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Abstract. The HERON project is an R&D effort to create a detector suitable for real-time, high rate measurement
of neutrinos from both the p-p and7Be reactions in the Sun using superfluid helium as the target medium. Progress on
studies of particle detection processes in superfluid, on development of sensors, on backgrounds, and on event energy
and position measurement which are related to this goal are discussed.

INTRODUCTION

The study of solar neutrinos continues to play a major
role in the effort to measure the properties of the neu-
trino families. The need to measure the total low energy
neutrino flux and its composition is emerging as the next
goal of solar neutrino research. The entire neutrino en-
ergy spectrum from all the reactions in the Sun extends
from 0 MeV up to nearly 19 MeV. Measuring as much
of this spectrum as possible is a principal part of the pro-
gram to establish whether or not neutrino oscillations are
the cause of the observed discrepancies in fluxes mea-
sured at the Earth, and if that is the case, to measure as
precisely as possible their mass and mixing parameters.

No single detection technique can suffice for all of
the measurements needed to cover the total energy range.
Flavor composition of the flux adds another dimension to
the measurements. For the latter case, use is made of in-
verse beta-decay reactions which are flavor specific toνe

but they must be complemented by flavor-mixed reactions
such as elastic scattering from electrons or purely neutral
current reactions to test forνµ,τ,s. At lower energies, the
radiochemical experiments (Homestake, GALLEX and
SAGE) measure the integratedνe flux above a thresh-
old (0.8 for the former and 0.23 MeV, for the latter
two). The current, real-time experiments (Kamiokande,
SuperKamiokande and SNO) measure energies for a va-
riety of reactions from the neutrinos of the8B (> 5 MeV)
flux using the Cherenkov effect in water and heavy water
(SNO). The combination of these experiments is expected
to give the first "smoking gun" evidence for or against os-
cillation of solar neutrinos. The maximum recoiling elec-
tron energy from elastic scattering of the principal7Be
line is 665 keV; while that from the p-p continuum is only
261 keV. The upcoming BOREXINO detector, based on

the use of a highly purified liquid scintillator, will give
the first direct window on the7Be flux in real-time using
the elastic scattering reaction but is not expected to access
the p-p flux because of internal backgrounds at the lowest
energies.

Extending the measurements of the p-p neutrinos in
the near future is important for several reasons. Even af-
ter the completion of all of the above mentioned exper-
iments we still will have a direct measure for< 10% of
the total solar neutrino flux or of its flavor composition.
More than 90% of the solar neutrino flux, namely that
from the p-p reaction, will remain to be understood. The
region in the Sun where this reaction occurs coincides
with that of maximum solar energy production. In stan-
dard solar models, the p-p neutrino rate can be precisely
(±1%) (1) related to solar luminosity. The solar luminos-
ity is well measured; if complemented by experiments
designed to measure the total neutrino flux at these low
energies an important direct comparison of two measured
quantities can be made. Additionally, all of the currently
favored, model-dependent solutions (e.g., MSW and vac-
uum oscillations) make quite different predictions for the
flux composition at p-p energies. Even if one solution
remains strongly favored after the present generation of
experiments, a direct measurement of this flux compo-
sition can be an important ingredient in establishing the
mass-mixing parameters accurately. Except for the large
mixing angle MSW solution, these parameters are not
likely to be amenable to entirely terrestrially-based ex-
periments.

Detection reactions with accurately known cross sec-
tions for the p-p and7Be neutrinos are available — for the
ground state transitions in Ga and for elastic electron scat-
tering. The continuing gallium-based detectors ( GNO
and SAGE), with increased statistics and improved sys-



tematic errors, will provide more precise measures of
the νe flux for energies > 0.23 MeV. Already this flux
is known to be at or below the amount allowed by solar
models from the p-p reaction alone. A real-time experi-
ment utilizing spectral measurements for the flavor-mixed
and precisely known elastic cross-section is needed to
provide the essential, but presently missing, sensitivity to
the componentsνµ,τ of the low energy flux. An experi-
ment with this capability would also be sensitive to the
7Be neutrinos and, if done by a technique with very dif-
ferent systematics from BOREXINO, could provide an
important corroboration of that important measurement.

