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Abstract 
Gain variations have been studied for a sample of Philips XP-3462B photomultipliers, under experimental conditions 

typical for the CEBAF CW accelerator, as a function of the mean anode current. light pulse intensity and the high voltage 

distribution applied to the dynode system. 

1. Introduction 

The lead-glass calorimeters of the Hall C high momen- 

tum and short orbit spectrometers at CEBAF [l] were 
designed to perform particle identification - electrons ver- 
sus hadrons, in exclusive and semiexclusive electron 
scattering experiments (e + A + e + h, e + A + e + h + X) 

at medium energies. 
The calorimeters, which will be described in detail 

elsewhere, consist of 52 and 44 lead-glass [2] modules 
respectively. The lead-glass blocks are 10 X 10 X 70 cm3 

in size. The Cherenkov light is detected by Philips XP- 

3462 photomultipliers attached to the 10 X 10 cm’ side of 

the blocks. Selection of the photomultiplier type was 
determined after several 3 and 3.5 in. photomultipliers 

(Burke S-83013F, EMI-9265, Hamamatsu R-3048, FEU- 
1 IO and Philips XP-3462B) were studied [3] with the 
objective of finding one that will meet the requirements of 

good linearity, high quantum efficiency, photocathode 
uniformity, good timing properties and low cost. 

The studies of the linearity, noise, single electron 
resolution, time resolution and gain stability at low count- 
ing rates were performed on a large sample (>2500) of 

XP-3462B PMTs and reported in Ref. [4]. These charac- 
teristics were measured for 120 of our XP-3462B PMTs 
with the results being in good agreement with those of Ref. 

141. 
It is known that at high counting rates the gain of a 

photomultiplier is not just a function of the interstage 
potentials, but becomes a function of the mean anode 
current as well. This phenomenon, sometimes referred to 
as “rate effect” or “short term instability”, has been 
studied for various photomultipliers [5-301. Although the 
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underlying mechanism is not fully understood, the follow- 

ing observations are well established: 
1) The magnitude of the gain variation is a function of 

the mean anode current only, i.e., it depends on the rate 
and the intensity of the light pulses through their product. 
The gain variation is defined as 

AG G(I, - G(0) 
-= 

G G(0) ’ 
(1) 

where G(ZJ and G(0) are the PMT gains in a stable state, 

for mean anode current I, > 0 and I, = 0 respectively. 
2) As a rule, the gain is proportional to the mean anode 

current, but the magnitude of the effect varies widely, even 

among tubes of the same type. 
3) The variation of the gain from G(I, ) to G(12) 

following an abrupt change of the mean anode current 
from I, and I, proceeds exponentially with a time constant 
of a few tenths of a second. The time constants are in 
general different for excitation (I2 > I,) and relaxation 
(I2 < I, ) and depend inversely on the intensity of the light 

pulses and the mean anode current. Some types of photo- 
multipliers exhibit a gain hysteresis after the initial oper- 

ating conditions are recovered. 
4) The effect is due to the variation of the secondary emis- 

sion itself under heavy load conditions and is related to phe- 

nomena taking place in the dynode emissive layers [31]. 
The preliminary results of gain variation studies for one 

of the XP-3462B tubes were reported earlier [5]. 

The results of the studies of gain variation for a sample 
of XP-3462B photomultipliers are reported in the present 
article. 

2. The apparatus and procedures 

XP-3462B is an S-stage, 3 in. PMT with a semitranspar- 
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em bi-alkaline photocathode and linear focused Cube 
dynode structure. The tube was designed for good linearity 

and time characteristics (see Ref. [32] for the details). 

The gain variation was studied with the traditional two 
LED technique. LED #l, or the background LED, was 

operated in a DC mode to simulate the load conditions 
typical for experiments with the CEBAF CW beam. It was 
used for setting the PMT mean anode current to a desired 
level in the 0.5-200 pA range with an accuracy of 

kO.1 pA by adjusting the applied DC bias voltage [33]. 
LED f2, or the reference LED, was operated in a 

pulsed mode with pulses of fixed intensity and frequency. 

The mean charge of the anode pulses due to these was a 

measure of the relative gain at the set level. The reference 

LED was driven by an avalanche pulser [34], which was 

capable of providing fast (t, < 1 ns. t, < 2 ns) and short 

(width at baseline -5 ns) pulses of variable frequency 

(from < 100 Hz up to 15 kHz) and amplitude (from 

< 0.1 A up to a A of peak current). 
The PMT mean anode current was measured with a 

precision multimeter [35]. 
The phototube under study and both of the LEDs were 

enclosed in a 0 3.25 in. light tight aluminum pipe with a 
black internal surface. The LEDs were fixed at a distance 

of approximately 25 cm from the photocathode, near the 
PMT axis, providing uniform illumination of the whole 

photocathode surface. 

