8.3 Phototube Specification (HF)





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 [REF 8.3.0.1]. 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 at least 1,000 electrons for the HCal readout, and therefore a gain of 104 is sufficient for a S/N of 10 at the 1 p.e. level, essential for the low energy response of the quartz fiber HFCal. The S/N level of ~10 is chosen so that 1/4 p.e. level can be discriminated and counted at at least a (2-3):1 S/N level. The 1/4 p.e. discrimination is necessary to: (1) determine accurately the shape of the 1 p.e. ADC spectrum; (2) to enable muon Landaus to be recorded between LHC running with cosmic rays, for an off-line energy calibration point; and (3) to have some “headroom” in case of a loss of PMT gain during operations. 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, pushes up peak current linearity requirements, but the low light levels keep peak currents at modest levels, 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 14 (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 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 does not seem to be a problem for this experiment, and will be less than the ambient noise at the few p.e. level from ambient radiation. The risetime requirement derives mainly from the desire to separate beam-gas and interactions in the quadrupoles from genuine beam-beam events. 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. Basic PMT requirements derived from the above considerations are summarized below:





• Diameter:				fcathode = 20 mm


• Q.E.					>15%, 400-500 nm


• Cathode Uniformity			<±5% point-point within 0.9 radius


• Photocathode lifetime:		>10 mC drawn from photocathode


• Gain:					105  (noise <10,000 e-)


• Linearity, Pulse (± 2%):		Ip > 10 mA; ±2% from 1-3,000 p.e.


• ttransit 				< 25 ns


• trise:					< 3 ns


• Lifetime:				320 C/year @ g=105 @ 100 GeV per 25 ns


• Average Current:			<80 µA


• Stability:				<2% 16 hours; <2% short term


• Tube-Tube Uniformity:		Gain*QE within ±2% by HV adjustment


• Window				quartz


• Radiation Dose			10 Mrad over 1 year with <50% QE*G loss


					1011 n/cm2 over 1 year with <50%  QE*G loss


• Cost:					<300 CHF each (1,000 quantity)





Other PMT requirements include:





(1) 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.





(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.





Baseline PMT: 





The requirements outlined above are met with  PMT from Phillips and Hamamatsu. The current baseline is a 10 stage, in-line dynode Hamamatsu PMT, the R5800, with a typical (maximum) gain of about 105 (106), developed for high linearity. This 25 mm diameter envelope tube with a 19 mm diameter photocathode is only 66 mm long, and is available with a special coating to make the walls black and impermeable, and with a window only 3 mm thick. Its current price is about 300 CHF in quantities of 3,300.





In test beams (REF: CMS Tech Note - ITEP group), the very lowest background PMT is the metal envelope PMT from Hamamatsu, the R5600, with an 8 mm diameter photocathode; this diameter is matched to the size of the bundles from the highest eta towers. This is an alternate baseline PMT. 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.





Refinements in the choice of baseline PMT may be made at the time of order, depending on development efforts by commercial manufacturers.





8.3.1 Biasing, Calibration





Biasing: 


The PMT will be negatively biased with a Cockcroft-Walton (Greiner) type voltage capactive multiplier which provides an individual fixed voltage ratio output for each dynode and the photocathode [REF 8.3.1:1-.3].The voltage level is determined by a low voltage oscillator which typically operates up to a few hundred KHz. Feedback circuitry is used to maintain voltage level. The slow control system monitors the individual voltages and current on each PMT. This type of PMT bias circuit minimizes the active components at high voltage and has been proven to provide extended dynamic range for PMT. Large scale controllers and circuits are under extensive development and may be available commercially by the time of the LHC component acquisition [REF 8.3.1:4 - LeCroy HV controller chip for Cockcroft-Walton generators.] A key provision of the base will be that the cathode-D1  and last dynode to anode voltages will be separately controlled from the voltage across the dynode chain, in order that the electron optics be separated from the gain section. The last-dynode to anode collection needs only be sufficient to collect the charge, so that excessive power is not dissipated on the anode.





Traditionally, the HV bias circuit for the dynode chain is locally attached to the PMT. A concept to limit active components inside the HF shielding, to reduce cooling requirements at the PMT, and to increase the available space for shielding and PMT is to generate the HV for each dynode remotely from the PMT on a rack outside of the shielding. A bundle of 7-10 (# dynodes+cathode+ground) wires carry the HV for each dynode and cathode from HV crates located a few m from the HF itself. The “base” would thus consist only of a PMT socket with a multipin connector, and at most a passive matching network for the anode signal coax. The currrent on each dynode HV cable is less than 1 µA, with the power at most a few mW on each conductor. With polyimide or PEEK insulation, radiation hard to the ~Grad level, the HV multiconductor cable would be less than 6 mm in diameter. This concept may not be an important consideration if the readout electronics must be located at the PMT anode, in order to reach the noise levels required.





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.)





Calibration:





The function of the calibration system is to:





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


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


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


(d) Monitor radiation damage;


(e) Independently measure the performances of the calorimeter section and the PMT;


(f) Measure the single photoelectron level and gain of the PMT.





The PMT will be provided by quartz fibers driven by a dye laser [reference 8.3.1:5], 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.) [REF 8.3.1:6].





8.3.2 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 dynode & gain mechanisms are intrinsically radiation robust (i.e. they already withstand prolonged electron bombardment at very high equivalent doses).  The photocathode material, a bialkali (Na2KSb), is classed as a very loosely bound amorphous semiconductor, basically a simple stochiometric ratio of materials, which is not affected strongly by dislocation defects from radiation bombardment. The principle cause for failure is the darkening of glass envelope windows, and activation of the window material producing phosphorescence (thermal luminescence). This is solved by amorphous quartz window PMT. EMR Photoelectric, Princeton, NJ, has demonstrated operation of quartz window PMT up to 100 MRad for operation in the cosmic ray environment of space. 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.





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). 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 of 2,000. Other quartz window PMT have been shown to operate at levels of exposure up to 50-100 Mrad of Co60 radiation [REF 8.3.2: 1; EMR Photoelectric PMT Report, Princeton, NJ]. 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.





8.8.3 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) and data acquistion to measure: (a) gain vs HV, (b)pulse shape, (c) single photoelectron level, (d) PMT noise at the 1/4 p.e. level, and (e) the linearity of the response from 1-2,000 p.e. 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 + 10 alpha source (NaI, BGO, CaF2 and BaF2 ) with optical filters, which serve as constant light sources. 





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. Experience with many

















