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I. INTRODUCTION

We report here on a research project to develop a method for the measurement of

the spectrum of very low energy neutrinos from the sun - the neutrinos generated by

the p-p and 7Be reactions. The detection of these neutrinos and the measurement of

their energies is important for several reasons. The flux expected for the p-p neutrinos

is highly constrained by the optical luminosity and depends only slightly on the astro-

physical model of the sun. The 7Be neutrinos constitute a line spectrum and have a

dependence on solar temperature quite different from that of the p-p as well as from

that of the high energy SB neutrinos. Taken together, measurements of the total (i.e.,

all neutrino types) fluxes and spectra from all three major reactions would provide all

the data essential to a full resolution of the "solar neutrino problem" (SNP); and if it

is established that the cause of the problem is due to the properties of the neutrino,

this would represent the first evidence for new physics beyond the "standard model" of

nuclear and particle physics.

The original results from the continuing, pioneering and elegant experiments (the

radiochemical experiments of Homestake, SAGE and GALLEX; the water Cerenkov

experiments Kamiokande II & IIi) have defined the SNP. The new results from these

same experiments have increased our knowledge of the problem and confirmed its mag-

nitude. Additionally, there has been a convergence to a common set of predicted rates

of electron-neutrinos by the various groups who calculate the "standard solar models"

(SSM) - it would now appear that there is an agreed upon standard model to within

a few percent [1]. Thus the comparison between the new results and the rates to be

expected takes on greater significance. These new comparisons are as follows: a) the

Homestake experiment [2] (CI--,Ar) is mainly sensitive to the SB and 7Be and sees 0.26

± 0.04 of the SSM (a ,._6 standard deviation effect), b) the combined Kamiokande II

and III [3] (water Cerenkov) result is 0.50 ± 0.07 of the SSM (a _3 standard devia-

tion effect), however, it is sensitive to only the SB neutrinos, c) the SAGE [4] and the

GALLEX [5] experiments (Ga--_Ge) are sensitive to p-p neutrinos giving a cumulative

0.44 +0.16 for SAGE and 0.63 +0.16 for GALLF_X in comparison to SSM. Some authors

(nee Bludman et al [6]) have combined the SAGE and GALLEX results to estimate a

0.54 ± 0.13 of SSM for the combination and suggest it is a 3.7 standard deviation effect.

There is now a growing consensus [6] that these experiments and their comparison

to the now reasonably firmly constrained SSM make it more difficult to make a self-

consistent interpretation in terms of straightforward adjustment of the parameters in

the SSM. Rather, it is generallly expected that the correct explanation of the results

will involve the introduction of new physics regarding neutrinos. There is, however,
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i1o understanding of what these neutrino properties might be beyond, possibly, lepton-

number non-conservation and a mass-squared difference among the three neutrino types

(e.g., MSW matter vs. vacuum oscillations; nludman et al vs. Barger et ai [6]).

For some time, well before these exciting new developmenta, it has been realized

that a full understanding of the SNP would require that two things be experimentally

determined: a) the full neutrino beta decay energy spectrum from the sun must be

measured and b) the full flux- not just that of electron-type neutrinos - be measured

for the three major reactions in the sun. This is as true today as it was earlier, and

the next generation of detectors now under construction (SNO and Superkamiokande)

will be making a major advance in these goals, particularly in their first significant

measurement of neutral current processes, which will test whether the neutrino-types

u_ and tJr exist in the solar flux. If the European experiment Borexino is constructed,

then there will be real-time measurement of the flux from the 7Be reaction, providing

further essential information by broadening the spectrum sampled.

There remains, then, the important challenge of measuring the neutrino flux from

the primary p-p reaction in the sun in real time, with sensitivity to the neutral current
and with energy resolution.

Such a measurement is important for several reasons, among them the fact that

it is the least dependent on solar mode!s. Also, the ratio of the ve flux to the overall

neutrino flux must be known for all three major reactions before an over-determined

solution is established. Should the solution to the SNP be related with the neutrino

mass, then tile ambiguities in masses and mixing parameters are likely to require as
many details of each of the three reactions as can be measured. Because relative flux

comparisons among the three reactions are key ingredients in seeking an understanding,

it is also valuable to measure more than one reaction in the same experiment so that
systematic effects can be minimized.