The PMTs were magnetically shielded by six turns of 

100 pm thick k-metal foil. 
The tubes were operated at negative high potential. The 

measurements were performed with three different voltage 
distributions applied to the PMT dynodes, which will be 
denoted by “A”. “B” and “C”: 

“A”-3.12/1.5/1.00/1.00/1.0/1.00/1.00/1.00/1.00, 

“B” - 3.12/1.5/1.25/1.25/1.5/1.75/2.00/2.75/2.75. 

“C” -3.12/1/511.00/1.00/1.0/1.00/1.25/2.00/1.50. 

(2) 

where the numbers (from left to right) are the relative 

fractions of the applied HV between the successive 
dynodes (from cathode to anode). Voltage distributions 
“A” and “B” were recommended by the manufacturer 
[32] and were optimized for high gain and linearity 
respectively. The supply voltages for a gain of lOh are 
approximately 1350 V (“A”), 1750 V (“B”) and 1450 V 
(“C”). Linearity within ?I% is observed up to peak 
anode currents of approximately 50 mA (“A”). 200 mA 
(“B”) and 120mA (“C”). 

To eliminate the gain shift due to dynode potential 
variation caused by the PMT current, the photocathode and 
all the subsequent stages, including the focusing and the 
accelerating electrodes, were powered by separate 3 mA 
voltage regulating HV channels [36] according to the 
voltage distributions “A”, “B” or “C” (see Fig. la). 
Measurements were performed also with resistive, high 

current dividers providing “B” or “C” type voltage 

distributions in the absence of the PMT current. In the 
sequel we will refer to these voltage distributions as 

“B-R” and “C-R” respectively. In the absence of the 

PMT current the interdynode potentials in “B” and those 

provided by “B-R” (“C” and “C-R”) differed by less 
than 0.5 V The divider currents were 2.5 mA for “B-R” at 

1750 V and 2.2 mA for “C-R” at 1400 V The diagram of 
the “C” type resistive divider is given in Fig. lb (the “B” 
type divider differed only by the resistance values). The 

resistive divider was mounted outside the PMT-LED 

assembly to eliminate heat transfer to the phototube and 

the LEDs. 

The anode pulses produced by the reference LED were 
integrated within a 150ns gate, beginning about 20ns 

before the appearance of the analog pulse and digitized 

[37]. Data were collected and processed on a Macintosh II 

computer with the CAMAC DAQ package Kmax. 
The following measurement procedure was adopted for 

all the studied PMTs. The HV corresponding to a gain of 
=lOh was applied to the tube. The reference LED was 

operated at - IOOHz with the intensity of the light pulses 
adjusted to -100, 500, 1000 or 2000 photoelectrons (pe). 
The intensity of the background LED was adjusted to 

provide a mean anode current of >lOO p,A. The system 
was left for -12 hours in this state to stabilize. In most 

cases only -6 hours was required to achieve the stable 

operation mode. The relative gain drift in this mode was 

<l% over a period of several hours and <3% over a 
period of a few days. The latter was adopted as a crude 

estimate of the overall systematic error of the measure- 

ments. The statistical errors were <I%. 
The duration of the&measurement cycle was typically = 1 

hour. The mean anodic charge for the reference LED 

pulses and the corresponding pedestal values (reference 
LED switched off) were measured for descending values 
of the mean anode current. The last measurement was 

performed with the background LED switched off. The 

offset of the mean anode current due to the reference LED 
was -0.1 PA. For cross checking purposes, the measure- 

ments were repeated from this point in a reversed se- 
quence, for the same values of the mean anode current, but 
in ascending order and the results were reproducible within 

the measurement errors. 
For all the tubes that were studied, it was observed, that 

within a few seconds of an abrupt change of the mean 
anode current, the gain was stabilized at the new value. 
This was established by observing the anode pulses 
directly on the scope as well as by comparing the pulse 
height distributions measured shortly after, with those 
measured several minutes or several hours after the change 
in the mean anode current. No hysteresis was observed 
within the accuracy of the measurements. All the measure- 
ments were performed at least a few minutes after any 
change of the illumination was made, to ensure that the 
PMT is in a stable operation mode. The high voltage, as 
well as the intensity and the frequency of the reference 
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Fig. 1. Voltage supply schemes - (A) all the stages are powered from separate HV Channels, (b) the stages are powered by a “C” type 

resistive divider. The capacitors are 10 nF. The thick film chip resistors are model RCWP/RCW-2512 with 1% tolerance and I W power 

LED pulses, were not altered during the measurement 
cycle. 

