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We describe a method for dark matter detection based on the evaporation of helium atoms from a cold
surface and their subsequent detection using field ionization. When a dark matter particle scatters off a
nucleus of the target material, elementary excitations (phonons or rotons) are produced. Excitations which
have an energy greater than the binding energy of helium to the surface can result in the evaporation of
helium atoms. We propose to detect these atoms by ionizing them in a strong electric field. Because the
binding energy of helium to surfaces can be below 1 meV, this detection scheme opens up new possibilities
for the detection of dark matter particles in a mass range down to 1 MeV=c2 .
DOI: 10.1103/PhysRevLett.119.181303

Although the evidence for existence of dark matter from
its gravitational interaction with ordinary matter is strong,
direct detection of dark matter particles has not yet been
achieved [1,2]. For a current plot of the experimentally
excluded region of the scattering cross section as a function
of mass, see Ref. [2]. Recently, a number of theoretical
models have been proposed in which the mass mχ of dark
matter particles would be below ∼10 GeV=c2, and thus
below the mass range that can be easily detected in most of
the current experiments [3]. In the search for low-mass dark
matter particles by direct detection, the energy threshold of
the detector is the key parameter [4,5]. Present techniques
based on electronic excitations of semiconductors [6–9],
scintillation from transparent crystals [4,5], and/or the
thermal response of the target by sensitive thermometers
[4–6,8,9] all require the deposition of about 1 eV or more.
Various techniques such as the use of narrow gap semiconductors [10,11] or superconductors [12] have been
suggested to lower this energy threshold. Here we describe
an effective means of measuring energy depositions
extending down to 1 meV based on the use of field
ionization detection of helium atoms evaporated from
surfaces at low temperatures.
When a particle collides with a nucleus of mass mN , the
maximum transferable kinetic energy T NR is
T NR ≤

2m2χ mN v2χ
;
ðmχ þ mN Þ2

ð1Þ

where vχ is the relative speed of the particles. Recently
there has been renewed interest in using liquid helium as a
detector of light dark matter particles [13–15], primarily
because it is light and, according to Eq. (1), receives more
energy from a collision than would a higher mass target for
mχ < mN . The high purity of liquid helium is also
beneficial because it precludes internally generated background events due to radioactivity. Most significant for the
purpose of increasing the sensitivity of a detector is the low
0031-9007=17=119(18)=181303(6)

binding energy of a helium atom to the liquid (0.62 meV)
which needs to be overcome to release a helium atom into
the vapor phase. The evaporation process provides a way to
transfer, with amplification, energy deposited in the bulk of
a target with a very large heat capacity to a calorimeter with
much lower heat capacity, thereby lowering the minimum
detectable T NR by several orders of magnitude relative to
what can be achieved without its use.
A 4He-based detector for solar neutrinos (HERON) that
made use of quantum evaporation of helium was proposed
[16] and a series of experiments was performed to study the
physics involved in the detection process [17,18]. Helium
atoms that evaporated from superfluid helium as a result of
charged particles stopped in the liquid [16–21] were detected
by measuring the energy they imparted to a silicon wafer
calorimeter above the liquid helium. A schematic diagram of
the HERON detector is shown in Fig. 1(a). When the
temperature is below 100 mK, the equilibrium number
density of 4He in the vapor phase is of the order of
10−12 cm−3 , as is the combined number density of thermal
phonons and rotons with an energy above 0.62 meV. A
helium recoil results in a complex string of processes, but the
final outcome is the production of phonon and roton
excitations [22]. The phonons and the rotons that have an
energy above about 0.7 meV propagate through the liquid
without scattering or decay [23]. When one of these
excitations reaches the free surface of the helium, a process
called quantum evaporation can result in the ejection of a
helium atom [24–26]. The silicon wafer calorimeter was
positioned above the liquid surface in a way that maintained
the wafer free of a superfluid helium film [27].
The calorimetric detection of evaporated helium atoms as
employed by HERON is a powerful method for decreasing
the threshold energy measurable in a large-target-mass
detector. When applied to the search for dark matter, the
lowest detectable mχ is determined by the minimum number
of evaporated helium atoms that can be detected. Single-atom
sensitivity would enable the detection of weakly interacting
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FIG. 1. Schematic diagram of (a) the original HERON experiment and (b) a dark matter direct detection experiment based on the
detection of evaporated helium atoms by field ionization. In both
cases, the recoil of a helium nucleus in the superfluid produces
rotons and phonons which, upon arriving at the free surface, cause
helium atoms to be released by quantum evaporation.

