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An experiment was performed to test the hypothesis of cryogenic trapping of fractionally charged
particles, suggested as a possible explanation for the results of LaRue, Fairbank, Hebard, and Phil-
lips at Stanford. A Nb-filament source was built, which could be cooled to 4.2'K and rapidly heat-
ed to several hundred 'K. The source was operated in the terminal of a 700-kV Cockcroft-Walton
accelerator and energy spectra of positively. charged particles emerging from the filament were mea-
sured under a variety of operating conditions. No events above a background of 10 counts/sec
were found in the energy regions where one might have expected several hundred particles of charge
+ 3 e or + 3 e as the source was heated. A mass range from 10 MeV/c to 100 GeV/c was

covered in the experiment. Although negative results are rarely unambiguous, our findings exclude
one class of hypotheses which might have explained the apparent fractional charges of the Stanford
experiments.

I. INTRODUCTION

The question of the existence of stable free fractional
charges has been of considerable experimental interest
since the emergence of quark models two decades ago.
Numerous experiments were performed, none of which
showed conclusive evidence for fractional charges with
limits of concentrations (depending on assumptions and
methods) of 10 ' —10 fractional charges per nucleon. '

Since 1977, however, the group at Stanford has been re-
porting positive results from measurements that involve
the levitation of superconducting Nb spheres in a magnet-
ic field. A conceivable hypothesis was discussed by one of
us, that the low temperatures used in the Stanford experi-
ment may play a special role in trapping fractional
charges. It is perhaps not unreasonable to postulate that
(+—,'e) particles, because they bind electrons so weakly,
would be extremely mobile and diffuse rapidly through
most materials at room temperature, but may be frozen in
place at cryogenic temperatures —much as hydrogen dif-
fuses readily through many metals above —lODO K, yet is
effectively frozen in place at room temperature. This mo-
bility might then be related to the apparent ease with
which fractional charges seemed to change on Nb spheres
in the Stanford experiment. Possibly even (+—,'e) parti-
cles might behave in such a fashion.

In order to test this hypothesis one may cool a piece of

Nb metal to a low temperature, similar to the tempera-
tures in the Stanford experiment, and let it remain cold
for some time in order to allow for the hypothetical
(+—,e) particles to be frozen out from some ambient con-
centration. (There is no obvious reason for taking Nb
metal, except that this material has been used in the Stan-
ford experiment. ) One may estimate that in order to have
a reasonable probability of trapping such particles in the
Stanford experiment, the ambient concentration for a gas
of (+ —,

' e) particles would have to be at least —1/mi. If
the Nb metal were in the terminal of an electrostatic
machine which is now raised to a positive voltage V, and
the filament is suddenly heated to 300'K or higher, then
any positively charged particle of charge q that is released
from the Nb surface will be accelerated to an energy qV.
If there are no magnetic fields, in other words if all the
focusing and steering is done electrostatically, then all
particles will converge to the same focus, independent of
their charge or mass. Since heating the filament is a
matter of a fraction of a second, one should be able to
detect even a single particle with energy —, eV, if back-
ground rates are ( 1/sec. The energy measurement is best
carried out with a detector that measures the total kinetic
energy with good resolution, a solid-state detector is par-
ticularly well suited for this purpose. Using the Stanford
experiments as a guide, the probability of trapping a frac-
tional charge on a Nb sphere of 140 pm radius would be
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FIG. 1. Schematic layout of the experiment to detect (+ 3 e}particles emerging from a Nb filament. With the electrostatic deflec-

tor on, the particle detector was moved to the appropriate off-zero position. The magnetic steerer was only used in setting limits for
light particles, with less than ]p of the proton mass (see Sec III C).

-30%%uo and a Nb surface of -40 mm would trap on the
order of -50 such particles. If volume effects are impor-
tant this number might increase to several hundred parti-
cles.

The requirements of a cryogenic system in the terminal
of a high-voltage machine are for considerable space and,
if practical, atmospheric pressure. Both of these require-
ments are available in Cockcroft-Walton accelerators fre-
quently used as injectors of large accelerator complexes.