3. Results and discussion 

The gain variations were studied for 11 photomultipliers 

randomly selected from a group of 120 available XP- 
3462B PMTs. The gain variation was determined from: 

where Q(l,) is the measured mean anodic charge for the 
reference LED pulses at mean anode current Z, and Q, is 

the extrapolated value at I= = 0.1 !_LA. The latter was 
determined in the following manner: the experimentally 
measured dependence of Q on I, was approximated by a 
logarithmic function: 

Q,(Z,) = A + B log I,, I, in PA, (4) 

the values of the constants A and B were determined from 
a least squares fit to the data points (x2/n, Z 0.1) and 
were used to calculate Q, = Q,(O.l )LA) using Eq. (4). In 
the 0.1-100 !.LA range, the data for two of the tubes is 
equally we!! described by a power law function Q = AI:, 

with B G 0.2-0.3, but parametrization (4) was used, since 
it provided a better description for the majority of the 
cases. 

At low ( < 1 !J.A) mean anode currents the measured 
values of Q(Z,) rise steeply as a function of I,. The mean 

anode current due to the reference LED (the offset current) 
depends on the absolute gain of the PMT as we!! as on the 

frequency and the intensity of the reference LED pulses. 

The procedure described above fixes uniquely the refer- 

ence point Q, and uses a normalization of the gain 

variation which is independent of the offset current, as 

opposed to the traditional procedure, where the reference 
point Q, is set equal to the anodic charge delivered by the 
reference LED pulses, when the background LED is 

switched off. 
The results obtained with voltage distribution “B” at 

1750 V are presented in Fig. 2. There were three other 
tubes, not shown in Fig. 2, whose gain variation was 
within the measurement errors as that presented in Fig. 2e 
and one tube with a gain variation equal to that in Fig. 2f. 
The magnitude of the effect is strongly tube dependent. 
The gain variation is described by (see Eq. (4)) 

$%)=A’+H’logIa, Ia in PA. (3 

where the values of the parameters for the sample of 
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Fig. 2. Gain variation as a function of mean anode current for 6 XP-3462B photomultipliers. The measurements are performed with voltage 

distribution “B” at 1750 V. The solid lines are the results of the fit (Eq. (5)). The serial numbers of the corresponding PMT-s are listed in 

the top left comers of the figures. 

1OPMTs are: 2.3<A’< 10.3 and 2.3<B’< 10.3, with 
typical values A’ = 7% and B’ = 7%. 

For one of the tubes, the gain variation was studied in 
more detail as a function of the applied voltage distribution 
and the intensity of the reference LED pulses. The results 
are given in Figs. 3 and 4 respectively. As it can be seen 
from Fig. 3, the gain variation depends on the type of the 
applied voltage distribution. The magnitude of the effect is 
larger for the more strongly tapered voltage distribution 
(“A” < “C” < “B”). It has been suggested [16], that the 
gain variation is an increasing function C--W' “) of the 
power W released on the last dynode. For the same values 
of the mean anode current and the supply voltage, the 
power deposited on the last two dynodes is approximately 
30% and 80% greater for voltage distribution “B” com- 
pared with that for “A”, and respectively, -8% and 73% 
greater for voltage distribution “C” compared with that 

for “A”. Although the overall effect may not be domi- 

nated by the last dynodes (see Ref. [Ill). the data 
presented in Fig. 3 qualitatively supports the enhanced 
conductivity mechanism [16], showing that voltage dis- 
tribution “A” provides systematically better gain stability 
than “B”. Voltage distribution “C” -as expected, has 
intermediate performance in this respect. 

Fig. 4 displays that within the measurement errors, the 
gain variation does not depend on the intensity of the 
reference LED pulses in the 100 to 2000 pe range. 

