8.	Photodetectors


8.1	Photodetector Overview and Requirements


The HCAL is composed of several subsystems. HB and HE are situated directly in the 4 T solenoid field, and to keep the detected light yields from the scintillation elements at a reasonable level, the phototransducers must be located within the field volume.   HBO and HOE are located within the barrel and endcap muon systems, and photosensors can be placed at the outer perimeter of the CMS muon yokes and rings.  Hence residual and leakage fields from the muon steel can be screened out for these photosensors by careful attention to magnetic shielding.  The HF subsystems are located forward and backward along the beam, beyond the endcap muon detectors.  Here radiation damage is the principal concern, and magnetic shielding is a minor issue.


These issues, plus the substantial channel counts per subsystem, and need to maintain a reasonable per channel cost, impose the requirement of commonality (where possible) among system elements - particularly the phototransducers and associated front-end electronics.   For HB and HE, the alternatives are Avalanche Photodiodes (APDs) or Hybrid Photodiodes (HPDs), a class of proximity-focussed photomultiplier tubes with silicon targets, both of which can operate effectively in high magnetic field.  Gain, gain-uniformity, signal-to-noise, and operational stability studies have indicated that the HPD is the preferred solution.  Because the HPD is a pixel device (19-, 25-, 61-, and 73-channel HPDs are under consideration), per channel cost can be reduced.  For HBO and HOE, the magnetic field issues do not apply, but the channel count for these systems is large.  Commonality with HB and HE systems dictates that the appropriate photosensor for these subsystems is also the  HPD.  For HF, where quartz calorimetry is utilized to provide excellent physics (shower) measurement in the presence of a significant radiation field, higher gain is required.  Here conventional photomultiplier tubes with quartz windows or boron-free glass windows are the preferred solution.


8.1.1  HB/HE Photosensors


 There are several important requirements imposed on the photosensor used in the inner barrel (HB) and inner endcap (HE) calorimetry.


Magnet Field:  Since the HB/HE photodetectors must operate in a 4 Tesla field, most photomultiplier and electrostatically focussed devices are eliminated from consideration, leaving proximity-focussed vacuum devices and silicon.   


Linearity of Response:  The transducer must be linear over a range of signals from minimum ionizing to 3 TeV hadron showers, favoring some sort of silicon detector.  The need to detect muons via their small,  minimum-ionizing signal,  specifies an excellent signal to noise ratio.  


Energy Resolution: The scintillator towers must be calibrated to 1% using a radioactive source mounted on a remote-controlled  retractable wire.  This imposes an additional requirement on the transducer, namely the ability to measure to 1% a small DC current above background fluctuations.  


Lifetime:  The photodetector must operate adequately for at least 10 years of LHC operation, which corresponds to an integrated output charge of ~ 3 Coulombs and to an integrated neutron dose of ~ 5x1010 n/cm2.  


Results from studies performed both in laboratory bench tests and at the CERN test beam have shown that both APDs and HPDs can probably meet the above criteria, but that APDs are much harder to implement in a large system and impose more stringent constraints on the preamplifier design. The HPD and APD represent two distinct detector philosophies: moderate gain (2000-3000) and moderate QE (12%) versus low gain (50-100) and high QE (80%).  The HPD, due to its higher and more uniform gain, avoids many problems encountered by APDs which have widely varying gain curves and which must be temperature-controlled to within 10 C.  In addition, beam tests showed that for low light levels, in both DC mode (source current measurements) and AC mode (muon signals), the APD exhibited a much poorer signal-to-noise ratio than did the HPD.  While further improvements to the preamplifier system could lead to reduced noise for the APD readout, such gymnastics are unnecessary for HPD implementation.


	


Thus, despite the fact that the APD choice would allow the possibility of complete integration with the ECAL readout system, the HPD has been chosen as the HCAL baseline photodetector.
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Fig. 8.1.1F1.  HPD Schematic and Tube Structure





	The HPD consists of a photocathode followed by a gap of several millimeters over which a large applied electric field accelerates the photoelectrons onto a silicon target.  (See Figure 8.1.1F1)   The gain of such a device is therefore given by the acquired kinetic energy of the photoelectrons (above some threshold energy which depends on the surface treatment of the diode) divided by the 3.6 eV required to release an electron-hole pair in the diode. For an applied voltage of  15 kV, a gain of approximately 3000 is realized. The response curve and extracted absolute gain curve are shown in Fig. 8.1.1F2 for a commercially available 7 channel HPD from DEP1. The photocathode is S20 with a fiber optic window and effective quantum efficiency of 12% in the green (l ~ 500 nm).











Fig. 8.1.1F2.  Response and Absolute Gain for a 7-channel HPD


8.3	HPD Characteristics from Bench Tests and Test Beam


8.3.1 AC Response to Particles


A prototype HB stack was read out by both APDs and HPDs in several beam tests at CERN in 1995 and 1996.  Electron and hadron energy resolutions were the same as measured with standard phototubes, and were determined only by the sampling fluctuations of the shower and the calorimeter design.  On the other hand, the low-light performance was found to be distinctive dependent upon the choice of phototransducer.  A high energy muon (m.i.p.) recorded in 10 layers of scintillator produced a mean signal of 7.5 p.e. for a standard PMT, 6.5 p.e. for a HPD, and 45 p.e. a silicon APD (as confirmed by LED studies).  However, this mean signal was detected with a signal-to-noise ratio (defined as the mean of the signal divided by the pedestal width) of  59 for the PMT,  ~ 8 for the HPD (actual value in the 7-10 range depending on preamplifier design), and ~ 2.4 for the best APD channel.  
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Fig. 8.3:  Photodetector Comparison for Minimum Ionizing Particles:  ADC Signal and Pedestal for Muons.