There are a number of reasons why a real-time, p-p ex-
periment is very difficult and no technique has yet been
shown to be fully feasible. Principal among the difficul-
ties are the residual radioactivity in the target and the tar-
get vessel and the challenge of retrieving energy infor-
mation for depositions as low as 50-100 keV in a massive
target. We have been conducting a series of experimen-
tal studies which suggest that a superfluid-based detector
may be feasible. We present a synopsis of these studies
and their current status.

GENERAL PRINCIPLES OF HERON

In the HERON detector, the detection reaction is

νe,µ,τ +e−→ νe,µ,τ +e−.

Fortunately, although its cross-section is low
(∼ 10−45 cm2) the expected flux is high
(∼ 6×1010 cm−2 ·s−1 for p-p neutrinos in the stan-
dard solar model) so that∼10 tons of target would yield
about 20 p-p events and 77Be events per day with recoil
energies above 50 keV. HERON would use superfluid
helium as the target material. Helium in the superfluid
state is self-cleaning and retains no other atomic species
in solution. It has a density of 0.145 g·cm−3 at 30 mK.
Consequently it can be made into a very compact target
completely free of radioactivity. It has no long lived iso-
topes and its first excited nuclear state is high,∼20 MeV.
The technology for handling large volumes of liquid
helium is well established and is regularly used in the
industrial and research communities. It is inexpensive; at
$30K per ton.

Two copious forms of radiation are produced in
the liquid by an ionizing particle: UV photons and
phonons/rotons (quasi-particles). The photons (15 per
keV) are in a narrow range centered at 16 eV; an en-
ergy at which helium is completely transparent. About
105 phonons/rotons per keV are also produced and prop-
agate ballistically (2) in the superfluid at speeds of
∼200 m·s−1. The signals from both single photons and

FIGURE 1. A schematic of the HERON configuration.

multiple phonons/rotons will be used to determine the po-
sition and energy of each event. These signals are de-
tected on an array of cryogenic wafer-calorimeters placed
above the surface of the liquid. The prompt photons are
absorbed directly by the wafers providing a fast trigger
and can be used to find the event position. The wafers of
silicon or sapphire are arranged in two patterned planes
to form a coded aperture array. The distribution of pho-
tons hitting the array is used to determine the location of
the event in a manner similar to that used in x-ray astron-
omy and tomography. The delayed phonons/rotons are
detected through the secondary process of quantum evap-
oration (3) and adsorption (4); this signal is combined
with that of the photons for energy determination and the
relative timing among the wafers is used as a check on
event position.

While the target itself can be made completely free of
background producing materials, backgrounds emanating
from the containment cryostat must be tagged and sub-
tracted. This is to be done by logically dividing the he-
lium volume into a fiducial and non-fiducial region and
making a statistical subtraction. Figure1 represents a
generalized view of a detector based upon these princi-
ples.

EXPERIMENTS ON SINGLE PARTICLE
DETECTION

We have carried out a series of experiments using stop-
ping electrons and alpha particles in order to acquire a
quantitative understanding of the energy loss process in
superfluid. The experiments have been carried out in a
test cell which contains∼3 liters of superfluid typically
held at 30 mK by a dilution refrigerator. The interior of



the cell is instrumented with a variety of devices which
can be re-configured appropriately for each experiment.
Besides thermometers, heat pulsers and liquid level sen-
sors, there are small, superconducting stepper motors for
positioning and moving radioactive sources within the
liquid volume. The sources were low activity241Am for
3-5 MeV alphas and113Sn for 364 keV electrons. X-rays
from 55Fe as well as from the Sn and Am sources were
used for calibration.