massive particles (WIMPs) as light as 0.6 MeV=c2 , according to Eq. (1) and assuming vχ ¼ 537 km=s, the galactic
escape velocity in our region. At present, no large-area
calorimeter has demonstrated an energy threshold close to
being able to sense a single helium atom.
Field ionization offers a method for detecting single free
helium atoms. The high electric fields in the vicinity of a
sharp, positively charged, metal tip can ionize helium atoms,
whereupon the resulting positive ion accelerates and impinges
on a cathode with a high kinetic energy. A calorimeter can
easily measure the impact of even a single ion on the cathode.
Field ionization is a well-studied process, having been
discovered in 1951 by Müller [28] and used extensively in
field ion microscopy, which Müller invented [28–30]. It
involves the tunneling of an electron from a neutral atom to
a charged metal tip through a field-distorted barrier, illustrated
schematically in Fig. 2. The tip is held at a positive voltage ΔV,
typically several kV, relative to a distant cathode. An electron
can tunnel from the atom to the tip when the electric field raises
the electron’s energy above the Fermi level of the tip. The
critical distance xc from the tip beyond which that condition is
met decreases with increasing field strength E. The tunneling
probability increases rapidly with E because the width of the
tunneling barrier shrinks. Müller found that field ionization of
gas-phase helium atoms by a single tip produced a measurably
large electrical current when E ≈ 2 V=Å, which corresponds
to xc of the order of a few Å [29].
The efficiency with which a field ionization detector
detects evaporated helium atoms will depend on several
factors, including the electric field at the tip, the field
gradients around the tip, the tip surface, the temperature,
and the geometry of the detector. The field near the tip
controls the tunneling process. The probability that a helium
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FIG. 2. Field ionization. (a) Illustration of a helium atom a
distance xc away from a positively charged metal tip. (b) Diagram
of the electron potential energy U showing the field-distorted
barrier of a bound electron (black line), the influence of the
applied field on a free electron (dashed line), the work function of
the tip W, and the helium ionization energy Eion.

atom approaching the tip will become ionized before it
reaches xc is essentially unity when E ¼ 5 V=Å, because the
time the atom takes to pass through the high-field region is
longer than the inverse tunneling rate [31]. Furthermore, the
ions consistently form at a position where the potential is
only 10 to 20 V below ΔV because ionization occurs
overwhelmingly within a narrow region extending less than
1 Å beyond xc [29,31]; this ensures that each ion will deposit
a large and consistent amount of kinetic energy in a
calorimeter located at the cathode.
To quantify the atom gathering power of a field emission
tip, one commonly defines an effective capture radius Reff
such that the current I of the emitted ions is equal to πR2eff Je,
where −e is the electron charge and J is the flux of helium
atoms onto
the surface.
At pressure P and temperature T,
ﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
J ¼ P= 2πmN kB T , where mN is the mass of a helium atom.
When ΔV is high, Reff can significantly exceed the nominal
tip radius. For example, early measurements by Müller and
Bahadur [29] and by Johnston and King [32] obtained Reff as
high as 450 and 500 nm, respectively, using similar tungsten
tips with nominal radii of 100 nm.
We expect that helium atoms can be efficiently field
ionized below 100 mK because large values of Reff are the
result of several effects which can be enhanced by design.
The inhomogeneous fields around a charged tip exert a
polarization force on helium atoms that gathers them
inward. The potential from the polarization interaction is
Upol ¼ − 12 αE2 ¼ −7.1E2 meV, where E is measured in
V=Å and α is the polarizability of atomic helium. The range
over which U pol collects atoms grows as the kinetic energy
of the atoms decreases. The atoms evaporated from helium
by rotons have a range of energy from 0.13 up to about
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0.7 meV, and thus their trajectory will be strongly influenced by Upol. The effect of U pol is further assisted by the
small fraction of kinetic energy that helium atoms lose
upon hitting the surface near the tip [33], which allows
them to bounce off the surface many times before becoming
adsorbed, and as they bounce the polarization force can
guide them toward the tip [31]. Accordingly, the helium
field ionization current at a tungsten tip increases rapidly as
the temperature decreases [34–36]. Finally, we note that
adsorbed atoms may have a significant mobility after
adsorption. Halpern and Gomer [37] have shown that
helium migrates easily towards a charged tip with helium
films on the surface of tungsten at 4.2 K. It is possible that
as a result of quantum tunneling there is still significant
diffusion even at T ¼ 0 K.
A helium atom detector for dark matter searches could be
configured as an array of tips on the anode in a parallelplate capacitor geometry, as sketched in Fig. 3. The cathode
could be a thin wafer with a metallized surface connected to
a calorimeter. A dense array of tips should maximize the
probability that approaching helium atoms will become
captured and ionized, while arranging many inclined arrays
in rows as sketched in Fig. 1(b) should result in a low
fraction of free helium atoms that reflect off a detector
surface back toward the target. The important dimensions
of the detector geometry include the tip radius R, the length
L of each tip, the lateral spacing s between tips in the array,
the spacing D between the anode and the cathode, and the
thickness d of the gap between neighboring arrays. Sharp
tips achieve the critical field to induce ionization by locally
enhancing the macroscopic field, given by Em ¼ ΔV=D, by
a factor γ. For a single tip shaped like a cylindrical post with
a hemispherical cap, γ depends on the ratio L=R as γ ¼
1.125ðL=R þ 2Þ0.91 [38]. A tip with R ¼ 10 nm and L ¼
20 μm thus achieves an enhancement factor γ ¼ 1140. In
an array, each tip is screened by its neighbors, resulting in a
decrease in γ, but shielding only becomes significant when
s is small compared with L. Calculations by Read and
Bowring [39] found that γ is reduced by only about 10%
relative to an isolated tip when s=L ¼ 0.1, and so the tip
considered above could be arrayed with s ¼ 2 μm and still