The experiment was performed at the Fermi National
Accelerator I.aboratory using one of the Cockcroft-
Walton injectors. The terminal of these injectors is usual-

ly operated at a negative potential of 750 kV, providing
H ions suitable for the subsequent high-energy accelera-
tion system. During the shut-down period of the main ac-
celerator ring for installation of superconducting magnets
one of the two injectors was made available for our experi-
ment. The polarity was reversed since we were interested
in searching for (+ —,e) particles. Fortunately our injector
had a zero degree exit port through a bending magnet,
which allowed us to install a short beam line with a small
scattering chamber. Figure 1 shows in a schematic way
the essential components of the experimental setup. In
normal operation of the injector several magnetic elements
(not shown in Fig. 1, except for one magnetic steerer) are
used to focus the intense H beam. For our experiment
these elements were carefully degaussed in order to mini-
mize the deflections of possible low-mass particles by the
residual magnetic field. The remaining system was essen-
tially purely electrostatic, hence delivering any positive
particle, independent of its charge and mass, from the Nb
filament to the particle detector. However, in order to
reduce the background from unwanted particles, such as
hydrogen clusters and possible heavy atoms, a combina-
tion of a 10-pg/cm carbon stripper foil, an electrostatic
deflector, and a 100-pg/cm -thick aluminum absorber foil
were placed in front of the particle detector.

Acceleration of positively charged particles was provid-
ed by the Cockcroft-Walton accelerator. After condition-
ing to 750 kV the accelerator could usually be operated
stably at 700 kV. During data-taking runs the Auctua-

tions of the voltage were well below 1%. Occasional
small changes were easily detected since the voltage was
continuously monitored. A spark, of course, always gave
a very clear signature. The vacuum in the system was
supplied by a 2400-liter/sec magnetic ion pump. Back-
streaming electrons from this pump, accelerated toward
the terminal, produced a considerable number of back-
ground ions. A suppressor ring at —200 V (see Fig. 1) re-
duced this background by a factor of 10. With the source
at room temperature the pressure was in the low 10
Torr range and with the source cold about 5 &(10 Torr.

The heart of the experimental setup was a cryogenic ion
source built specifically for the present investigation. Fig-
ure 2 shows some details of the source and the ion-optical
elements. This arrangement allowed rapid control of the
temperature of a Nb filament over a range
4.2& T & 1200'K and transported any positive particle
emerging from the tip of the filament to the particle
detector. The tip was 3 mm wide)&5 mm long&1 mm
thick, which formed a surface area of 40 mm and a
volume of 15 mm . A series of measurements described in
Sec. III A ensured that the extraction and acceleration op-
tics produced an image of the filament tip well within the
size of the particle detector. The Nb filament was formed
from 1-mm-thick Nb metal sheet bonded (explosively) on
both ends to thick copper bars which provided a thermal
path to liquid helium. The filament could be driven from
T =4.2'K to T&300'K in less than 1 sec by inducing
several hundred amperes of 60-Hz current with the
transformer located in the helium bath. The temperature
was controlled by adjusting the ac voltage drop across the
filament. The voltage drop had been previously calibrated
against temperature by direct measurement with a
copper-constantan thermocouple attached to the filament
tip for T&650 K, and with an optical pyrometer for
T&1400 K. In addition, the current through the fila-
ment was measured with a pickup coil, which provided a
particularly clear signal for the transition from supercon-
ducting (high-current) to normal (low-current) state. A
continuous flow of liquid nitrogen (LN2) and liquid heli-
um from 100-liter storage Dewars located in the high-
voltage terminal supplied the necessary cooling. It was
possible to change the liquid-helium storage Dewar
without substantial loss of liquid in the filament cryostat,
so that the Nb filament could be kept cold for extended
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clusters of different mass could be used to estimate the in-
tegral residual-field effect. This field was then compen-
sated by a small magnetic steering field (cf. Fig. 1) for
searches of light particles setting a lower mass limit of 10
MeV/c .