Thin silicon or sapphire wafers ranging in size from 5
cm dia. discs to 1×2 cm rectangles, were mounted above
the liquid surface to be used as calorimeters. The temper-
ature rise in these wafers was measured by Ir-Au thin-
film superconducting transition edge sensors (TES)(5)
deposited on the surface of the wafers. The TES devices
were run in a self-biasing mode and read out with con-
ventional SQUID electronics. The wafers were kept free
of superfluid film by a “film burning” device (6). The sig-
nals from the phonons/rotons and photons are detected as
follows.

The ballistically propagating phonons/rotons which
reach the free surface of the liquid and whose energy is
greater than the helium-helium binding energy can cause
quantum evaporation. This is a process in which one
phonon or roton can evaporate one helium atom and does
so about 30% of the time (3). Energy and momentum
conservation at the liquid surface place constraints on the
incident roton angles which can cause evaporation (7).
The helium binding energy is 0.7 meV and the typical
phonon/roton energies involved are≥ 0.8 meV. Thus in
the case of a charged particle in the 50 keV range (ie a re-
coil electron from a neutrino event) a very large number
of atoms are involved, and are subsequently evaporated.
The evaporated atoms are adsorbed onto the wafer and
their deposited binding energy produces a heat pulse in
the TES. The binding energy of the helium to the sub-
strate is approximately a factor of ten higher than that of
the helium-helium binding energy, thus there is an effec-
tive amplification in the evaporation-adsorption process.

The scintillation (UV photons) result from the radia-
tive decay of helium dimers formed along the track and
have energies in the range of 14-20 eV, but peaked at
16 eV. Since the first excited state of atomic helium is at
20 eV the liquid is transparent to lower energies. The ab-
sorption of photons in the silicon and sapphire wafers cre-
ate a prompt heat pulse in them. The two contributions,
photons and adsorbed helium atoms, can be distinguished
by their different times of arrival on the wafer. In the re-
sults described here, the energy threshold of the wafers
was 300 eV, so single photons were not detectable. The
principal results for alpha particles, including evidence
for particle directionality, are discussed elsewhere (8).

The 113Sn had an activity of a few nano-curie so that
single electrons could be distinguished. A 364 keV elec-

FIGURE 2. Inset: a typical 364 keV electron pulse from super-
fluid helium; the initial rise is due to photons and the later one
to evaporation by phonons/rotons. The main figure is the en-
ergy spectrum for 364 keV electrons in superfluid helium; also
shown are the 6 and 25 keV x-ray calibrations.

tron is produced by isomeric transition in113In following
electron capture; a 25 keV x-ray is also produced and is
used as one of the calibration points for the wafers. For
the data illustrated in Figure2, the source was∼5 cm be-
low the wafer and the time delay difference can be clearly
seen in the pulse shape even for that very short distance.
Also shown in the figure is the measured single electron
spectrum.

We find that the division of the electron’s initial energy
is 25% into UV photons (or 15 photons/keV) and 10%
into detectable phonons/rotons (or 105 phonons/keV).
This contrasts with the 8% and 40%, respectively, for al-
pha particles. It should be noted that the energy fraction
represents the energy deposited directly into the helium
into 4π sr and has been corrected for geometrical factors.
However in the case of the phonon/roton component, this
energy also differs from what is measured on the bolome-
ters due to the effective gain from binding energy differ-
ences. These results agree well with a model in which the
formation of excited helium dimers in the close vicinity
of the track, and their subsequent de-excitation by radi-
ation or collision, plays a central role in determining the
above energy fraction. (9).

WAFER SENSITIVITY

For the coded aperture array to be useful for recoil en-
ergies as low as 50 keV in a large detector, the wafers
must be able to detect with high probability a single 16
eV photon. In our prototype cell so far using transition
edge sensors on our 5 cm dia.. wafers our threshold was



∼20 photons. Thus to ensure that our modified detection
technique is successful we must develop somewhat larger
wafer/calorimeters with a threshold sensitivity of at least
10 eV.

