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Abstract: Many experiments require linear measurement of PMT signals in a high dynamic range, which is, in
some cases, even beyond that can be reached by a tapered design of PMT high voltage divider. As a complementary
to the anode readout, dynodes are usually used to measure large signals by a special design of the divider. In
this paper, the linearity of the 8th dynode after the anode signal saturates is studied for both equally and tapered
dividers. A special divider is designed for 8th dynode readout with a dynamic range of 20 to 2×105 photoelectrons
at a PMT gain of 105, which is required by the electromagnetic particle detector of LHAASO-KM2A. The design
can be implemented in similar applications.
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1 Introduction
Among the photosensitive devices in use today, the photo-
multiplier tube (PMT) is a versatile one that provides ex-
tremely high sensitivity and ultra-fast response[1]. More
importantly, as a high gain device, the PMT is extensively
used as photon detector in fields such as high energy physic-
s experiments, chemical analysis and medical diagnosis. Al-
though PMT’s performance is so superior, its linear range
is someway limited which restricts its application.

The Large High Altitude Air Shower Observatory (L-
HAASO) project focuses mainly on the study of sub-TeV-
1Pev gamma ray astronomy and 5Tev-1Eev cosmic ray
physics. Its 1km2 array (KM2A) is designed to measure
the cosmic ray showers with energies of up to 100PeV.
LHAASO-KM2A is composed of about 5600 electromag-
netic particle detectors (EDs) which are made of scintilla-
tors, fibers and PMTs[2, 3]. Shower particles emits photons
in the scintillator which are collected by fibers and detected
by PMTs. The PMTs are required to measure the signals
over a high dynamic range of amplitude and charge due to
the large variation of the shower particle density (1 to 104

per square meter) with the primary energy (10TeV-100PeV)
and the distance between the shower core and the detector.

This paper briefly presents the requirements that guide
and constrain the PMT base design. A description of the
base justifications and the results of the measurements are
presented.

2 Requirements
Basing on shower simulations and measurements, a single
particle signal has a triangular pulse shape with a number
of photoelectrons around 20, while the largest signals have
a FWHM of about 10ns and 2×105 photoelectrons created
by 104 particles. So the ED PMTs should have a dynamic
range with charge non-linearity less than 5% from 20 to
2×105 photoelectrons.

The operating gain of candidate PMTs must be low
enough such that the front-end electronics do not saturate
for the maximal signals expected from high energy showers.
At the same time, the gain must be high enough such that
the minimal signal from single particles is well above the

electronic noise level. The measured electronic noise shows
that the optimal operating gain should be greater than 105,
thus the maximal peak anode current should be no less than
300mA.

As a candidate ED PMT, for example, R11102 is a linear-
focused PMT with 10 dynodes. According to the typical
value given by the product specification, the maximum peak
anode current of R11102 with tapered voltage divider is
70mA at a gain of 106[4]. It is far from what′s required for
ED.

3 Linearity improvement
The linearity in pulse mode operation is mainly limited by
space charge effects and is dependent on the peak signal
current [5]. When an intense light pulse enters a PMT, a
large current flows in the latter dynodes, increasing the
space charge density and causing current saturation. The
space charge effects depend on the electric field distribution
and intensity between each dynode.

In order to improve the linearity, there are three common
solutions.

3.1 Working high voltage
In general, pulse linearity improves when the supplied high
voltage (HV) is increased, or in the other words, when
the electric field strength between adjacent dynodes is
enhanced. According to the measurement on R11102 with
an equally-divided base,when HV ranges from 840V to
1440V, the maximum peak anode current (5% deviation) is
approximately proportional to supplied HV with a ratio of
about 67mA/kV, as shown in Table 1.

However, the rate of change in gain with respect to
voltage is greater than the rate in linearity improvement,
since the gain is proportional to the 7th-8th power of HV.
The relationship between gain and voltage is described in
section 4.

In other words, the upper limit for dynamic range, which
the maximum optical signal that can be measured ,will be
reduced when the working voltage increases. It is detrimen-
tal to dynamic range extension. Conversely, the dynamic
range can be extended by reducing the HV. But, supplied
voltage have a reasonable lower bound for PMTs. In order
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high voltage(V) I(5% deviation)(mA) gain
840 25.5 6.36×105

960 32 1.70×106

1080 41 4.03×106

1200 48 8.74×106

1320 60 1.76×107

1440 66 3.34×107

Table 1: The measured maximum peak anode current and
gain at different HVs on R11102 with equally-divided base.

