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Abstract 

A charged particle stopped in superfluid helium produces both excitations in the liquid (phonons and rotons) and photons 
by fluorescence. Using a calorimeter with a response time of 50/,s we are able to time-resolve in a single detector signals 
from the photons and from the excitations of the liquid at 25 mK. The implications of this observation for the detection of 
low energy solar neutrinos are discussed. 
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Liquid helium has many properties which make it 
attractive as a large-mass target material for detect- 
ing low energy particles such as neutrinos and particle 
dark matter. Among those properties are cleanliness 
with respect to radioactive contamination, low cost, 
and the ease with which it can be handled on an in- 
dustrial scale. 

In recent years we have developed a technique [ 1- 
3] for detecting small energy deposits by charged par- 
ticles in superfluid helium at low temperatures. As a 
particle is stopped in helium it generates elementary 
excitations of  the l iquid- phonons and rotons - which 
propagate ballistically at low temperatures. If  these 
excitations hit a free surface of the liquid and individ- 
ually have an energy greater than the binding energy 
(7.16 K) of a helium atom to the liquid, they can pro- 
duce quantum evaporation. The evaporated atoms can 
then be detected upon their adsorption on a calorime- 
ter consisting of a large-area, low heat-capacity wafer 
to which a sensitive themometer is attached. Typically, 

l E-mail: lanou@brhepl.physics.brown.edu. 

Elsevier Science B.V. 
SSD10370-2693 (94) 01423-X 

10 4 atoms are evaporated per keV of energy deposited 
in the liquid. 

The detection and potential identification of charged 
particles using liquid helium is made possible by the 
properties of the excitations of the superfluid liquid. 
A measurement of the number and spatial distri- 
bution of evaporated helium atoms using multiple 
wafer/calorimeters can determine the energy and lo- 
cation of an event in the liquid. Track direction can 
be identified, at least for heavily ionizing particles, 
because the flux of rotons from a track is highly 
anisotropic [ 3 ]. 

In this paper we report the calorimetric detection 
and measurement of the scintillation light from liquid 
helium [4] produced by a particles. The measure- 
ment of this scintillation, when combined with the ob- 
servation of roton-generated signals, can provide sup- 
plemental information on particle events. The unusual 
feature of these measurements is the observation of 
separate signals arising from photons and from rotons 
in the same calorimetric detector, made possible by 
the different arrival times of the signals. 
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Fig. 1. Schematic diagram of the experimental cell. 

Experiments are carried out in a cylindrical cell 
which can contain up to 3 liters of liquid helium. The 
cell is attached to a dilution refrigerator capable of 
achieving temperatures down to 25 mK. The instru- 
mentation within the cell is sufficiently flexible to al- 
low a number of different types of experiments to be 
performed. Fig. 1 illustrates a typical configuration 
used in the experiments reported here. A collimated a 
source is formed by placing 24:Am at the bottom of a 
hole in a brass rod. The end of the hole is sealed by a 12 
/.tm Kapton sheet to exclude superfluid helium, and the 
hole is evacuated. The te's emerging from the Kapton 
have an energy of 3.3±0.6 MeV, as measured by a sur- 
face barrier detector, and a collimation of -4-14 °. This 
source is mounted in the liquid on the arm of a small 
superconducting stepper motor [ 5 ] and can be rotated 
through 120 ° in 7 ° steps. The liquid level in the cell is 
adjustable and is measured by a capacitance gauge. A 
1 cm x 2 cm sapphire wafer/calorimeter is positioned 
in the vacuum directly above the source and equipped 
with a thin-film, iridium-gold, proximity-effect, su- 
perconducting transition-edge the~Tnometer [ 6]. This 
low-impedance thermometer has a transition temper- 
ature of N70 mK and its resistance is measured using 
SQUID electronics. The spacing between the source 
and the wafer as well as the liquid level relative to 
each can be changed. The wafer, whose temperature 
can be varied independently of that of the liquid he- 
lium, is kept free of helium film by means of a "film 
burner" [7]. In a separate experiment the calorimeter 
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Fig. 2. The thermal response of the calorimeter when an a particle 
is stopped in the liquid helium. The traces are averages of about 
100 single events. The calorimeter is 0.5 cm above and the source 
4.5 cm below the liquid surface, a) The collimated a tracks are 
parallel to the liquid surface, b) The a tracks are perpendicular 
the surface of the liquid. 

