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22. Detail Attachments

c) Purpose

ii) Develop the technology to track particles with fractional millimeter spatial resolution, in three-dimensional space, using the “Time Projection Chamber” technique in noble liquids.

iii) Develop and study techniques for reading out the track information.

iv) Develop applications of this tracking technology, especially to low energy neutrino interactions.

This work effort may support at a minimum level or concurrently, as appropriate, the Technology Transfer and Science Education missions of the Department of Energy.

d) Approach

Tracking in Three Dimensions

Our aim is to observe particle tracks with fractional millimeter spatial resolution, in three-dimensional space.  A track may be as long as the scale of the detector, meters, or as short as one resolution element, if the range given by energy loss in the medium is of that order.  The physical limit to the precision of this measurement is set by diffusion.

Voxel size 

The data will finally be recorded in digital form, and the practical precision of measurement will be limited by the dimension of the three-dimensional box in xyz, which we call a “voxel.”  It need not be smaller than the size given by other limitations, though cost may lead to the choice of a larger volume. 

Range

There is a relation between energy and the length of the track, the “range.”  The energy can be measured two ways: by the range and by the total amount of charge from ionization.  A comparison of the two gives the mass of the particle. The better the spatial resolution, the lower the particle energy for which we can make this measurement.

Energy thresholds

The energy can be measured by adding up the charge; even if the range is contained within one voxel.  The precision is given by the ratio of the noise to the total charge.  If the charge is measured directly, it is determined by the property of the electronics, and the fluctuations in the ionization process described by the “Fano factor”.  In gases, it is possible to use the avalanche mechanism to amplify the amount of charge by a large factor, and then it is possible to detect a single electron.

Multiple scattering

The particle would continue in a straight line [or a helix if a magnetic field is superimposed] except that it suffers many electromagnetic scatterings by the matter it is penetrating.  The scattering is proportional to the atomic number squared; for the very low energy particles that interest us, a useful measurement of the direction of the particle is only possible for the lightest elements, essentially hydrogen and helium. The radiation length is about the same for these two liquids, so there is no advantage for hydrogen from this point of view.

The “Time Projection” technique

In an electric field the charge moves with a constant velocity, or “drifts.”  If there is a pattern of tracks in the volume, it moves bodily along the field.  If it finally arrives at a “readout plane” where the charge is measure at each point, or pixel, as a function of time, then the whole pattern can be reconstructed in three dimensions, the Time Projection Chamber technique.  This technique reduces the three-dimensional tracking problem to a two-dimensional problem.  The drift time is used to store the signals, so that the readout is serialized. The speed of the readout is then reduced, as determined by the drift velocity in the liquid.  The low particle flux in the underground laboratory allows that time to be long. This reduces the bandwidth of the system; reducing cost and, much more important, power dissipation. The track can be distorted by macroscopic motion of the liquid.  This motion is often dominated by convection caused by thermal gradients.  We have made simulations of this effect, and find that it can be largely suppressed by establishing a thermal gradient aligned with the direction of gravity.

The Readout Plane

We have been studying several options for the readout of the charge when it arrives at the readout plane.  The performance of this detector component is likely to have the greatest influence on both cost and performance of the system.  For this reason we are anxious to find the optimum choice, and this demands measurement of some currently unknown physical parameters in liquid helium and neon, and requires technical development in several systems as well as practical experience with the different options.  To this end, we have been doing R&D at BNL, Columbia and Novosibirsk, and have evolved an R&D plan comprising a liquid helium prototype at the 0.1m scale in operation for the measurement of the physical parameters and an engineering prototype at the 1m scale.  

We have examined so far four concepts for the readout plane:  direct charge measurement in the liquid, and three systems that depend on bringing electrons out through a horizontal liquid-gas interface.  

A delay occurs in the extraction of the electron, and this may be utilized to implement a scan in the readout plane that converts one coordinate, which be denote by x, to a time measurement.  This leaves only the y-dimension to be read out by segmentation of electrodes in that dimension.  Evidently in this concept we are using time to express two space coordinates:  possible only if they are scanned on time scales different by a least three orders of magnitude.  In practice, this is feasible only in the environment of an underground laboratory.  

