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I. Introduction and Description of System

The COUPP-60 bubble chamber is currently located in the D0 hall at Fermilab and is scheduled to move underground to the MINOS tunnel.  This hall is at a depth of 106 m underground and the rock overburden filters out approximately 99% of the cosmic rays that impinge on the surface.  Despite this, the production of neutrons by cosmic rays in the underground site is expected to be a significant background, accounting for somewhere in the range of 2-5 nuclear interactions per kilogram of active target per day.  Other dark matter detectors have noted that the production of neutrons by cosmic ray interactions in their metal infrastructure is a dominant background even when at depth underground.

To understand and measure this type of background, we have incorporated a cosmic ray veto system into the water tank shield that surrounds the COUPP-60 detector.  It consists of a series of large area phototumultiplier tubes (PMT) floating in a raft on top of the water volume.  These tubes look down into the water tank and detect Cerenkov light generated when a cosmic ray passes through the tank.  The PMT signals are hooked into a pulse shape amplifier and digitizer circuit that is incorporated into the electronic base that fits onto the tubes.  These signals, including their timing, are then read out through Ethernet. One can then compare the timing of the cosmic ray signal to that of any bubble forming in the COUPP chamber to indicate an event arising from a cosmic ray interaction.

This note outlines the problem of cosmic ray neutron production at depth, describes the phototubes and their arrangement, describes the electronics briefly, and gives a first look at the performance of the system.

II. Cosmic ray neutron production

Cosmic ray muons can interact with nuclei in an underground detector or surrounding rock to produce MeV energy scale neutrons, which can subsequently interact in the detector to produce a nuclear recoil.  If the point of production is inside the detector infrastructure itself, then surrounding the detector with a muon system of some type will allow these types of events to be vetoed.  However, there can still be a rate of unvetoed neutrons that are produced in the cavern walls and ‘punch-through’ the veto without interaction, ultimately to interact in the detector.

One of the best references for cosmic rays underground is:  

“Mei and Hime, “Muon-Induced Background Study for Underground Laboratories” Phys. Rev. D73, 053004 (2006) 

or in the arxiv at:  

http://arxiv.org/abs/astro-ph/0512125
We’ve included several figures from this reference.  Figure 1 shows the rate of muon flux in underground laboratories as a function of depth.  Note that there is almost 3 orders of magnitude difference in rate going from Soudan to SNOLAB depth. The nominal cosmic rate at MINOS is another 3 orders of  magnitude higher.  Figure 2 shows the energy spectrum for cosmic rays at various laboratory depths.  Notice that there is a modest depth dependence for these spectra.  This does not show the spectrum at the shallow MINOS depth, which has a softer component.  Figure 3 shows an absolute value for neutron production in various materials in each laboratory.  At Sudbury, the order of magnitude for neutron production is 10-11/cm3/sec.  This means that for a cubic meter of material, the order of magnitude of neutron production is a few neutrons per day.  Figure 4 shows the prediction for cosmic ray neutron detection at various laboratories, compared to the predicted spectrum of nuclear recoils in a Germanium detector coming from a dark matter WIMP of 100 GeV mass and cross section of 10-46 cm2.  Note that to probe these levels of dark matter cross section, the deepest labs are needed.
It is likely that events induced by neutrons generated from cosmic ray interactions in the cavern walls will dominate our inefficiency for cosmic neutron detection.  The evidence for this comes from various Monte Carlo studies, such as CDMS, where the rate of non-vetoed neutrons, considering all factors, can be as large as 5% of the rate for vetoed neutron production.
Here are some numbers comparing the rate of cosmic ray events as observed in the MINOS tunnel in the 4 kg chamber, to SNOLAB predictions, as given by Mei and Hime:
Rate of muons in water tank                at MINOS:  ~50 Hz.
                                                             at SNOLAB: <5 /day

Rate of muon induced bulk events       at MINOS:  ~ 3 /kg-day      
                                                              at SNOLAB:  <1/ton-year

Total # of non-vetoed bulk events due to a 5% muon veto inefficiency for 100 day run   

                                                              at MINOS:   900

                                                              at SNOLAB:  ~.001
[image: image1.emf]
Figure 1.  Cosmic ray muon flux at various underground laboratories.