FIG. 3. Schematic diagram of a field ionization tip array
indicating D, L, s, and d.
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achieve a field enhancement factor of 1000. To generate
E ¼ 5 V=Å at the tips with ΔV ¼ 50 kV, D could be as
wide as 1 mm. A thin (d < D) spacer with a high dielectric
strength can isolate neighboring arrays operating at
ΔV ¼ 50 kV. Arrays of tips with similar dimensions to
those described above have been fabricated by scalable
wafer processing techniques and used for field ionization
applications [40].
While tungsten tips, as discussed above, have been used
extensively to study the physics of field ionization, more
recently large arrays of carbon nanotubes [41] and metallized semiconducting tips [42–44] have been fabricated for
a variety of applications of field ionization. Many designs
with anode to cathode separations in the micrometer range
can produce ionization at applied potentials below 100 V
[45]. In the case of semiconducting tips, the combination of
field penetration into the semiconductor [46,47] and band
bending at the surface and empty acceptor states on the
surface of p-type materials [47] result in field ionization of
helium with potentials below 10 kV applied across a 2-mm
anode to cathode gap. These new materials and configurations open up many different possibilities for the design
of a low-temperature sensor for evaporated helium. Studies
of sensitivity, operating potential, and difficulty of fabrication are required to assess the best approach to a design.
The choice and processing of materials used in the field
ionization detector are important because they influence a
number of effects that could adversely influence the accurate
characterization of evaporated atoms. When a helium ion
strikes the cathode of the detector with several keVof kinetic
energy, atoms can be sputtered from the metal and, independently, secondary electrons can be emitted. The probability of sputtering is small and its occurrence can be
identified and rendered inconsequential, and while the
probability of secondary electron emission can be much
larger, the end result of such emission is not serious. Dark
counts are a separate issue that must be addressed in singleparticle detectors. A field ionization detector for helium
atoms has two dark count mechanisms that are unique to its
design and operation, in addition to the obvious possibility of
field emission of electrons from the cathode [48,49]. One
process occurs if the field at the tips becomes too high and
atoms composing the tip become detached and ionized, a
process called field evaporation. The other mechanism
involves helium atoms adsorbed on the shank possibly
migrating to the high field tip and field evaporating. We
believe it is possible to identify and mitigate these adverse
effects so as to render them unimportant. A detailed
discussion of these various adverse effects, the probability
of their occurrence, and methods to mitigate them, is
contained in the Supplemental Material [50].
The probability that elementary excitations generated in
the target by a nuclear recoil will result in the emission of a
helium atom from the surface is an important characteristic
of the detector. Although it does not affect the threshold
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energy sensitivity, it does affect the overall recoil detection
efficiency and the energy resolution. In superfluid helium,
kinematic constraints limit the incident angle of quasiparticles to the surface for which quantum evaporation is
allowed. Evaporation by the predominant roton excitations
is constrained to a narrow cone of approximately 25 degrees
with respect to the vertical [19]. As a consequence, only
about 5% of the quasiparticles generated by a nuclear recoil
will, without reflection from walls, be capable of evaporating an atom. Of those rotons that fall within the allowed
cone it is estimated, based on data in Ref. [59], that 50%
lead to evaporation, for an overall probability of evaporation of 2.5%. This is in rough accord with theory [60].
Rotons that reflect from walls of the liquid container may
eventually arrive at the free surface at an angle able to
evaporate atoms. However, because of the large number of
reflections that on average are required for this to occur,
even low-probability loss mechanisms at walls make
unreliable any estimation of the fraction which induce
evaporation. Typically, the energy transmission through
helium or solid interfaces is found experimentally [61] to be
considerably larger for excitations of order of a meV than is
calculated theoretically [62].