It is a challenge to measure the p-p reaction because, although it has a copious

flux (6 × 101°cm -2 sec -1 at the earth), the energies are very low (< 420 keV). The

gallium radiochemical experiments have established beautifully the ue flux for p-p solar
neutrinos. To go further and to measure the flux of all neutrinos and to do it in real

time is the next necessary step. It implies a need for exceptional radioactive purity of

target and control of backgrounds. The techniques to do this have not existed, and it

is to achieve this goal that we have been developing the superfluid helium detection

method. If successful it will allow the simultaneous measurement of these quantities for

both the p-p and 7Be reactions in one experiment.

The principles of our novel method to use superfluid helium as the neutrino target
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and as the medium for energy deposition have been described in detail in several of our

publications [7] and for the reader's convenience are summarized in Appendix A. The

method capitalizes on two remarkable properties of helium. The first is that helium at

low temperature is the purest known material, and since an almost complete absence of

radioactivity is essential for the large amount of target material needed(,,_10 tons), it

is the ideal candidate on that score. The second property is that the energy deposited

in the helium is carried out of the large volume by elementary excitations of the liquid

(phonons and rotons) which can produce quantum evaporation of helium atoms at a

free surface. These atoms are easily collected and detected on low mass wafers (e.g.,

silicon) by a calorimetric method. Energy is measured by determining the transient

temperature rise the wafers.

In our previous Progress Report we reported the completion of construction of the

cryogenic apparatus and on the results of experiments in which c_particles and electrons

have been detected. We also reported follow-on experiments that begin to investigate

some of the details of the technique needed in dem_mstrating the feasibility of a full-scale

neutrino detector. In this Progress Report we detail our new experiments, including

the intriguing discovery of effects which may lead to determining the original direction

of the recoiling particle.



II. EXPERIMENTAL RESULTS

Progress has been made on several fronts in this ten month period since our last
Report (DOE/EK/40452-7). We briefly touch on several areas and emphasize a po-

tentially important discovery concerning the generation of rotons in liquid helium by
charged particles, a discovery which holds promise of providing a means of the deter-

laining the direction of the particle track.

A. Sensitivity

Because the initial goal of our research program has primarily been to establish that

our understanding of the basic processes associated with particle detection in liquid he-

lium is correct, we selected as the thermistor for the wafer/calorimeters the readily avail-

able neutron transmutation doped (NTD) germanium [8]. This type of high impedance

device when used with commercial electronics was a quick means of getting "on the

air". The system has served admirably in exploring the quantum evaporation using 5.5
MeV a particles. However, NTD germanium is unlikely to be the sensor of choice for a

full-scale solar neutrino detector. Thin film technology is much more compatible with
the fabrication requirements of a large multi-wafer system than is a technology based

on discrete elements ttlat must be glued the wafers. Also, evaporated superconducting

transition-edge bolometers [9] presently possess higher sensitivities than NTD Ge and
have much more potential for further improvement.

We have begun work on the development of superconducting transition-edge ther-

mometers for sensing the temperature pulses on the wafers. The cryostat has been

instrumented with three channels of dc SQUID electronics. Transition-edge thermome-

ters are typically low impedance devices ideally matched to SQUID's. To date we have
measured the propertie_ of a thin tilm of tungsten, which in bulk form has a transition

and 15 mK, and an epitaxially grown crystalline film of beryllium, the bulk transition

being at 23 mK. We have discovered that these elemental superconductors as thin films

have drastically different properties than the bulk. In this regard they appear similar

to aluminum, the thin film properties of which, altllough studied extensively, are not
well understood. Rather than get involved in a potentially lengthy research project to

develop these materials to the point that they are useful to us, we shall shift our at-

tention to alloys that have transitions in the 20 mK temperature region and are known

to make suitable thermometers. For example, the Munich group [9] has demonstrated

a sensitivity of 300 eV with a 31 gram crystal of sapphire using a go!d-iridium alloy at

7



40 mK. This thermometer, which is two orders of magnitude more sensitive than our

present devices, is of sufficient quality to make a large-scale neutrino detector feasible.

B. Heat Capacity of Wafer/Calorimeters

The sensitivity to small energy inputs depends not only on the measurement of the

temperature but cn the heat crtpacit.y of the calorimeter as well; _ST= 6E/C. Using an

t_ particle incident directly on a wafer as a known energy input, we have determined the

heat capacity of several wafers of silicon and of sapphire, dielectric crystals with high

Debye temperatures, The measured heat capacity for one silicon wafer is shown in Fig,

1 where C/T is plotted against T 2 between 20 mK and 150 mK [10]. The heat capacity

of all of our wafers can be fit by the relation

C = aT + bT _,

and the results for four different wafers are summarized in the accompanying table.