8.3.2 DC Response and Calibration


Source current measurements were also made in situ.  As the 5 mCi source passed across each tile in the calorimeter stack, custom 7-channel op-amp conditioning circuits mounted directly on the electronics box in the beamline converted the HPD current to a voltage which was read out by a peak-sensitive scanning ADC. Trim pots on each channel zeroed out the leakage current (5-10 nA) which was of the same order as the expected DC signal. Since it is the fluctuation on the background current rather than its level that determines the signal-to-noise, the ratio rms/Isource(%)  gives the percent sensitivity that can be achieved.  A comparison of PMT and HPD results for the same two towers (first 4-layers) is compiled in Table 8.1.  On average, one can make current measurements to 0.7% with the HPD and none are larger than the 1% specification. 





Table 8.1


Source current (Isource), dark current (Ibkgd), and fluctuations in dark current  (rms) measured in nanoamps during radioactive source calibration at the 1995 CERN test beam. 
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     Tower 5�
HPD�
Tower 6�
   Tower 5�
PMT�
Tower 6�
�
Layer�
Ibkgd ± rms =�
Ibkgd ± rms =�
Ibkgd ± rms =�
Ibkgd ± rms =�
�
�
-0.3192 ± 0.0369�
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3.095 ± 0.1719�
2.992 ± 0.1814�
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�
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rms/Isrc(%)�
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5.3�
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-�
-�
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2�
5.8�
0.636�
4.7�
0.672�
314.�
0.055�
251.�
0.072�
�
3�
4.3�
0.858�
5.8�
0.545�
294.�
0.058�
298.�
0.061�
�
4�
5.8�
0.636�
4.8�
0.658�
342.�
0.050�
249.�
0.073�
�



8.3.3 Lifetime and Radiation Damage


The photodetector lifetime is affected by both the intensity of the signal itself and by radiation damage.  The maximum integrated charge collected at the output (assuming a gain of 3000) is expected for an HE tower which samples shower maximum at highest jet energies ( |h| = 3 ) and  is 15 Coulombs over 10 years. Two HPDs have been operated under monitored illumination at DEP for 6 months and their gain as a function of time is shown in Fig. 8.4.  Tube E18 is an electrostatically focused tube (with a getter) operated at 15 kV and Tube P25 is a 7-channel proximity focused tube (without getter) operated at 11 kV.  The reverse bias in both cases is at 25 V.  At present, no change in gain has been recorded after 0.44 C of integrated charge in either tube.** will replace with latest data at time of TDR submission**  We will continue to observe these tubes for another year.  (***This test has a total integrated charge of roughly 1/30th of expectation.***).





Fig. 8.4:  Lifetime of DEP HPD under constant illumination:  Gain vs. integrated charge at output.


 


The maximum integrated radiation dose is expected to be 5 x 1010 n/cm2 for photodetector boxes placed in the |h| = 3 corner (****of HF?***).   To measure the effects of integrated dose, a 7-channel DEP tube was irradiated by moderated (1 MeV) neutrons from seven distributed 252Cf sources at Oak Ridge National Laboratory with a total fluence of  (3.5 +- 0.3) x 1010 n/cm2/hour at the surface of the photodetector.   The HPD was operated at high voltage and bias, and both a center and side pixel were monitored by blue light piped through rad-hard fused silica optical fibers.   As can be seen from Fig. 8.5, both pixels reacted to neutron irradiation with a monotonically increasing leakage current typical of silicon.  When normalized to the area of the pixel (58 and 72 mm2 for central and side pixel respectively), this corresponds to a rate of increase of  20 nA /1010n /cm2. For CMS HPDs with pixel areas of 6.25 and 24 mm2, the leakage current would rise to 6 and 24 nA after an integrated dosage of 5 x 1010 n/cm2. Even at an order of magnitude greater dose, this is acceptable and probably even an overestimate, since a 10 year dose was delivered in only 1.5 hours, and self-annealing may be expected to occur at lower fluences. When exposed to doses an order of magnitude larger than expected (as high as 1013 n/cm2), the HPDs continued to operate properly, although photocathode damage resulted in a loss of 1/3 of the signal and leakage currents rose to microamps.  The rms fluctuations in the leakage current, however,  were still  measured to be 16 pA, meaning that a 1% DC source current calibration should still be possible.
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Fig. 8.5:  Light and dark currents measured in 7-channel DEP HPD as a function of neutron dosage.


8.3.4 Magnetic Field Studies


During the 1996 CERN test beam, the 7-channel DEP HPDs read out the prototype HCAL while in the 4 Tesla field of the H4 magnet.  The brightness of the muon signal went up consistent with a combination of scintillator brightening and focusing (the tube used in the 1996 run had a glass window and therefore some crosstalk at zero field.  No reduction of gain or performance was measured, nor was mechanical stress a problem during cycling of the magnet current.


The 7-channel tube was also placed in the bore of a 5 Tesla NMR magnet and its response to a light pulse (piped through a  1mm diameter fiber) was measured as a function of angle, accelerating voltage and bias.  Since the B-field is so  large, the photoelectrons rapidly gain energy and approach the regime where magnetic forces dominate over electric forces and u=(1/B2)E x cB applies.  When the axis of the tube is at an angle qB to the B-field, the motion of the photoelectrons corresponds to a horizontal drift of  Dy tan qB superposed on their acceleration to the target, where Dy is the gap between photocathode and target.  The vertical drift is only ~50 mm at this point.  As the angle is increased, the signal in the center pixel diminishes as the centroid moves off-center.  By offsetting the input light to reestablish the maximum, and plotting offset versus qB, one can deduce the accelerating gap from the slope of  the resulting straight line (Fig. 8.6).  The measured value of Dy=5.3 mm is consistent with the vendor’s value of 5 mm.  At zero degrees, the gain in the tube with a glass window actually increased with magnetic field, due to focusing effects.  The smallest accelerating gap consistent with safe application of a 15 kV accelerating voltage is 2 mm.  Assuming this gap, and that we can position the HPDs to within 50 of  the B-field axis, then the fiber bundles should be 400 mm apart to eliminate any crosstalk and gain shifts due to the B-field. 





