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Abstract.  There is ample observational evidence that the Universe is dominated by dark matter that does not radiate or absorb electromagnetic energy at any observed wavelength.  Somewhat more tenuous arguments require that the majority of this dark matter does not consist of baryons.  The nature of the ìnon-baryonic dark matterî is unknown, but one conjecture is that it consists of WIMPs, or Weakly Interacting Massive Particles, with the favored candidate being the lightest supersymmetric particle, the neutralino, with a mass somewhere between 1 – 1000 GeV.  Given a mass, the density and velocity are constrained by astrophysical observations, so it becomes reasonable to attempt direct detection of the particles.  The primary interaction with matter is expected to be elastic scattering from nuclei, and one detection approach is to measure the recoil energy of the nucleus by the increase in detector temperature that it produces.  This is practical in detectors with masses of hundreds of grams operated at millikelvin temperatures, and at least four major efforts along these lines are well under way.








INTRODUCTION





The title of this talk begs a number of questions.  What is dark matter?  Why do we think it exists?  Do we know what it should be made of?  What is a cryogenic detector, and how does it work?  In the following section I will briefly describe the astrophysical “missing matter” problem, the resulting definition of dark matter, and what it might be made of.  The next section discusses the requirements for detectors for one proposed component of this material, Weakly Interacting Dark Matter (WIMP) particles, why cryogenic detectors are suited to this problem, and an introduction to how they work.  The final section shows how two of the current searches are implementing these detectors.


DARK MATTER





Observations of the rotation of spiral galaxies and of the confinement of hot gas in clusters of galaxies require gravitational potentials much larger than can be produced by the matter that is observed in the form of ordinary stars, diffuse gas, and finely-divided dust.  Spiral galaxies generally have at least two to three times more gravitational mass than can be accounted for by the stars, gas, and dust they contain, while large clusters of galaxies have 10 – 50 times more than the sum of the mass of the galaxies and hot gas in the cluster.  


The total mass in the universe is commonly referred to in terms of Ω, the ratio of the average density to the critical density that would just stop the current expansion after an infinite length of time.  The density in stars amounts to Ω = .01, while the inferred gravitational potentials require Ω about 0.3 or more.  Inflationary cosmologies, attractive because they provide a natural answer to the questions of why the universe is as flat and isotropic as it is, usually require that Ω ( 1.


It is not difficult to conceive of rather ordinary dark matter that we could not see.  Putting all of the missing material into uniformly distributed bricks would make it essentially impossible to observe.  (We do not know how such bricks could be made, but this could be simply a lack of imagination.)  Searches for more conventional structures that could have escaped earlier observation, such as old neutron stars and very faint, low-mass stars, appear to show that they are not present in the required quantities.  There is also indirect evidence arguing that no ordinary solution to the “missing matter problem” will be found.  This comes from models for the synthesis of light elements in the first few minutes of the big bang.  The predicted helium abundance  is almost independent of the average density, and is in good agreement with the observed value for all values of Ω from .01 to more than 2 (above which the age of the universe definitely becomes shorter than the ages of the oldest stars).  This lends some confidence to the model, in which the deuterium abundance is a strongly decreasing function of the baryon density.  The best current observations of deuterium then require that the total baryon density correspond to ΩBaryon < 0.1.  This is arguably consistent with ΩGrav. > 0.3, given the large systematic uncertainties in many quantities, but would be very difficult to reconcile with inflation (ΩGrav. = 1).


The solution to this is that much, perhaps most, of the gravitational matter in the Universe must consist of some new kind of particle.  Super-symmetrical theories predict a whole family of new particles that are paired with standard-model particles.  The lightest of these, the neutralino, is one candidate for astrophysically abundant dark matter.








DETECTION





Much of the information needed to design a direct detection experiment for WIMPs such as neutralinos that would provide the missing mass in a spiral galaxy can be inferred from astrophysical observations.  Rotation curve measurements give the mass density distribution.  The particles should be gravitationally bound to the galaxy, and, having at most very weak interactions with the normal matter, will be falling through the disk with approximately Keplerian velocities (about 300 km s–1 at the position of the Sun).  The particle mass is a free parameter, but for any assumed  value, the particle number density and flux are then given.


The largest uncertainty is the interaction cross section, but minimal supersymmetric theory predicts that it should be similar to that for neutrinos.  The largest cross sections are for coherent scattering from nuclei, and predict rates on the order of one event per day per kilogram of target material for WIMPs in the 2 – 300 GeV mass range.  The typical energy transferred in a scattering event goes from a few hundred eV to several keV over the same range of particle masses.


