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Abstract

This document details a formulation of the average PMT anode currents for the

FTOF panel-1a and panel-1b counters based on a determination from the data. This

formulation can be used to estimate the average FTOF PMT currents in the CLAS12

Monte Carlo rate studies.

1 Introduction

This report details a formulation of the average PMT anode currents for the Forward Time-of-
Flight (FTOF) panel-1a and panel-1b counters based on measurements from cosmic ray data.
The approach to derive the currents is based on estimating the number of photoelectrons
at the PMT photocathode created by normally incident minimum ionizing cosmic ray muon
tracks. From this estimate, knowing the PMT gain and the incident particle rate, the average
PMT currents can be estimated. This estimate can then be extended to determine a form
for the expected average PMT current in a realistic operating environment in CLAS12 with
incident charged and neutral particles for use in Monte Carlo simulations.

A typical anode signal for the panel-1a and panel-1b PMTs has an amplitude of 500 mV.
Into a 50 Ω load, this gives a current of 10 mA. However, this instantaneous current is
not a relevant quantity for the PMT operation. The relevant current is the average PMT
anode current, for which the PMT manufacturer provides a specification. For both the
ElectronTubes 9954A PMTs for panel-1a and the Hamamatsu R9779 PMTs for panel-1b, the
specified maximum average anode current is 100 µA (see Fig. 1). If these average currents are
exceeded for the PMT operation, the PMT signals saturate and the PMT gain is diminished.
Also the PMT pulse shape is distorted, resulting in worsened timing resolution.

The average PMT current is directly proportional to the average number of photoelec-
trons 〈Nphe〉 created at the photocathode by the scintillation light and the average incident
charged particle event rate 〈R〉. This current can be expressed as:

〈iPMT 〉 = 〈Nphe〉 · Qe · G · 〈R〉, (1)

where Qe = 1.6 × 10−19 C/e is the electron charge. For the estimates of this study, it is
assumed the PMT gain for panel-1a and panel-1b is G = 1× 106. This number matches our
PMT specifications.
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Figure 1: Manufacturer’s specifications for the maximum average anode current for the
ElectronTubes 9954A PMT used in panel-1a (top) and for the Hamamatsu R9779 PMT
used in panel-1b (bottom).

The average number of photoelectrons created at the photocathode, which already ac-
counts for the quantum efficiency of the photocathode, can be estimated from the cosmic
ray data using the form:

〈Nphe〉 =
(

MADC

σADC

)2

, (2)

where MADC is the ADC mean for the muon peak in the ADC spectrum and σADC is the
width of the ADC distribution. These quantities are most accurately determined from the
system after the PMTs are well gain matched. The form of Eq.(2) assume a finite σADC

arises solely due to statistical variations in the number of photoelectrons created at the
photocathode for an event sample with a fixed energy loss per track, which we can assume
to be a good approximation for normally incident minimum ionizing tracks. Note that the
method of determining 〈Nphe〉 may be extended to the case of non-statistical fluctuations as
discussed in the next section.

2 Nphe Determination

To determine the average number of photoelectrons based on Eq.(2), it is important that
we minimize any attenuation length effects that lead to absorption of the scintillation light
as it propagates along the counter toward the PMTs. This can be done by restricting the
coordinate along the counter, given by:

x =
1

2veff

(tL − tR), (3)

where veff = 16 cm/s is the effective velocity of light in the scintillator material and tL − tR
is the TDC time difference for a given counter that has been shifted such that x is centered
about zero. A reasonably tight coordinate cut of x = ±5.0 cm is employed for these studies.

For the case of non-statistical fluctuations of ionization (e.g. due to geometrical effects
affecting the light collection) the correlation of ADCR vs. ADCL for each counter can be
used for the determination of MADC and σADC from Eq.(2). Fig. 2 shows for a representative
panel-1a counter the ADCL vs. ADCR distribution, first without the coordinate cut (top)
and then with the coordinate cut (bottom). To extract the ADC mean and the width of the
ADC distribution from this plot (with the coordinate cut), the natural coordinate system to
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Figure 2: Typical plots for ADCR vs. ADCL for a given counter in panel-1a. (Top) No
counter coordinate cut. (Bottom) Including cut at x = ±5 cm about center of counter.

consider is one rotated by 45◦ (which assumes the left and right PMTs for the counters are
well gain matched). This transformation is easily carried out using:

(

x′

y′

)

=

√
2

2

(

1 1
−1 1

)(

ADCL

ADCR

)

. (4)

In the new primed coordinate system, the x′-axis is proportional to ADCR + ADCL and
the y′-axis is proportional to ADCR - ADCL. We can now redefine Eq.(2) as:

〈Nphe〉 =

(

Mx′

σy′

)

2

, (5)

where Mx′ is the mean of the distribution of
√

2/2(ADCR + ADCL) and σy′ is the width of
a Gaussian fit to the distribution of

√
2/2(ADCR - ADCL).