We have taken as a benchmark event for establishing
the performance requirements of a large-scale neutrino
detector, the detection and measurement of an approxi-
mately 50 keV electron, 4 meters below the surface of
a container of superfluid helium. Wafers of about 150
cm2 with a 10 eV threshold are needed to meet the per-
formance requirements of a full-scale neutrino detector;
however, the successful development of a neutrino detec-
tor does not depend upon any anticipated improvements
in the performance of transition edge sensors. Rather, we
have shifted to a very promising and rapidly developing
different technology which should allow wafers with the
necessary increase in size and improvement in sensitivity.
The technology is that of the magnetic micro-calorimeter
which would replace the TES as the sensor on the wafers.
A magnet sensor for calorimetry consists of a material
with a strong temperature-dependent magnetization and a
means to measure that magnetization. Small amounts of
energy deposited in the calorimeter cause a magnetic flux
change which is measured with dc SQUID electronics.
For low temperature operation we have used a system of
dilute paramagnetic rare earth ions in metallic gold. The
initial development experiments have been carried out in
Heidelberg and at Brown using Er as the paramagnetic
ions.

To see the power of the technique it is useful to cite
an early result of our collaborating colleagues in Heidel-
berg in which they had achieved at 25 mK a resolution of
135 eV at 6 keV and excellent linearity (11). The reso-
lution of 135 eV is, by itself not exceptional, but the fact
that the calorimeter in the measurement had a heat ca-
pacity of about 4x10−9 J/K makes the result important.
This heat capacity is comparable to that of 15 cm3 (the
volume of a 20 cm diameter, 0.5 mm thick wafer) of sili-
con at 50 mK. There are a large number of experimental
parameters that have not been optimized for our partic-
ular application: physical size, spin concentration, mag-
netic field, temperature, bandwidth and filtering, flux cou-
pling to the SQUID, etc. We base our confidence in being
able to predict the performance achievable with a mag-
netic calorimeter on the fact that it is a well defined and
well characterized thermodynamic system. The response
of the system to an energy input can be calculated. Mea-
surements so far are in good agreement with theory. Our
expectation is that we shall eventually come close to the
thermodynamic noise limit set by the temperature, heat
capacity, coupling to the thermal reservoir and bandwidth
of measurement.

Significant progress continues and just recently a ma-
jor step forward was made. A resolution of 13 eV at

6 keV has now been achieved by the Brown-Heidelberg
collaboration with a magnetic calorimeter having a heat
capacity of about 1x10−12 J/K (10). Since the sensitiv-
ity varies roughly as C−1/3 for magnetic calorimeters, we
require a factor of 5 improvement over present perfor-
mance. Such an improvement is well within that pre-
dicted to be achievable with better calorimeter design.
Based on the experience gained so far, we believe that
calorimeter performance adequate for large-area wafers
with a 10 eV threshold is feasible.

EVENT LOCATION AND
BACKGROUNDS

In liquid helium the range of p-p and7Be recoil elec-
trons is less than 2 cm. On the scale of the detector (vol-
ume∼60 m3), these events are effectively point sources
of photons and phonons/rotons. In contrast, most of the
background gamma-rays, which originate in the cryo-
stat, make spatially extended energy depositions by mul-
tiple Compton scattering. Although there is always a
small number of single Compton scatterings, the major
contribution to background is from multiple depositions
originating from an initial gamma-ray. To suppress the
background, multiple Compton scattering events must be
identified and the spatial distribution of point energy de-
positions obtained. The background from point deposi-
tions can be determined statistically using the measured
energy and spatial distribution of such events in the non-
fiducial region. A knowledge of the position of the event
in a large detector is essential not only for background re-
jection and diagnostics but also for the determination of
the energy of the event.

