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Testing photomultiplier tubes for two projects

Cosmic ray detectors are being developed using plastic scintillators at Queensborough Community College. To
achieve this goal, photomultiplier tubes (PMT) with excellent responses are required. A PMT characterization system
has been set up with the electronic detector group in the BNL physics department. PMTs will be evaluated by
measuring their gain, relative quantum efficiency, dark rate, etc. The PMTs achieving certain criteria will be selected
for the cosmic ray detectors.

Collaborators from BNL Chemistry and Physics have developed a 1 ton detector vessel for water-based liquid
scintillator (WbLS) feasibility studies for very large scale (>10000 tons) detectors for particle physics. In these
studies, photomultiplier tubes (PMT) with single photon detection capability are required. Various PMTs will be
characterized by measuring their gain, single photon-electron resolution (SPE), peak to valley (P/V) ratio, dark count
rate, etc. Based on the measurements, satisfactory PMTs will be identified and used for WbLS research.

Accomplishments

A dark box has been setup which can test 4 PMTs simultaneously at a distance of about 32 inches from a flashing LED driven by a
pulse generator set at 1.62 V, 11 ns, frequency 5 to 10 Hz. Four-channel waveforms are taken from a Tektronix DPO 4104
oscilloscope by a LabVIEW program. The daq rate is limited at about 0.7 Hz. It was determined that > 12000 waveforms are
needed to get good statistics of the single photoelectron spectrum; one run takes about 5 hours. To measure a gain curve 4 to 5
HV points are measured. Data is processed with s PyROOT program, the single photoelectron spectrum is fitted by a convoluted
distribution of Gaussian and Poisson distributions. PMT gain, resolution, and the P/V ratio can be studied. A discriminator and a
scaler are used to measure dark count as a function of high voltage.

Dark box setup
Hamamatsu H2431-50 PMTs tested.
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The HV outputs were tested using three different voltmeters (DVMs);
each DVM read a different HV by as much as 18 volts at -1300V;

the percent by which each voltmeter reading was different from the
HV dial setting was consistent as HV was increased.

Each PMT uses a voltage divider circuit to distribute
high voltage to the electrodes.

When the HV was set at each -900V, -1100V, and -1300V:
HV1 and HV2 were measured to be within 0.1% of the dial settings.
HV3 and HV4 were measured to be within 0.5% of the dial settings.

Results:

HV set at -900V:

Ch1: DVM1 =-900V, DVM2 =-896V, DVM3 =-910V.
Ch2: DVM1 =-899V, DVM2 =-896V, DVM3 =-910V.
Ch3: DVM1 =-896V, DVM2 =-892V, DVM3 =-906V.
Ch4: DVM1 = -896V, DVM2 = -896V, DVM3 = -907V.

HV set at -1100V:

Ch1: bvM1 =-1100V, DVM?2 =-1096V, DVM3 =-1115V.
Ch2: DvM1 =-1100V, DVM?2 =-1096V, DVM3 =-1114V.
Ch3: DVM1 =-1094V, DVM2 =-1089V, DVM3 =-1106V.
Ch4: DVM1 =-1094V, DVM?2 =-1089V, DVM3 =-1107V.

HV set at -1300V:

Ch1: DVM1 =-1299V, DVM2 no good, DVM3 =-1317V.
Ch2: DVM1 =-1299V, DVM2 no good, DVM3 =-1317V.
Ch3: DVM1 =-1292V, DVM2 no good, DVM3 =-1309V.
Ch4: DVM1 =-1292V, DVM2 no good, DVM3 =-1309V.

HV set at -1500V:

Ch1: DVM1 no good, DVM2 no good, DVM3 =-1520V.
Ch2: DVM1 no good, DVM2 no good, DVM3 = -1520V.
Ch3: DVM1 no good, DVM2 no good, DVM3 = -1510V.
Ch4: DVM1 no good, DVM2 no good, DVM3 =-1510V.
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intervals of 100 volts. A rest period of roughly ten minutes was allowed between testing to allow the
count rate to steady.
» After settling at each voltage, six readings were taken with the ceiling lights on and off. These values were
recorded in a spreadsheet (shown below) to be used for light leak analysis. '
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PMT Calculations: understanding PMT signal detection

Nv
Npe
QE = Npe/NV
Ne
g= Ne/Npe
e =1.6x101°C
Q=N,e
=49
At
5

Number of photons incident on photocathode
Number of photoelectrons emitted by photocathode
Quantum efficiency of PMT
Number of electrons emitted by anode
Gain of PMT
electron charge
Charge emitted by anode

Photocurrent emitted by anode
Dark Current emitted by anode

Signal over noise: minimum light detection over PMT dark current

single photon peak at 72.86 femto Coulombs

Estimating the single photon peak amplitude on an
oscilloscope:

The minimum amount of light detectable by a PMT is determined by its dark current, gain, and

guantum efficiency; in order for the PMT anode output I to be above its dark current I:

thus:

for energy per photon at a given wavelength E = % the incident light power on the

I_AQ_Nee_Np

photocathode should be:
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At
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A single photon incident on a PMT photocathode, N, = 1, results

in an peak voltage displayed on an oscilloscope terminated in
resistance R:

2AQ; R ge
R=—Z%(N =R=—;
At At (Npege) At

Vpeak = IR =

for a gain of g = 2.5x10°, PMT pulse peak distributed over 4t = 10
ns, and oscilloscope input impedance R = 50 Q) the expected peak

for violet light at A = 420 nm, and a PMT with Iy = 100 nA, QE = 0.2, g = 2.5x1068, the incident
light power required for detection is:
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Measuring PMT gain:

PMT gain is measured by flashing an LED on and off and measuring the pulse output on the oscilloscope;
the gain can be calculated from the total charge in the pulse Q.

Vi = IR ="2R,
AQ; = = ViAt,

At
QTotal = 240Q; = EZ Vi

the oscilloscope sampling period At for a horizontal display setting of 20 ns/division, 10 divisions per trace,
and 1000 points per trace is:

__ 20ns/divx 10 div/trace
1000 points/trace

At = 0.2 ns,

which corresponds to a 5 GHz sampling rate. To remove from each 4Q; any spurious charge and/or
oscilloscope vertical offset the first 200 points of each trace corresponding to before the LED turns on (dark
current) are used to compute a noise baseline, and a 50 cut is made on each 40;.

The PMT gain is obtained using:

IR =2%p=R%

At At
JAQ; Qrorar At 0.2x107°s
9= e Re  '' T 500(1.6x10-19C) "

g = 2.5x107 XV,

To increase the precision of the gain measurement 10,000 PMT pulses are recorded at each high voltage
and a charge distribution histogram is filled and fitted; the single photon peak charge Q.41 IS €xtracted from
the fit. This process is repeated for each HV = 2000V, 2100V, 2200V ...., and a Gain vs. HV plot fitted to an
exponential to determine the PMT gain function.
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