Fig. 1: The schematic of dynamic range.

Fig. 2: Voltage distribution ratio the of PMT base (R11102).

to ensure a good signal to noise ratio, 105 gain of PMTs is
mandatory.

3.2 Tapered voltage divider
To overcome space charge effects, the voltage applied to
the last few stages, where the electron density becomes
high, should be set at a higher value than the normal voltage
distribution (equally divider) so that the voltage gradient
between those dynodes is enhanced.

For this purpose, a tapered divider circuit (Figure 2) is
often employed. The use of this tapered divider circuits
improves pulse linearity 5 to 10 times better than that
obtained with normal divider circuits, but still cannot meet
our requirements.

3.3 Dynode readout
A general technique used for dynamic extension is to add a
signal from a dynode.

As the incident light increases while the supplied HV
and the divider type are fixed, output saturation of the anode
and each dynode will occur at a certain level. When the
latter stage begins to saturate, the deeper dynode might still
behaves linearly in general.

Compared with last several dynodes, deeper dynodes
have a higher dynamic range and better linearity, but poor
signal to noise ratio since the signal amplitude is low, as
shown in Figure 1. Furthermore, to ensure the overlap
between the anode and the dynode readouts, DY8 is a good
choice for LHAASO-KM2A EDs.

To test the behavior of R11102 with the tapered voltage
divider at 105 gain, the measurements were performed with
a LED pulsed by a signal with a FWHM of 15ns. The
LED is controlled through a function generator (Tektronix

AFG3252C).
Under a non-linearity of 5%, when anode gets saturated

with a current of 58 mA, DY8 still behaves linearly with
a current of 3.5 mA. The maximum linear current of DY8
can reach 4.2 mA which corresponds to an anode current of
71mA, showing a dynamic range 1.2 times of the anode one,
still far from 300 mA. Further study shows that saturation of
the last several dynodes have occurred practically at almost
the same time, deteriorating dynamic range of DY8.

According to the poor linearity of the anode in a normal
voltage divider, and the low dynamic range of DY8 in a
tapered voltage divider, a special divider is designed for
DY8 readout with a high dynamic range at a gain of 105.

4 Gain of the anode and the dynode
4.1 Anode
To start out, we need to understand the signals from the
anode and dynodes.

It should be noted that the anode and dynodes play
different roles in a PMT. In a PMT with N dynode stages,
the anode is an electrode that collects electrons multiplied
in cascade process through dynodes and outputs current
to an external circuit. Anode signal charge is given by Qa.
As a consequence, an anode generates a negative signal, as
shown in Figure 4.

Gain is simply the ratio of anode output current to the
photoelectric current from the photocathode. Ideally, the
current amplification of a PMT having N dynode stages and
an average secondary emission ratio δ per stage is δ N . The
secondary emission ratio δ is given by

δ = a ·Ek, (1)

where a is constant, E is interstage voltage, and k is a coef-
ficient determined by the dynode material and geometric
structure. Typically k has a value of 0.7 to 0.8.

When a high voltage V is applied between the cathode
and the anode of a PMT having N dynode stages, anode
current amplification, Ga, becomes

Ga = δ
N =C ·V β (2)

where C is constant, β = Nk, working voltage V = (N +
1)E. For Hamamatus R11102 which has 10 dynode stages,
the value of β is typically 7 to 8.

4.2 Dynode
A dynode is an electrode that collects electrons from its
preceding dynode and emits secondary electrons to its
following dynode (or anode) with an amplification of δ

(δ > 1). The n-th dynode signal charge is given by

Qdn = Qn−1−Qn (3)

where Qn is emitted charge of the n-th dynode, Qn−1 is
collected charge of the n-th dynode, it is equal to emitted
charge of the (n-1)-th dynode. The definition of secondary
emission ratio δ gives a relationship between Qn and Qn−1.
Qn = δ ·Qn−1. Consequently, a dynode generates a positive
signal.