The use of a liquid-vapor interface allows the introduction of avalanche gain in the gas phase.  (In the dense liquid avalanche gain requires very strong electric fields, and has not proved to be attractive up to now.)  This is attractive even in the direct charge readout option, as a means of improving signal to noise in order to reach the one KeV range for electron detection.

For the implementation of the scan in the y-coordinate across the liquid surface, we have considered two options: a light beam, in the form of a line focused in the readout plane, which photo-ionizes the localized electron at the liquid-vapor interface, and an acoustic wave traveling nearly parallel to the surface that perturbs the electron-surface system and allows the electron to escape.

A fourth option takes advantage of the light emitted in the avalanche process.  This can be detected by a low-noise, fast-scan camera, reading out x and y-coordinates.  Such solid-state cameras, operating at low temperature, have only recently become available in the civilian market.  This has the advantage that the complex component is available from industry, but a relatively high avalanche gain is required.

The Direct Charge Readout Option

The most straightforward method of fashioning a readout plane is to provide an array of pixels of the size of the desired resolution; each of them read out and recorded for a time interval corresponding to the drift of one resolution element.  This leads to a large number of pixels, each with electronics and a connection to the output.  Such devices can be made, as in an active matrix display, or recently, active matrix imaging X-ray detectors. Evidently this option requires a serious R&D program.  This effort has been initiated in the BNL Instrumentation Division, with a study of the electronics suitable for operation at liquid helium temperatures, experimentally and though contacts with the community operating far infrared detectors at liquid helium temperatures.  We have only recently begun to have access to this technology, developed for defense applications.  It appears that these electronics - based (we think) on familiar structures with special processing - have performance not provided by the devices working at liquid nitrogen temperatures and above.  Consequently, this R&D is of great intrinsic interest, as well as essential for our own direct readout option.  If indeed conventional structures are appropriate, it may be possible to advance relatively quickly toward realization of this option, provided the security constraints on this technology can be managed successfully.  This is of interest for a number of scientific applications, for example low-noise, large area, high-speed photon applications, particularly in the infrared.  We propose to continue this program vigorously at BNL.

The Transverse Scan Option

Until recently, practical electronic imaging of readout planes was not realized by matrix geometry but by scanning.  Imaging in a television scan is achieved by scanning in two directions on different time scales.  This relies on the ability to cover with a fast scan the width of one pixel in a very short time compared to that required to meet the requirement of time resolution.  For ordinary TV, the bandwidth in the horizontal scan is about 105 times that of the picture repetition, so that 105 pixels can be interrogated by one scanning beam for each image.  In analog TV, the scan across the “horizontal” direction is fast, and repeated for each position on the “vertical” dimension.  This is a good illustration of the technique of two dimensional readout combining a fast scan in one direction and a much slower scan in the other direction.  The feature that allows this is that the picture repetition frequency, determined by the persistence of the eye in ordinary TV, is orders of magnitude slower than the bandwidth limit of the sensors and electronics.  In our detector we can use the slow drift in the z-direction in the Time Projection method, combined with a fast scan across one dimension in the readout plane, if we find a mechanism to realize the scan of the charge on a track, giving a readout signal with a good correlation of the time to a x position.

Fast Scan And Slow Drift; The Underground Factor: Signals Stored For A Minute

This principle can be applied to the three dimensional case we are addressing by executing a fast transverse line scan in the readout plane in a time equal to the drift time of one resolution element.  The other dimension of the readout plan must have one line element read out per resolution element, and the crossing of the two lines defines a pixel.  This leads to a large number of line readouts, but is much easier than the two dimensional matrix, since the connections are easy and the number much reduced.  This requires that the scan speed is orders of magnitude faster than the drift speed, or equivalently that the total drift time be long enough. We intend to use drift speeds less than 0.1m/s, and drift distances up to six meters, for a total drift time of order a minute. To give clean images, the rate of tracks in the detector must then be small.  For a large volume detector, the ambient background radiation in a surface laboratory would rule this out.  If however, our aim is to solve the problem of an underground facility experiment, this constraint is quite compatible with our application, and in fact a big advantage since is cuts the bandwidth of needed for the readout, and consequently the power and cost.

We will return to the fast scan after discussing the properties of electrons in liquid helium.

