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Abstract

The energy resolution (/E of the electromagnetic calorimeter (ECAL) in the energy range of (50-500) GeV is defined mainly by two terms: stochastic α/√E and constant C. The photoreadout of the CMS Endcap ECAL consists of vacuum phototriodes (VPT), which are broadening a signal from np photoelectrons  characterized by the excess noise factor F=np((/E)2. The technical specification of CMS ECAL requires the value of F to be smaller than 4 at CMS LHC environment during 10 years of detector operation. In the paper we present results of the VPT performance study in  magnetic field up to 4 T, in  gamma radiation field of (0-50) kGy and in  neutron fluence of 7(1015 n/cm2. The standard phototriodes FEU-188 with faceplates from UV glass used in CMS ECAL as well as VPTs with super radiation hard cerium doped glasses were investigated at the 60Co gamma facility, a neutron generator and a nuclear reactor in the Petersburg Nuclear Physics Institute (PNPI). The dependence of the VPT gain and the excess noise factor in magnetic fields on the fine-mesh plane orientation has been studied too.

Keywords: vacuum phototriode, photoelectron, excess noise factor, gamma and neutron irradiation, faceplate.

1. Introduction


Vacuum phototriodes coupled with PbWO4 crystals are the main elements of the CMS Endcap Electromagnetic Calorimeter [1] covering the pseudorapidity range 1.5≤η≤2.6. VPT parameters and results of their tests are given in our previous papers [2,3] and in the work of the Rutherford Appleton Laboratory and the Brunel University group [4]. The Central Research Institute Electron (RIE, St. Petersburg) is responsible for the mass production of the VPTs FEU-188 and the delivery of the devices to CMS. To correspond with technical requirements for the operation in CMS such parameters as the current gain G in the range of the photocathode sensitivity (300-650) nm and the quantum efficiency of photocathode ε at the maximum of the PbWO4 emission spectrum (425 nm) should not be less than 7.0 and 20% respectively at the nominal high voltage of 1000/800 V. These requirements are easy satisfied. So in delivered batches of the VPTs FEU-188 the average values of G and ε are equal to 10.0 and 22%. But there are other important operation parameters of the VPTs such as a magnetic hardness (the reduction of the amplitude of the VPT signal in the 4T magnetic field for the pseudorapidity range 1.5-2.6) and a burn-in factor often called as a detector ageing. The VPTs produced by RIE have a high magnetic hardness at B=4 T: G/G0=0.9-0.95 derived from our measurements. In this case the value of G/G0 averaged over the tilt angle is used. A more difficult task is to determine the VPT ageing, that characterizes the capability of phototriodes to operate under gamma, neutron and hadron irradiation and the illumination of PbWO4 crystal caused by radiation background during the whole cycle of LHC performance  over 10 years. 

2. Radiation hardness of VPTs
2.1. Gamma irradiation

The radiation can change the operation parameters of the phototriodes–the anode response and the excess noise factor and consequently deteriorate the energy resolution of the ECAL. At fixed fine-mesh (100 l/mm for FEU-188) the F value is defined by the signal broadening from np photoelectrons in a consequence of the VPT gain fluctuations during its operation. In the CMS ECAL environment (magnetic field 4 T and different kinds of irradiation), the value of F is limited to a factor of 4.0 both for the Endcap VPT photoreadout and for the barrel APD photodetectors. 


In our radiation hardness studies it was shown that the VPT anode response was fully determined by the loss of the VPT faceplate transmittance during gamma irradiation. Some ultraviolet (UV) glasses produced in Russia are available for manufacturing of radiation hard faceplates for phototriodes (see Fig. 1). The radiation parameters of UV glasses US-49C, US-49O are given in [3]. A new type of UV glass – US-49A was chosen in 2003 as a base for the faceplate production by RIE. In the CMS Endcap ECAL the maximum gamma dose at η=2.6 is equal to 20 kGy. From Fig. 2 it is seen that the loss of scintillation light from PbWO4 crystals and correspondingly the decrease of  the VPT anode signal does not exceed 7% and 4% at 20 kGy using US-49C and US-49A glasses as  faceplates, while the limit is 10% for the CMS ECAL. These values are negligible even at 50 kGy (η=3.0) in comparison with the deterioration of the PbWO4 scintillation light yield during 10 years operation under LHC conditions. 


The excess noise factor (Fig. 3) is weakly dependent on the gamma dose up to 50 kGy increasing only by (10-12) %. The changes of the gain and F values of the VPT in radiation fields are of the same order as in the case of the operation in the magnetic field of 4 T (Fig.4).
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Fig. 1. Light transmittance spectra of different UV glasses produced in Russia before and after 20 kGy  60Co gamma irradiation and the emission spectrum of PbWO4 doped by Nb. Dose rate is 0.24 kGy/h.

Fig. 3. Relative excess noise factor F of VPTs versus gamma dose. B=0 T.
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        Fig. 2. Relative US-49C (squares) and US-49A (circles) faceplate light transmission in the range of PbWO4 emission spectrum and relative anode response of the VPT as a function of the gamma dose at  B=0 T (crosses).

Fig. 4. Relative gain G/G0 and excess noise factor F averaged over the tilt angle θ in the range of η=(1.5-2.6) as a function of magnetic field B.

