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Search for Anomalously Heavy Isotopes of Helium in the Earth’s Atmosphere
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Our knowledge of the possible existence in nature of stable exotic particles depends solely upon
experimental observation. Using a sensitive laser spectroscopy technique, we searched for a doubly
charged particle accompanied by two electrons as an anomalously heavy isotope of helium in the
Earth’s atmosphere. The concentration of noble-gas-like atoms in the atmosphere and the subsequent
very large depletion of the light 3;4He isotopes allow stringent upper limits to be set on the abundance:
10�12–10�17 per atom in the solar system over the mass range of 20–10 000 amu.
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niques [10]. Some measurements have searched for pos- shift measurements or from theoretical calculations. This
Our knowledge of the stable particles that may exist
in nature is defined by the limits set by measurements.
As has been pointed out by Cahn and Glashow [1], this is
an experimental result and there remain possibilities for
‘‘superheavy’’ particles in the mass range of 10–105 amu
(atomic mass units). The most interesting limits are those
that can be set for the simplest systems: singly charged [2]
or neutral particles. But other charges are also of in-
terest. There have also been suggestions that there may
be very tightly bound stable states of hadronic matter,
e.g.,‘‘collapsed nuclei’’ [3] or ‘‘abnormal states of nuclear
matter’’ [4]. A more recent motivation for experimental
searches is the possible existence of strange quark matter
(so-called ‘‘strangelets’’ with approximately equal num-
bers of up, down, and strange quarks), which was first
pointed out by Witten [5] and explored by Farhi and Jaffe
[6,7]. The suggestion generally is that such states would
have a lower charge-to-mass ratio than normal nuclei, and
for the strangelets, very much lower.

A particularly favorable case is presented by particles
of charge �2e, which would occur in nature with two
electrons as neutral, heliumlike atoms. Normal helium
is severely depleted in the terrestrial environment be-
cause of its light mass. The primordial helium finds its
way to the exosphere, from where it escapes into space
because of its low mass, and thus helium is replenished
only from radioactive decay. Other noble gases, from
neon to xenon, are concentrated largely in the Earth’s
atmosphere, after an initial, lesser depletion relative to
solar system levels at the early stages of the planet’s
evolution [8,9]. A heavy (mass > 20 amu) and doubly
charged particle would form a heliumlike atom and be-
have like other noble gases by remaining in the atmo-
sphere. The concentration of noble-gas-like atoms in the
atmosphere and the subsequent very large depletion of the
known light 3;4He isotopes from the atmosphere allow
significantly enhanced limits to be set.

Searches for tightly bound stable nuclei, such as
strangelets, have been performed using several tech-
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sible pion emission when a thermal neutron is captured by
such a system [11]. Mass spectrometry was used on a
variety of light elements [12–15], and achieved the lowest
limits (as low as �10�30 on isotopic abundance at around
100 amu) for singly charged ions as anomalous isotopes
of hydrogen in heavy water extracted from the residue of
electrolysis [15]. This technique assumes that very heavy
hydrogen remains in water, is not segregated in solid
precipitates, and is not lost in the electrolysis enrichment
process. Photon-burst spectroscopy has been used to
search for Na-like strangelets and has achieved an iso-
topic limit of 5� 10�12 in the range of 102–105 amu [16].
The technique of searching for anomalous backscattering
of heavy ions by strangelets [17] and the technique of
searching for anomalous high-energy � rays emitted by
strangelets upon heavy-ion activiation or �p; n� reactions
[18] were used to set limits on the order of 10�10–10�17

in the mass range of 103–108 amu. Searches specifically
aimed at anomalous isotopes of helium have been per-
formed in two previous experiments. Using mass spec-
trometry, Klein et al. [13] set an isotopic abundance limit
of 6� 10�15 over the mass ranges of 3.06–3.96 amu and
4.04–8.12 amu; Vandegriff et al. [19] set an isotopic
abundance limit of 10�3–10�5 over the mass range of
42–82 amu.