Fig. 8.6:  Offset vs. Tan qB for a 7-channel DEP HPD in a 4.5 Tesla Field


8.3.5 Crosstalk and Uniformity


Since the target cost is $100/channel, multi-pixel devices look promising.  Crosstalk and uniformity were therefore measured in the lab for several different pixel configurations.  Boundary scans such as Fig. 8.7 show that there is no dead space between pixels and that pixel to pixel uniformity is 2% or better.  This high uniformity, coupled with the reproducibility of tubes with identical gain, means that there is no need for gain balancing either in the HV or in the readout electronics.  Since the current required is very low, the HV distribution system can service multiple tubes with no problem. Optical crosstalk  between pixels (with fiber optic window) was less than 1% for the fiber bundle configurations planned for CMS. Capacitive crosstalk was measured to be 10% in the beam test, but can be reduced by metalization of the front face of the diode.  
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Fig. 8.7:  Scan across pixel boundary of  25-pixel DEP tube using green light focused to a 250 micron diameter spot. 


8.4 	HPD Design and Specifications for CMS


Once HPDs were selected as the readout technology, specifications were drawn up and delivered to potential vendors. The specifications are listed in Table 8.2.  





Table 8.2


 CMS HCAL Photodetector Specifications





1. Photocathode:�
Fiber optic window with S20 photocathode�
�
�
�
Quantum efficiency:�
>12% at 520 nm�
�
�
Radiant sensitivity:�
>50 mA/W at 520 nm�
�
�
Dark counts:�
<250 cnts/s/cm**2�
�
�
Photocathode uniformity:�
better than 8%�
�
2. Diode�
Reverse current:�
<50 nA at all bia voltages�
�
�
Pixel capacitance:�
4 pF�
�
�
Channel and lead capacitance:�
<25 pF�
�
�
Thickness uniformity�
5 microns�
�
�
Inter-pixel resistance:�
<100 Ohms�
�
�
Junctions:�
solder bump-bonding�
�
3.Overall Tube 


    Performance�
�
�
�
    3.1 Gain�
Operating gain:�
>3000 electrons per photoelectron�
�
�
Gain variation channel/tube:�
<2%�
�
�
Gain variation tube/tube:�
<5%�
�
�
Min signal (muon)�
10 photoelectrons (1 GeV equiv)�
�
�
Max signal (500 GeV hadron)�
5000 photoelectrons�
�
    3.2 Linearity�
Linear to 2% over this range:�
(1 pe - 5000 pe or 12 bits)�
�
    3.3 Noise�
Noise floor:�
3000 rms electrons equivalent to


1 pe response�
�
    3.4 Crosstalk�
Optical crosstalk:�
<1%�
�
�
Capacitive crosstalk�
<2%�
�
    3.5 Timing�
Rate dependent gain shift:�
<1% in all pixels�
�
�
Step input :   rise time�
<5 ns�
�
�
                     fall time�
<5 ns�
�
�
Transit time spread�
<1 ns�
�
    3.6 Magnetic


           Field�



Resistant to magnetic field to�



4 Tesla�
�
�
Crosstalk�
<2% at 5 degrees off-axis (0-4T)�
�
�
Gain reduction�
<5% at 5 degrees off-axis (0-4T)�
�
�
Forces not to exceed >> during 0 -> 4T ramp�
�
�
�
Magnetic materials not to disturn 4-T field by


 > ? ppm.�
�
�
�
Implications:�
accelerating Gap < 3mm unused


pixel perimeter plus interpixel gap


> 400 microns�
�
    3.7 Pixel Size�
Type types of tube required:  Pixel size must


allow for bundles of:�
a)  18 one-mm-diam plus thin 


      calib fibers


b)  3 one-mm-diam plus thin


      calib fibers plus B-field 


      allowance as specified by 3.6.�
�
    3.8 Lifetime�
After integrated radiation dose of 10 e11 


n/cm2:�
leakage current < 100nA


fluctuation in - PC response <5%


                      - dark counts <5%


                      - uniformity remains


                        as specified in 1.


                        And 3.1�
�
    3.9 Pixel Failure�
Number of pixel out of specifications:�
2 or less�
�
�
Number of pixels failing over 10 years


         due to leakage current:


         due to internal flaws:�



1 or less


2 or less�
�
Quantity�
I need a final wedge and layer count for this�
�
�
Delivery Time�
One year for installation (?)�
�
�
Cost Schedule�
Final cost needs to average to under 


$100/channel�
�
�
Since the longitudinal segmentation of the barrel is so asymmetric, two different multipixel tube configurations are envisioned, one with fewer pixels which can accommodate bundles of  up to 18 fibers and another with four times as many pixels, each of which services only up to 4 fibers per bundle.  The latter will also be used for Preshower and Tailcatcher channels.  In order to keep the total photodetector cost low, the ceramic carrier design will be the same for both types of tubes, as will the tube envelope.  The proposed  design for the two tubes is presented in Fig. 8.8.  They are both on 25 mm diameter format.  Since each HCAL wedge consists of 2 j-partitions and 2 h-partitions, each with 16 towers, each photodetector box is associated with a wedge and contains four 16-channel devices for the HAC2 section and one 64-channel device for all the HAC1 channels.  The actual number of pixels will be larger than required (19 and 75) to safeguard against  pixel failure, either during bake-out or during the experiment.  The design of the photodetector box allows for relatively easy access to the fiber panel for rerouting if necessary. 





