.

providing one of the leads to the heating element.
The alumina cylinder also provided the insulation
between the extraction electrode and the crucible.
Electrical leakage always occurred between the
crucible and the extraction electrode after the
loaded crucible was installed in the ion source
and the system was evacuated and until the cru-
cible was heated slightly. The leakage was prob-
ably due to surface adsorption of water on the
alumina. During the time the leakage occurred
there was a small negative-ion emission, which
seemed to come from a broad source such as the
whole front face rather than the orifice of the
crucible. The apparent mass of these ions was
very high, 1000-2500 amu.

The lunar samples were heated stepwise at a
rate such that the pressure at no stage exceeded
6 x10 ' Torr. The maximum temperature was in
the range 1100-1200 C and corresponded to par-
tial melting of the soil.

Table I lists the implantation runs and corre-
sponding amounts of lunar samples. Figure 6
shows the total ion intensity and the temperature
versus time for the ion emission from one of the
crucible loadings, and Table II gives the mass
distribution of the ions emitted from the crucible
at several temperatures of the heating cycle in-
dicated in Fig. 6.

C. Background emission of target Naments

Table III lists eight background runs with the
target filaments after they were baked out in a
vacuum and then exposed to room air for various
lengths of time from 15 min to 4 days. This was
done in order to duplicate the effects of any con-

tamination which might have been introduced dur-
ing the transfer of the filament from the target
to the ion source. Figure V shows the ion inten-
sities for these background runs versus filament
current and temperature. The number of negative
ions emitted during a 30-sec period after the fila-
ment current was set at the indicated value is
plotted. The background emissions are character-
ized by three fairly distinct regions:

(1) a tow-temperature region, 100-240 'C, in
which there were about 20-100 ions emitted with
a rapidly decreasing rate (T,~, =10 sec),

(2) a region between 260 and 600 'C in which
there were less than ten detectable negative ions,

(2) a region above 600 'C in which negative-ion
emission always occurred, was fairly constant
at any one temperature, and increased as the tem-
perature was increased.

The emission inthe low-temperature region is
very likely due to surface-adsorbed impurities
such as aerosols which deposited on the filament

Run no. Exposure tixne to air

3—4 days
20 minutes
i hour|hour
20 minutes
30 minutes
20 minutes
15 minutes

TABLE III. Background runs of negative-ion emissions
of rhenium filament exposed to air.
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FIG. 7. Negative-ion intensity versus filament current (and temperature) of background runs on rhenium filaments.

during the exposure to air and were rapidly de-
sorbed even at these relatively low temperatures.
These impurity ions were all volatilized below
240 'C even in the runs having the most contamina-
tion. We have discussed earlier a negative ion
species, HP, O,„which is produced at tempera-
tures unusually low for negative-ion formation
and hence must have very high electron affinity.
This may account for the low-temperature back-
ground ions.

No background negative ions were observed be-
tween 250'C and 600'C. The ion emission above
600'C was for the most part constant with time
and increased exponentially with temperature.
These ions, which were identified as Q, F, and
Cl, probably originated from background gas
impurities in the vacuum system. Taking the
Saha-Langmuir ionization for Cl from a rhenium
surface at 600'C as 10 ', the corresponding par-
tial pressure of the chlorine containing impurity
must have been about 10 "Torr. Some of this
background was undoubtedly due to the release
of gases from the warming of components ad-
jacent to the filament.

The negative-ion emission varied more than an
order of magnitude in both the low- and high-tem-
perature regions. The emission in the low-tem-
perature region was proportional to the time of
exposure to air, whereas in the high-temperature

region there was no correlation with the amount of
exposure to air.

D. Emissions of target filament after implantation

The negative-ion emission of the target filaments
following implantation is shown in Fig. 8. Com-
pared to the background runs, the number of ions
emitted was significantly greater in the tempera-
ture range 200-320 'C, and essentially the same
at all other temperatures. The excess began at a
slightly lower temperature than that for the max-
imum of the background runs in this range. That
these excess emissions in the implantation runs
were of different origin then the background emis-
sions is shown by their rate of decay; the decay
rate for the implantation run, shown in Fig. 9,
was much slower than those for the background
runs, shown in Fig. 10. The number of these
excess ions corrected for the losses from beam
splitting, whereused, were 335+10 for run B,
70+10 for run C-1, 90+40 for run C-2, and 60
+20 for run D-1. The results of the other runs
and the probable cause of the variability in all
the runs are discussed in Appendix C.

