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Several recent theories suggest the existence of massive stable particles that might exist in nature
as remnants of the big bang. Such particles could be hidden in ordinary terrestrial matter as
anomalous-mass isotopes of ordinary nuclei. A search for massive isotopes of hydrogen, lithium,
beryllium, boron, carbon, oxygen, and fluorine was performed using an electrostatic charged-
particle spectrometer in conjunction with a tandem accelerator. A variety of materials was sam-
pled, including some that had heavy-particle concentrations enriched by various means. No evi-
dence for stable isotopes with masses between 100 and 10000 amu was found. The sensitivity of the
search was greater by several orders of magnitude than the expected concentration levels, limiting
the types of stable particles that could exist in this mass range.

1. INTRODUCTION

A number of recent theories suggest the existence of
massive stable particles. For example, the technicolor
theory for elementary particles' proposes the existence of
a higher-order family of quarks that carry a technicolor
charge, techniquarks, which are expected to have a mass
in the neighborhood of 1000 amu. In this theory, tech-
nicolor singlets of three techniquarks would form techni-
baryons, the lightest of which would be long-lived. In the
SU(4) version of the theory lifetimes of ~10'® yr are ex-
pected; for the SU(5) version they are even longer, ~ 107’
years;? in both cases longer than the age of the Universe.
Another example is supersymmetry,* where every known
particle has a supersymmetric partner that differs only in
spin. In this model, the lightest supersymmetric-partner
particle (LSP) is stable. The theory does not specify
which supersymmetric particle would be the LSP and al-
lows the possibility that it might be charged. Other can-
didates for stable heavy particles include strange matter,*
integrally charged quarks,’ and “shiny” quarks. °

If massive stable or long-lived particles do exist, one
might expect them to be found as a low-concentration
component of ordinary matter. A positively charged
stable particle (hereafter referred to as X *) would cap-
ture an electron, creating an atom with the same chemis-
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try as hydrogen; a negatively charged particle (X )
would bind electromagnetically to a positive nucleus with
a Bohr orbit that is typically inside the nucleus. Thus, if
an X~ was bound to a nucleus of atomic number Z, it
would result in an atom with the same chemistry as the
element with atomic number Z — 1.

Various calculations”®° indicate that heavy particles
would have been copiously produced in the big bang and
remnant particles would exist in nature today at concen-
tration levels of 1071°-107'? per nucleon. Bigeleisen'”
has examined the effects of an isotope’s mass on its frac-
tionation properties and the relative concentrations of
isotopes in nature. He estimates that, except for hydro-
gen, geological concentration processes for supermassive
isotopes would be similar to those for the corresponding
normal mass atoms. In the case of hydrogen, relative
concentrations of isotopes in the 100-10000-amu mass
range would be reduced, but by a factor of only about
100. Thus, a sensitive search for superheavy isotopes of
ordinary matter would be a sensitive test of the existence
of such particles.

A number of searches for anomalous-mass isotopes
have been reported,!'™!® the most sensitive being the
search for heavy hydrogen by Smith et al.'* This experi-
ment used electrolysis on commercial heavy water, en-
riching its heavy particle content relative to ordinary wa-

2074 ©1990 The American Physical Society



41 SEARCH FOR LOW-Z NUCLEI CONTAINING MASSIVE . ..

ter by a factor of approximately 10'". The enriched sam-
ple was analyzed in a novel spectrometer where limits on
X7 (or *He X ~) concentrations of order 10”2 per nu-
cleon were achieved for masses up to 1200 amu. Using
accelerator mass spectrometry, Middleton et al.'>!¢ have
ruled out isotopes of beryllium with masses up to 93 amu
at concentrations above 10”2 per nucleon and isotopes
of oxygen up to masses of 53 amu at the 107 '® level. In
radiochemical searches, Turkevich, Wielgoz, and
Economou'” have placed limits on carbon isotopes in the
mass range from 100 to 100000 amu of 2 X 10~ !° per nu-
cleon and Norman, Gazes, and Bennett'? set limits on
iron at the 1072 level. Dick, Greenlees, and Kaufman'®
reached a similar sensitivity for sodium using atomic
spectrometry techniques.