[image: image2.emf]
Figure 2.  Predicted cosmic ray muon energy spectra for various underground labs.

[image: image3.emf]
Figure 3.  Predicted cosmic induced neutron production rate 

on various materials at the underground labs.

[image: image4.emf]
Figure 4.  Predicted neutron event rates in Germanium at various labs in comparison with the rate of 100 GeV WIMP interactions.  The cross section used is 10-46 cm2.
III. Phototube description and layout

We have 12 PMT’s in the cosmic ray veto.  These are all Hamamatsu PMT’s, and each have an 8” photocathode.  There are two models of PMT’s that we are using: 6 each of the R1408 and R5912 types.  These types of tubes are used in the MiniBOONE, Auger and  SNO experiments.  The R1408 tube has 13 dynode stages, while the R5912 has 10 stages, but with 2 focusing electrodes.  Appendix 1 and 2 have specifications for these tubes.  The COUPP detector has these 12 tubes arranged on a polyethylene raft with cutouts that floats on top of the water in the shielding tank.  There are 4 PMT’s in an inner ring and 8 PMT’s in an outer ring. Each phototube is caulked to its own PVC housing tube such that water vapor incursion is reduced.  The housing has feedthrough compression fitting connections for dry gas circulation and a feedthrough connection for an Ethernet cable.  Figure 5 shows one of the tubes installed in a 50 gallon test tank.  Figure 6 shows one PVC housing installed in one half of the floating raft.  The cylindrical shielding water tank contains 4000 gallons of water, with a Tyvek liner.
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Figure 5.  An 8” Hamamatsu R1408 phototube installed in the 50 gallon test tank.
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Figure 6.  One half of the floating raft, with a PMT housing installed.

As described below, the PMT’s have a newly designed base attached to them within their housing.  This base provides high voltage with a Cockcroft Walton type of voltage divider.  It also has electronics for pulse shaping, digitization and timing.  Power for these electronics is provided by Ethernet, which also carries out the digitized information.  In our installation, there are 3 PMT’s daisy chained for each Ethernet cable.  The layout for the final installation is shown in Figure 7.
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Figure 7.  The configuration of Ethernet cables for the final muon system.

An LED setup was used to obtain gains for each of the phototubes.  Table 1 shows the high voltage settings for each tube to obtain similar gains of 107 as determined by this LED test.  In addition, this table contains voltage values as determined from an earlier measurement using the test water tank so as to give a gain of 2x106.  Note that for the R1408 tubes (#10 through 16) , these two estimates of gain do not make sense (i.e. a lower voltage gives a higher gain).  It is likely that there was a difference in the voltage divider  used for these two estimates.
Noise levels for these tubes in a dark box are on the order of 20 Hz for a 5 photoelectron signal.  Hamamatsu indicates that the noise rate should go up an order of magnitude at 40o C, and this was observed in the dark box.  The true noise rate in the water tank is much higher – on the order of 1 kHz, depending on how much attention is paid to light leaks in the lid.
IV. Results from test chamber and predicted performance
To get an idea of how much light we can expect from a muon that crosses through the water tank, we developed a test tank that measured light yields using a single phototube in a 55 gallon drum of water.  We studied effects such as reducing or enhancing the Tyvek liner, and the effect of filtering the water or adding chlorine.  Figure 8 shows a slide summary with the result for nominal conditions of distilled water.  The observed light yield in this tank was on the order of 560 photoelectrons, while the prediction was 360.  The higher yield could be due to higher light collection efficiency than assumed (16% geometric x 80% reflectivity x 20% quantum efficiency) in this test tank.  