Because of the low rates, it is clear that detectors with active masses of at least a few kilograms and very low backgrounds are required.  The low background is particularly important because the signal cannot be turned on and off, so the only modulation available to differentiate extraneous events is the small annual flux variation due to the changing direction of the earth’s 30 km s–1 orbital velocity relative to the 300 km s–1 motion of the sun.  The arriving flux is quite asymmetrical due to the large solar velocity, however, and if a directional detector could be developed, the diurnal variation of the laboratory orientation of this vector due to the earth’s rotation would provide a very strong indication that a real signal had been detected.


Conventional ionization detectors are less than ideal for this application.  In the required large sizes, they have high electrical capacities and therefore relatively large readout noise which doesn’t allow low enough energy thresholds to be sensitive to the lower end of the interesting range of WIMP masses.  This problem is exacerbated by the fact that the W-value, the average deposited energy required to produce an ionization, is about three times larger for low-energy nuclear recoils than it is for electron kinetic energy.  The actual threshold is thus a factor of three higher than it would be for normal charged particle or photon events in the same detector.








Cryogenic Detectors





In this section, we will discuss the operation of phonon-mediated detectors, where the product of the event that is measured is not the charge nor the light produced, but the phonons, which are lattice vibrations with typical quantum energies of 1 (eV – 20 meV for thermal excitations at temperatures between 10 mK and 300 K.  Phonon mediated detectors are usually operated at very low temperatures to minimize the background density of thermal phonons against which the signal must be measured, and this is why they are referred to as “cryogenic detectors”.  (Normally this term also includes superconducting tunnel junction detectors, which are actually charge detectors that operate very similarly to semiconductor detectors, with the ~1 meV superconducting band gap taking the place of the ~1 eV semiconducting band gap.  These are not phonon mediated devices, and we will not consider them further here.)


We further break down phonon mediated detectors into two classes: equilibrium detectors (true calorimeters and bolometers), and athermal, or non-equilibrium devices that look at the super-thermal phonons produced by particle interactions before they are thermalized.  Bolometers (where the steady-state temperature rise due to the absorbed power level is measured) of course have a long history as detectors of infrared radiation.  In the past ten years or so there has been an increasing interest in the use of physically similar devices in the calorimetric mode to measure the energy of single photon or particle interactions or decays (1–4).  


�


Figure � SEQ Figure \* ARABIC �1�.  Pulse height spectrum of 55Fe obtained with a small calorimeter operated at 50 mK.  The inset shows the temperature pulse produced by a single 5.9 keV photon.


Figure 1 shows the pulse-height spectrum from one of these calorimeters when it is illuminated by soft x�rays from a 55Fe source.  The energy from each photon is thermalized in a time short compared to the ~3 ms cooling time constant of this small (~10 (g) detector, and the resulting temperature rise and exponential decay are measured by an attached thermometer.  Variations in the pulse heights from monoenergetic x�rays are caused by a combination of the thermodynamic fluctuations in the baseline energy content of the detector at its 50 mK operating temperature and the Johnson noise of the thermometer.  The 7.5 eV FWHM resolution is about a factor of twenty better than a state-of-the-art Si(Li) device, and more than an order of magnitude better than the theoretical limit for a Silicon or Germanium detector.  There is currently much interest in such detectors for high resolution astronomical and laboratory x�ray spectroscopy.  Since the absorber does not need to have good electronic transport properties, a wide range of materials can be used, making thermal detectors particularly useful for neutrinoless double beta decay searches and other investigations where true calorimetric measurements with a variety of materials are required. The calorimeter response and resolution also remain the same for energy deposited in nuclear recoils, while the resolution of a conventional detector is further degraded by the much lower ionization efficiency of these events.


Energy Resolution of Equilibrium Calorimeters





A calorimeter consists of an absorbing element in which the energy is deposited connected to a heat sink by a weak thermal link.  A thermometer attached to the absorber measures the temperature rise produced by the deposited energy, while the thermal link conducts the excess energy to the heat sink in a characteristic time (th ( C/G, where C is the heat capacity of the absorber, and G is the thermal conductivity of the link.  The deposited energy can be determined from the peak temperature rise: E = C (T.


This energy excursion, however, must be measured in the presence of thermodynamic fluctuations in the energy content of the absorber that are produced by the random transport of energy carriers through the thermal link.  The magnitude of these fluctuations is given by an elementary calculation in classical statistical mechanics as � EMBED Equation.2  ��� (5).  For a dielectric absorber, this can be thought of as the expected size of Poisson fluctuations in the number of phonons contained in the absorber:





	� EMBED Equation.2  ��� , and	(1)





	� EMBED Equation.2  ���.	(2)


Note that the magnitude of these fluctuations is independent of the conductivity G of the thermal link but their frequency distribution is not.