2.2. Neutron irradiation


There is only one source of monochromatic 14 MeV neutrons – a neutron generator. Other neutron sources such as nuclear reactors have a very high level of gamma background. At the neutron generator we studied the anode response of the VPTs with a faceplate from radiation hard cerium doped C1-96 glass up to a neutron fluence of 2.4(1014 n/cm2 (see Fig. 5). The error bars in the anode response are estimated by the maximum uncertainties due to the instability of the spectrometric channel during the measurements (10 days). The faceplate from C1-96 and UV US-49C glasses and a VPT with US-49C glass were irradiated at the PNPI nuclear reactor up to a neutron fluence of 7(1014 n/cm2. This value is the maximum at η=2.6-3.0. The irradiation of VPTs by reactor neutrons is accompanied by gamma radiation (~100 kGy) and by a high level of VPT material activation in thermal neutron flux of (2(1012 n∙cm-2sec-1). The light transmission of 1 mm C1-96 glass did not show any changes in the wavelength range (350-600) nm within 1% while US-49C glass lost 19% of its initial transmittance. Changes in the anode response of the VPTs with a C1-96 faceplate measured a month after irradiation did not exceed 10%. 

3. VPT gain and excess noise factor in magnetic fields

The  relative gain of VPTs in magnetic field of (2-4) T  for a number of photodevices (100 in PNPI) shows some spread of the gain values in the range of  the tilt angles θ=(5-25)0 or η=1.5-3.0 up to 10%. A similar effect at magnetic field B=1.8 T was explained by UK group as an influence of the VPT fine-mesh plane rotation around the symmetry axis of the VPT. When horizontal axes OX and OY are going through the edges of the square grid cell (10(10) μm, and the OZ is the symmetry axis, then the different orientation of the grid relative to the OZ axis can be characterized by the rotation angle α which is changed in the range (0-90)0. In Fig. 6 the relative gain of the VPTs is shown at some fixed values of α: 00, 450 and 900 for B=2 T and 4 T. It is seen that the rotation by 900 is equivalent to the initial position at α=00. The excess noise factor is changed insignificantly. Because it is impossible to achieve the same orientation for all VPTs during the assembly of the Endcap modules one should consider the gain spread as a fixed factor.

Tests at PNPI of accidentally chosen 25 VPTs from the delivered batch of 500 pieces at 
B=2 T (Fig.7) demonstrate the correct method of the VPT acceptance for the performance in the CMS ECAL concerning of F factor value. There is no necessity to measure parameters of the VPTs in the high magnetic field.  Thus VPTs with F factor less than 4.0 at B=0 T can be considered as acceptable for the operation in the ECAL. Our measurements at B=4 T confirm the results of the test at B=2T. Moreover it is possible to limit the tests by measuring only σA/A,  an  easier and faster procedure.

                                                               4. Ageing of VPTs

As it was shown above the VPT ageing due to the irradiation by gamma-rays even up to 50 kGy and neutrons with a fluence of 7(1014 n/cm2 is acceptable for the VPT operation in the CMS ECAL at the full LHC luminosity of 1034 cm2∙sec-1. The VPT ageing caused by the illumination of scintillation light from a PbWO4 crystal during LHC operation is much more indefinite. For example, for η=2.0 the VPT cathode current is I=1.5 nA with a value of the dark current Id=0.1 nA without illumination. The burn-in of VPTs under light illumination, as shown in Fig.8, is equal to 2000 hours of LHC operation. The extrapolation of this curve to 1 year VPT operation at L=1033 cm2∙sec-1 gives a loss of the anode response at the level of 1.5%. However such an extrapolation is rather rough and it is necessary to carry out new precise experiments measuring the anode response and excess noise factor at different levels of the illumination during a long time.
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Fig. 5. Relative anode response of VPTs FEU-188 with faceplates from cerium doped glass C1-96 versus the neutron fluence (En=14 MeV).
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Fig. 7. Distributions of VPTs over the excess noise factor F at B=0 T and B=2 T.
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Fig. 6. Relative VPT gain in the magnetic field as a function of the tilt angle θ for the fixed values of α. α is the angle of the fine-mesh plane rotation around the symmetry axis of the VPT. 
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 Fig. 8. Relative anode current of the VPT as a function of time under LED illumination producing Ic0=200 nA.

5. Conclusion

Radiation hardness measurements of phototriodes with  US-49A faceplates under gamma radiation define the scintillation light loss of PbWO4 crystals within limits of (5-6)% at a gamma dose of 50 kGy (η=3.0). 

The irradiation of VPTs with US-49A faceplates by neutrons (En>0.1 MeV, 7(1014 n/cm2) and gamma-rays from the active zone of the reactor (100 kGy) reduces the anode response of the VPTs to PbWO4 scintillation light by 17%.

The anode response of VPTs with faceplates from cerium doped glass C1-96 is independent on the neutron fluence up to 7(1015 n/cm2 within the experimental error (10%).  

Measurements of the excess noise factor in magnetic and radiation fields show the weak sensitivity of this parameter to the conditions defined by the LHC environment.

Some spread in the values of the VPT gain and the excess noise factor in 2 T and 4 T magnetic fields at different tilt angles can be explained by different orientations of the fine-mesh plane of the VPTs relative to the symmetry axis of the device.

The main problem of VPT operation in the LHC environment is an ageing due to the PbWO4 scintillations caused by gamma, hadron and neutron irradiation of the crystals. 
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