Fig. 8.8:  Pixel Configuration and Tube Outline of HPDs for CMS HCAL





8.5	Quality Control and Installation


Quality control stations will be established a several locations.  Three parallel processes will occur simultaneously. A few tubes will be left in the lifetime testing station for accelerated lifetime testing under various conditions.  The rest will move through two other stations, one of which will concentrate on gain, rate dependence, signal-to-noise, and capacitive crosstalk in pulsed mode with the appropriate preamp connected.  The second station will do DC scans of the photocathode and diode to determine uniformity and crosstalk.  It will also do a trending histogram of the leakage current form all pixels for both long-term stability and short term rms fluctuations relevant to the source measurement.


8.6	HF Photosensor specification


The HF photomultiplier specification is based on test beam performance using fairly ordinary low cost PMT. During the test beams in 1994-6, with 3 different prototype modules [ (1) hadron 95, 1.5% packing fraction quartz fibers; (2) e-m 96, 1.5% packing fraction quartz fibers; and (3) tail-catcher 94, 2.8% packing fraction clear plastic fibers, standard 5 cm (2”) bialkali glass window PMT (either Hamamatsu R329, or Philips XP2020) were used for the read-out with no difficulty, despite the low signal levels. Figure 8.6.1 shows the ADC distribution for 375 GeV hadrons, showing that there is no tail from radiation punchthrough induced pulses in the large PMT, which were placed behind and 10 cm radially away from the edge of the back of the calorimeter, oriented with their axis perpendicular to the beam axis. 





The speed of the Cerenkov light using a 3/4” Hamamatsu tube with a 0.7 ns risetime is shown in Chapter 13. The detected pulse of Cerenkov light from a 350 GeV hadron develops in 7-8 ns at the base. The specs for the PMT follow therefore follow closely the specs of these tubes, with the some added requirements for operation in the LHC environment and the HF design. 


In general, the selected tubes will be:  (1) smaller than the test beam tubes to match the size of the fiber bundles and minimize the projected area of the tubes to background radiation, and (2) of lower gain, to both match the low input noise afforded by the readout electronics and to increase the lifetime of the PMT (total charge drawn from the anode). However, in the main, the PMT are similar to most calorimeter PMT used in existing experiments. The basic HF phototubes properties are determined by requirements of: (1) dynamic range; (2) area of fiber bundles; (3) average and peak currents; (4) tube lifetime; (5) counting rates; (6) gain sufficent for 1 p.e. as a least count separated from pedestal in the readout;  (7) operation of HF in only a few hundred Gauss. The latter requirement allows standard low cost focussed dynode PMT, when sufficiently shielded with iron cylinders and mu-metal. 


The maximum dynamic range of 1 p.e.- 1,5 00 p.e is modest, corresponding to ~2 GeV - 3 TeV for jet energies in one tower, a very unlikely occurrence but possible �. Thus the linear dynamic range required in HF is for the PMT is no more than ~3,000, and should present no difficulty for most dynode-gain technologies. 


An h=5 tower may be exposed to as much as 100 GeV/crossing x 40 MHz, requiring a long-lived PMT (~30-40 C/year of operation at a gain of 10,000), generally achieved by operation at lower PMT gains followed by very low noise electronics. The gain requirement depends on the noise level of the electronics. At present, the noise level is anticipated to be ~10,000 electrons for the HCal readout at the end of a 2 m cable connecting the PMT to the readout electronics, and therefore a gain of > 8 x 104 is sufficient for a S/N of 8 at the 1 p.e. level, essential for the low energy response of the quartz fiber HFCal. The S/N level of ~8 is chosen so that 1/4 p.e. level can be discriminated and counted at at least a 1:1 S/N level, and so that there is an additional x2 in gain possible if the gain sags during the experimental conditions or if additional gain is needed for cable driving and to overcome additional electronic noise. The 1/4 p.e. discrimination is necessary to: (1) determine accurately the shape of the 1 p.e. ADC spectrum which corresponds to ~1(2) GeV electromagnetic (hadronic)energy; (2) to have some additional “headroom” in case of a loss of PMT gain during operations or in case of unanticipated electronic noise (widening the pedestal to a few channels for example), and (3) to enable both ~ 1 MeV source calibration gammas and possibly muon Landaus to be recorded in the test beam and off-line. Note that ~ 1 MeV source calibration photon can generate on average at most a 1 p.e. pulse when a Compton electron fully crosses a fiber at 42°. A higher noise level in the electronics will necessiate a higher gain PMT. 


The very short optical pulse from the Cerenkov light, co-temporal with the relativistic part of the shower, and only 7-8 ns wide pushes up peak current linearity requirements, but the low light levels keep peak currents at modest levels, <25 mA, easily realized by commercial PMT. If the fibers were bundled as Dh x Df physics towers, the largest fiber bundles (low h) are matched by PMT with photocathode diameters of about 20 mm. If the fibers are bundled together from the fibers collected from 10 cm x 10 cm and 5 cm x 5 cm bricks, the the tube diameters with  areas equal to the fiber bundle diameter are 13 (7) mm respectively. It is of some advantage to standardize on the maximum or larger PMT diameter. Since the higher h tower PMT’s receive more light by nearly an order of magnitude over the h =3 towers and require a higher level of charge drawn per unit area of anode, it is reasonable to select a PMT in the diameter range of  15-20 mm for the photocathode for all towers, reducing complexity and lowering cost due by economies of scale. 