III. MEASUREMENTS AND RESULTS
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FIG. 2. Simplified layout of the cryogenic source and the ac-
celeration structure. The cold part of the source was held in
place by three stainless-steel brackets which restricted the Nb fi-
lament motion during cool-down to less than 0.1 mm. The top
insert shows details of the Nb filament assembly and the extrac-
tion geometry. Materials used are indicated (SS = stainless
steel, Macor = machinable glass-ceramic insulator).

periods of time (typically 10 h with two Dewars).
The particle energy was measured with a 300- or 2000-

pm-thick Si surface-barrier detector (area = 100 mm ) lo-
cated at a distance of 3.8 m from the Nb filament. An en-
ergy measurement by ionization sets an upper limit for an
observable mass, since below a certain velocity not all the
energy will produce a detectable signal. For "normal"
particles this domain can be estimated from the
Lindhard-Scharff-Schigtt (LSS) theory. This description
is not directly applicable to + —,e particles, since they can-
not screen their charge in the same way as integrally
charged particles, but it may not be unreasonable to as-
sume that at low velocities the fractionally charged parti-
cles have at least the ionizing strength of normal particles.
As a guide for an upper mass limit we have therefore es-
timated with the LSS description the mass of X =1, 233-
keV particles for which the nuclear stopping-power con-
tribution is small compared to the electronic part. This
results in an approximate upper mass limit of 100
GeV/c . The lower mass limit is determined by the de-
flection of light particles in residual magnetic fields along
the flight path. As shown in the next section, hydrogen

A. Initial tests

An important part of the experiment was the testing of
the ion optics to guarantee an efficient collection of posi-
tively charged particles from the Nb filament. For these
measurements the Nb filament was first replaced by a 5-
mm-diameter lithium surface-ionization pellet which
easily gave a Li+ current of a few hundred nA. An
immersion-lens geometry frequently used in mass spec-
trometers was chosen as an efficient and ion-optically
flexible extraction system. It consisted of two cylindrical
lenses shown in Fig. 2 and provided a suitable matching to
the optics of the accelerator tube. With the accelerator at
700 kV the best imaging conditions were found with —20
V on the first and —6 kV on the second electrode. With
these potentials a 2-mm-diameter beam spot was formed
on a quartz plate close to the detector position. Once the
alignment of the system was established with the Li+
beam the Nb filament was mounted and the alignment
checked by heating it to about 900'C. At this tempera-
ture the filament emitted enough positive ions to see a
faint beam spot on a ZnS(Ag) screen. With this condition
the spot had a diameter of approximately 3 mm.

The next step was the reduction of background particles
in the energy region of interest. Figure 3 shows a series of
energy spectra which indicate a variety of different back-
ground conditions. In these figures the counting rate in
3.9-keV energy bins is plotted as a function of the particle
energy. In Fig. 3(a) the source was cooled only with liquid
nitrogen and all particles accelerated were measured in the
Si detector. A full-energy peak (mainly H+ ions) at 700
keV is clearly seen. At lower energies a large continuous
bump of perhaps heavier particles originating from some-
where in the acceleration tube are seen. Part of this bump
could be absorbed by a 100-pg/cm -thick Al foil in front
of the detector [Fig. 3(b)]. A 300-pm detector with better
energy resolution than in Fig. 3(a) was used for the mea-
surements of Figs. 3(b)—3(e). The Al foil also separates
H2+ particles from H+, since the former lose more energy.
In a first approximation the energy loss of a molecule is
the sum of the energy losses of its constituents. However,
for foil-crossing times short compared to that needed to
significantly separate the "Coulomb-exploding" constitu-
ents, the energy loss can be higher (e.g., Hz behaves more
like a He particle). When the Nb filament was cooled to
4.2'K, H3+ molecules showed up [Fig. 3(c)]. These clus-
ters are particularly dangerous since breakup products can
easily mimic the energy of a (+—,e) particle (e.g., H+ par-
ticles originating from the breakup of H3+). In order to re-
move these clusters a 10-pg/cm -thick carbon stripper foil
and an electrostatic deflector were installed (cf. Fig. 1).
With the stripper foil in and the deflector off, a variety of
breakup products are seen in the energy spectrum of Fig.