We report here the results of a search for heavy iso-
topes of hydrogen, lithium, beryllium, boron, carbon, ox-
ygen, and fluorine, using a charged-particle spectrometer
constructed of only electrostatic devices at the University
of Rochester’s Nuclear Structure Research Laboratory
(NSRL). An all-electrostatic system transmits particles
independently of their masses, an ideal condition for
searching for exotic particles of unknown mass. This
work is the subject of a Ph.D. thesis®® and preliminary re-
sults were reported in Ref. 21.

II. EXPERIMENTAL CONFIGURATION

An overall view of the spectrometer, which is described
in Ref. 22, is shown in Fig. 1. A cesium sputter source
produced negative ions that were accelerated through
150 kV and sent directly into a tandem electrostatic ac-
celerator. At the terminal of the accelerator, which was
biased at +5 MV, the beam passed through a 5-ug/cm?
carbon foil stripper. Positive ions emerging from the foil
were further accelerated to the high-energy end of the ac-
celerator where they were focused by an electrostatic
quadrupole doublet located between the last acceleration
tube and the exit of the accelerator’s pressure vessel. At
the exit point, the selected beam component was deflected
through an angle of 1.3° by a pair of electrostatic plates
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FIG. 1. A schematic diagram of the Rochester all-

electrostatic mass-independent accelerator mass-spectrometry
system.
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onto a set of tantalum slits, with a second stripping foil
between them. Ions emerging from the foil were bent
through 20° by an electrostatic analyzer and focused onto
the entrance window of the detector by a second electro-
static quadrupole doublet.

Low-mass ions were rejected by the beam transport
system by (i) selecting ¢ =17 charge states from each
stripping foil, (ii) weak sweeping magnets placed at the
entrance and exit of the beam line, and (iii) absorbers
placed at the entrance of the detector. We discuss each
item separately.

(i) Stripping yields. When an ion emerges from a strip-
ping foil, its most probable charge state is a function of
the ion’s velocity. Since heavier isotopes have lower ve-
locities than lighter ones of the same energy, they tend to
strip to lower-charge states. The spectrometer was tuned
to accept E/q=10 MV ions (¢ =17) from both stripping
foils thus rejecting ordinary ions, which mostly strip to
higher-charge states. Calculations and measurements in-
dicated that, for the X~ searches the rejection of low-
mass ions provided by the strippers was about 1077,
while the heavy-ion transmission remained at about 10%.
In the case of the heavy hydrogen (X*) search the
strippers provided no significant rejection.

(ii) Sweeping magnets. Sweeping magnets, placed be-
tween the injector and the entrance to the accelerator and
between the last set of steerers and the detector, were
used to provide additional low-mass rejection. In the X+
search, the injection magnet was set to 26 G and the
detector magnet at 200 G. This deflected ordinary hy-
drogen isotopes from the system but had no effect for
ions with masses above 100 amu. In the case of the X~
searches, only the 200-G detector sweeping magnet was
used.

(iii) Absorbers. High-Z elements have a considerably
higher dE /dx and shorter range in matter than the ions
for which we are searching. Backgrounds from high-Z
ions that were not rejected by the strippers or magnets
were eliminated by absorbers placed before the entrance
to the detector. For the X~ search this absorber was a
gas cell; for the X * search it was a 250-um Zr foil. In all
cases, the absorber material was such that it ranged out
background ions while allowing supermassive isotopes to
pass through.

Ions were detected and their masses determined by a
multiplate gas ionization detector that measured
differential energy loss, range, and total energy. In the
detector, which is shown in Fig. 2, electrons drift through
a Frisch grid to split-anode collection plates. The charge
collected on each plate is a measure of the energy loss in
a fixed region of the gas. The total energy was deter-
mined from the induced pulse on the cathode. The de-
vice has an energy resolution that is typically 1%. The
total information from the counter provides resolution
sufficient to separate neighboring isobars. There was a
time-of-flight (TOF) counter system placed upstream of
the gas counter that was primarily used for calibration
and diagnostic purposes.