Matedal Size .... a (J/K2) b O/K') ...... -Debye (J(K_-).......
silicon 9.2cm2x0.3 mm 3.0x10 -9 2,3x10 -7 2.1x10 -7

silicon 1.2cm2×0.3 mm 1.4x10 -9 2.2x10 -8 2.3x10 -8
.............. , ...... , .H ................. -

sapphire 20cni2;0 3ram 2.8×10-9 2.5x10-7 2.9x10 -7

sapphire 45 cm2×0.6 mm 2.0x10 -9 1.5x104 1.3x104

The last column of the table indicates the expected magnitude of the Debye T a term

in the heat capacity for the various samples. It is clear that the measured T 3 component

agrees with the theoretical value for both silicon and sapphire, but in addition there

exists a large linear term that dominates the heat capacity in the low temperature

region. The presence of this additional heat capacity decreases the sensitivity of our

calorimeters by a factor of 10, and its origin is a subject of concern and ongoing research.

A heat capacity linear in T is not uncommon in dielectrics at low temperatures

and is usually associated with two-level systems. Two-level systems could be located in

the bulk of the wafers, in a layer of disordered material at the surface, or possibly in

the epoxy adhesive used to attach the Ge thermistor. We continue to investigate the

source of this added heat capacity so as to be able eventually to reduce it and increase

our sensitivity substantially.

It is possible to study the time dependence of the thermal response of the wafer

using a particles incident directly on it. At low temperatures it is found that the 0ulse
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height of the thermal signM varies by _15% for a 0.3 mm thick, sapphire wafer of

20 cm 2 area, as shown in Fig. 2. This is a far broader distribution than the energy

spectrum of the incident 5.5 MeV c_ particles from 241Am. However, if the cx particles

are collimated so that they all strike the wafer within a .-_0.2 cm 2 area, the measured

distribution is narrowed to _1% as shown in Fig. 3. The dependence of the amplitude

of the thermal signal to the location of the energy deposition indicates that the rate at

which the wafer achieves internal thermal equilibrium is only slightly faster than the

rate at which it comes to equilibrium with its heat sink. Nonetheless, the variations in

pulse size are small and certainly acceptable, in a neutrino detector the energy input

to the wafer from the adsorption of helium atoms will be spread reasonably uniformly

over the surface and the thermal coupling to the reservoir can be made weaker. The

thermal signal will directly measure the energy input.

C. Coincidence Measurements

As discussed in our last Progress Report, we have completed a re-configuration of
the interior of our test cell. The interior diameter of the cell has been increased to 15

cm so that 3 liters of helium are contained in the volume below the wafers. We now

have provision for placing a number of wafers in the cell and reading as many as 4 of

them simultaneously. Also tiny superconducting stepping motors are mounted inside

the cell to permit studies with a movable radioactive source as well as with other test

pieces [11]. These modifications have given us the ability to study 1) discrimination

of signals from background by coincidence measurements, 2) angular dependence of

quantum evaporation and 3) reflection of rotons from solid surfaces.

A schematic diagram of the test cell, with two wafers illustrated, is shown in Fig.

4. An 241Am a source is mounted on the movable arm of a stepping motor. The results

discussed in this section were obtained with the source in a fixed position symmetrically

below two wafers and 5 cm beneath the liquid surface. (The interesting new results

derived from measurements with the movable source are discussed in Section II E.) In

Fig. 5 is illustrated a typical a event depositing roughly 200 keV to one of the sapphire

wafers at 30 mK, a coincident signal having been recorded by the second wafer. The

signal-to-noise is a very comfortable 10 to 1. The noise, which originates primarily

from the preamplifier in the detection system, is equivalent to 20 keV in this particular

experiment.

The pulse height spectrum of energy depositions as recorded by one of the wafers

(in coincidence) is shown in Fig. 6. That this spectrum is due entirely to c_ particles,
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except for the noise peak at ,-,20 keV, is confirmed by moving the source away from the

wafers and into a shielded enclosure on the side of the cell. The coincident signals are

no longer present except for the noise-generated component between 10 and 30 keV.

The data in Fig. 6 is raw in the sense that no subtraction for the noise signal has been

applied nor has any real-tim_ or off-line filtering or pulse shaping been utilized. What

the coincidence measur_ ,ent guarantees is that the signals are generated by events in

the liquid. Heat pulses from background 7's interacting in a wafer are eliminated from

the data sample. The size of the signals produced by -y's that interact with the liquid

helium is below our energy threshold.