After-and pre- pulsing at typical levels from commercial PMT will not be a problem for this experiment, and will be less than the noise pulses at the few p.e. level from ambient radiation (neutron, gamma), inducing on average 0.5 p.e. noise per tower on each gating.


The risetime requirement derives mainly from the desire to reserve the potential to separate beam-gas and interactions in the quadrupoles from genuine beam-beam events by timing, but long enough so that peak currents are not a problem for the PMT. Rule-of-thumb dictates timing at ~ 20% of the risetime is reasonable. Combining requirements gives a risetime <2.5 ns, and >1 ns.


An important requirement is that the transit time through the PMT be less than the bunch interval time, in order to minimize hysteresis effects in the PMT. We have demonstrated that a PMT with a transit time of 8.5 ns (Hamamatsu R5900-baseline for the ATLAS Hcal) � can easily reproduce a 40 MHz optical pulse train generated by a blue LED, at a level of ~30 p.e. ( about 60 GeV jet energy in HF) at a gain of ~1 x 105. This is thus an important requirement, and the baseline PMT chosen has a transit time specification of 16 ns.
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Fig. 8.6.2: 40 Mhz optical pulse train using an R5900. [File: LEDtest1.pict]


The PMT lifetime requirements are derived from the rates induced induced at high h by the beam. At eta>5, we anticipate that a tube at a gain of 100,000 will deposit  ~320 C/year on the anode. The anode lifetimes are typically ~350 C.[8.6.�] We have demonstrated pulsed current lifetimes of miniature PMT (R5900) > 300 C. Figure 8.6.3 shows such a lifetime test.
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Fig. 8.6.3: PMT lifetime test at 1,100 p.e./pulse (~2 TeV/pulse) at 5 Mhz.





Thus the PMT on the towers of highest eta, accounting for 104 PMT, may have to be changed on an annual basis, except if lower gain operation is acceptable due to a low noise in the electronics, or by accepting a S/N level of 1 in the highest eta towers. Lowering the gain to ~10,000 (i.e. by a factor of 10) would increase the lifetime to 10 years.


Basic PMT requirements derived from the above considerations are summarized below in Table xxx:


							Table XXX


HCal/HF PMT SPECIFICATIONS


• Diameter:					fcathode > 13 mm (10 cm x 10 cm cells)


						fcathode >   7 mm (5 cm x 5 cm cells)


• Q.E.					(15% 400-500 nm; (25% @ 400 nm


• Cathode Uniformity			<±10%, ±2 mm point, within 0.9 dia.


• Photocathode lifetime:		>10 mC drawn from cathode, with g>0.9ginitial


• Gain:					>8 x 104  per 10,000 e- noise


• Single p.e. Resolution		rms/mean of single p.e. peak <50%


• Linearity, Pulse				±2% from 1-3,000 p.e.


• Peak Current				Ip ( 25 mA ±2%  (per 2 ns trise)


• ttransit 					< 25 ns


• trise						( 2.5 ns (10%-90%)


• Pulse Width tFWHM			(8 ns


• Gain (1/2) Lifetime:			(320 C/year (g=105, 100 GeV per 25 ns)


• Average Current:			(60 µA


• Stability:					<±3% 24 hours; <2% short term


• Tube-Tube Uniformity:		Gain*QE within ±1% by HV adjustment


• Window					Quartz: Ultrasil, Corning 7900, 7056, or equiv.


						Thickness: < 2 mm


• Window Coatings			Transmission: >90% 400-600 nm, <10% 300 nm


						He Permeability: ( borosilicate glass


• Envelope					Opaque & Conductive coating


						He Permeability: ( borosilicate glass		


• Radiation Dose				10 Mrad/year: <50% QE*G loss


						1011 n/cm2 /year: <50%  QE*G loss


• Cost:					<$400 each (4,000 quantity)





Note that the PMT requirements include:





1) Reduced Radiation-Induced Pulses: Where possible, compact vacuum envelope, compact dynodes, opaque envelope, and thin photocathode window PMT will be selected, in order to minimize the PMT cross-section for potential false pulses from neutrons, gammas and muons crossing the PMT itself. Additionally, materials in the PMT should be chosen to minimize neutron activation and fast neutron reactions. For example, alternative glasses (especially fused quartz)to boron-containing are preferred. Phillips PMT are commonly fabricated with soda-lime glass. These background pulses are not anticipated to be large in any case. Figure 8.3.aa shows the background pulses induced on an XP2020 5 cm pmt (compared with the 1.9 cm PMT specified) placed directly behind the calorimeter prototype during the test beam. These pulses have an average value of ~1.3 GeV with an rms of ~1 GeV with 350 GeV pions incident. Note that the ADC gate was 60 ns during this testing. Similarly, a miniature R5600 (8mm cathode) had negligible induced pulses when place behind the prototype calorimeter in the test beam (Fig. 8.6.4). A full study of background induced in this PMT with mips, neutrons ang gammas was carried out by the ITEP group in HF[8.6.� ] , and concludes that this background will able to be neglected.
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Fig. 8.6.4: Average values and rms of ADC distributions vs energy for induced pulses from punch through radiation on an XP2020 placed on beam dead center behind the prototype (1.5 m long) Cu calorimeter in the test beam an exposed to pions. The average pulses and rms do not exceed ~1 GeV equivalent. [ File: xp2020.bckgrd.PICT]
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Fig. 8.6.5: ADC distribution of induced pulses from punch through radiation on an R5600 placed on beam dead center behind the prototype (1.5 m long) Cu calorimeter in the test beam an exposed to 350 GeV pions. The average pulses do not exceed ~ 1-2 GeV equivalent. [ File: grf1.pict]