Liquid He As a Medium

Advantages of a liquid medium

We are interested in detectors with a large mass for generating as well as observing interactions, which favors high density.  A desire to observe tracks of very low energy particles favors low density.  High-density gas has sometimes been considered, but it leads to uncomfortably large volumes and pressures, and is open to chemical and radioactive contamination.  Solids can transport electrons well only in the form of single crystals, which are hardly possible for large volumes; liquids are the choice almost universally pursued.  The liquid form of inert elements are the most obvious choice, but a number of non-polar liquids such as hydrogen, methane, etc. are also options, if they are maintained in a state of extreme purity.  This is a very difficult task, except for liquid hydrogen, where impurities are frozen out.  Most of the relevant properties of liquid helium are shared by liquid neon.  We intend to maintain the operation of our detector with neon as well as helium, following the practice of the days of hydrogen bubble chambers, where the density and short radiation length of neon allowed valuable extensions of the experimental program. We think that the same consideration will recur in the study of solar neutrinos.

Electron Lifetime and Purity

The first problem encountered in designing a device depending on a long drift distance, a meter or more, is the attainment of a sufficiently long electron lifetime.  This is probably out of reach for an ambient temperature liquid, for example.  For the noble liquids, chemical purification is dramatically easier, but the operating temperature is an equally important consideration.  It is quite difficult to obtain adequate purity in liquid xenon at 120K, while liquid argon at 80K is challenging but feasible.  The explanation is that there are many compounds that might be troublesome at concentrations of parts per billion with finite vapor pressure and solubilities at 166K, but the number decreases very rapidly with temperature and only a few impurities are dangerous at 87K: oxygen of course, and Freons.  Down at 4K, where the chemistry of liquid helium has been much studied, it is stated that no solubility has been demonstrated; the behavior of ions has had to be studied by ion beam implantation into the liquid.  Impurities in the form of “dust” are certainly still an issue, requiring careful filtering.  Neon is less studied, but as far as we know, there is no limit to the lifetime, at once solving one of the biggest challenges in a liquid Time Projection detector.

Diffusion, Electron Temperature

When a track is formed, the ionization electrons are “thermalized” very close (nm) to the path of the particle.  They then diffuse in space so that the track broadens as a function of time.  If the temperature is T, the rms diffusion on one coordinate, after a drift distance d in a drift field E, is given by the Einstein Law

                                                          ( = ((2kT/eE),





    where it will be noted that the properties, the mass for example, of the charge carrier do not enter.  The temperature T is that of the charge carrier, which may not be that of the medium.  For example in liquid argon or xenon, the electron moves in a conduction band and under even quite low E fields, heats up to high temperatures, giving rise to rather large track widths due to diffusion, the order of millimeters after a meter of drift.  For reasons explained below, the charge carrier in the liquids helium, hydrogen and neon remains in thermal equilibrium with the low temperature liquid and the diffusion is much smaller.

Atomic Number

If one is using the detector to measure the direction of the particle, the multiple scattering of the track by the medium is a strong limitation.  It is measured by the radiation length, 8.65m for LH, 7.55m for LHe, 0.24m for LNe, 0.14m for LAr and 0.085m for LXe.  For the sub-MeV tracks we are considering, only LH and LHe allow useful direction measurements, but the difference between helium and hydrogen is not large.

The Ground State Charge Carrier, the “electron Bubble” 

Most materials have a positive work functions; it takes energy to move an electron out of the bulk material.  A free electron in the material is attracted to atoms, essentially because the field of the electron polarizes the atom.  Very light atoms have so few electrons so that this force overcomes the repulsive force related to the Pauli Principle, and the work function is negative.  For a free electron inside a liquid in these substances, the liquid is repelled and the electron is localized inside a cavity of vacuum, which is often called an electron bubble, or “eBubble.”  This is found to be the ground state in LHe, LH and LN [though the neon case is marginal, the ground state becoming a free electron for large E].  [Summarized in W. Schmidt, Liquid State Electronics of Insulating Liquids, CRC Press 1997.]  This is a mesoscopic object, about 2nm in diameter and displaying both quantum and classical aspects.  For example the object moves in an electric field at a speed given by Stokes Law.  This means that it remains in thermal equilibrium with the liquid, without the conduction band effects that cause the free electrons to heat up.  On the other hand, the electron in the cavity displays the quantum states calculated for an electron in a box, with two bound states and a well-defined photoionization threshold. 