D. Spectrum from Alpha Particles in Helium

Of particular interest is the unusual nature of the spectrum of energy depositions

from the a's stopped in the helium [12], as shown in Fig. 6. The spectrum consists

of a peak and a broad shoulder on the high energy side. The shape of the spectrum

has nothing to do with any spread in energies of the a's from the source, the width

of which, as measured by a surface-barrier detector, is ,-,20 eV. Nor is the shape or

distribution ivfluenced significantly by statistical effects. To deposit 100 ke\ r of energy
onto a wafer requires the adsorption of 107 helium atoms. We believe that ther_ are two

likely contributions to the unusual shape of the spectrum, 1) the presence of a substrate

on which the source is deposited and 2) a dependence of the energy of the detected signal

on the direction of motion of the a particle. We have begun instrumenting experiments

to test these hypotheses. The possible influence of the substrate is discussed in the

following paragraph, while the dependence of signal on track direction is considered

towards the end of the next section. We discuss first measurements of the angular

variation of the detected signal, which provide supporting evidence for the dependence
on track direction.

The 24aAm source is imbedded within an evaporated stainless steel matrix approx-

imately 0.1 #m thick on a glass substrate. While the range of a 5.5 MeV a particle is

~200 #m in liquid helium, it is only --,20 #m in glass. The energy deposited by an a

propagating in the glass is very close to the surface. We believe that a considerable frac-

tion of ttle thermal excitations created in the glass substrate will travel to the surface

in contact with the helium and produce sufficient rotons in the liquid that a signal is

recorded on the wafers. Evidence in support of this mechanism is that the rate of events

in the measured spectrum shown in Fig. 6 is consistent with the known activity of the

source and the rate at which a particles are emitted into the full 41r solid angle, rather
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than into the 21rangle subtended by the liquid. To investigate this matter further our

next measurements will be conducted with an especially prepared, freely suspended, 0.1

pm thick, substrate-free source.

E. Quantum Evaporationt Angular Dependence and Efficiency

In investigating the physical processes important in the fux.ctioning of a detector of

solar neutrinos, we have studied the dependence of quantum evaporation on the incident

angle of the excitations at the surface using both a particles and a resistance heater as

sources [13]. From these measurements using the a source we can make an estimate of

the efficiency of evaporation.

The two sources are located 1.5 cm below the liquid surface and can be moved lat-

erally through a distance of 12 cm by a superconducting stepping motor. The quantum

evaporation signal measured by 1 cm 2 wafer/calorimeter for a 1 #J heat pulse into the

heater is shown in Fig. 7. The horizontal axis represents the lateral distance of the

heater from the center of the wafer. For a given size of heat pulse and distance, the

amplitude of the signal is constant to within a few percent. As expected the maximum

amplitude as a function of position occurs with the source directly below the wafer, and

the signal decreases rapidly with angle.

Wyatt [14] has shown, using collimated beams of rotons and phonons, that the

component of momentum parallel to the surface and the energy are conserved in the

evaporation of an atom by an excitation in the liquid. These conservation conditions

result in a critical angle beyond which quantum evaporation cannot occur, not unlike

the critical angle of total internal reflection in optics. The critical angle varies with

momentum as shown in Fig. 9, from less than 20° near the roton minimum to much

larger values at higher energies. Based on these conditions we have constructed a Monte

Carlo simulation to analyze the data more quantitatively. In this simulation excitations

are generated with momenta in random directions and energies related to the momenta

through the dispersion relation for helium. Excitations striking the surface are assumed

to produce evaporation with unit probability provided the conservation conditions are

satisfied. The reflection probability of an excitation at the walls of the container is

taken to be zero in the simulation. (In a separate experiment [10] employing a a large

rotatable surface next to a source, we have shown that the contribution of reflected

rotons to the observed signal is quite small.)

The heater is assumed to produce excitations predominantly near the roton mini-

mum since the temperature of the heater during a pulse remains below 1 K. The results
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of a simulation with excitations limited to the range 1.85_t -1 < k < 1.95_i -1 is shown in

Fig. 7 (solid line) and is in excellent agreement with the data. For comparison a simula-

tion with excitations generated uniformly in momentum space up to a cut-off of 2.3_1-1

is also shown (dashed line) and is considerably broader than the measurements.The

different width of the two simulations is easy to understand. Since the critical angle is

smallest for excitations close to the roton minimum, these excitations will lead to the

narrowest position dependence.

The positional dependence of the signal from a particles stopped in the liquid is

shown in Fig. 8. Since a particles generate a broad spectrum as discussed above, we

have arbitrarily chosen a distinctive feature of the distribution, namely, the high energy

shoulder, to characterize the positional dependence. The two curves are, as before,

simulations assuming rotons either with momenta restricted to the minimum in the

dispersion curve or uniformly distributed over the entire spectrum. For a particles, as

well as for the heater, the comparison between the simulation and the data indicates

that the excitations producing evaporation are primarily near the roton minimum.