 2)	Helium Partial Pressure: Envelope and coatings to reduce the permeability to He are essential. The photocathode window may be overcoated with a thin low index silicone polymer, both for antireflection coating and for He permeability resistance, if it can be proven for radiation damage. This may be demanded by He partial pressures anticipated in the hall. (This low cost process is the identical one commonly used for antireflection eyeglasses.) Alternatively, a CVD coating of MgF or CaF may be specified in the PMT bid. Permeability to He in quartz is 1-2 orders of magnitude larger than in glass. The PMT housing and gas system will reduce ambient He pressure by more than 10-3. Figure 8.6.6 shows the difficulty in maintaining He pressure with quartz window PMT.
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Fig. 8.6.6: He diffusion in various glasses (from Hamamatsu Inc.) [File: vactubegrf.pict]





3)	Removable of UV component: Because the UV light generated in the quartz fibers is subject to degradation by radiation damage (see Section 5), the UV light is cut-off by a filter system. This system will either use a Schott glass (Fig. 8.6.7) filter of 1 mm thickness [8.6.�], or dielectric coatings with short wavelength cutoffs.  These may include an ITO (indium tin oxide) conductive coating at the HV of the photocathode (Fig 8.6.8 shows an ITO transmission curve at 8 Ohms/square [8.6.�]- ITO is used in bulk on car windshields as a method to melt ice by resistive heating and can be deposited at low cost at modest temperatures), which will protect the cathode also from electrostatic effects when connected to tthe cathode voltage. The ITO coating would be thinner than that measured in Fig 8.6.8; at >20 Ohms/square, it transmits over 90% of the light. Over the ITO or directly on the PMT window wouldbe deposited an antireflection, short-wavelength cut-off dielectric coating. (Fig. 8.3.9 shows an antireflection coating used on high power laser optics[8.6.�].) The antireflection coating will work well with the fiber Cerenkov light which is in a narrow cone of the N.A. of the fibers corresponding to about 12° half-angle.
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Fig. 8.6.7: Schott glass filter transmission. [ File: transgrf.pict]
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Fig. 8.6.9: ITO (Indium Tin Oxide) heavy coating transmission.  [File: InOtrans.pict]
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Fig. 8.6.9: Antireflection coating transmission curve, which continues downward towards ~1% at 300 nm. [FILE: transmitance.pict]





The ITO coating and the AR coatings are resistant to He diffusion. Thin-film coatings are generally known to be radiation hard [8.6.�], [8.6.�]., because (a) a coating thickness <~1-2 µm requires an enormous dose to create a large optical density on such a thin film, (b) it is difficult to change the electron density and hence the index n by radiation, and (c) coatings on the order of 1 wavelength have low absorption. The magnesium fluoride and/or silicon monoxide AR films likely to be selected for the HF PMT windows are used by NASA on space optics exposed to solar wind and cosmic rays, and for high energy laser coatings. These coatings would be applied either by the PMT manufacturer, or by a third party on the window used in the PMT before PMT fabrication. Post-fabrication film application needs to be studied in detail; if this is possible, it would provide the lowest cost (the unknown is the effect of temperature on the photocathode during sputtering or MOCVD processing).


Baseline PMT: 





The PMT requirements outlined above are met with  a 19 mm ( 15 mm cathode OD)  PMT from Phillips and Hamamatsu, and by the 25 mm (21 mm OD cathode) R5800Q. The desired baseline PMT is a 10 stage, in-line dynode Hamamatsu PMT, the R4125, with a typical (maximum) gain of about 105 (106), developed for high linearity. This tube is available with a special coating to make the walls black and impermeable, and with a quartz window only 2 mm thick. Its Yen-dependent price at this writing is about $450 in quantities of 4,000. A similar tube, the XP1918 is available from Philips. 








��


Fig. 8.6.10: The baseline PMT dimensional outlines. [Files: R1425.pict, AND PMT1.pict]








The R5800Q is an alternative 1” pmt with a longer transit time (21 ns compared with 16ns) but lower price, about $297 each in quantities of 4,000 (due to its commercial popularity mainly in medical equipment). 


In test beams, the very lowest background PMT is the metal envelope, metal-mesh dynode PMTs from Hamamatsu [8.6.� NOTEREF _Ref387595383 �4�],, the R5600, with an 8 mm diameter photocathode, and the R5900 (18 mm square cathode). The diameter of the R5600 is matched to the size of the bundles from the highest eta towers. The window material may be made as thin a 0.8 mm, greatly reducing Cerenkov light. Additionally, the metal channel mesh dynode stack is only 6 mm thick for 8 stages of gain (up to 105), which  reduces the cross-section for induced pulses from radiation backgrounds. The metal mesh family of Hamamatsu PMT are also  preferred because of the short transit times (< 9 ns). However, at present they have higher prices. (The R5900 is the parent type of the ATLAS hadron calorimeter baseline PMT - Hamamatsu is indicating that the prices on these PMT will fall as it penetrates the market.)


Baseline PMT Summary: Refinements in the choice of baseline PMT may be made at the time of order, depending on development efforts by commercial manufacturers. There are clearly a number of reliable alternatives, and performance is not a serious issue.  It is likely in order to decrease the transit time further, and to increase the linearity and lifetime, we may spec tube variants of the R4125 or XP1918 with 8 stages rather than 10 stages. The transit time should decrease to ~13-14 ns in the R4125. At present, the best compromise between price and performance is the R4125/XP1918 types, while the best price is the R5800Q, which we use at this writing in the budget matrix.