The energy loss for heavy particles was estimated using
the formalism of Ziegler.?> For the nuclear stopping
power, the formula derived by Wilson?* was used. For



2076

MULTIPLATE GAS IONIZATION DETECTOR

INCIDENT _IONS

WINDOW

N

FIG. 2. The split-anode gas ionization detector. Ions enter
the gas-filled region though a thin window from the left. Ioniza-
tion electrons drift upward through the Frisch grid and are col-
lected on the anode plates. The total energy is determined from
the induced pulse on the chamber bounded by the cathode and
grid.

the electronic stopping power, the Lindhardt-Scharff?’ re-
sults for low velocities, solved in closed form using a
Thomas-Fermi calculation for the electron charge densi-
ty, were interpolated to the standard Bethe-Bloch formu-
1a%® for higher velocities with a quadratic interpolation
function; the end points of the interpolation were found
by fitting to published data.

To verify the mass independence of the beam-transport
system, an alloy sample of Be, Cu, and Au was prepared.
The source and stripper yields and the accelerator’s
transmission of each element were initially determined
for each element separately with the injection system
operating in a conventional mass-spectrometry mode.
These measurements were used to predict the relative
simultaneous yields of the three elements when they were
injected into the system using the mass independent
mode. The TOF system was used to identify the three
elements. The measured relative yields, summarized in
Table I, were close to the expected values. Small varia-
tions in the optimum beam tunes for these three elements
were identified as being due to small differences in the en-
ergy losses in the two stripper foils and to small residual
magnetic fields at the low-energy end of the accelerator.
These effects, which are just measurable for normal mass
ions, have little effect on the high-mass, low-Z ions that
are the subject of the search reported here. During nor-
mal operation the acceptance was made to be much
broader than these small differences in tune. Transmis-
sion measurements of the three elements from the Be-
Cu-Au alloy were repeated periodically during the course
of the experiment to verify the mass independence of the
beam transport system.

We measured the stripping-foil charge-state yields for
various ion beams for 5 and 10 MeV, with the injection
system operated in the conventional mass spectrometer
mode. The measurements, shown in Figs. 3(a) and 3(b),
agree well with the empirical formulas of Ref. 27 and in-
dicate that the light-ion rejection obtained by selecting
1" charge states from both stripping foils is a factor of
about 107.

During the data collection for the X~ searches, a rou-
tine was established for checking that the beam line ele-
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TABLE I. Results of tests of the mass independence of the
beam transport using the Be-Cu-Au alloy sample.

Beryllium Copper Gold
Source current (nA) 11 1200 625
Transmission efficiency 19.5% 3.8% 1%
1" stripper yield 1.5X107%  1.0X107° 1.0X107°
Relative count rates
Predicted: 1000 199 20
Observed: 1000 146 16

ments were properly tuned by turning off the sweeping
magnet and measuring the counting rate for normal mass
isotopes. In addition, we checked that the yield of 1~
ions from the source was stable. This procedure was re-
peated every 40 min. In the case of the X © search, resid-
ual magnetic fields in the low-energy end of the accelera-
tor required us to reset the injection steerers in order to
establish a D beam, which was used to check the tune
of the high-energy beam elements. As a part of this pro-
cedure, we established the source yield by measuring the
pressure in the ion source; the D~ ion current was found
to be proportional to this pressure to good accuracy. Be-
cause this procedure required the injection steerers to be
reset, it was a more time-consuming process than that
used for the X~ searches and was therefore done only
every four hours.