Coded aperture arrays, mentioned above, are often
used to determine the position of a source in circum-
stances where the radiation is difficult or impossible to
focus or is of low intensity, such as for x-rays. In simple
terms, the original (12) principle of operation is based on
the concept of decoding an image formed on an image
plane by the "shadow" of a mask constituting a multiple
hole pin-hole camera where the mask pattern and plane
separations are known. A large modern literature exists,
and a large variety of mask patterns are employed (13).

In our application there are important differences and
simplifications in implementation. There are, of course,
image and mask planes but here the "pixels" are wafer-
calorimeters, with the lower mask plane having roughly
50% or more transmission. Unlike the usual method
of coded apertures, the wafers forming the mask for
HERON will also be active calorimeters and be used in
both position finding and energy determination. Thus, no
signal is lost by the presence of the mask. Depending on



photon statistics, the distribution of their signals on the
image plane uniquely determines the source position. The
accuracy with which the array is able to measure event lo-
cation can be directly tested in-situ for a large detector by
using a movable radioactive source.

To evaluate potential performance of this application,
we have initiated Monte Carlo simulations in which the
distribution of photons incident on the wafers from a
source anywhere in the detector is used to determine the
most probable position of an event based on a maxi-
mum likelihood method. In the calculations we have as-
sumed the wafers have an energy threshold sufficiently
low to detect single 16 eV photons. We have simulated
a HERON-sized array using a model in which the image
plane consists of 1600, 150 cm2, densely packed wafers,
separated by 50 cm from the mask plane of 800 wafers.
These early simulations suggest that it may be possible to
determine the position of an energy deposition by an elec-
tron over most of a 60 m3 cube of liquid with a resolution
of 10-15 cm FWHM provided more than about 75 pho-
tons hit the array. The 75 corresponds to an energy of 30
keV for an event near the top and 75 keV near the bottom
of the fiducial volume. We have not yet optimized the
parameters of the array (among them: pixel size, mask
pattern, plane spacing, etc.) nor the search algorithms.
Additionally, a thorough study of the background involv-
ing multiple Compton scattering events, which should be
distinguished by the poor quality of the determination of
event location, must be made.

Devising a strategy for the control of backgrounds is
also a key issue. For this purpose we have carried out
Monte Carlo simulations based on assumptions of de-
tector performance and knowledge of expected sources.
Because the signal signature is a single recoil electron
appearing in the detector volume, Compton scatterings
of gamma-rays are the most dangerous. (The relative
pulse heights of photon vs. phonon initiated signals is
a discriminant against heavily ionizing deposition.) At
the energies from likely sources, Compton scatters con-
stitute more than 90% ofγ-ray conversions in liquid he-
lium. The major sources are from cosmogenically pro-
duced isotopes in the cryostat materials while on the sur-
face of the Earth and from heavy elements (U and Th) in
the cryostat or any material placed in immediate contact
with the helium. Decays from such activities located in
the wafer planes or from slow neutron captures elsewhere
are minor sources. Several steps can be taken to control
the signal to background. Those we have included in our
simulations are: minimization of cosmogenics by control
of exposure and storage time (two months above and two
years below ground), minimizing U and Th (<10−12g/g)
in the copper of the cryostat by electroforming , provid-
ing a cryostat liner (“moderator") of low U/Th content
(<10−14g/g) and providing a non-fiducial volume of he-

lium sufficient to allow a statistical background subtrac-
tion. Liquid helium is not an efficient absorber of high
energy (∼2 MeV) γ-rays; however, while it is possible to
use an excess volume of liquid helium itself as an attenu-
ator of these externalγ’s to do so makes the size impracti-
cally large. Conversely, the detector dimensions are large
enough that lower energy (≤1 MeV) γ’s produce a mul-
tiplicity of spatially well separated Compton recoils. The
main purpose of the “moderator" then is energy degrada-
tion of the higher energyγ’s to produce a more distinctive
background signature as well as some attenuation.