The excess ions emitted in the implantation
runs were too few to permit identification with
the Wien-filter mass spectrometer. However, we
attempted to learn some of the characteristics of
these ions from the diffusion properties for the
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implanted ions and their pulse-height distribution
from the electron multiplier detector.

We show in Appendix D that the diffusion coef-
ficient of the excess ions emitted in the implanta-
tion runs is similar to that of the electronegative
elements which produce negative ions most abun-
dantly, such as the halogens, oxygen, sulfur, and
nitrogen (CN ). Thus, it is reasonable to expect
that after implantation of -10"atoms of chlorine
in the target filament, 10'-10' negative ions of
chlorine may be reemitted from the filament at
200 C.

The pulse-height distribution of an electron
multiplier depends on the mass, kinetic energy,
and molecular form of the impinging ion. " Fig-
ures 11 and 12 show the characteristic pulse-
height distributions for the electron multiplier
used in this experiment. Unfortunately such data
were obtained for only a small number of emitted
ions in one of the implantation runs, D-1, shown
in Fig. 13, and while the result was similar to
the distribution for Cl ions at one-third the ac-
celerating potential, it was also close to that for
HP, O,„and to the low-temperature emissions
of the background runs.

This meager amount of data suggests that the
excess ions observed in the implantation runs
were due to the initial implantation of an abundant
species such as PO, in the emissions from the
lunar soil, followed by diffusion of these implanted
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FIG. 9. Intensity versus time, after reaching a given
temperature for the first time, of emissions from im-
plantation run B at temperatures of 200 and 240'C.

phosphorus atoms to the surface, where they com-
bined with absorbed H,O to form some volatile
high-molecular-weight species such as HP, O„
with a relatively high electron affinity.

Implantation run & was the most successful,
showing a maximum of 335 excess ions reemitted
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quarks in the lunar-soil sample 10084 is less
than 130 g

' or less than 2 x10 "/nucleon.

IV. DISCUSSION
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FIG. 10. Intensity versus time, after reaching a given
temperature for the first time, of background emission
from rhenium filaments at temperatures of 120, 160, and
240'C

below 600'C. The emissions above 600'C in this
run were as low as the lowest-level background
runs, amounting at 1000'C to 250 ions, undoubt-
edly Cl . We conclude that the upper limit for

0.3—

Table IV gives a summary of all our searches,
showing the limiting concentration per nucleon,
p, and the corresponding limiting flux for a cos-
mic-ray origin, P = pNd/2wT. —Here N is 6 x10"
nucleons/g, d is the effective thickness of the
medium in g/cm', and T is the accumulation time
in seconds. For lunar soil the effective thickness
from the probable range of cosmic-ray quarks,
or quarks produced by cosmic-ray primaries, is
estimated at 3 kg/cm'; this is a depth of —10 m,
and is greater than the mixing depth from the
"gardening" action on lunax soil. For the Apollo
11 sample used in this work (No. 10084) we take
the value of 300&106 yr as the cosmic-ray-ex-
posure age, based on measurements of spallation-
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TABLE IV. Summary of limiting quark concentration and cosmic-ray fluxes.

Medium

Upper limit of
concentration
(no./nucleon)

Effective
thickness
of medium

(g/cm')
Accumulation

time (sec)

Upper limit of
flux

(no. /cm sec sr)

Air
Dust
Sea H20
Deep-oc ean

sediment
Meteorite
Lunar soil

10-"
x ip-20 b

3 xip
10-"

10 "
2 xiP

10
10
3xip c

0 75

3xip' '
3xip' '

10
106 '
10" '
3x 10

1.0 x 10'6 ~

i.0xip'6 ~

10 -10

2 x 10-'
1 xip
3 x 10

3 xip
5xip '

' Based on standard atmosphere and residence time of 10 days.
Concentration in equivalent amount of air is 2 xip /nucleon.

'Average depth of ocean is 3000 m.
Assume galactic cosmic-ray exposure age as long as age of oceans.
Based on accuxnulation rate of 3 mm/10 yr of ferromanganese nodules (density=2. 5 gcm ).