The detection of evaporated helium atoms resulting from
the recoil of nuclei in a target is not limited to WIMP
scattering in a bath of superfluid helium. Atoms can also be
evaporated from helium-film-coated surfaces of crystalline
solids in which the phonon mean free path is long.
Cryogenic dark matter detectors currently being used to
search for WIMPs of mass of 10 GeV=c2 [1] employ
ultrapure crystals with low phonon scattering. The detection of evaporated helium from the surfaces of these or
similar crystals could lower the energy threshold and hence
the measureable WIMP mass of these detectors by orders of
magnitude. In this regard, Sinvani et al. [63] observed the
evaporation of helium from a superfluid film on a 1 cm
sapphire crystal to which they applied a short heat pulse.
From timing discrimination, they identified evaporation
associated with both longitudinal and transverse phonons in
the crystal. More et al. [64] demonstrated evaporation of
helium atoms from a silicon wafer covered on one side with
a ∼20-nm-thick saturated superfluid helium film, but bare
on the other side. When an alpha particle was directed at the
bare side the efficiency of conversion of energy deposition
in silicon to evaporated atoms was comparable to that found
for bulk helium. Similar results were found for a 0.1-cmthick NaF crystal [64], but no evaporation was detected
from a glass microscope slide, as expected because of the
absence of ballistic phonon propagation. A potential
advantage of using a solid target covered with a thin layer
of adsorbed helium is the possibility of defining a fiducial
volume within the target and discriminating background
signals based on the distribution of helium atoms detected
following an event. Finally, a solid crystalline target offers
a means to further reduce the threshold phonon energy
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required to evaporate helium atoms. 4He is very weakly
bound to the alkali metals, with an adsorption energy
ranging from 1.2 meV for lithium [65] to 0.33 meV for
cesium [66–68]. The binding energy for 3He is even less,
being only 0.17 meV on cesium [69]. If a film of Cs no
more than a few monolayers thick were deposited on a
target crystal, followed by a monolayer of helium, the likely
consequence is that energy within the phonon system
would be transferred to the surface and lead to helium
evaporation. The deposition of the reactive alkalis adds
complexity to any low temperature experiment, but it has
been successfully demonstrated in a variety of different
circumstances [65,69,70].
We currently lack the experimental knowledge needed to
better estimate a number of other important detector
characteristics, such as the sensitivity, energy resolution,
time resolution, background sources and rejection, and dark
counts. Further studies of the physics in two areas seem
particularly important to us: First, the processes that
fundamental excitations of the target undergo at the
boundaries, including possibly reflection, down-conversion
to lower energy excitations, production of surface riplons,
or release of free helium atoms, will strongly influence the
relationship between the energy deposited and the number
of free helium atoms released, but the probability of their
occurrence is not known. Second, the migration of helium
atoms along the surfaces of the field ionization detector,
which will influence the detection efficiency and time
resolution of the detector, and possibly give rise to dark
counts, needs to be better understood.
In summary, quantum evaporation of helium atoms from
cold surfaces and their subsequent detection by field
ionization provides a powerful technique for measuring
energy deposits of less than 1 meV in a large target mass.
The wide range of suitable target materials includes superfluid helium and many crystalline solids possessing long
phonon mean free paths. The technique also conveniently
separates the energy absorption process in the target from
the process by which evaporated helium atoms are measured. Field ionization is an appealing process for measurement because it offers single-atom sensitivity and can be
implemented using arrays of sharp tips that cover wide
areas. When applied to the direct detection of dark matter, it
opens up the possibility of searching for particles in the
range of 1 MeV=c2 . Finally, we note that this technique
may be applicable in other areas, for instance calorimetric
experiments that require large masses like searches for
neutrinoless double beta decay and the spectroscopy of
photons over wide ranges of energy.
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