	The magnitude of these fluctuations does not in itself determine the potential energy resolution.  To see why this is the case, we consider their power spectrum, which is flat below a corner frequency (0 equal to the reciprocal of the thermal time constant CG–1, and falls as f –1 at higher frequencies.  The signal pulse from an instantaneously deposited energy will have a sharp rise in temperature followed by an exponential decay with this same time constant.  The power spectrum of this pulse has the same shape as that of the thermodynamic fluctuations, as shown in Figure 2.  Considering only these quantities, the signal to noise ratio is independent of frequency, and, since any frequency bin gives an independent estimate of the signal, the energy resolution could be made arbitrarily good by using an arbitrarily large bandwidth.


	The usable bandwidth is limited by other considerations, the most fundamental of which is noise in the thermometer.  We consider an ideal resistive thermometer, with resistance R and logarithmic sensitivity ( ( d log(R)/d log(T).  The maximum usable bandwidth is determined by r, the ratio of the fluctuations noise at low frequencies to the Johnson noise of the thermometer.  It can be shown that r2 is proportional to (2b, where b ( (T � T0)/T0 is the fractional increase of the detector temperature T above the heatsink temperature T0 produced by the power used to read out the thermometer resistance.  The value of ( is limited by thermometer technology, but b clearly has an optimum value: a very small readout power will give a small signal voltage (for a given temperature and resistance change) relative to the fixed Johnson noise voltage, while a large readout power will raise the temperature significantly and greatly increase the level of the thermodynamic fluctuations.  The exact calculation is complicated by the temperature rise, b, (since the fluctuations must be recalculated for the resulting temperature gradient in the thermal link), by the variation with temperature of both the heat capacity of the absorber and the thermal conductivity of the link, and by the electrothermal feedback produced by variations in the bias power during a pulse.  This problem has been solved exactly for the ideal case outlined so far (2), with the net detector noise for optimized bias power (b ( 0.12 for most cases) and signal filtering given by:


	� EMBED Equation.2  ���,	(3)
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FIGURE � SEQ Figure \* ARABIC �2�.  Signal pulse and thermodynamic fluctuation noise power spectra.


where T0 and C0 are the heatsink temperature and the heat capacity of the detector at this temperature, and ( is a dimensionless factor that depends primarily on the thermometer sensitivity, and weakly on the temperature dependence of the heat capacity and the thermal link conductivity.  This result is still independent of the conductivity G, and therefore of the thermal time constant.  For values of thermometer sensitivity obtainable with practical semiconductor thermistors (( ( 3 – 5), ( is about 2, and scales as (–1/2 for higher sensitivities.


	There are additional limiting factors for semiconductor thermistors.  They lose sensitivity to the lattice temperature as the bias power density is increased, and they have an apparently fundamental source of 1/f noise.  Both of these effects rapidly become worse as the operating temperature is lowered, and below 0.3 K they provide increasingly severe limits on how small the heat capacity of the thermometer can be made, and on how fast the thermal time constant can be (6,7).  The power density restriction puts a lower limit of about 1 ms on the thermal time constant for detectors operated around 100 mK.  However, it is still possible to make large detectors with existing thermometer technology that have much better energy thresholds and resolution than conventional solid state detectors of the same size.  The relatively slow speeds are not a huge disadvantage for a very low rate experiment, and the phonon-mediated detection provides full response to the energy of low-velocity nuclear recoils (8).








WIMP SEARCHES





There are now at least four major searches for Weakly Interacting Massive Particles getting underway using cryogenic detectors.  I will describe the approach of the two largest collaborations here.  Both have spent several years on the fundamentals of detector development, and are now deploying detectors of useful size at low-background sites.











The CRESST Experiment





��


Figure � SEQ Figure \* ARABIC �3�.  a) Superconducting transition of Tungsten strip thermometer.  b) Pulse height spectrum of a 32 g sapphire crystal equipped with a similar thermometer and illuminated by several x�ray lines.


The major collaborators in the Cosmic Rare Event Search with Superconducting Thermometers include the Max Planck Inst. for Physics in Munich, the Technical University of Munich, and Oxford University (9).  Their detectors consist of large sapphire cylinders on which are deposited small Tungsten strips.  The heat sink is cooled by a dilution refrigerator to a point well below the superconducting transition temperature of the Tungsten (~10 mK).  A voltage bias is placed across the Tungsten strip, and the voltage level adjusted so that enough power is dissipated to raise the detector temperature to the transition point when the resistance is some fraction of the normal resistance.  The negative feedback inherent to this system makes it relatively easy to keep the strip in a partially superconducting state where the resistance is a very steep function of temperature, as shown in Figure 3a.  The current through the strip is monitored with a D.C. SQUID (Superconducting Quantum Interference Device) amplifier, and the reduction in current caused by a temperature increase due to energy deposited in the crystal can be detected.  A pulse height spectrum obtained by illuminating a 32 g sapphire crystal with several x�ray lines is shown in Figure 3b.  The current detectors are 262 g, but the resolution is still about 230 eV FWHM.  A prototype 1 kg array consisting of four of these crystals is being installed in a heavily shielded coldbox attached to a dilution refrigerator in the Gran Sasso underground laboratory .