Occasionally during the X~ searches, a small pinhole
developed in the terminal stripping foil, resulting in an
anomalously large yield of ¢ =1" normal ions. During
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FIG. 3. The distribution of charge states of carbon ions pass-
ing through a thin (5 pg/cm?) carbon foil stripper at (a) 5 MeV
and (b) 10 MeV. The solid curve is a prediction based on semi-
empirical formulas. The high yield for the 1* charge state at 10
MeV results from incident 1% ions passing through a small hole
in the foil.
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the experiment, the TOF system was used as a continu-
ous monitor of the background ¢ =1" yields. The
abrupt increase in the TOF rate made the occurrence of a
defect in the foil easy to detect and correct. The data col-
lected around the times that damaged foils were detected
were rejected.

III. SAMPLE PREPARATION

In the searches for heavy isotopes of hydrogen, carbon,
and oxygen, we increased the sensitivity level by doing a
bulk reduction on the samples before subjecting them to
analysis. In the case of hydrogen, we used commercial
deuterium gas with a heavy isotope enrichment factor of
2X10% heavy-water (D,0) samples remaining from the
search reported in Ref. 14, prepared from lake water,
with enrichment factors of 10° 10%, and 10°, and an
unenhanced sample of seawater taken from a depth of 3
km. An enriched carbon sample was prepared at the °C
enrichment plant at Los Alamos. Carbon monoxide was
fractionated via a low-temperature distillation procedure.
Approximately one ton of carbon of petrochemical origin
was processed to produce a final sample that had an en-
richment of high-mass carbon isotopes of a factor of 10°.
For the oxygen search we used a commercial 130 sample,
obtained in the form of H, '80, that had a heavy isotope
enrichment factor of 416. Chemical reagent samples of
Li, Be, B, and F were used in the heavy isotope searches
for these elements.

The enriched samples required further processing to
produce forms suitable for use in the ion source. The en-
riched '3CO sample was chemically processed to trap the
carbon isotopes in iron balls that were used in the ion
source. Since the oxygen component of the enriched D,O
samples would produce too much beam current for the
accelerator, it was removed by the chemical processes
D,0+Mg—MgO+D,. The D, was bled into the ion
source through a needle valve. The H, '®O sample was
converted to solid Ca'®O by the reaction
H, '*0+Ca—Ca'®*0+H,.

IV. DATA ANALYSIS

Candidates for heavy isotopes were selected according
to the dE /dx signals that were measured by the split
anode gas ionization detector. In the case of the X*
search, this was simplified by the fact that heavy-
hydrogen isotopes would have a shorter range in the gas
counter than the ordinary isotopes 'H and H and, thus,
would have larger signals on the first few plates of the
counter. The expected range in the counter increases
with mass such that an M=100 amu isotope would stop
under the second plate and an M =10000 amu isotope
would stop under the third plate. We selected events in
which there were no signals recorded beyond the fourth
plate of the counter. In Figs. 4(a) and 4(b) we show a
scatter plot for 8E; vs 8E, (8E, vs 8E;) for the detected
ions that did not penetrate beyond the fourth plate for
the most highly concentrated heavy-hydrogen sample.
The expected location of signals from heavy isotopes is
shown as a function of mass by the line in each scatter
plot. There are no events consistent with being X * can-
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didates for masses between 100 and 10 000 amu.

The selection for X~ candidates was more complicated
since, in this case, high-mass isotopes would have longer
ranges and smaller pulse heights than their low-mass
counterparts. In Figs. 5(a) and 5(b) we show a scatter
plot of E,, vs 8E, (8E, vs 8E,) for the enriched °C
sample. Here there is clearly more background than in
the X1 search. For each event, we used six measured
quantities (E,,, and 8E;, i=1 to 5) and computed the
closest distance in the six-dimensional E, 8E; hyper-
space between each measured point and the curve corre-
sponding to the expected position for isotopes of mass
ranging from 100 to 10000 amu. We selected events that
were within 2 MeV of this curve. (Our resolution in this
quantity, determined from applying the same technique
to known isotopes, was typically less than 0.8 MeV.)
Some events passed these criteria. Their origin was
traced to a-particle radiation from a low-level ! Am con-
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FIG. 4. Scatter plots of (a) 8E, vs 8E, and (b) 8E, vs 8E; for
the hydrogen sample that was enriched by a factor of 10°. The
predicted locations for heavy particles are shown as a function
of mass (in amu).
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FIG. 5. Scatter plots of (a) E,, vs 8E, and (b) 8E, vs 8E, for
the enriched carbon sample. The predicted locations for heavy
particles are shown as a function of mass (in amu).