Charge Storage at the Liquid-Vapor Interface

There is a mechanism for storage operative at the liquid-vapor interface in a two-phase system.  In all cases an electron approaching the interface within the liquid sees a repulsive force due to the polarization of the surface, where the dielectric constant drops.  This force can be described by an image charge of the same sign, with a magnitude given by the discontinuity in the dielectric constant.  The constant drift field and the image charge are opposing and the electron comes to rest at the equilibrium point, typically some tens of nanometers from the surface.  This would store the charge permanently if the there were no diffusion or quantum tunneling.  The actual lifetimes and the possible methods for releasing the electron into the vapor by a probe vary greatly among liquids and solids.  We concentrate here on liquid helium for reasons related to our present applications, but a number of other liquids could be exploited along similar lines. 

The information on the storage of the charge at the liquid-vapor interface in helium comes from Schoepe and Rayfield [Phys. Rev. A7, 2111(1973)].  Only a limited parameter space was covered in that work, combinations of field and temperature with lifetimes in the range of seconds.  We intend soon to extend that range to millisecond lifetimes with our own measurements.  Essentially all liquids should show such effects, since the sign of the image charge is always the same, but the details are different.  For example, in ordinary liquids like Argon, the work function is positive and a sufficiently strong electric field is necessary to extract the electron aside from the image charge repulsion.  On the other hand the thermal diffusion is much stronger, and in fact it is known not to be possible to extract the electrons from Argon, Krypton and Xenon with fields of KV/cm, though the delay times have not been measured.  The possibility of application of the interface storage to scanning schemes has to be separately for each liquid. 

Radioactive Backgrounds

The purity of cryogenic liquids that allow a long electron lifetime is equally important for the reduction of natural radioactive backgrounds.  Common materials are usually contaminated by substances like thorium and potassium.    Penetrating photons from the walls of the enclosure are a universal problem that is usually addressed by shielding of adequately purified water, but radiation from impurities in the detector material itself is particularly problematic.  A powerful method to reject false events due to penetration of external photons is to recognize that a photon that scatters once by Compton scattering on a bound electron in the liquid is likely to scatter again yielding a second electron, and then is still more likely to scatter once again and so on.  The cross section rises as the photon energy falls after each interaction, and the last few of perhaps half a dozen scatters are close in space, so that the whole set of electrons is called a “Compton cluster.”  The recognition of these depends on the good spatial resolution we aim for in our detector, but is not provided in most other ideas for extending neutrino measurements to KeV energies.  We have been studying the experience of the low background counting community, and will profit from the common knowledge to design our detectors with materials that have low radiogenic emissions, such as pure copper as a structural metal, and plastics with low background.

Avalanche Gain

The use of gain from avalanches was mentioned above.  Past efforts to obtain useful gain by avalanches in liquids have not been very successful.  Scaling from the wire anodes traditionally used in gas lead to sub-micron radii, and the problem of instability due to emission of energetic photons in the avalanche cannot be solved by the usual method of adding an organic quenching gas.  The latter problem is known to be a problem in pure noble gases, but there is a new geometry based on tiny holes in composite sheets, the “GEM” detector which offers a new opportunity to tackle the gain problem, in the gases at least.  Fortunately, recent publications by our collaborator A. Buzulutskov have shown stable gains up to 105 in pure noble gases over a range of temperature down to 70K and high pressures that give densities covering the range of interest to us.  With noise levels accessible to us down to 100 electrons or less, we would be able to see even a single electron if needed, and place our energy threshold below one KeV.  At energy below around 10 KeV, the LHe detector becomes “self-shielding” in that the absorption length is small compared to the detector dimensions and the only backgrounds that matter are due to radioactivity in the liquid itself.

Safety

Safety is an issue any time one uses a large volume of liquid, since one has always got to imagine that the system fails somehow and releases the whole volume of liquid.  We have heard of cases of trouble with liquids that sound fairly innocent, when they are released to the environment and enter the ground water.  In an underground space even pure water is a hazard to people and equipment if suddenly released.  The cryogenic liquids present hazards of temperature and volatility.  The space around the detector must be isolated from people and separately vented with an adequate shaft to limit overpressure.  It is amusing to observe that once those conditions are applied, it is not clear that the cost of handling liquid hydrogen is much more than any other cryogen.  This is interesting since hydrogen is very cheap, and the cryogenics are considerably less expensive than for liquid helium.