The excitations produced by an a particle in the liquid are created primarily by

secondary electrons generated in the ionization of He atoms by the c_. This is a non-

thermal process, and the electrons have far greater energies (> 103) than the rotons

they produce. Therefore the excitations should be created throughout the phonon-

roton spectrum. At first sight it is surprising that our signal indicates only rotons near

the minimum are present. At temperatures below 50 mK where these observations were

made, there are no thermal excitations (or 3He impurities) in the liquid that could
scatter the rotons and down-convert them to a thermal distribution near the minimum.

To understand this result we note that the track of a 5.5 MeV a particle is only

200 #m in helium, and the average range of the secondary electrons is much shorter,

on the order of 10 nm. Thus, something in excess of 109 excitations are created in a

cylindrical volume of 10-13 cm 3. Since the roton-roton scattering cross-section is the

order of 10-14 cm 2, a dense, strongly interacting gas of excitations is produced along the

a track. Before propagating away from the a track the excitations will undergo mutual

scattering, and thermalization within the initial, dense cloud is likely. This process will

cause a narrowing of the initial distribution of excitations to a region in the vicinity of

the minimum, which is consistent w'_th our data.

It is possible from the measured size of the signal detected by the wafer to make

an estimate of the product of the efficiency of generation of excitations by an a particle

and the efficiency of evaporation. We use the simulation with thermalization of the

rotons and compare the detected energy to the c_ energy. The comparison also must
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include parameters associated with helium atoms on the wafer surface such as sticking

probability (,-,0.7) and binding energy (,,,100 K) [12]. We can conclude that as a lower

bound the probability is 0.3 that a roton, incident on the surface at less than the critical

angle, will evaporate a helium atom. This lower bound uses the limiting assumption

that all of the energy of the a is converted into elementary excitations of the liquid.

We now return to the statement that the size of the detected signal may depend on

the orientation of the a particle track. The rotons are created as a dense, interacting

cylindrical cloud. They thermalize before propagating away. Simple geometrical con-

siderations suggest that the number propagating away from the region of interaction in

a direction perpendicular to the axis of the cylinder will be greater than the number

propagating parallel to the axis. Instead of a "fireball" we have a "fire-cylinder" from

which thermal radiation is anisotropic.

Further research, both analytical and experimental, must be performed to deter-

mine if this picture is correct. If such an dependence on track orientation carries over to

the case of electrons, the implications for a detector of solar neutrinos are substantial.

This is discussed in the accompanying renewal proposal.
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III. BACKGROUND STUDY FOR A HELIUM DETECTOR

We have completed our first detailed studies of potential backgrounds for a full

scale (ten ton) superfluid helium detector. These studies have two components: a)

Monte Carlo simulations of radioactive backgrounds to any apparent signal and the

nature of potential cuts to reduce them and b) consideration of materials to be used

as absorbers/_hielding from potential sources of radioactivity and the purity of those

materials themselves.

If we assume that the detector would be sited in an underground venue comparable

in the depth and environment to the Gran Sasso laboratory, then the broad outlines

of the background problems are as follows. With a target weight of only ten tons,

the area and mass presented by the detector itself to the residual penetrating muons

is small. The background sources are principally of two sorts. They arise from a)

the laboratory walls and its contents exterior to the detector itself (e.g., fast and slow

neutrons from fission products and (a, n) reactions from heavy elements and from muon

interactions at depth; 7 rays from neutron capture, muon interactions or radioactivity)

and b) materials used to contain/construct the neutrino detecting material itself (e.g.,

7 rays from residual radioactive isotopes cosmogenically induced prior to being placed

underground; 7's from neutrons captured in the detector construction materials). The

detector target itself, being liquid helium, has no activity and of course that is one of

its essential, major attributes for this application. This property is not possessed by

any other material.