Table 1.  Voltage settings for the PMT’s to give a gain of approximately 2x106 as determined by a the test tank and 1x107 as determined by LED tests  

PMT #

HV(LED)
HV(tank)
2

1600

1690

3

1500

1690
4



~1300

5

~1300

~1380
6

1550

1620

7

~1400
10

1300

1170

11

1300

1390
12

1200

1280

14

1250

1180
15

1300

1250

16

1250

1180

Figure 9 shows the measured light yield as a function of what type of water we put into the test tank.  Note the significant light yield reduction due to the unfiltered well water in the MINOS tunnel, and how we can recover much of that yield by simple filtering.  We also tested the effect of adding 30 ppm of chlorine into the tank.  This reduced the light yield by about 50%.  The amount of chlorine needed for reducing bacterial growth is more like 3-5 ppm, so the reduction of light yield should be on the order of 5-10%.  The geometrical coverage for an individual phototube will go down approximately by the ratio of the area of the top of the tank.  This ratio is a factor of 25.  Because the light will be making more bounces in the larger tank, due to the reduced photocathode coverage, there is likely a factor of 2 in collection efficiency. Taking into account these effects, the predicted light yield in the final veto system is on the order of 10 photoelectrons for a crossing muon for each phototube.
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Figure 8.  Slide showing a summary of the test tank light yield results.
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Figure 9.  The light yield as a function of the type of water used in the test tank.

Given this predicted performance, we can do a rough calculation of what we expect our inefficiency will be.  Let’s assume a worst case scenario of only 5 p.e. detected in each phototube per crossing muon.  We should use something like a 500 nsec sliding interval for coincidences, since photons can have several hundred nsec arrival times due to multiple reflections off of the Tyvek.   If the noise rates in the tubes are high, then we will need to demand a minimum of 3 PMT’s firing within this time window to reduce the accidental coincidences.  Even with this conservative estimate for light levels in the PMT’s, the inefficiency is then calculated to be 2%, likely below the inefficiency due to punch-through neutrons.  If the light levels are higher, or the noise rates low enough to use 2 PMT’s as a coincidence, then the calculated inefficiency is much lower than 1%.
A preliminary run was made with 3 phototubes in the 4000 gallon water tank.  Figure 10 shows an oscilloscope trace of a typical muon crossing event, where we have triggered at about 5 p.e. in one phototube and looked at  the traces in the other two.  Note that the individual photons can be observed, with the total integrated number about what is expected (~10) and the timing what is expected (straggler photons arriving up to 200 nsec late). 
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Figure 10.  Oscilloscope traces of two PMT’s in the final water tank, triggered on the signals from a third one.  Time divisions are 50 nsec.

V. Electronic readout

The newly designed muon veto PMT  base is designed to control the high voltage for the tubes and integrate and then digitize their signals to obtain both integrated charge and timing information.  The base may be used individually, daisy-chained with up to four other bases, or used with a controller card that can readout 4 of these chains, and thus up to 20 total bases. 

Base Features
· Contains a single USB port and two RJ-45 connectors which are compatible with standard Cat-5 cables.
· Contains a buffer that can store on the order of 300ms of un-zero-suppressed ADC (analog-to-digital converter) and TDC (time-to-digital converter) data. 
· Contains a test pulser with adjustable magnitude and frequency.

· Monitors the temperature and LV (low voltage) and HV (high voltage) power supply status of the base, which may then be read by a computer.

· Contains a resonant mode Cockroft-Walton high voltage supply, which can be controlled by a controller card.

· Contains crystal oscillators that may be phase locked by a controller card to a single reference frequency.

Controller Card Features
· Contains four RJ-45 connectors compatible with standard Cat-5 cables, each which may be connected to a daisy-chain of up to five bases.

· Connects to a computer using an Ethernet cable.
· Can perform software triggering, readout, control, and monitoring.

· Contains separate input connectors for a frequency reference, firing a test pulse, a global initialization or synchronization pulse and an event readout trigger.

· Contains output for LED (light emitting diode) indicators of test pulses.

· Uses geographic addressing for the assignment of addresses to the bases.

Each base consists of an anode signal processing chip.  The anode signal is attached to an integrator, which has a decay time constant on the order of 250 ns.  The integrator is attached to a 12-bit 40 MSPS ADC.  The ADC is connected to the FPGA (field-programmable gate array).  The integrated signal is used to trigger a discriminator, the FPGA is programmed to clock the discriminatory output with a 640 MHz TDC, with an accuracy of ~1.56 ns.  The data is spooled to SDRam (synchronous dynamic random access memory) allowing for an arbitrary length of ADC data record to be read.  A differentiator takes the integrator output and sends a clipped signal to the TDC, which operates at 640 MHz (~1.56 ns per count).  