is calibrated by measuring the temperature rise pro- 
duced by the 5.9 keV line from an SSFe source ab- 
sorbed directly in the wafer. The cell is filled with he- 
lium through a heat flush system [8] which reduces 
the concentration of 3He to less than 10 -8. SHe at its 
natural concentration in 4He scatters the rotons exces- 
sively. The entire apparatus is enclosed in a screened 
room, and the data is transferred by fiber-optic links 
to a computerized collection and analysis system. 

The response of the calorimeter positioned 0.3 cm 
above the liquid surface is shown in Fig. 2a for an a 
particle stopped in the helium a distance of 4.5 cm 
below the surface. The track length of a 3 MeV a par- 
ticle is approximately 200/. tm in helium. The trace 
is an average of about 100 single events for which 
the collimated a tracks are parallel to the liquid sur- 
face. The calorimeter has a response time of ,,~ 50 
/zs to an energy input, while its relaxation time to the 
thermal reservoir is ,-~ 0.5 ms. Our interpretation of 
the observed signal is as follows. We believe that the 
calorimeter responds initially to a pulse of heat pro- 
duced by scintillation light absorbed in the sapphire 



J.S. Adams et al. / Physics Letters B 341 (1995) 431-434 4 3 3  

4 0  

© 

© 
,+_ 

20 
O 

c 

>-, 

~ 1 o  © 
c- 

k J  

' 1 ' '  ' I ' r ' I ' ' ' I ' ' ~ I ' ' ' I ' ' 

A 
A a Roton + Light 

A • Light 

A 

0 i i 
- 4 0  

z~ 
A 

z~ 
A 

z~ /x 
A A A A 

A 

o o  O o o  o q t e o  o e o  o o • • ooo 
i I i i i I r i i I ~ ~ , I ~ i i I i ~ i I i n i 

- 20  0 20 40 60 80 100 
Alpha Angle (Degrees) 

Fig. 3. The ampl i tudes  o f  the photon  and  roton s ignals  as a funct ion 

o f  the orientat ion o f  the col l imated a source.  An ce with 0 = 0 ° 

is directed normal  to the l iquid surface.  

wafer. The plateau in the signal roughly 100/zs long 
corresponds to an energy input of 2.5 keV. At about 
250 tzs after the initial appearance of a signal, heat- 
ing begins as a result of the adsorption on the wafer 
of roton-evaporated helium atoms. The average arrival 
time of the atoms is approximately 300/zs after the 
light pulse so that the calculated velocity of the rotons 
is centered about 1.5 × 104 c m  s - 1  . This value is con- 
sistent with the velocity of rotons near the minimum 
in the dispersion curve. This signal generated by ro- 
tons has been investigated previously [2,3], and the 
rotons produced by an ~ particle are known to ther- 
malize about the dispersion minimum. 

Four experiments have been performed which sup- 
port this interpretation of the structure in the signal 
from an tr event. 

(1) The magnitude of the roton signal was varied 
by changing the direction of the collimated a source 
with respect to the normal to the liquid surface. We 
have shown that the roton flux propagating away from 
an a track is anisotropic [3]. The roton signal pro- 
duced by an a travelling perpendicular to the surface, 
shown in Fig. 2b, is approximately four times smaller 
than for an ce travelling in a plane parallel to the sur- 
face, Fig. 2a. Fig. 3 shows the variation of the am- 
plitudes of the photon and roton signals as the colli- 
mated ~ source is rotated in a plane perpendicular to 
the surface. The distances between source, wafer and 

liquid surface all remain fixed. At all track orienta- 
tions the photon signal is unchanged while the roton 
signal varies as expected [3]. 