W. KUTSCHERA et al. 29794

3(d). In Fig. 3(e) a voltage of 5 kV was put on the deflec-
tor (plate length 15 cm, plate separation 1.5 cm, distance
to the detector 29 cm) and the detector moved to a posi-
tion of maximum H+ yield. This displacement was 14
mm, and all the ions whose charge and mass remained un-
changed in the stripper foil, had to be deflected by the
same amount. Since the various breakup products did noi
match this condition they were very efficiently removed.
The spectra of Figs. 3(a) through 3(e) were measured
without the —200-V on the suppressor ring, so that the
filament was bombarded by electrons from the ion pump.
The dashed H+ peak in Fig. 3(e) indicates that the count-
ing rate (in the whole energy range) was reduced by a fac-
tor of 10 when the suppressor was on. This then brought
the counting rate down to (0.1 counts/min in the in-
teresting energy region comparable to the background of
the detector by itself, isolated from the accelerator [Fig.
3(f)].

B. Data recording

The procedure to search for (+ —,
' e) particles was as fol-

lows: First the Nb filament was cooled to 4.2'K and kept
cold with the extraction and accelerating voltages turned
off. After a period of several hours the data taking was
started. In order to accurately trace the operating condi-
tions of the system a number of parameters were moni-
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FIG. 3. Energy spectra measured in the Si surface-barrier
detector. The various operating conditions are described in the
text. The arrows indicate the approximate position of particles
with charge + 3 e. The actual energy of these particles mea-

sured in the detector might be slightly lower than indicated in
spectra (b) to (e) due to the energy loss in the Al absorber (see
Sec. IIIC). The detector background (f) was measured with a
2000-pm detector. It was a factor of 3 lower for a 300-pm
detector [see Fig. 18{b)].

tored as a function of time. At the terminal, the analog
signals of the temperature of the LN2 shield, of the
current and voltage (determining the temperature) of the
Nb filament, and of the two extraction voltages were digi-
tized and transmitted via microprocessor and light link
with a repetition rate of 15 Hz to a PDP 11/45 computer.
In the same way, the acceleration voltage and the vacuum
reading were transmitted from ground potential. These
data were reconverted into analog signals and read via
CAMAC analog-to-digital converters (ADC's) into the
computer memory, whenever a 60-Hz pulser or a detected
event provided a look-at-me I.AM signal. The pulser also
served as a monitor for the stability and resolution of the
detection system. In addition a time spectrum was gen-
erated with a I- or 5-Hz pulser fed into a sealer which was
read out whenever the LAM signal was present. All signals
were recorded event by event on magnetic tape providing a
detailed history of each run.

C. Search runs

1. E.un A

Figure 4 shows a spectrum of the cold Nb filament
after the first long He cooling period of 9.5 h. The trace
of the full-energy peak (H+) is clearly visible. The energy
loss in the stripper and absorber foils of the H+ particles
was about 30 keV. In Fig. 5 the time distribution of
events in the H+ peak and in two regions where one might
expect (+—,

' e) and (+—,e) particles is shown. In this and
subsequent figures the energy regions for possible frac-
tional charges were chosen by assuming protons of the
corresponding energies and multiplying the energy loss by
( —,

'
) and ( —', ), respectively. For all energy windows the

full width of the H+ peak was used (40 keV). The count-
ing rate of H+ particles with the filament cold was about
40 counts/min. It is apparent from Figs. 4 and 5 that the
background in the regions of interest is extrem. ely low.
Figures 6 and 7 show the history of the first heating.
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FIG. 4. Two-dimensional display of the events measured in a
300-pm Si detector as a function of time in run A, after a He
cooling period of 9.S h. The event threshold allows for single
counts to be visible.
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FIG. 5. Time distribution of events in three energy windows

set on the spectrum of Fig. 4 (run A) at the position of the H+

peak (650—690 keV) and at two regions where one might expect

+ 3 e (206—246 keV) and + 3 e (428—468 keV) particles. The

tixne resolution of the data recording was 0.2 sec, compressed by

a factor of 8 in this figure.