tamination of the detector container that survived the
cleaning procedures that preceded the experiment. Fig-
ure 6(a) shows the rate of events as a function of inferred
mass for the 3C search; Fig. 6(b) shows the same analysis
for data taken with the detector completely shielded from
the beam. The two spectra are similar; the shielded spec-
trum is used to perform a background subtraction, with
the residual spectrum shown in Fig. 6(c). In no case did
the subtracted spectra show a count rate that was more
than two standard deviations above zero. These subtract-
ed count rate spectra were used to establish concentra-
tion limits for X ~ particles.

Concentration limits were determined from the rela-
tion

nyo I(t)
C _—— -7
(m) " )st . dt ,
where
N~(mh)

e(m)=1Y(m,)

N—(m,)

Here, €(m) is the product of all of the mass-dependent
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FIG. 6. The counting rate as a function of inferred mass for
(a) the enriched carbon sample and (b) no sample (valve closed).
The background is attributed to a *'Am contamination in the
detector and accounts for all of the observed events as can be
seen from (c) the background subtracted distribution.

efficiencies, ¥, is the enrichment of the sample, f I(t)is
the integrated source current over the data sampling live
time and n,, is the two-standard-deviation (90%-C.L.)
upper limit on the number of candidate events. The
efficiency has three components: 7 is the transmission
efficiency; Y (m,) is the product of the relative stripping
efficiency for the two stripping foils for heavy and low-
mass ions; and N (m,)/N~(m;) is the ratio of
negative-ion formation rates for heavy and low-mass ions.

Transmission losses were dominated by electron strip-
ping from negative ions in the residual gas near the en-
trance of the accelerator. These losses have been mea-
sured for normal ions by Lund?® and are found to range
from 10% for 0O~ to 75% for '’ Au~. Charge changing
cross sections are expected to factorize as
o=f(Z)g(v/v'), where v'=e?/h =0.007c is a velocity
that is typical of the outermost electron in an atom.
Measurements of g (v/v’) (Ref. 29) indicate that it has a
broad maximum at v/v’'~1 and drops by an order of
magnitude for v/v’~10. For lower values of v/v’, this
quantity is down by a factor of about 3 at v/v'~0.1. In
the entrance region of the accelerator, ordinary ions have
values of v /v’ that range from about 2 to 10, while the
heavy-mass isotopes that we are searching for have v /v’
values ranging from 0.024 to 1.0. Thus, we expect rela-
tive transmission efficiencies to be the same to within one
order of magnitude. To be conservative, we assign the
heavy isotopes a 10% transmission efficiency relative to
that for the ordinary ions.

For stripping efficiencies, we use the empirical formu-
las of Ref. 27 to extrapolate to velocities corresponding to
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high-mass isotopes. These formulas reproduced our mea-
sured stripping yields reasonably well.

The rate for negative ion production can be written as
N (m)=Y(m)S (m), where Y(m) is the sputtering
yield and S ~(m) is the negative-ion formation probabili-
ty. For the sputtering yield, we use the empirical formula
of Matsunami et al.,® which indicates a relative loss of
about an order of magnitude at mass 10000. For S~ (m),
we use the theory of Norskov and Lundquist,’! which
agrees well with experimental observations of Yu*’ and
Vasile.?> In this model, S ~(m) < exp( —BV m); for B, we
use the value that was determined for %0~ in Ref. 31.