Options for Scanning in the Readout Plane

We return to the Transverse Scan Option with more details on the different kinds of scanning beam that could be used to release the electron from its bubble and surface trap:  

· A localized electric field microsecond pulse on a grid of wires aligned along the y-direction;

· A moving line of infrared light line matched to the peak of the photoionization cross section, traveling in the x-direction;

· An ultrasound microsecond pulse traveling in the nearly in the x-direction at glancing incidence to the liquid surface.

In all cases we use the storage of the charge at the liquid-vapor surface to hold the charge in a given resolution element until release by the scan.

Pulsed Wires

This is conceptually simple:  the local field on the liquid surface is increased from a low value (tens of volts/cm) that gives the millisecond storage time we want, to a higher value that shifts the tunneling lifetime to the microsecond range. The electron in the vapor is then subject to avalanche gain in the vapor, and detected on wires segmented in the y-coordinate. We have designed a small two-grid electrode with a 2mm gap to try the idea experimentally in our present cryostat in the next few months, with local electric field of the order of a few KV/cm.  The liquid surface will be adjusted to lie in the middle of the gap, as monitored by the capacitance between the two grids. The design challenge will then be to design an efficient system to propagate a moving pulse on the array of grid wires, with a traveling velocity of order 300 m/s.

Light beam Scan

The excitation and photoionization of eBubbles has been observed, but there are no experiments on photoexcitation of the eBubble-liquid surface system, with release of the electron, which is the process that would enable our scan.  We will measure this cross section soon in our small cryostat.  If it is favorable, we will provide an infrared light beam with a line image along the y-direction, scanned from below across the readout plane in the x-direction at a velocity of 300m/s.

Ultrasonic Scan Pulse

We know from experiment and theory that the localized electron is trapped by the opposing drift and image field only nanometers from the surface, and that the lifetime dependence on temperature and field reflects both thermal diffusion and quantum tunneling components.  It is therefore natural to think that a strong perturbation of the surface might quickly release the electron.  We are familiar with the strong effects on the surface due to ultrasonic waves, for example in the industrial and medical use of ultrasonic humidifiers and nebulizers. It is natural then to think of scan with a transversely propagating microsecond sound pulse, with a velocity in LHe of about 200m/s.  

Very close to the surface, the boundary conditions are such that the pressure swing due to the pulse is negligible, but the acceleration is twice that in the bulk liquid.  Consequently the surface is subject to the Rayleigh-Taylor instability, causing fingers of liquid to rise into the vapor and break off.  This is driven by the pressure gradient near the surface, which is very large in LHe for a given power density in the pulse, due to the low density, low viscosity and very high compressibility.  For example a microsecond pulse carrying only

10-5 J/cm2 produces an acceleration G = 3 107 m/s2.  According to classical linear hydrodynamic theory, this gives an e-folding growth time for the instability of 50ns, which would seem to lead to some substantial effect on the tunneling lifetime, but this does not take into account the effect of surface tension, which will reduce the stability.  Considering the many effects that are involved, only a measurement will determine the outcome of a pulse interacting with the eBubble-surface system.  This will be investigated in our small cryostat.

Physical Measurements and Tests of Principle

Our present 0.1m scale cryostat is very well instrumented with five widows, precise and flexible temperature control and wide pressure range and feedthroughs with high voltage ratings as well as numerous signal feedthroughs.  It is accessible rapidly for changes in configuration.  As mentioned repeatedly above we have a number of physical measurements to make in the near future.  In a number of cases, the results are of general interests for technical and physics reasons. 

This FWP is for FY 2006-8, but the collaboration is funding in 2004-5 in Nevis Labs, enabling the work to go forward during the whole period 2004-8.

We will also try some of the principles described above to demonstrate tracking on cosmic rays and energetic sources and evaluate the effect of convective motions in the liquid.  This should allow us to narrow down the options for readout listed above.  