(2) In a separate experiment the level of  the liquid 
was lowered so that the a source was 3.5 cm below 
the free surface and the calorimeter 1.3 cm above the 
surface. To the accuracy of the measurements the pho- 
ton signal is unchanged in magnitude. This is to be 
expected since the solid angle subtended by the wafer 
is constant and refraction of the light is negligible. 
However, the roton signal is observed to be substan- 
tially smaller. This is a consequence of the kinemat- 
ics of the quantum evaporation process. A roton near 
the minimum of the dispersion curve can only evap- 
orate an atom if its angle of incidence on the surface 
is less than about 17 °. The velocity vector of an evap- 
orated atom makes a much larger angle with respect 
to the normal to the surface than the angle of inci- 
dence of the roton that produced the evaporation. Con- 
sequently, the number of helium atoms intercepted by 
the wafer from an event directly below it decreases as 
the distance between the liquid surface and the wafer 
increases. The calculated ratio of the size of the roton 
signals for the two geometries used is 0.60 to which 
the measured ratio of 0.55 compares well. 

(3) When the source-to-wafer distance was de- 
creased to 1 cm with the liquid level equidistant be- 
tween the two, no structure in the response of the 
calorimeter could be resolved. In this case the time de- 
lay in the arrival of the roton signal is small. The jitter 
in the timing of the trigger resulting from the noise on 
the signal produces a smooth, structureless response 
upon averaging. 

(4) With the source-to-wafer distance of 1 cm, 3He 
was added to the cell to produce a concentration of 1 
part in 105. The mean free path for rotons is less than 
1 mm at this concentration of 3He. The response of the 
calorimeter to a ' s  was small, corresponding to the ex- 
pected photon signal alone with no roton contribution. 

In comparison to work on other noble liquids, liq- 
uid helium has not been widely used or studied as a 
medium for particle detection principally because of 
its poor drift velocity for charged particles. However, 
the nature of its scintillation spectrum is of consid- 
erable interest and has been studied for its own sake 
[9]. The spectrum of liquid helium at 1.4 K is very 
strongly concentrated in the ultraviolet and arises from 
the radiative dissociation of neutral He~ dimers in ex- 
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cited states which are formed along the particle path. 
The emission extends from 13 to 19 eV with a broad 
maximum centered at 15.5 eV. Helium is transparent 
below 20 eV, the energy of the 23S excited state of 
the He atom. Scintillation has been observed for both 
electrons and ce particles [4,9] stopped in helium. For 
an electron the amount of energy emitted as photons is 
estimated to be 8% of the incident particle energy. For 
an a the ratio of the two energies is not as well known 
but is of the same order. Sapphire is strongly absorb- 
ing in the uv above 10 eV. When account is taken of 
the solid angle subtended by the wafer/calorimeter in 
this experiment, we find that the detected photon en- 
ergy of 2.5 keV corresponds to about 10% of the 3.3 
MeV energy of the ot particle. 

While under normal conditions the photon signal 
from the calorimeter is considerably smaller than the 
roton signal, it nonetheless has the potential of provid- 
ing important additional information for particle de- 
tection using superfluid helium. A liquid helium detec- 
tor of solar neutrinos capable of observing 20 events 
per day from the p-p and 7Be reactions in the sun 
[ I0] would have a fiducial volume of 70 m 3 (mass of 
10 metric tons). An array of ,-o1500, 15 cm diameter 
wafers positioned above the liquid surface for detect- 
ing the roton-generated signals would also intercept 
approximately 20% of the emitted photons. A 150 keV 
recoil electron produced by neutrino elastic scattering 
would generate more than 500 VUV photons. Those 
hitting the wafers would be fully absorbed, without 
the need for a wavelength shifter. Currently, large-area 
cryogenic calorimeters do not have thresholds of 15 
eV that would be required for an individual wafer to 
detect a single photon. However, the outputs of the 
wafers can be summed to enhance the scintillation sig- 
nal as compared to noise. The roton signals cannot 
be summed easily because their time delays differ de- 
pending on distance of the wafers from the event. In 
this manner it should be possible, with only modest 
improvements in present technology, to provide a trig- 
ger for timing the arrival of roton signals on the indi- 
vidual wafers. Timing information can supplement a 
measurement of the number and spatial distribution of 
the evaporated helium atoms in determining the posi- 
tion, the energy and possibly the track orientation of 
a particle event in the liquid. 