In this work, we used a laser spectroscopy technique
and took advantage of the isotope shift due to the higher
mass of a heavier nucleus. The electronic structure of such
an abnormal helium atom should be identical to that of
ordinary helium; the influence of the nucleus is reflected
only in small isotope shifts and in hyperfine structure. In
helium, the isotope shift is dominated by the mass shift
that results from the change of the nuclear mass. The
change in the charge distribution of the nucleus that leads
to the field shift is many orders of magnitude smaller and
can be neglected here. The mass shift ��MS of a transi-
tion between isotopes of nuclear mass M and mass infin-
ity is given as ��MS � �FMS=M. The mass shift constant
FMS can be extracted either from experimental isotope
2004 The American Physical Society 022501-1
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FIG. 1. Schematic diagram of the apparatus used for FM
saturation spectroscopy. AOM, acousto-optical modulator;
DL, diode laser; EOM, electro-optical modulator; FA, fiber
amplifier; PD, photodiode detector; RF, radio-frequency gen-
erator; FG, function generator.
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technique is particularly suited to searches for isotopes
with unknown mass because the range of atomic transi-
tion frequency to be searched is finite even as the atomic
mass goes to infinity. We performed the search by probing
the 1s2s 3S1 ! 1s2p 3P2 transition at 1083 nm in helium
atoms at the metastable 1s2s 3S1 level. From the known
3He-4He isotope shift [20], it is derived that FMS �
412 GHz for this transition. In comparison, the corre-
sponding field shift between 3He and 4He is only 0.9 MHz
[20]. We note that this search method can be applied not
only to anomalously heavy isotopes of helium but also to
similar searches in other atomic or molecular species.

The helium sample was extracted from air with sorp-
tion pumps cooled to 80 K by liquid nitrogen, thus effec-
tively absorbing all major gases in air except neon,
helium, and hydrogen, whose partial pressures in air are
13.8, 4.0, and 0.4 mTorr, respectively. After the sorption
pumps reached equilibrium, the remaining gas was com-
pressed with a turbopump into a previously evacuated
quartz glass cell for laser spectroscopy work. In the cell
the chemically active gases such as hydrogen and water
were absorbed by a getter pump, leaving only neon and
helium with the pressure ratio of approximately 3:5:1, as
measured with a residual gas analyzer and consistent with
the well-known atmospheric value. The gas purity of the
sample is critical, as any impurities except neon can
quench the metastable helium upon collisions.

The process of freezing out the gases is governed by the
surface adsorption time, � � �0 exp�Es=kBT�, where Es is
the binding energy, �0 is the period of oscillation of
helium atoms temporarily bound to the surface, kB is
the Boltzmann constant, and T is the temperature of the
surface. Es is determined mainly by the electronic struc-
ture which depends weakly on nuclear mass. Existing
measurements of helium atoms on various surfaces in-
dicate that Es=kB < 20 K [21]. Therefore, at the sorption-
pump temperature of 80 K, exp�Es=kBT� � 1 even for
the heaviest anticipated masses. The oscillation period
�0 is proportional to

����

m
p

, where m is the mass of the
atoms. On the other hand, the rate of atoms hitting the
surface is proportional to the velocity of the atoms in
the vapor, and is proportional to 1=

����

m
p

. These two fac-
tors cancel and, consequently, the ratio of the number of
helium atoms in the vapor to that on the surface should
be only weakly dependent on mass. Thus, we conclude
that the heavy helium was extracted with approximately
the same efficiency as the ordinary helium. A practical
high-mass limit in the search, set at 1� 104 amu, is
introduced by the uncertainty in spectroscopic line shape
which is discussed below. Within the above mass range,
helium atoms inside the vacuum system at 80 K are
distributed evenly over the typical height (0.5 m) of the
apparatus. We also note that convection keeps the vertical
distribution of masses in the atmosphere near ground
reasonably uniform.

A schematic diagram of the apparatus is shown in
Fig. 1. In order to search for a weak absorption signal
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and avoid Doppler broadening, we performed frequency-
modulation saturation spectroscopy [22] on the
1s2s 3S1 ! 1s2p 3P2 transition (natural linewidth �
1:6 MHz). While there are several other well-established
laser methods for ultrasensitive trace-isotope analyses
[23], such as resonance ionization mass spectrometry and
atom trap trace analysis, none were suitable for searching
for an anomalous isotope over a wide mass range. The gas
sample was enclosed in a 1 m long and 2.5 cm diameter
quartz glass cell, in which a RF-driven discharge was
used to populate the metastable 1s2s 3S1 level via elec-
tron-impact collisions. The gas pressure in the cell re-
quired a judicious choice between optimum metastable
population and higher sample concentration. Tests indi-
cated that an optimum pressure is approximately
200 mTorr, which provides an estimated metastable popu-
lation of around 1� 10�4 relative to ground-state helium
atoms. A laser system consisting of two diode lasers and a
fiber amplifier provided the required laser power of
500 mW and the single-mode laser frequency with long-
term stability and scan control of better than 1 MHz. The
probe laser beam was phase modulated at 36 MHz with an
electro-optical modulator, directed through the long cell
with a power of 8 mWand a diameter of 1 cm, and finally
focused onto a fast InGaAs-photodiode detector. The
pump beam was frequency shifted by 2 MHz and
chopped at 45 kHz with two acousto-optical modulators,
then directed through the long cell in the opposite direc-
tion with a power of 50 mW and a diameter of 1 cm. This
2 MHz shift was implemented to avoid interference ef-
fects between the probe and pump laser beams, yet it was
small enough so that the frequencies of the pump and
probe beam still overlapped within the Doppler width of
the heavy helium atoms. The signal from the photodiode
was first demodulated at 36 MHz with a RF mixer and
then at 45 kHz with a lock-in amplifier, whose output was
recorded as data.