These data were taken immediately after the previous one.
At the bottom of Figs. 6 and 7 the temperature of the Nb
filament is displayed. (In these and subsequent figures the
lowest temperature corresponds to a superconducting con-
dition. ) The first heating to about 350'K reduced the H+
counting rate, an effect which was always observed when
the filament was warmed up. This indicates that the ori-
gin of the H+ particles is hydrogen condensed onto the
cold filament, apparently being depleted when the tem-
perature is raised. At the I-min mark a spark occurred
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FIG. 7. Time distribution of events in the three energy win-

dows set on the spectrum of Fig. 6, from run A. The energy in-

tervals for the windows are those of Fig. 5.

accompanied by a burst of particles seen in Figs 6 and 7

After the temperature had risen to 620'K a broad low-

energy bump appeared (Fig. 6). Figure 8 shows the energy

spectrum of this time period. Both Figs. 7 and 8 show no

significant events in the interesting energy regions. In a
somewhat longer second run with heating during the same

cool-down period the temperature was raised to 260 and
480'K (Figs. 9 and 10), with no excess particles showing

up. The depletion of hydrogen during the heating is more

clearly seen in these runs because of a compressed time

scale.
2. Run B
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FIG. 6. Result of the first heating from run A. The bottoxn

spectruxn gives the temperature profile of the filament. The

burst of particles at the 1-min mark was caused by a spark.
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stayed the same, with the carbon stripper in and the de-
flector on. This was done on the remote chance that the
particles we were looking for had an anomalously large
energy loss. After a He cooling period of 7.5 h data tak-
ing was started with the extraction and acceleration volt-
age off (Fig. 11) for 6 min, then the voltages were
switched on and the trace of the H+ peak appeared. Fig-
ure 12 shows the time distribution of the energy windows,
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FIG. 11. Result of the first heating from run 8 after a He

cooling period of 7.5 h, with the Al absorber removed. Data
taking was started with all voltages off. They were switched on

at the 6-min mark.
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FICx. 12. Time distribution of events from run 8 in three en-
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set at somewhat higher energies as compared to the previ-
ous runs, since the Al absorber foil was out. (The count-
ing rate of H+ was higher and less uniform with time as
compared to the previous runs, probably due to a some-
what worse vacuum condition. ) During the heating the
H+ peak is clearly depleted and no excess counts show up
in the "fractional-charge" windows. Figures 13 to 15
show the result of a second run with heating to higher
temperatures. At 620'K a broad peak around 400 keV
appeared, likely to be of the same origin as the low-energy
tail observed when the Al absorber was used (Figs. 6 to 8).
This peak disappeared when the temperature was lowered
below 600'K. The peaks in the fractional-charge energy
windows of Fig. 14 are due to the long tails of the 400-
keV peak (cf. Figs. 13 and 15). The origin of the broad
peak is probably complex. The most likely candidates are
heavy alkaline ions (e.g., K+) which may have some prob-
ability for surface ionization above 600'K. The energy
loss of 700-keV K+ ions in the 10-Iu,g/cm carbon stripper
foil and the 40-pg/cm gold layer of the silicon detector is
estimated to be about 60 keV. The measured energy in
Fig. 15 is considerably lower than 640 keV probably due
to pulse-height defects in the detector. The very-low-
energy signals observed with the 100-ILIg/cm Al absorber
in (Fig. 8) is then due to the additional energy loss of ap-
proximately 300 keV. Molecular-breakup products (e.g.,
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Fig. 12.
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large hydrogen clusters from a complex carbohydrate mol-
ecule) could also result in the observed energies. However,
most such products should be removed by the stripper-
deflector system (cf. Fig. 3).

3. Run C

Figures 16 and 17 show the result of another run
without Al absorber after a He cooling period of 7.2 h.
When the accelerator voltage was turned on a spark oc-
curred releasing a burst of particles over the whole energy
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FIG. 13. Second heating from run B following that of Fig,
11. A broad peak shows up around 400 keV when the tempera-
ture reaches 620 K.
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FIG. 1S. Energy spectrum of particles recorded when the Nb
filament was at 620 K (see Fig. 13) in run B.
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range. In the subsequent heating up to 500 K no excess
events were observed.
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4. Run D

Figure 18 shows the result of a very long run at He
temperature with no heating and a 75-pg/cm Al absorber
in front of the detector. There are some minor peaks
showing up in the energy spectrum, possibly remnants of
the hydrogen-cluster breakups (cf. Fig. 3).

5. Run E (residual-magnetic-field compensation)
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FICs. 16. Result of the first heating in run C after another He
cooling of 7.2 h, with the Al absorber still out.