We are planning experiments to determine if the di- 
vision of energy between rotons and scintillation pho- 

tons in helium is different for electrons and for heavy 
ionizing particles. I f  there is a difference, then a means 
will exist by which particles can be distinguished. 

We are indebted to Dr. Susan Cooper of the Max- 
Planck-Institut ftir Physik, Miinchen, to Professor 
Franz von Feilitzsch of the Technische Universit~it 
Mtinchen and to their research groups for generously 
providing us with the sapphire wafer and attached 
iridium-gold, transition-edge thermometer used in 
these experiments and to M. Frank for advice regard- 
ing its operation. This work was supported in part by 
the U.S. Department of Energy under grant number 
DE-FG02-88ER40452. Additional support was pro- 
vided by the National Science Foundation through 
the Center for Particle Astrophysics at the University 
of California, Berkeley. 

References 

[1] R.E. Lanou, H.J. Maris and G.M. Seidel, Phys. Rev. Lett. 
58 (1987) 2498. 

[2] S.R. Bandler, R.E. Lanou, H.J. Maris, T. More, ES. Porter, 
G.M. Seidel and R.H. Torii, Phys. Rev. Lett. 68 (1992) 
2429; 
S.R. Bandler, C. Enss, G. Goldhaber, R.E. Lanou, H.J. Maris, 
T. More, F.S. Porter and G.M. Seidel, J. Low Temp. Phys. 
93 (1993) 715; 
C. Enss, S.R. Bandler, R.E. Lanou, H.J. Maris, T. More, F.S. 
Porter and G.M. Seidel, Physica B 194-196 (1994) 515. 

[3] S.R. Bandler, S.M. Brou6r, C. Enss, R.E. Lanou, H.J. Maris, 
T. More, ES. Porter and G.M. Seidel (to be published). 

141 E.H. Thorndike and W.J. Shlaer, Rev. Sci. Instr. 30 (1959) 
838; 
H. Fleishman, H. Einbinder and C.S. Wu, Rev. Sci. Instr. 30 
(1959) 1130; 
J.E. Simmons and R.B. Perkins, Rev. Sci. Instr. 32 (1961) 
1173; 
J.R. Kane, R.T. Siegel and A. Suzuki, Rev. Sci. Instr. 43 
(1963) 817; 
EE. Moss and EL. Hereford, Phys. Rev. Lett. 11 (1963) 63. 

[5] ES. Porter, S.R. Bandler, C. Enss, R.E. Lanou, H.J. Maris, 
T. More and GM. Seidel, Physica B 194-196 (1994) 151. 

[6] U. Nagel et al., J. Low Temp. Phys. 93 (1993) 543. 
171 R. Torii, S.R. Bandler, R.E. Lanou, H.J. Marls, T. More, ES. 

Porter and G.M. Seidel, Rev. Sci. Inst. 63 (1992) 230. 
[8] PC. Hendry and P.V.E. McClintock, Cryogenics 27 (1987) 

131. 
[9] M. Stockton, J.W. Keto and W.A. Fitzsimmons, Phys. Rev. 

Lett. 24 (1970) 654; Phys. Rev. A 5 (1972) 372; 
C.M. Surko, R.E. Packard, G.J. Dick and E Reif, Phys. Rev. 
Lett. 24 (1970) 657; 
J.W. Keto, M. Stockton and W.A. Fitzsimmons, Phys. Rev. 
Lett. 28 (1972) 792. 

[ 10] S.R. Bandler, C. Enss, G. Goldhaber, R.E. Lanou, H.J. Maris, 
T. More, ES. Porter and G.M. Seidel, J. Low Temp. Phys. 
93 (1993) 715. 