A selected sequence of data words would be copied to an event buffer, where it awaits a query from the computer or the controller card (depending on how it is set up/how many bases are being used, see below) asking if any trigger conditions have been met.  The base then responds with a list of trigger times which are stored in either the controller card or one of the bases’ buffers.  This is then accessible by the computer and may apply any additional trigger requirements before requesting the data for any specific time segment.

A single base can be used alone as a controller and is then connected to the computer using its USB port and must have a 24 V power supply plugged into it.  Up to four other bases can be daisy-chained to the first using CAT-5 cables, through which power is supplied from the first base.  The first base acts in the same way as a controller card and stores the lists of trigger times to its buffer, although unlike the controller card, the first base can only act as a trigger source and not a trigger destination due to the mechanical limitation of not having the necessary signal connector.  

The controller card contains four RJ-45 connectors, each of which may be connected to a daisy-chain of up to 5 bases.  The controller card  provides power to the bases through the Cat-5 cables.  The controller card is connected to a computer using an Ethernet cable.  The controller card is able to phase lock the ADC and TDC clocks of all the bases to one common time standard, with the dominant time difference being due to optical and electrical path properties, although phase locking is not required for the monitoring or controlling of the bases.  The controller card can then control the bases and readout and monitor their signals, as well as being able to send out test and synchronization pulses.
[image: image11.png]Charge Integrator for Anode

ADAIB99 ADB137
12 Bit 40msps
— ADC
Test Pls
Rr le—— apcck
Anode = f—— ADCData
Vih
oS
Comparator
.
— TOC Hit
P e
Test Pls Mag

Open Collector
Driver

Test Pls a— ]

|e—— Test Pis Trig




Figure 11: This is a circuit diagram for the charge integrator of the 
anode and the electrical test pulsar found in the bases. Shown are the 
40 MSPS ADC and fast discriminator.
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Figure 12: On the left is a block diagram of a single base.  On the right is a diagram of how multiple bases are daisy-chained together using Cat-5 cables.
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Figure 13: A block diagram of the controller card.
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Figure 14: A sample trace of the ADC data taken using Labview from a single

base hooked up to a RCA 2454 PMT with scintillator attached.

VI. First results from the final system
In December, 2009, we setup 8 PMT’s into the raft and performed some measurements on crossing muons.  With only 4 of 8 PMT’s installed in the outer ring, these measurements will give a lower limit on the efficiency of the system.  The voltages of the PMT’s and thresholds in the controller were set so the trigger rate of each PMT was a few kHz.  Figure 15 shows the muon telescope used at D0 to measure the veto efficiency. The trigger consisted of the coincidence of 3 external scintillators, to reduce the rate of false triggers.   This test confirmed that the veto currently meets the specifications of the experiment.
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Figure 15. The cosmic ray telescope used in D0 run to measure veto efficiency.  In 984 events triggered by the telescope, 965 produced signals above threshold in the veto. This efficiency meets the specifications of the experiment. Known, fixed, readout bugs are responsible for some of the inefficiency.

Figure 16 shows the controller card output for these 8 PMT’s when we triggered on a cosmic ray muon passing diagonally through the water tank.  The center line indicates the time of the trigger.  The full width is 6 msec.  Note that 5 of the PMT’s reported signals coincident with the telescope trigger.  Also seen in this example are at least 3 other instances where there are coincident PMT firings, showing the kHz rate of cosmic muons observed in the veto tank in the D0 Assembly Building.  As discussed above, the rate expected in the MINOS near detector hall is less than 100 Hz, since the 4 kg chamber there measured 15 Hz of cosmic rays.  The bubble timing is known to ~500 microsecond if fast acoustic traces are available, and thus dead time should not be an issue.  If the fast acoustic sensors are not available and another slower signal is used for bubble timing, then dead time may become a problem in MINOS. 
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Figure 16.  An output from the controller card showing PMT amplitudes as a function of time within a 6 msec time window.  The trigger time is the central line.