Table 8.6.� SEQ Table_8. \* ARABIC �1�





�
R4125�
XP1918�
R5800�
R5600�
�
Diameter�
15 mm�
15 mm�
21 mm�
8 mm�
�
Gains�
105 /1,100 V�
105 /900 V�
105 /800 V	�
105/900 V�
�
Q.E.:	�
27% /400 nm�
26% /400 nm�
27%/400nm�
27%/400n�
�
trise:�
2.5 ns�
2.4 ns�
1.5 ns�
0.7 ns�
�
ttransit:	�
16 ns�
23 ns�
21 ns�
<8 ns�
�
Pulse Linearity�
±2% 100 mA�
±2% 80 mA�
±2% 100mA�
±5%,30 mA�
�
Iave:�
100 µA�
200 µA�
100 µA�
100 µA�
�



8.7	Biasing, Calibration for HF


Biasing:  





The PMT will be negatively biased with a Cockcroft-Walton (Greinacher) type voltage capactive multiplier which provides an individual fixed voltage ratio output for each dynode and the photocathode. This supply is generated locally on the base.  The voltage level is determined by a low voltage oscillator which typically operates up to a few hundred KHz and feeds a voltage multiplier ladder of capacitors and diodes to form a filtered full-wave rectified step-increasing voltage taps, for each dynode. Feedback circuitry is used to maintain voltage level. The maximum voltage and average current are 1.8 KV and 100 µA. Commercial units with a volume less than 20 cc are capable of generating this power[8.7.�]. Fig. 8.6.12 shows an all-digital C-W controller chip with digital readback and setting from LeCroy, used with a voltage multiplier ladder. The HV bias is more fully described in Section 13.





The reason to chose the C-W base is because it greatly extends the linearity possible with a photomultiplier tube, as shown in Fig. 8.6.11, using data from Hamamatsu.
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Fig. 8.6 � SEQ Fig._8. \* ARABIC �1�: The linear PMT current possible with a C-W base. Top curve -resistive base; bottom curve CW base. From Hamamatsu, Inc. [ File: resdiv.pict]








Fig. 8.6. � SEQ Fig._8. \* ARABIC �2�: LeCroy Cockcroft-Walton controller chip outline (Fig. tbs)





Traditionally, the HV bias circuit for the dynode chain is locally attached to the PMT. Figure 8.6.13 shows a compact 8 mm diameter R5600 packaged with a C-W base. A DC voltage between 0-1 volts controls the HV to the PMT, and a precision divider provides a reference output for monitoring.
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Fig. 8.6. � SEQ Fig._8. \* ARABIC �3�: Compact 8 mm diameter R5600 PMT packaged with a C-W base capable of 100 µA of average anode current, exceeding LHC requirements. [File: HPMTpic2]





The PMT base/socket and the PMT will be mounted in an iron (magnetically permeable) cylinder (“can”) of >3 mm thickness for strength, which extends at least 3 tube diameters past the window of the PMT and past the anode. The diameter of the can is governed by a 38 mm (1.5”) design rule for the maximum size contemplated for any HF PMT envelope. Magnetic studies will be carried out to finalize the required dimensions of the magnetic shielding, but preliminary calculations show that 2 mm of iron and 1 mm of mu metal are sufficent for the fields at HF. The PMT will be therefore be enclosed by at least 1.5 mm layer of mu metal (Co-netic or equivalent), which will be biased at the cathode potential. A 1 mm gap between the shield and the can ensures that an airflow can be used to cool the PMT and reduce He partial pressures to negligible levels by dry nitrogen flow. The optical end of the iron enclosure will mate to the light guide input using simple flanges or fittings, to be designed in such a fashion as to enable tube removal in as short a time as feasible, by removing the iron can, PMT and base as a “hot swappable” unit. The airlight guide/light mixer simply compression fits against the PMT window, and is located by a rigid foam corrugated sleeve inside the iron.The iron can serves as the main mechanical mount to hold the PMT in place and to exclude ambient atmosphere. The longitudinal position of the PMT relative to the light guide input adjusted by springs or screws; a final design is not prepared, but will follow common practice with PMT-based calorimeters. The interior of the iron can will be cooled by circulated flow of dry nitrogen or argon. (The exact size of the gas flow is to be determined, but typical common practice would require ~5 mm id hose at ~0.5 atmospheres.) Figure 8.3.4 shows a design of the assembly to mount, supply and protect the PMT.





Calibration: 


The on-line calibration system is much more fully described in Section 10. Pre-installation calibration of the PMTis described in Section 8.9 below.


Three methods are provided for this calibration: pulsed laser(L), LED system (D), and radioactive sources (R). These follow standard practice for monitoring PMT and raddam in optical calorimetry [8.6.�].


The function of the calibration system is to:


(a) 	Provide a stable relative energy signal for all towers; (R, L);


(b)		Measure the timing off-sets of each tower to ±0.3 ns; (L);


(c) 	Provide a method to carry the beam calibration to the experiment; (R, D);


(d) 	Monitor radiation damage; (L,R);


(e) 	Independently measure the performances of the calorimeter section and the PMT; (D,L,R);


(f) 	Measure the single photoelectron level (channels) and gain (channels/p.e.) of the PMT; (D);


(g)		Monitor the linearity and dynamic range of the PMT; (L); (D)


(h)		Monitor the gain with rate and hysteresis; (D), (L)


(i)		Monitor the short term stability (D), (L);


(k)		Monitor changes in the relative quantum efficiency (L); 


The PMT will be provided by quartz fibers driven by a tunable dye laser [See Section ], which penetrate each air mirror optical guide within 2 diameters of the PMT at 45°, to disperse the light uniformly on the PMT. This provides a relative pulse-height, relative quantum efficency vs wavelength and To calibration for the system. A GaN on SiC substrate-type blue LED (Nichia or equiv.) will be packaged on  the air light guide to provide a calibration using the statistical method of a flashing pulse train (mean, sigma of an ADC distribution.)[8.7.�]�  The radiaoactive sources will consist of 10 mCi Co60 capsules on wires (as used in CDF) which will be inserted in 4 towers in phi at each eta boundary, and a high intensity collimated Co60 source (1-2 Ci  in Pb pig) on a scanning x-y arm which scans within ±1 mm across the front face of each arem of HF.