Gamma rays, because they predominantly produce Compton recoil electrons in

helium, can give energy depositions which individually are indistinguishable from a

solar neutrino event. Hence, they are the particles (and their sources) which must

be most severely controlled and understood. Largely because of this, the strategy we

have adopted is to shield the detector in a way that limits the background radiation,

which does succeed in making energy deposition in the sensitive volume of the target,

to that due to the target container(the cryostat) alone. There are now quite reliable

measurements of neutron and 7 ray backgrounds encountered in existing sites such as

the Sudbury mine and Gran Sasso [15]. Typical fluxes at Gran Sasso are 4 × 10 -8 cm -2

sec -1 for neutrons and 0.1 cm -2 sec -1 for 7's at the cave surface. It has been shown [16]

in detail in Monte Carlo calculations by the groups proposing the SNO and Borexino

detectors what effect of placing several meters of water between the laboratory walls and

the detector itself is on neutron and 7 attenuation. For example, the Borexino group

has shown that < 1 per day each of neutrons and 7's reach the outer surface of their
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last absorber shield. We use their calculations of that effect as a guide since our initial

calculations are colisistent with their result but are of much lower statistical significance.

One can do better than shown, however, by reducing the fraction of the moderated

neutrons which capture on the hydrogen (2.2 MeV gamma resulting) in the water by

adding solutes low in heavy element content but which have other desirable properties

such as large thermal neutron cross sections. The large thermal neutron capture cross

section of boron( I°B; 3800 barn), its relatively high natural abundance (20%), its lack

of direct branching to 7 emission,the low 7 energies (0.48 MeV) from daughters, and the

high solubility (6.3g/100g water @ 30 C) of boric acid at room temperature suggest that

a saturated solution of boric acid in water would be a_l inexpensive and very satisfactory

outer shield. The hydrogen in the water serves as the thermalizer and the boron as the

dominant neutron absorber. Boron gives an improvement of more than 3 orders of

magnitude in the capture rate. Since copper itself (the most likely cryostat material)

has a large thermal neutron absorption cross section (3.8 b with subsequent 7 emission

<1.5 MeV) it is important to reduce the neutrons incident on the cryostat from the

exterior to a negligible amount.

In Fig. 10 below is reproduced a high star;sties study by the Borexino group of

the effect of water without solutes (they need pure water for transmission of light to

phototubes). It provides a bench mark for us. The figure as reproduced (and annotated

by us) shows that after 1 meter of sulphucrete and 2.5 meters of water the neutrons

are reduced by more than ten orders of magnitiude. Although we will carry out high

statistics runs of our own on this at a later date, it seems reasonably certain that

after 2.5 meters of boric acid aqueous solution and 1 meter sulphucrete the number of

neutrons incident on the cryostat will be negligble (<0.1 neutron/day). There will be a

small but somewhat larger flux of low energy 7's remaining, however, and their further

attenuation is discussed below in connection with that of the cosmogenic contamination

of the cryostat itself.

Radiation from the silicon wafers themselves will not be a significant background

into the helium. For example, if there were the order of 1500 wafers they would con-

stitute roughly 2 kilograms of silicon. The beta decays of the principal contaminants

(tritium and 22Na [17]) occur only in a single wafer and do not cause a coincidence. The

1.275 MeV 7 from 22Na occurs at a rate of only 0.32 counts/day/kg and so is negligible.

Copper is in many ways an ideal material for the cryostat not only for its excellent

thermal and structural properties but also because it has no long lived cosmogenicaly

generated isotopes of its own, and those of other elements are well measured and un-

derstood from double beta decay experiments [18]. The dominant cosmogenic isotopes
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are 54Mn (0.835 MeV 7, 512 days), 5SCo (0.81 MeV 7, 70.8 days), and e°Co (1.17 and

1.33 MeV 7_s, 5.27 years). Assuming the copper could be stored underground for one

year prior to operation then the total equilibrium rate from the isotopes would be 0.02

decays/min/kg. It is clear that the cryostat is likely to be the dominant contributor to

"neutrino-like" background. We have performed a detailed Monte Carlo study of the

effecton signaJ to noise from these sources.

Wc have used the GEANT Monte Carlo program from CERN (suitably modified to

account for very low energy deposition) as the principal vehicle for these calculations.

We have used as a model detector a cube of helium contained in a copper cryostat the

outer dimensions of which were 5.6 meters on an edge. Typically, a fiducial volume of

4.0 meters on an edge was defined for signal cuts (,.,22 neutrino events/day for the full

p-p and 7Be flux). The region between the cryostat and fiducial volume was then filled

with varying amounts of active helium and inactive moderator; the moderator served

two purposes: to absorb/attenuate some of the 7 flux and to shift the spectrum in

such a way as to increase the probability of multiple interactions in the helJ'lm of the

emerging 7's.

The helium and most of the moderator materials considered in the calculations were

of light nuclei and the 7 interactions are overwhelmingly Compton scatters with little

or no photoelectric or pair production occurring (<0.03% in helium). Calculations were

performed for two classes of moderator materials in varying thicknesses. These were

polyethylene and several cryogenic gases (including nitrogen, carbon dioxide, argon and

neon).