The calibration of the detection sensitivity was accom-
plished by using 3He as a reference isotope, whose abun-
dance in air is 1:4� 10�6 relative to 4He. We have
calibrated our method against mass spectrometry using
022501-2



FIG. 2. (a) A partial representative set of the FM spectros-
copy data. The entire frequency range scanned is from �86:3 to
�3:1 GHz, corresponding to 4.8–10 000 amu. The region from
�77:1 to �69:7 GHz, corresponding to 5.3–5.9 amu, was omit-
ted due to the interference of the 23S1!23P0 transition of 4He.
(b) FM spectroscopy data of 3He. Both the vertical and hori-
zontal scales change from (a) to (b). The stronger peak is due to
the 2 3S1;F�3=2 ! 2 3P2;F�5=2 transition and the weaker peak,
221 MHz away, is due to the 2 3S1;F�1=2 ! 2 3P2;F�3=2 transi-
tion. (c) Relative amplitudes obtained by fitting the data with
the 3He template. The amplitudes are normalized to the ampli-
tude of 3He whose isotopic abundance is 1:4� 10�6. Only 5%
of the amplitudes lie beyond each dashed line. (d) Distribution
of the amplitudes: mean � 4:4� 10�5; standard deviation �
1:4� 10�2; the maximum amplitude (�5:6� 10�2) occurred
at �27:0 GHz (or 15.3 amu); 95% of the amplitudes are above
�2:3� 10�2. The 95% confidence limit is set to be 7:9� 10�2.
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three different samples whose 3He isotopic abundances
ranged from 10�7 to 10�5 [24]. At the same strong-
discharge condition used for the search for a heavy iso-
tope, the observed signal of 3He in the atmospheric
sample had a signal-to-noise ratio of 70 and a linewidth
of 45 MHz, which was significantly broadened by the
high pressure and high laser power. The noise was mainly
due to laser power fluctuations and was approximately a
factor of 5 larger than the shot noise. The 3He line shape
was important, as it was used as a template when looking
for a signal, and it was recorded every day during the
search in order to verify that all system parameters
were set correctly. For the search the laser was slowly
scanned across a range of mass shift ��MS from �86:3 to
�3:1 GHz, corresponding to a mass range of 4.8 amu –
infinity. The laser-frequency control system allowed for a
maximum continuous scan of 320 MHz. The complete
frequency range of the search was therefore split into
many 320 MHz wide intervals that overlap by 20 MHz
on each side with the adjacent intervals. The data set over
each interval is accumulated by performing 40 repeated
scans in 10 min.

A first analysis of the data showed that the observed
fluctuation in the signal was not statistical noise but a
spurious signal caused by an etalon effect in the probe
beam with a free spectral range of approximately
400 MHz, much larger than the 45 MHz linewidth of
the sought-after signal. The spurious sinusoidal signal
was filtered out with only a 3% reduction in detection
sensitivity, as demonstrated by a comparison of the 3He
signal before and after the filtering. Moreover, based on
the 3He signal, it was verified that the first derivative of a
Lorentzian peak with a width of 45 MHz was an appro-
priate template [Fig. 2(b)]. The filtered data [Fig. 2(a)]
were used to search for a possible signal by sliding the
template over the scan range and calculating the best fit
for the amplitude for each frequency with a resolution of
3 MHz [Fig. 2(c)]. We find the distribution of the fitted
amplitudes over the entire frequency range to be statisti-
cal with the mean value of zero [Fig. 2(d)].We conclude at
the 95% confidence level that there is no anomalous peak
with an amplitude larger than 7:9� 10�2 times the 3He
amplitude anywhere in the entire frequency range. We
note that this limit is on the amplitude(s) of a single
anomalous peak and of multiple peaks that are either
well separated or closely overlapped with the spacing
between them much smaller than the linewidth. In case
of multiple peaks with the spacing between them compa-
rable to the linewidth, the line shape would be altered, and
the detection sensitivity reduced.