The time distribution of telescope coincident events is shown in Figure 17.  The coincidences between PMT signals for this configuration showed a time slew of detected light of only about ~100 ns.  The accuracy of the veto data is ~30 ns with an offset of ~1.3 (s.  
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Figure 17.  Veto timing characteristics for the muon telescope coincident data.  The timing shows a ~40 ns accuracy with a ~1.3 (s offset.  The right histogram shows the time difference between the earliest and latest PMT in 5+ multiplicity veto events.  If a PMT is going to contribute to an event, it will be within 100 ns of any of the other PMTs in that event, for this configuration of crossing cosmic rays.
VII. Software operation
The veto system for COUPP is software intensive.   Most of the software exists on the physical hardware in the form of microprocessor and FPGA software.  Since almost all the data acquisition is done in the hardware, the external software is modest.  This allows the external software to be quite versatile, easily reproduced or changed.  For more descriptions of software, see the document at http://projects-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=771.

LabVIEW was chosen as the external software platform for the COUPP data acquisition and the veto system readout has been written in LabVIEW.   A suite of applications have naturally evolved as the system evolved.

The first application written was for stand alone use of a single base.  This application is useful in debugging bases and verifying PMT performance.  As an example, we used this software to measure the gains of 19 phototubes used in the 4 kg veto system.  This software will also take a number of events and histogram results on charge and timing.
The hardware settings of the PMT bases and the control board are all accessable through a direct telnet connection to the controller board through ethernet.  In a system with a dozen tubes, this has been sufficient thus far.  However, as part of the integration with the main DAQ, a driver to change the settings through LabVIEW will be written.  LabVIEW code has been written to read all the board settings as well as monitoring information and write this to a text file if desired.
An application, or driver, to read out all the PMT discriminator crossings in a window relative to the input trigger has been implemented.  This driver has been useful in writing DAQ software for stand alone operation with the muon telescope in D0 and the NuMI spill trigger for the veto system around the 4 kg bubble chamber in the MINOS near hall.  The integration with the main 60 kg data acquisition has not been completed, but the readout driver will be the basis of this integration.  The readout driver also includes an option to write the PMT hit data in a custom binary format.
A stand alone piece of LabVIEW code has been written that shows a quick view of the veto output.  This code translates the binary output of the controller board and displays the ADC samples,  the TDC times, and PMT monitoring data.  This code has an option to write an ASCII output file with the times and charges for all PMT hits in the time window.
Finally, online analysis has been written in LabVIEW.  This code is useful in examining data that has been taken with the stand alone DAQ in a rapid manner.  This code includes a number of stand alone sub programs that interpret the data in a number of ways.  These pieces may be used in the 60 kg DAQ if reduced data from the PMTs are required for monitoring.  One function of this code is to measure the PMT gains if the LEDs are shining on the PMTs.  The code will also measure multiplicity, timing, and total charge characteristics of a user selectable time window (relative to the hardware trigger).
The COUPP analysis now includes analysis of the veto data in the main analysis chain.  Routines, written in MATLAB, translate the raw binary output of the readout driver and produce a final veto decision incorporated into the bubble chamber reduced quantities.  A number of quality and monitoring variables are also available from the output of this analysis.

Appendix 1.  Specification sheets for Hamamatsu R1408 PMT
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Appendix 2.  Specifications sheets for Hamamatsu R5912 PMT
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Rsto 13 0 [0 o 84| s am e 1 1 1l 1 1|1
Supply Vetage: 500V K: Gatnade, Dy Dynods, P:Anods, - Focus

‘Table 2: TAPERED VOLTAGE DISTRIBUTION RATIO FOR LINEARITY MEASUREMENT
Eleciodes | K | Oyt | F2 | F1 | F3 oy Dya | Dyt | Oys | oye | Dy7  Oys [ Ope oyto P

ato na o [0 o 84| s amiter| 1 12 15 22 3 |24
(Capaciors o 001 {001 | oot

Supply Vorage: 100V K: Gatrads, Dy Dynods, P Anods, ¥ Focus
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Figure 5 Typical Tme Rosponse
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Figure b Dimensianal Outine and Voliage Dider (Ui mm)

S S o