V. RESULTS

We find no evidence for anomalous isotopes of terres-
trial H, Li, Be, B, C, O, and F in the mass range from 100
to 10000 amu. We establish concentration limits as list-
ed in Table II, and shown in Fig. 7. For the case of heavy
hydrogen, we only show the results for the seawater sam-
ple and the heavy-water sample that was enriched by a
factor of 10°. No candidates were found in any of the
other water samples; the concentration limits derived
from them are similar to those presented degraded by the
relative enhancement factors. Except for the lower mass
range of hydrogen, these limits are the most sensitive re-
ported to date. In the case of hydrogen, our results set
the most stringent concentration limits for masses in the
range 1200 to 10 000 amu.

The concentration limits are well below the theoretical-
ly expected level of 1070 to 107 !2 heavy particles per nu-
cleon. Geochemical processes are not expected to
dramatically change the concentration of heavy isotopes
in matter. For example, in Bigeleisen’s model,'° the ratio
of maximum fractionation effects for different mass iso-
topes, a, has a mass dependence given by

where m, and m;, are the light and heavy masses.!° This
relation was used to estimate the maximum chemical
fractionation of anomalous-mass isotopes in nature by
fixing the proportionality constant to match the mea-
sured values for known isotopes. Estimates of these
effects for heavy isotopes for several elements are given in
Table III. Fractionation effects for hydrogen are the
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FIG. 7. Measured concentration limits for X particles in vari-
ous elements. Previous results are shown with dashed lines with
the corresponding reference number indicated in parentheses.
The present results for X ~ particles are shown with solid lines,
and for X * particles as dotted-dashed lines. For hydrogen, only
the results for the seawater sample and the sample that was en-
riched by a factor of 10° are shown.

most severe, the concentration of heavy-mass isotopes be-
ing suppressed by about a factor of 100; for carbon, it is
less than 10. Smith and Bennett** have considered the
effects of oceanic settling of heavy-mass isotopes. They
find an equilibrium time constant of > 10® years, much
longer than the mixing rate for the oceans, which is of or-
der 10° years. Thus, heavy isotopes in ocean water would
remain homogenized.

The difference between our observed concentration
limits for hydrogen and the predicted concentrations for
X% particles are many more orders of magnitude lower
than can be explained by fractionation processes. Thus
we conclude that stable X * particles of the type dis-
cussed in Refs. 7 and 8 do not exist in the mass range
from 100 to 10000 amu. The case for a negatively
charged X~ particle, which might preferentially attach
to some particular nucleus, is somewhat more ambiguous.
Nevertheless, our limits, covering a variety of nuclear
species, are well below predicted levels (by a factor of 10%
in the case of carbon). Thus, a stable X ~ particle in the
same mass range must be considered to be extremely un-

TABLE II. Abundance limits (at the 20 level) for heavy isotopes established by this experiment. In the case of H, C, and O, sam-

ple enrichment techniques were used.

Mass (amu) H Li Be B C (0] F
100 2x1072% 2x10718 4x10712 4X107 1 4x1072° 4x107" 7X1071
500 9Xx 10~ 3X1071 2x10712 1X1071 2X107% 6x107" 5x10716
1000 3x107% 6x10713 1x107 ! 6X107 14 8§X 1072 4x107Y 4Xx1071
5000 2% 1072 9x 10~ 1! 1x107° 1x107 " 3x107Y 4x107" 3x1071
10000 3X1072° 7X10710 7x107° gx10~ ! 2X10716 3x10714 2X10712
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TABLE III. Estimates of @~ '(My), the maximum change in concentration of a mass My isotope relative to that of the common
isotope, due to geological fractionation. The theory (Ref. 10) uses known relative abundances of ordinary isotopes (references) to ex-

trapolate to heavier masses. (All masses are in amu.)

Element Reference masses a (My=10) a” ' (My=100) a” ' (My=1000) a ' My=o)
Hydrogen 1,2 0.015 0.010 0.010 0.010
Carbon 12,13 0.31 0.28 0.27

likely. The situation for neutral massive stable particles
is more complex. It is discussed in detail in Ref. 9.
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