This detection method is more sensitive to atoms of
heavier masses because the Doppler width decreases and
the fraction of the atoms being resonantly probed in-
creases with the atomic mass until the Doppler width
becomes comparable to the interaction linewidth of
45 MHz as the mass reaches 1� 104 amu. For masses
above this value, the shrinking Doppler width may, in
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fact, alter the signal linewidth and reduce the detection
sensitivity. For this reason we conservatively set the high-
mass limit at 1� 104 amu. The sensitivity depends
slightly on the hyperfine structure due to the difference
in population distribution and transition strength. For ex-
ample, the 3He signal via the 2 3S1 F � 3=2 ! 2 3P2 F �
5=2 transition is a factor of 1.7 weaker than that of the
corresponding transition in 4He. The quoted limits as-
sume that the heavy helium atom has no hyperfine struc-
ture with the understanding that the limits will change by
a small factor (less than 5) if hyperfine structure is
present. The limits on the isotopic abundance of anom-
alously heavy helium atoms in the Earth’s atmosphere are
10�7–10�9 over the mass range of 5–10 000 amu (Fig. 3).

The origin and evolution of the terrestrial noble gases
have been subjects of great interest in geology for the past
five decades [9,25]. Although it is not conclusively estab-
lished, past geochemical measurements indicate, and
most global evolution models infer or assume, that the
total inventory of primordial noble gases in the mantle is
small compared to that in the atmosphere. For the case of
helium, it is known that the 3;4He nuclei present in the
Earth are almost all ‘‘young’’ nuclei with radiogenic or
022501-3



FIG. 3. Limits on the abundance of anomalously heavy iso-
topes of helium. The solid lines indicate limits set by this work:
top, on the isotopic abundance (anomalous helium vs 4He) in
the Earth’s atmosphere; middle, on the atomic abundance
(anomalous helium vs total number of nuclei) in the solar
system; bottom, on the atomic abundance in the Earth. We
note that these limits are on the abundance of a single anoma-
lous mass. If there are several anomalous masses, the limits
may be less stringent as discussed in more detail in the text.
The left dashed line indicates the limits set by Klein et al. [13]
on the isotopic abundance in the Earth’s atmosphere. The right
dashed line indicates the limits set by Vandegriff et al. [19] on
the atomic abundance in the solar system.
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FIG. 4. Deficiency factor fD of terrestrial noble gas isotopes
[25]. The deficiency factor of an isotope is defined as the ratio
of the atomic abundance of a certain element in the earth over
that in the Sun. The terrestrial 4He has a radiogenic origin. A fit
(dotted line) over the four data points of primordial isotopes
yield that log�fD� � �3:1� 9:0 exp��0:045M�. This function
is used to calculate the solar abundance from the terrestrial
abundance of heavy helium.
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cosmogenic origin; the lifetime for 3;4He atoms in the
atmosphere is only �2� 106 years. Knowing that there
are 6� 1038 4He nuclei in the Earth’s atmosphere and a
total of 1� 1050 nuclei of all kinds in the Earth [26], we
can set limits on the abundance of anomalous heliumlike
particles in the whole Earth at 10�18–10�20 per atom over
the mass range of 5–10 000 amu (Fig. 3).

It is believed that the Sun and the planets formed
from the same starting material and that this original
composition is preserved in the Sun. The noble gases,
as well as hydrogen, either were not captured in the
planet formation process or were subsequently depleted
in the Earth at the early stage when the planet was
molten. The deficiency factors for each noble gas element
(Fig. 4), defined as the ratios of the abundances of the
elements in the Earth over those in the Sun, are well
documented [25,27]. There is clearly a mass depen-
dence: heavier noble gas atoms are retained more than
the lighter ones, and for atoms of mass>80 the deficiency
factor approaches a constant. Assuming that the defi-
ciency factors for the anomalous helium follow the
same mass dependence, we can set limits on their abun-
dance in the solar system at 10�12–10�17 per atom over
the mass range of 20–10 000 amu (Fig. 3). We note that
the sensitivity of the method presented in this Letter
could be improved further by perhaps several orders of
magnitude with the application of cavity-enhanced spec-
troscopy [28] and by perhaps enriching heavy helium
with gas chromatography.
022501-4
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