As mentioned in Sec. II, one might miss possible very
light fractionally charged particles by their deflection in
residual magnetic fields, including the Earth's magnetic
field. We have measured the field distribution with a Hall
probe both vertically and horizontally over the entire
length of the particle flight path. Vertical fields varied
from 0 to 0.5 Cx. Horizontal components were a factor 2
to 3 smaller. In order to compensate for the integral ef-
fect of the vertical component we measured the effect of
small additional fields supplied by a magnetic steerer, lo-
cated approximately half-way between the Nb filament
and the particle detector (cf. Fig. 1). Since the deflection
is mass dependent we used the different position shifts of
the H+, H2+, and H3+ peaks to find the best field setting.
Figure 19 shows clearly the different response of H+ and
H&+ to the steerer fields. The optimum field was found by
plotting the centroid position of the H+, H2+, and Hq+

peaks as a function of the steerer field (Fig. 20). From
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FIG. 17. Time distribution of events in three energy windows

set on the spectrum of Fig. 16, for run C. The energy intervals
for the windows were the same as in Fig. 12.
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FIG. 18. Energy spectra of a long run (run D) with the Nb
filament at He temperature. In spectrum (c) the normalized
background of (b) has been subtracted from spectrum (a).
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"eye fits" to the data points.

\

~ ~

200—

~ ~

IOO—

800—

—600—

~ I

~ ~ ~

this we chose a "zero-deflection" field of + 2.0 Cx. With
this field setting we estimated a reasonable acceptance for
particles with masses & 10 MeV/c .

Since lighter mass particles would have a longer range,
we replaced the 300-pm thick Si detector with a-2000-pm
one. In addition, a 4.8-mg/cm thick Al absorber was
mounted (instead of the 100-pg/cm one) in front of the
detector, which stopped all "normal" particles including
protons. For these measurements the electrostatic deflec-
tor was off and the detector positioned at zero degrees ex-
actly. Figures 21 and 22 show the result of a run with
heating after a He cooling period of 9.7 h. It is obvious
that we find no indication of an effect when the filament
was heated to 800'K. The accelerator-independent back-
ground for the 2000-pm detector is higher than for the
300-pm one, due to its larger volume.
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FIG. 20. Plot of the position of the centroids of the H+, H2+,

and H3+ peaks as a function of steering field. The different
slopes meet at 2.0 G, which was chosen as the best setting for
light-particle searches.
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FIG. 21. Result of the first heating in run E to search for

light particles, after a cooling period of 9.7 h. No H+ particles
are observed due to the thick Al absorber (4.8 mg/cm ).

20

6. Runs F and 6 (helium)

As a remote possibility for trapping of fractionally
charged particles we finally made a series of runs after
bleeding He gas into the vacuum system, with the source
cold. This gas was supplied from a liquid helium Dewar.
Helium gas as the possible source for the fractional
charges observed in the Stanford experiments was conjec-
tured by Boyd et al. , since it was used as a heat conduc-
tor in these experiments. Helium gas from the Dewar
was leaked into our vacuum system with all voltages off.
By this procedure the pressure in the system was raised
from 8&10 to 5)&10 Torr for 1 hour. The ion pump
was closed off during this period and the system pumped
with a 100-liter/sec turbomolecular pump. From this
condition one estimates a total supply of about 3 && 10 He
atoms to the system. Spectra measured after this pro-
cedure are shown in Figs. 23 to 25 (thin Al absorber) and
in Figs. 26 and 27 (thick Al absorber and magnetic-field
compensation). The only prominent particle group ob-
served was the low-energy tail seen in previous runs (Figs.
6 to 8), when the temperature was raised to 620'K and
with the 100-ILi,g/cm Al absorber in use.