	The special strength of this experiment is its very low threshold, making it sensitive to very low energy nuclear recoils from WIMPs with masses as low as 2 GeV.  The coldbox has room for up to 100 kg of sapphire crystals.








The CDMS Experiment





The Cryogenic Dark Matter Search is run by the NSF Center for Particle Astrophysics.  The principal collaborators in this experiment are the University of California, Berkeley, and Stanford University (10).  Two types of detectors are being tested in the same coldbox in an underground site on the Stanford campus.  The background at this site is low enough to get useful scientific results during the initial phases of the experiment, but once detector testing is complete, a larger array of detectors will be set up in a much deeper site.


One of the detector types is a near-equilibrium calorimeter, with a 165 g high-purity Germanium absorber and NTD (neutron transmutation doped) Ge semiconductor thermometers.  The thermal signal is measured with a resolution of about 650 eV FWHM.  The Ge crystal also has electrodes on opposite faces with a very small applied field of ~1 V/cm.  At low temperatures, this field is sufficient to efficiently collect the charge produced in the event, so the device functions as a conventional solid state detector with a resolution of ~1 keV FWHM at the same time as it measures the thermal signal.  The great value of this is shown in Figure 4, where the amplitude of the thermal signal is plotted against the collected charge.  The lower trajectory is produced by gamma-rays, which interact with the electrons in the detector.  The upper trajectory, where the charge signal is about a factor of three smaller relative to the temperature rise, is due to nuclear recoil events, produced in this case by neutron bombardment.  The key point is that in a deep underground site, almost all background events are due to beta and gamma interactions with electrons, while the WIMP signal is from nuclear recoils.  The only significant source of nuclear recoil background is neutrons produced by nearby interactions of atmospheric neutrinos, so this efficient separation can reduce the detector background by a factor of more than 100, greatly increasing the sensitivity of the experiment.


	The second type of device being tested for CDMS is an athermal or non-equilibrium phonon detector.  It uses a Silicon or Germanium disk about 76 mm in diameter and 10 mm thick where one surface is almost completely covered by phonon sensors.  These sensors consist of superconducting Aluminum “paddles” connected to Tungsten superconducting transition edge thermometers.  Phonons produced in a scattering event in the crystal propagate quasi-ballistically to the surface.  If they strike one of the Aluminum paddles, and their energy is larger than the Aluminum superconducting bandgap (about 1 K), they will break up one or more of the Cooper pairs in the Aluminum, and the resulting quasiparticles can diffuse to the point where the paddle is attached to the Tungsten strip.  The quasiparticles give up their energy to the electron system in the strip, heating it and driving it more normal.  The resulting reduction in current through the strip is detected by a SQUID amplifier.  These devices also use electrodes on opposite faces of the disk and a small applied field to collect the charge signal.


�


Figure 4.  Size of phonon signal (temperature rise) relative to the amount of collected charge in a Germanium detector.  The lower trajectory is produced by gamma interactions with electrons.  The upper one is due to neutron scattering off nuclei.


One advantage of the non-equilibrium phonon detector is that it is much faster than an equilibrium calorimeter of this size.  The athermal phonon signal can be collected in about 100 µs, about the same as the ionization signal, as compared to tens of milliseconds for the thermal signal in an equilibrium detector.  On the other hand, the athermal phonon sensors must cover a large fraction of the surface, so they detect the phonons on their first hit on the surface, before they are thermalized.  The thermometer on an equilibrium calorimeter can be placed anywhere, since it is sampling a phonon density that should the same everywhere.  There is also some hope that the propagating phonons initially emitted in the scattering event will show some asymmetry that reflects the direction of the nuclear recoil.  If this were the case, then it might be possible to make a directional detector, with the tremendous attendant advantages described in the Detector section above.  So far, however, there is no hint that such an asymmetry has been detected.


The CDMS experiment will soon have ~1 kg each of Si and Ge detectors running in the Stanford tunnel, and will eventually have ~10 kg total at a deep underground site.  The limits on WIMP fluxes that could be placed by the CDMS experiment are shown in Figure 5, along with the predictions of the minimal supersymmetric models.
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Figure 5.  Expected limits on WIMP flux as a function of mass from the CDMS experiment, compared with model predictions.
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