Engineering Prototype

It is likely that we will find solutions to tracking in the 0.1m device.  To examine the issues that will be encountered in a detector of five or more tons of LHe, a prototype that can demonstrate engineering solutions is required.  This needs dimensions of the order of one meter.  Our plan is to start preliminary work in 2005 on the design of this prototype, with the help of designers who have experience with large devices, so that the right elements can be put in place to allow trials that will be convincing for engineering and costing a full scale detector.  Fortunately, the requisite engineering team is in place at BNL, led by Jack Sondericker and Margareta Rehak, who will start to finish their present obligations on this time schedule.  The prototype will give us experience in the use of low background materials such as copper and plastics, with cognizance of the requirement to scale up to 40m3 or more.  The cryostat required for this prototype will be procured in industry, with delivery anticipated in 2007.  One year will be required for assembling and commissioning the prototype.  The information gained should be sufficient for the design of a full-scale detector.

The development of the electronics for low temperature operation needs a dedicated microelectronics engineer, who would be a new hire at BNL.  With this additional resource in place, the Instrumentation Division will be able to proceed on this task much more rapidly and efficiently.

A physicist capable of taking on the responsibility for this program should lead this effort, continuing into the real solar neutrino experiment.  This will require a new hire to be filled by a strong candidate.

Scientific and Engineering Personnel

D.Lissauer(10%);Staff scientist TBD (100%); post-doc TBD (100%); M. Rehak (mechanical engineer, 50%); J. Sondericker (cryogenic engineer, 50%); microelectronics engineer TBD (50%).  The scientist and post-doc would be hired in the Physics Department; the microelectronics engineer would be hired in the Instrumentation Division.

e) Future Accomplishments

Note:  This FWP is for FY 2006 and beyond, but Expected Progress is shown for FY 2004-5 since the collaboration is already funded by NSF at Nevis Labs, which will allow the work to proceed in these years.

i) Expected Progress in FY 2004

a. Perform first tests of basic parameters in the 0.1m device in Helium.

b. Continue development of readout options

c. Fix design requirements for the 1m Engineering Prototype.

ii)  Expected Progress in FY 2005

a. Engineering design and industrial procurement of the 1m Cryostat.

b. Continue development of the 0.1m device in Helium, operate in Liquid Neon.

c. Start work by BNL staff as other commitments and funding allow. 

iii) Expected Progress in FY 2006

a. R&D on TPC Field Cage and High Voltage system.

b. Measurement of physical parameters in the 0.1m cryostat, including optical interactions of laser light with the electron states in bulk liquid and at the liquid-vapor surface, and effects of convection..

c. Measurements of GEM performance in vapor, including light emission from the avalanche region.

d. Install tracking test in 0.1m cryostat.

e. R&D on low-noise, low-temperature electronics.

f. Initial survey of radioactivity of components.

iv) Expected Progress in FY2007



a. Commission 1m Engineering Prototype

b. Construct and install Read Out and High Voltage Systems for tracking.

c. Implement cathode photoemission layer in 0.1m device to provide a start signal option.

v) Expected Progress in FY2008

a. Tracking measurements, resolution in Helium, Neon.

b. Design studies of 30m cube Solar Neutrino Detector.

f) Relationship to Other Projects

Collaborating Institutions: Columbia University.  (Nevis Labs has been funded for this work through their general grant and by a supplement in FY2004.  Present staff on the project include, W. Willis(50%), J. Dodd(50%), Yonglin Ju(100%), Raphael Galea(100%) and M. Leltchouk(10%), Cryogenic Technician TBN, Applied Physicist (TBN) and Postdoc (TBN).  Columbia and Novosibirsk have received a CRDC grant to support the work of the group of A. Buzulutskov, R. Snopkov, A. Bondar, L. Shektman and A. Vasiliev on the GEM detectors for this work [see proceedings of the 2004 Vienna Instrumentation Conference for results to date].

g) Capital Equipment

Equipment funds are requested to complete the equipment for the yearly expected progress steps listed in e) above in the following amounts

i) FY 2006 

$500K is requested to develop the field cage, high voltage and electronics.

ii) FY 2007 

$1500K is requested to fabricate the 1m prototype, read out and high voltage systems

iii) FY08

$500k is requested complete prototype
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