Carbon dioxide has many qualities which commend its use over other materials.

Both carbo.a and oxygen have low (n, 7) cross sections - 0.19 and 3.5 mb, respectively.

Neither have any 7 emitting states with lifetimes greater than 70 sec. Carbon-14_ of

course, has a beta decay with an end point of 156 keV but its extremely low abundance(<

1 × 10-14), short range and low probability of radiating bremstrahlung (0.1%) prevent

it from being a problem. As with the other gases, CO2 will have a low content of heavy

elements since it enters the cryostat in gaseous form prior to freezing on the walls.

For purposes of illustration, it is useful to look at the kind of features for signal-to-

noise which result from the use of 50 cm of carbon dioxide lining the copper cryostat and

the helium volume outlined above. In Fig. 11 :s shown a LEGO plot of a single typical

300 keV b_ckground 7 ray event; it is typical in that the median number of Comptons

per event tot the observed spectrum is 5 and that they have a mean length for the

"shower" of about 40 cm in helium. A neutrino signal event will, of course, consist of a

single recoil electron with a range less than 1 cm. This suggests an algorithm for cuts
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to enhance signal-to-noise which we have implemented as follows: a) only one visible

deposition per event, b) conversion point of deposition <200 cm radial distance from

center of fiduci_l volume, c) energy of deposition <800 keV. In Fig. 12 is a histogram
in which the results of a simulated 10 day run are plotted - 260 neutrino events from

p-p (black) and 7Be (hatch) as well as 373 background gamma events (white). This

first cut gives a signal-to-noise ratio of 0.7. However, because the mean free path for

the 7 spectrum is 59 cm and that for the neutrinos approaches infinity in helium, we

can make a substraction of the position- dependent background from the uniformly-
distributed neutrino signal. The observed distribution of 462 events in the live helium

volume between 200 cm and 230 cm is extrapolated into the fiducial volume. The

distribution of events with the singularity and energy cuts applied is plotted in Fig. 13

for a 10 day run. Performing the extrapolation and subtraction on a bin-by-bin basis

produces the result of Fig. 14 and signal-to-noise of 0.9 ± i0%; for purposes here the

residual background has been taken to be the size of the quadratically compounded
errors of the subtraction.

If we take a 70% operational duty factor for the detector and the full p-p and 7Be

neutrino fluxes of the "standard model", about 5000 signal events would be expected in

a year, assuming the flux Is entirely of electron-type neutrin,)s. Should oscillations occur

such that neutrinos having only neutral current interactions compose a fraction, F, of

that flux, then the number of events would be less; 5000 x (1 - 0.83 x F). The neutral

current cross section foz those neutrinos being roughly 1/6 of that for electron-type
neutrinos.

These are very encouraging results. It continues to al,i_ear that there are as yet

no technical obstacles to a solar neutrino experiment of the type envisioned. As details

are gathered from our other experiments, we shall continue to refine and make more

specific our Monte Carlo studies of backgroultds.
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Figure 5. The thermal pulse on a sapphire wafer resulting from a _.5 Mev a particle stopped
in helium, 5 cm below the liquid surface. I
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Other related matters:

• The Ph.D. thesis of F. S. Porter, which derives from experimentmon performed under

this grant, is in preparation and he is expected to receive his degree this Spring.

• S. R. Bandler and T. More will continue on their Ph.D. research involving experiments

to improve the sensitivity of calorimetric detection and to investigate the detection of

electrons in helium. Their theses will be on subject of particle detection.

• At the 1993 Spring Meeting of the American Physical Society held in Washington,

D.C. (April 12-15), an invited paper was presented on the results from this grant to a

special Joint Session of the Division of Nuclear Physics and the Division of Fundamental

Constants and Precision Measurements. Additional requests for seminars and colloquia

on this novel technique and its goals have continued throughout the year. A feature

article by the English physicist P. McClintock decribing this work appeared recently in

Physics World, the journal equivalent to Physics Toda_l in Great Britain.
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APPENDIX A. Principles of the Superfluid Helium Detector

The limitations associated with tile existing detection techniques for p-p and Be

solar neutrinos have led us to consider another using superfluid helium as a detector of

neutrinos. Liquid helium can be used as the major component of a very sensitive calori-

metric detector, with the major advantage of being able to achieve very low background

levels. We discuss below the principles upon which such a detector is based.