The results from all the runs are summarized in Table I.
The table lists the various parameters of the detection sys-
tem and the number of counts in the regions of interest.
The temperature is ordered chronologically and a
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FIG. 22. Time distribution of events in three energy windows
set on the spectrum of Fig. 21, from run E. The energy intervals
for the windows were the same as in Fig. 12. I5-
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correspondence to the figures can easily be established.
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It is clear from our results that no excess events were
observed in the first few seconds after the Nb metal was
heated either to 300 K or to SOO K after it had been
cooled for several hours. After this the events were ran-
domly distributed in energy at a rate lower than, or at
most equal to the background (-10 counts/sec) seen
with the filament cold. The surface and volume of the
Nb-filament tip used in our experiment was 40 mm and
15 mm, respectively. The corresponding values for the
Nb spheres (r = 140 pm) used in the Stanford experiment
are 0.2S mm and 0.012 mm . From this it follows that in
our experiment the Nb surface is a factor 160 and the
volume a factor 1250 larger. Thus, the expected signal
would have been of several hundred pulses at an energy of
-233 keV emitted shortly after heating. The result is
clearly negative, the hypothesis of cryogenic trapping of
(+ —,

' e) charges as an explanation of the results of Ref. 2
does not seem to be supported.

There are of course, as is always the case with a nega-
tive result of this sort, many possible subsidiary hy-
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FIG. 24. Time distribution of events in three energy windows
set on the spectrum of Fig. 23, from run F. The energy intervals
for the windows were the same as in Fig. 5.
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potheses. For instance, the assumption implicit in the hy-
pothesis was that (+—,'e) particles diffuse freely through
solids of room temperature, just as hydrogen, or potassi-
um ions diffuse through metals at T »1000'K. If these
particles diffused through Nb more slowly, then they may
be emitted over a period of days rather than seconds and
may be lost in the background. Heating the Nb above
room temperature to -500 K was intended to correct this
defect —and this is also related to the negative results
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FIG. 27. Time distribution of events recorded in three energy
windows set on the spectrum of Fig. 26, from run G. The ener-
gy intervals for the windows were the same as in Fig. 12.
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FIG. 26. Result of a search for light particles in run G, with
He being leaked into the system and the thick Al absorber (4.8
mg/cm~) in place.

from an earlier experiment involving a Nb filament heat-
ed to 800'K (but no cryogenic trapping). If fractional
charges were trapped inside room temperature Nb, and
low temperature played no special role, then the original
hypothesis is certainly incorrect. Alternatively, the dif-
fusion of fractional charges may be as postulated —with
some exceptions. Thus there may be some materials in
which fractional charges are trapped, or at least slowed
down, even at room temperature. If some of the structur-
al material in the vacuum housing, accelerator structure,
or building were of this type, it would tend to shield the
cold Nb from the postulated ambient "gas" of (+ —,

' e} par-
ticles. Of course there were structural materials surround-
ing the Stanford experiment as well, and such effects are
unlikely to have given complete ( & 99%) screening.

It is also conceivable that the purity (or surface purity)
of the Nb plays some critical role in the trapping process.
We have made no attempt at reproducing the type of sur-
face treatment and annealing that was carried out for the
Nb spheres in the Stanford measurement.

Clearly one could come up with a number of alternative
explanations; negative results can hardly ever be con-
clusive. However, we think that our results rule out a
class of possible explanations for the fractional charges
observed by Lalue, Fairbank, Hebard, and Phillips.
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Helium Magnetic
cooling' steerer

(hr) (G)

TABLE I. Summary of results.

Carbon Electrostatic Aluminum Silicon
stripper deAector absorber detector Temperature
(pg/cm ) {kV) (pg/cm ) (pm) ( K)

At
(sec)

Counts'
sc i i 9% cc &

2 f% H++—e

10 4.2
350
620
280
480

382
29
53
56

192

239
5
8

12
9

B 10 4.2
260
450
620

408
64
88
32

19
2
3
8

9
3
2

38

1726
13
11
14

10 300 4.2
220
500

576
112
136

16
4
0

22
1

5

577
13
15

D

E

1.0

9.7 2.0

10 75 4.2
Det. '

4.2
350
500
670
800

23040
4320

296
48
48
40
40

572
36
10

1

0

2

120
3
3
1

0
0
0

8209
1

2
0
0
0
1

F 1.5 10 4.2
350
620
420

120
56
32

104

1

0
249

2

60
8
0

1.5 2.0 10 4800 4.2
420
880

200
200
152

13
6
3

'Holding time at liquid helium temperature before data taking was started.
Total number of counts in the respective energy and time windows. The position of the energy windows are those shown in the cor-

responding figures.
'Background of the detector, isolated from the accelerator [cf. Fig. 18{b)].
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