~ Assumed maximum range of galactic cosmic-ray primaries.
g Assume galactic cosmic-ray exposure age of 3 x10 yr.

induced rare-gas isotopes. " We have discussed
in our previous paper the uncertainties in the ex-
traction efficiencies for the air, dust, and sea-
water separations. We consider the result for
lunar soil to be the least doubtful ~ Certainly the
extraction was far superior in the lunar case to
that for the others because of the much higher
temperature (-1100'C) at which the extraction
process was carried out.

It is possible that quarks might have properties
which would have resulted in their being lost dur-
ing or after the collection process. If, as seems
chemically unlikely, quarks were highly volatile
and had fast hydrogenlike diffusion rates, they
may have been lost between the time the implan-
tations were carried out and the time the target
filament was examined, or they may even have
been lost from the topmost layers of the lunar
surface. There is evidence for depletion on the
lunar surface of Hg, Br, and Ar because of such
processes. "' "

During the course of this series of studies, sev-
eral phenomena were observed which might con-
cievably have been due to quarks. These were
the ions with unusually high electron affinity ob-
served from air, dust, and sea water, the unusual
masses in one run of the deep-ocean sediments,
and the excess ions emitted in the lunar implanta-
tion runs. We are reasonably satisfied that all
these phenomena were caused by some property
of normal elements or compounds. The limits
in Table IV were in all cases based on including
these unusual phenomena as the upper limit of
quark concentration. If these ions were attributed
to some species of the normal elements, as we

have attempted to demonstrate, then in the cases
of both the sea-water experiments and the lunar-
soil experiments the limiting concentrations would
be an order of magnitude lower than the values
quoted in Table IV.

V. SUMMARY

Of all the materials available, the lunar-surface
soil is the best medium in which to search for
quarks from cosmic radiation. The limiting flux
is5x10 "cm'sec 'sr '(1m'yr 'sr '), at
least an order of magnitude lower than direct
cosmic-ray counting experiments, and applies to

3e and any + (n + —', )e or —(n + —,')e quarks. Most
of the uncertainty caused by chemical and geo-
logical variables in previous quark searches in
stable matter is removed because of the stability
of the lunar surface. This flux may be interpreted
as a production cross section for ——,'e or +-,'e
quarks by high-energy cosmic-ray primaries, as
a function of quark mass; the relationship is
somewhat model-dependent and is not carried
through here i. i6
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APPENDIX A

The suggestion by McDowell and Hasted' was
that during the recycling of water between atmos-
phere and ocean the quarkic oxygen and hydrogen
species would eventually be separated by the at-
mospheric electric field and drift up to the meso-
sphere. We think it is not very likely that any
quarks (either + or -) bound to H, O will be readily
lost from sea water by this process. The vapor
pressure (evaporation rate) for such charged mo-
lecular species will be much lower than that of
ordinary H, O. 'The estimated extra heat of solva-
tion of such an ion with —,

' charge would be at least
10 kcal/mol [by use of the Born equation hH
= e'(1 —1/D)/2r, with dielectric constant D» 1,
and comparison with other ions]. This would re-
sult in a vapor pressure decrease (compared to
H, O) of exp( H/kT), —which is about 10 ' at 300 'K

and it is more likely to be of the order of 10 '.
Species of charge 3 would be still very much less
volatile. Therefore, since the average residence
time of all ocean water is 10' years, it seems very
likely that the loss rate from the ocean by evapora-
tion would be less than 10 ' n/year, where n is the
average ocean-water concentration.

APPENDIX B

The rate of volatilization of negative ions from a
metal surface compared to that for the neutral
species depends, in analogy with the Saha-Lang-
muir relation, or exp[-1(W A)/kT], whe-re W is
the work function of the surface and A is the elec-
tron affinity of the ion. The volatilization rate of
the neutral species is expected to be many orders
of magnitude greater than that for negative ions.
'This is certainly the case for all of the simple
atomic or diatomic species with highest electron
affinities (3.0-3.5 eV for F, Cl, CN ) volatiliz-
ing from a platinum surface (W-5.0 eV) used in
this work. Thus, if a retarding potential were ap-
plied to the filament during a time when the inten-
sity of negative-ion emission is decaying, indicat-
ing a decreasing concentration of the species on
the surface, the volatilization rate would not be
appreciably affected and the con "entration would
continue to decrease. After the retarding potential
is removed, the negative-ion intensity should re-
sume at the reduced value of the extrapolated de-
creasing intensity. Fractionally charged negative
ions, on the other hand, since they cannot form
the neutral species, could not evaporate when the
retarding electric field was applied, and assum-
ing they are not lost as positive ions by combining
with some element such as sodium, they would be
reemitted at an intensity equal to the value existing