In a typical simulation to study background, a 10 ton
cylindrical copper cryostat (5.6m dia.x5.6m ht.) with a 25
cm thick moderator of CO2 (or frozen non-polar liquid)
and containing a total ( fiducial plus non-fiducial volume
) of ∼18 tons of superfluid helium was used. The cosmo-
genic spectrum and rates in the material were taken from
double-beta decay and dark matter experiments (14) as
per the above mentioned storage conditions (45µBq/kg).
The levels of U and Th in the materials was chosen to
make their overall contribution to the background 10-
20% of that from the cosmogenics. Single photon sen-
sitivity and the ability of the coded aperture array to per-
form as described was assumed. High statistics runs were
made to be the equivalent of six month’s data taking.
A variety of different relative sizes and shapes of fidu-
cial and non-fiducial volumes were used. Typical cuts on
events required energy depositions≤800 keV and single
or multiple Comptons within the assumed spatial reso-
lution from the coded aperture array. The resulting de-
posited energy spectra in the fiducial and non-fiducial
regions are remarkably similar down to <100 keV thus
facilitating a direct bin-by-bin subtraction. The normal-
ization is taken from the Monte Carlo. Since the divi-
sion between fiducial and non-fiducial volumes is done
in software, in a real detector that division could be var-
ied to check for consistency of subtraction. As examples
from the simulation with a fixed total volume, a fiducial
to non-fiducial volume ratio of 1:1 gave an unsubtracted
signal to background of 3.5:1 while a volume ratio of
1.5:1 gave signal to background of 0.8:1. We believe we
have taken realistic assumptions as Monte Carlo input so
if the conditions of performance and activity assumed can
be achieved then this background strategy should be ade-
quate for obtaining the electron recoil rate and spectrum
from low energy solar neutrinos.

SUMMARY AND CONCLUSIONS

At each stage in the history of solar neutrino research
imaginative and unique new experimental tools have been
successfully developed to achieve the task then at hand.



There is now increasing interest to study the lowest en-
ergy part of the neutrino spectrum which constitutes
>90% of the total flux. However, real-time detection of
p-p and7Be neutrino interactions presents severe experi-
mental challenges to developing a detector because of the
backgrounds inherent in the target material and the mate-
rial surrounding the target. Another concern is the very
low energy signal that must be extracted from a massive
target. Once again, a new technique is needed.

We have presented results on the progress made so far
toward developing a new type of detector, HERON, to
have this capability. Its essential feature is the use of
superfluid helium as the target material. Only at these
very low temperatures can helium be made entirely free
of internal backgrounds. The goal of our experiments and
studies so far has been to gain sufficient knowledge of
the conditions needed to establish feasibility of the new
technique. Several of these conditions have either been
met or appear to be achievable. We now have a thor-
ough understanding of the processes by which low energy
electrons can be detected using both photons and quasi-
particles (phonons/rotons). We have developed calorime-
ter sensors able to detect both phonon and quasi-particle
induced signals. The sensitivity of these devices is show-
ing rapid improvement. We have carried out detailed
studies of strategies for controlling externally produced
backgrounds. The initial simulations of position find-
ing within a detector by the new coded aperture method
shows considerable promise. Recently, we have upgraded
our simulation capability for optimizing the array and
testing with what precision an event can be found with
no prior information as to its approximate location in the
entire detector and with what signal to background selec-
tivity. For neutrino experiments at these low energies, we
believe that the ability to locate an event position inside
a detector is an essential control on backgrounds from
sources outside the target material itself. The require-
ments for radioactivity in the cryostat and moderator are
stringent but appear possible. Presently, we are concen-
trating on two topics which are fundamental to the suc-
cess of the superfluid technique: achieving single, 16 eV
photon sensitivity on wafer sensors and demonstrating the
efficacy of the coded aperture for event location and back-
ground signature recognition.
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