The calibration system is much more fully described in Chapter 10


8.8	Radiation Damage


The HF PMT are sufficiently shielded by the HF itself, the HF shielding, and by the bulk of CMS that radiation damage will be minimal. The HF PMT are located at over 1 m in radius, from the beam pipe and over 14 m from the IP, and are enclosed a a robust shield to absorb neutrons.  Radiation MC calculations indicate that the HF PMT should receive a radiation dose of less than 1-2 Mrad/year, with about 1011/cm2/year. 


The dynodes (i.e the gain mechanisms) are intrinsically radiation robust (i.e. they already withstand prolonged electron bombardment at very high equivalent doses).  The photocathode materials, a bialkali photocathode (NaK2Sb or Cs2KSb), is classed as a very loosely bound amorphous semiconductor; i.e. it is basically a simple stochiometric ratio of materials made by alkali diffusion into a thin amorphous Sb at temperatures well-below that needed to form crystalline materials, which is not affected strongly by dislocation defects from radiation bombardment. The principle cause for raddam failure is the darkening of glass envelope windows, activation of the window material producing phosphorescence (thermal luminescence), and insulation failure. The former 2 are solved by amorphous quartz window PMT. EMR Photoelectric, Princeton, NJ, has demonstrated operation of quartz window PMT up to 100 Mrad (type 730N-01-13 for example, a 1” end-on PMT) for operation in the cosmic ray environment of space which uses a thinned silica glass window and a standard bialkali photocathode [8.8.�]. Additionally, some PMT may use insulator materials which is not fully radiation-hard for the connector pins or for dynode standoffs. Alumina- and lead-oxide-based ceramic dynode standoffs are specified, and used in the PMT selected. Additional work on the leads may be developed for this purpose. Flying leads which do not require the large diameter of socket pins on the glass-metal seal may be specified for this purpose.


A present, PMT candidates are undergoing tests in Hungary to determine the extent and properties of radiation damage. They operate at up to 1014 n/cm2. PMT radiation damage occurs first in the glass window. (The glass of the envelope may turn black, with little effect on the PMT gain operation - black glass has been used for PMT envelopes). We have observed low levels of induced phosphorescence in the window using “UV-glass” from Hamamatsu. We anticipate that the high purity synthetic quartz version will not have this effect. Where radiation induced-darkening of the cathode window may be indicated, the glass PMT windows would be ordered instead with fused quartz, at a cost of about  50-100 CHF over the proposed PMT in quantities  > 2,000. Other quartz window PMT have been shown to operate at levels of exposure up to 50-100 Mrad of Co60 radiation [ibid]. 


Special care to reduce He exposure would then also have to be implemented, as quartz is much more permeable than glass to He. To reduce possible induced noise pulses in the PMT from radiation or the reduce radiation exposure, the PMT assemblies may be enclosed in local layers of polyethylene and lead as an inner shield, if resources will allow.


8.9	 Quality Assurance


The PMT quality for HF will be assured by a test cycle that occurs in 3 forms: at the manufacturer, testing and preselection as they arrive, and beam and calibration tests during the installation period. The purpose of these specs and tests is to assure that a PMT can be replaced with the confidence that any PMT will function (generate a signal) within 2% of any other PMT, with control of the HV alone. Spare PMT will be ordered (10%) to allow for preselection matching, breakage, and failure.


For the manufacturer, a detailed set of specifications, similar to the ones shown in section 8.3 above, will be proposed in the bidding process, but with an appropriate negotiation so as not to increase the price inordinately due to very extensive manufacturer testing or pre-selection. Because of the low light levels of the HF signal, the quantum efficiency and cathode uniformity are key issues in the specification. At present, the industrial capability is available to guarantee a point-point uniformity over 2mm x 2mm areas of ±5% out the the edge of the useable photocathode. This uniformity is sufficient, because the light from each fiber will be pseudorandomized by a light mixer in such a fashion that each fiber will illuminate more than 50% of the photocathode area.


The PMT will be delivered half each to 2 identical test stations for testing, with duplicate measurements for comparison made on 10% of the PMT. These stations will utilize pulsed light systems (laser and LED), radiosource-scintillator constant light sources, and data acquistion to measure: (a) gain vs HV, (b) pulse shape, (c) single photoelectron level[8.8.�], (d) PMT noise at the 1/4 p.e. level,  (e) the linearity of the response from 1-2,000 p.e., (f) relative gain changes at 0.1, 1, and 40 MHz. A fiber scanner will quantify photocathode non-uniformities on a 5 mm scale. The quantum efficiency at several wavelength pass-bands (in a range from 300-600 nm) will be measured with  temperature controlled scintillators + alpha source (NaI, BGO, CaF2 and BaF2 ) with optical filters, which serve as constant light sources. similar systesms for PMT testing have been made by many groups [8.8.�], [8.8.�], [8.8.�],[8.8. �]. (Note that the PMT test facilities follow the calibration system equipment.)


The PMT can be delivered at a rate of about 200/month, requiring a 6 month lead time to start delivery,  17 months for the PMT fully delivered order, or 2 years to complete the PMT acquisition and testing. We budget a total of 1 hour each to unpack, test, label, repack, and enter, merge publish & archive data for 3,300 PMT. The A selection database will be maintained for each PMT together with the base  and front end electronics.


The long term operation of the PMT is monitored by continuous tests on a small sample of PMT at each of the test stations, together with periodic tests using the pulsed light calibration system in the period between assembly and installation.
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