when the retarding potential was applied. For any
ions made up of the normal elements to exhibit
this characteristic, such as shown in Fig. 4, then,
from the standpoint of Saha-Langmuir ionization,
the electron affinity of these ions would have to be
very high, &5 eV, for emission from a platinum
surface. Recently, electron affinities of 4 to 5.4
eV have been reported for several hexafluoride
molecules. " Another possibility is that the work
function of the surface was lowered by adsorbed
impurities.
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FIG. 14. Initial intensity of emissions from run 8
versus 1/T.

APPENDIX C

The results of run A were peculiar. This was a
run after two stages of implantation starting with
a 0.25-g sample of lunar soil. The first implanta-
tion was made in a gold foil target; then this foil
was heated up in a crucible and the emissions from
it were implanted in a rhenium filament. No emis-
sions were observed from the rhenium filament at
temperatures under 450 'C, perhaps because of
poor beam alignment, yet there were appreciable
emissions in the temperature range of 450-500'C
which did not occur on any other run. We do not
know whether these ions were due to accidental
contamination or possibly to some gold compound
of high electron affinity. We do not attach any sig-
nificance to this result, as the sample size was
small and these emissions did not show up in any
of the other one-stage implantation runs on large
samples. Run D-2, after two stages of implanta-
tion, showed an ambiguous result of 99 counts at
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120'C. While this number is within the range of
values for the background emissions at this tem-
perature, the rate of decay was slower than that
for the usual background emissions at the same
temperature.

The poor reproducibility of the runs was prob-
ably the result of the difficulty in aligning the beam
after installing the target filament in the ion
source. Although great care was taken to estab-
lish the correct settings for the several beam de-
flection and focusing voltages using duplicate fila-
ment mountings, and these voltages were varied
during the heating of the filament, there was no
other way to assume that the alignment was cor-
rect for the initial very-low-intensity emissions.
0nce emissions of a few counts per second were
detected, it was possible to quickly adjust the set-
tings to maximum intensity. In retrospect, the
ion optics design was too sensitive to the filament
position, because it was designed for moderately
high mass resolution of the Wien-filter mass spec-
trometer, a feature that did not turn out to be im-
portant.

APPENDIX D

For the one-dimensional form of the diffusion
equation,

dN &C—= -DA —,
dt ax '

d(dX/N) D
dt x

where N is the number of ions implanted to a depth
of x cm in a filament of area A cm'. Since typical
implantation depths for 15-kV ions are of the order
of 100 A, the diffusion coefficient corresponding to
the initial decay rate of 2.6%%u~/sec at 200 'C, corre
sponding to the intensity in implantation run B
shown in Fig. 9, would be less than 10 "cm'/sec.
This rate of diffusion, for interstitial diffusion
with D ape , corresponds to an activation en-
ergy greater than 33 kcal/mol. The temperature
dependence of the decay rate for run B, shown by
the Arrhenius plot in Fig. 14, gives an activation
energy of 35 kcal/mol. There are few measured
activation energies for diffusion in rhenium of the
electronegative gases such as the halogens, 0, S,
and N(CN ). Because rhenium has a hexagonal
close-packed lattice and a high melting point, the
diffusion of such gases would be expected to be
quite slow, corresponding to activation energies
greater than 30 kcal/mol. For nitrogen diffusion
in rhenium at low temperatures, Q = 37 kcal/mol. "
Free quarks of the form +3e, on the other hand,
would be expected to diffuse many orders of mag-
nitude faster, at values similar to hydrogen or
alkali ions. Thus, the slow diffusion rate of the
excess ion emissions of the implantation runs sug-
gests an atomic species such as N, 0, S, or Cl.
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