From the point of view of the elimination of background, the ideal detector material

is certainly liquid helium. Helium is the only element which remains a liquid down to

absolute zero. Consequently all other elements freeze out on the walls of the container

of the liquid. For example, a Ha molecule in liquid 4He has an energy approximately 80

K greater than in solid hydrogen. Thus, the solubility of H2 in helium is proportional

to exp(-80/T), and is totally negligible below 1 K. If by some process an impurity is

introduced into the interior of the liquid, it moves very rapidly through the superfluid

liquid and quickly adsorbs onto the container wall. Thus, in contrast to solids, helium

may be considered to be a self-cleaning systenl.

Tile idea of our experiment is shown in the cartoon of Fig. A1. A solar neutrino

of energy F_uscatters elastically off an electron, and transfers energy

2m_c 2E_ cos2 8

Erec = E_(1 - cos2 8) + 2rn_c2Ev + (mec2) 2'

where 9 is the propagation direction of the electron relative to the direction of the

incident neutrino. The energy of the recoil electron is transferred to the liquid helium in

a few mm by a number of processes, secondary ionizations, the generation of elementary

excitations in the helium (phonons and rotons) and the creation of other entities such

as metastable He2 molecules in excited states. Much of the energy that initially goes

into producing positive ions and electrons is most likely to end up as rotons, when the

He+ ions form He+ complexes and the electrons create bubbles [A.1]. Some significant

fraction of the total energy appears ultimately on de-excitation and recombination as

photons, principally in the ultraviolet, since liquid helium is known to function as an

effective scintillator [A.2]. Nonetheless, another substantial fraction of the energy must

appear finally as elementary excitations of liquid 4He, the dispersion curve for which is

shown in Fig. A2a. Because of the large phase space associated with rotons, as seen in

Fig. A2b, Mmost MI this energy will be at large momenta in rotons and high frequency

phonons. While no accurate values are yet known of the division of the kinetic energy

of an electron in liquid helium, we know from our measurements that the fraction f of

the energy appearing as rotons is close to 0.5.
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In superfluid helium at T -- OK a roton is a stable excitation because, for kinematic
reasons, there are no decay modes. At finite temperatures there is a thermal distribution

of phonons and rotons in the liquid, and a roton is scattered by collisions with these
thermal excitations. However, at 0.1 K tile density of the thermal excitations is so low

tha' the rate of scattering of a roton is negligible [A.3]. Rotons can also scatter from
l' U '°SHe impurities in the lq 10, but it is easy to reduce the 3He concentration to a level

such that this scattering is unimportant.

At the free surface of the liquid, rotons can induce evaporation of helium atoms.

This process was first studied experimentally by Wyatt et al [A.4]. Our own measure-

ments confirm and extend the earlier results, The conclusion is that a roton (or a
high energy phonon) incident on tile liquid surface has a probability of roughly 1/3 of
inducing the evaporation of 1 helium atom, provided that the kinematic constaints of

conservation of energy and momentum parallel to the surface are satisfied in the evap-

oration process. Rotons that produce evaporation are restricted roughly to lie within a

cone making an angle of 20° with the normal to the surface. Thus the ratio of evapo-

rated helium atoms to rotons is only about 1 x 10-2. This neglects all reflections from

walls. For an electron recoil energy, B,.ocof 200 keV, tile number of rotons produced is
_,,fE,.oc/A ,., 1.4 x 10e. (We make the approximation that all rotons have an energy
close to the minimum roton energy A = 8.6K.) The number of helium atoms evaporated
from the surface of the liquid is then -.. 1 x 106.

To detect these 'He atoms we suspend thin plates of a high purity, high Debye
temperature, crystalline, dielectric material such as silicon 1 cm above the surface.

The 'He atoms which evaporate will be adsorbed (physisorbed) onto the Si surface

[A.5]. Each atom generates in the Si an amount of heat equal to the binding energy
between 4He and a Si surface [A.6]. This binding energy is roughly 100 K, and originates
in the van der Waals attraction between a helium atom and the silicon surface. Notice

that the energy deposited in the Si is

Es_ _- 1O-_ f _ E,_.

Thus, with f - 0.5, for a 200 keV electron Esi is 2 x 10"* erg.

If the area of the Si plate is Acm 2 and the thickness if d era, the heat capacity is

C = 6.25 × 10-7 Ad T a joule/K

As representative number we might take A = 100cm2,d - 0.02cm and T = 20 inK.

Then the temperature rise _Ta of the Si wafer caused by an electron recoil of 200 keV

is 0.2 inK, which is easily measureable.
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it is precisely this sequence of processes which we have been studying.
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