In a series of measurements, the gain variations were 
studied with resistive dividers “B-R” and “C-R” and the 
results were compared with those obtained at the same 
high voltage with voltage distributions “B” and “C” 
respectively. The results are given in Fig. 5. The reference 
point I, = I, in these figures corresponds to the mean 
anode current due to the reference LED pulses only. The 
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Fig. 3. Gain variation as a function of mean anode current obtained with voltage distributions “A”. “B” and “C” at 1400 V for one of the 

photomultipliers (#7550). The intensity of the reference LED pulses corresponds to (A) 100 pe, (b) 500 pe, (C) 100 pe, (D) 2000 pe. 

high voltage, as well as the intensity (==2000 pe) and the where GR(Za)IGR(ZR) and G(Z,)IG(Z,) are the relative gains 

frequency (-500 Hz) of the reference LED pulses, were (see Fig. 5) obtained with the resistive divider “B-R” 
kept constant. (“C-R”) and for voltage distribution “B” (“C”) respec- 

The excess gain shift, obtained with voltage distribution tively. The dependence of R on the mean anode current 

“B-R” with respect to “B” (or that of “C-R” with obtained from the data of Fig. 5 is presented in Fig. 6. It is 

respect to “C”) is defined as described by 

R = G,(WG,W _ , 
G(~,VW,) ’ 

R(%)=C+DZ,, Z, in (LA, (7) 
(6) 

where the values of C, obtained from the best fit are 
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Fig. 4. Gain variation as a function of mean anode current for reference LED pulses corresponding to = 100, 500, 1000 and 2000 pe, 

obtained with voltage distributions (a) “A”, (b) “B” and (c) “C” at 1400V for the same tube. as in Fig. 3. 

consistent with zero and the slopes are D= 

(0.080~0.005)% for divider “B-R” and D = 

(0.067~0.005)% for divider “C-R”. 
All the measurements with voltage distribution “B-R” 

were performed with the same resistive divider. The values 
of R obtained for different PMTs with different gain 
stability (see Fig. 5) turned out to be approximately the 
same within the measurement errors (see Fig. 6). R is 
attributed to the gain shift due to the redistribution of the 
potentials in the resistive divider caused by the PMT 
current. 

4. Conclusions 

Gain variations for Philips XP-3462B photomultipliers, 
used on the lead glass calorimeters in the Hall C HMS and 
SOS spectrometers at CEBAF, have been studied as a 
function of the mean anode current, the voltage distribu- 
tion across the PMT stages and the light pulse intensity. 

The gain variation referenced to I, = 0.1 PA as a 
function of mean anode current, is found to be of the form 
AG/G = A + B log I,. The typical gain variation was 
measured to be =7%[1 + log Ia(p with large tube-to- 
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Fig. 5. Relative gains as a function of mean anode current for 4 different PMTs. The reference current is due to the reference LED pulses 

only. The PMT serial number, the type of the applied voltage distribution and the HV are listed on the figures. Open circles - measurements 

performed with a resistive divider (see Fig. lb), solid circles - all the stages were powered from separate HV sources (see Fig. la). 

tube differences among the 11 randomly selected PMTs, 
ranging from ~7% to -28% at Z, = 100 p,A. 

The gain variation under heavy load conditions does not 
affect the pulse linearity in the lOO-2000pe range. 

For a fixed value of the mean anode current in the 
0.1-100 pA range the relative gain drift is less than 1% 
over a period of several hours and less than 3% over a 
period of a few days. 

Larger gain variations were observed when strongly 
tapered voltage distributions were applied to the PMT 

stages, which may be explained qualitatively by the 
enhanced conductivity mechanism [ 161. The improvement 

in gain stability for a less tapered or even equal-step 
voltage distribution was not large enough to justify using 
the latter, which is known to have smaller pulse linearity 
range. 

The additional contribution to gain variation due to the 
redistribution of the potentials in a resistive divider was 
experimentally isolated and measured. 

For a given angular and momentum setting of the 
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Fig. 6. The dependence of R (see Eq. (6)) on the mean anode current for the same tubes as in Fig. 5. The straight lines are the results of the 

fit (Eq. (7)). 

spectrometers the mean anode current is directly propor- 
tional to the average beam intensity incident on the target. 
For a CW beam, gain variations about this point will be 
determined by the fluctuations of the beam intensity about 
its time averaged value. 

From Eqs. (1) and (5) and using the maximum observed 
values A = B = lo%, we have SGIG = O.l(SI,lI,), so that 
10% fluctuations of the beam intensity I, will result in gain 
fluctuations of 1% or less. Any substantial changes of the 
particle flux in the calorimeter acceptance, in particular due 
to the controlled changes of the angular and/or momentum 
settings of the spectrometers, the average beam intensity, 

the target thickness or a combination of those will require 
a recalibration and/or a software correction using the data 
from the laser based gain monitoring system [38]. 
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