The values of MADC and σADC were extracted for the FTOF counters in S5. A sample
of the data for panel-1a and panel-1b is shown in Table 1. The average over the counters
gives for the average number of photoelectrons:

• 〈N1a
phe〉 = 373

• 〈N1b
phe〉 = 1158

A predictor of the value of 〈Nphe〉 for panel-1a based on the panel-1b data is given by:
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Panel-1a Panel-1b
Counter # MADC σADC 〈Nphe〉 Counter # MADC σADC 〈Nphe〉

3 962 41 550 5 2743 88 972
6 941 54 304 13 2754 83 1101
9 951 43 489 21 2662 79 1135
12 921 54 291 29 2613 80 1067
15 930 50 346 37 2657 69 1483
18 919 53 301 45 2660 86 957
21 946 52 331 53 2614 70 1394

AVG 939 50 373 AVG 2672 79 1158

Table 1: Data for a sample of the panel-1a and panel-1b counters showing the counter
number, the ADC mean value, the width of the ADC distribution, and the estimated number
of photoelectrons. The last row gives the average values of these quantities for the panel-1a
and panel-1b counters.

〈N1a−est
phe 〉 = 〈N1b

phe〉 ·
t1a

t1b

· M1a
ADC

M1b
ADC

, (6)

where t1a = 5 cm and t1b = 6 cm are the counter thicknesses for panel-1a and panel-1b,
respectively. Note that in this study using data from S5, a PCAL pixel trigger was employed.
This effectively selected cosmic ray events normally incident upon the face of the arrays
within ±10◦ → ±15◦. Thus we can compute for 〈N1a−est

phe 〉:

〈N1a−est
phe 〉 = 1158 · 5 cm

6 cm
· 939

2672
= 339. (7)

This value is very close to the measured average value of 〈N1a
phe〉 = 373, giving some

confidence in the results.
Note that the factor of 3 difference between 〈N1a

phe〉 and 〈N1b
phe〉 (373 vs. 1158) cannot be

explained simply by the difference in the counter thicknesses (5 cm vs. 6 cm). The differences
in the light collection efficiency of the panel-1a and panel-1b counters must be considered as
well. In this regard, the light collection efficiency for the panel-1a counters can be expected
to be quite different than that for panel-1b. The 2-in panel-1b PMTs are glued directly to
the ends of the 6 cm by 6 cm scintillators. For panel-1a, the 2-in PMTs are glued to a light
guide that couples the 5 cm by 15 cm counter to a 2-in cylinder. Thus we should expect
that 〈Nphe〉 measured from the ADC distributions also includes a light collection efficiency
factor.

3 Average PMT Current Determination

In the CLAS12 readout for the FTOF PMTs, the dynodes are connected to the ADCs.
However, as we are employing the anode gain G in our formulation of the currents (see
Eq.(2), we are actually determining the average anode current using the determine of 〈Nphe〉
from the PMT dynode signals. Furthermore, we can generalize our determination of the
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average PMT current for any average energy deposited in the scintillator (∆E) knowing
that normally incident muons deposit 10 MeV in panel-1a and 12 MeV in panel-1b. This
allows the average currents for both charged and neutral particles depositing energy in the
FTOF counters to be estimated. Thus the average PMT anode currents can be estimated
using:

〈i1a
PMT 〉 = 〈N1a

phe〉 ·
(

∆E (MeV)

10 MeV

)

· (1.6 × 10−19 C/e) · (1 × 106) · 〈R1a (Hz)〉 (8)

= 373 ·
(

∆E (MeV)

10 MeV

)

· (1.6 × 10−19 C/e) · (1 × 106) · 〈R1a (Hz)〉 (9)

〈i1b
PMT 〉 = 〈N1b

phe〉 ·
(

∆E (MeV)

12 MeV

)

· (1.6 × 10−19 C/e) · (1 × 106) · 〈R1b (Hz)〉 (10)

= 1158 ·
(

∆E (MeV)

12 MeV

)

· (1.6 × 10−19 C/e) · (1 × 106) · 〈R1b (Hz)〉 (11)

Table 2 shows the average PMT anode currents for cosmic ray events in panel-1a and
panel-1b estimated using Eqs.(9) and (11) for counter rates of 100 Hz (typical scale of cosmic
ray rate for a given counter) and 100 kHz (typical scale of event rate during beam operations).

Panel-1a Rate 〈i1a−AN
PMT 〉

100 Hz 0.006 µA
100 kHz 6.0 µA

Panel-1b Rate 〈i1b−AN
PMT 〉

100 Hz 0.019 µA
100 kHz 18.5 µA

Table 2: Estimated average PMT anode currents for the panel-1a and panel-1b counters for
incident rates of 100 Hz and 100 kHz for normally incident minimum ionizing tracks.
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