As mentioned above, the relationship between the anode
charge Qa(=QN) and the charge from the last dynode QdN is
given by:QdN = Qa(1−1/δN), where δN is the secondary
emission ratio of the last dynode. So the signal amplitude
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Fig. 3: Schematics of the PMT base (R11102).

of the last dynode is only a little lower than the amplitude
of the anode.

In addition, gain of the n-th dynode is given by

Gdn = δ
n−δ

n−1 = δ
n(1− 1

δ
) (4)

and

lgGdn = βn · lgV +C+ lg(1− 1
δ
) = βn(lgV +∆)+C (5)

where βn = nk, the deviation from linearity ∆ = 1
nk · lg(1−

1
δ
).
The dynode gain is not linear with working HV in log-

log coordinate, since δ is a function of interstage voltage E
(=V/(N+1)). Nonetheless, it approximately follows a linear
relationship due to δ >> 1 when E or n is large enough.

For example, the value of β8 is around 5.6 to 6.4 for
R11102. The ratio in charge between the anode and DY8 is
a function of interstage voltage E. This value relies on the
supplied voltage and the divider of the PMT base.

5 Design and improvement of the base
The schematics of the base is presented in Figure 3. The
interstage voltage on DY8 is increased in order to improve
the linearity of DY8, as shown in Figure 2. Increasing of
DY8′s local field strength greatly alleviates such problems
as low linearity current of DY8 and saturation of DY8 by
space charge effects.

Unlike the case in section 3.1, the interstage voltage,
instead of the whole HV, is increased. This enables the good
linearity and extends the dynamic range at the same time.
Since δ is directly proportional to the 0.7th-0.8th power of
interstage voltage, the rate of change in gain with respect
to interstage voltage is slower than the rate in linearity
improvement.

It should be noted that when this type of improved
voltage divider is used, the anode gain is about 1/3 of that
with tapered voltage divider under the same HV. Therefore,
HV adjustment is required to increase the PMT gain.

In this design, 5 bypass capacitors are used to keep the
last few interstage voltage stable. By connecting damp
resistors to 7th-10th dynodes, the problem of ringing is
reduced[5].

6 Results
In order to obtain the linearity with a fixed PMT gain, it
is necessary to do some performance tests, such as single
photoelectron spectrum (SPE), gain as a function of voltage
and the ratio in charge between the anode and DY8.

Fig. 4: Signals of the anode (yellow) and DY8 (red).

Fig. 5: Gain as a function of working voltage.

6.1 PMT signals
The signals of PMTs come from two outputs, the anode and
DY8 to extend the dynamic range of the PMTs. Figure 4
show signals from the anode and DY8 of R11102 obtained
with an oscilloscope (Tektronix DPO7104C). To obtain the
absolute gain of the PMT at a certain voltage, the single
photoelectron spectrum (SPE) is measured with the same
method as in[6, 7]. The PMT HV is set to 1645V and the
measured anode gain is 9.52×106.

6.2 Gain as a function of voltage
The measurement is done by using a constant light source
and measuring the signal of the anode and DY8. The supply
voltage changes from 700V to 1400V with the results shown
in Figure 5, according to which, the supplied voltage should
be 885V to obtain a gain of 105.

β8 is measured to be approximately 6.56, which is
consistent with predictions in section 4.

6.3 Ratio in charge between the anode and DY8
In order to convert the corresponding DY8 current value into
an anode one, we need to establish a relationship between
the anode signal amplitude and DY8 signal amplitude.

For measuring the gain ratio between the anode and DY8,
we use a series of light pulses with increasing intensity.
Figure 6 shows the results measured at 885V. A linear fit is
performed in the range where both the anode to DY8 are in
a linear region. The resulting charge ratio R8 between the
two outputs is 38.6.

Finally, knowing the ratio between the anode and DY8,
the equivalent maximum current (5% deviation) in terms of
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Fig. 6: Correlation (in charge) between DY8 to the anode.

Fig. 7: Non-linearity versus peak anode current for im-
proved voltage divider.

anode peak current for the whole linear region by combining
the anode and DY8 is defined as follows:

Ieq = R8 · I8 (6)

where I8 is the maximum linear current of DY8.

6.4 Linearity
The linearity measurements were done by using the two
LED technique described in[7, 8]. At a gain of 105, the
results for R11102 are shown in Figure 7. Under a non-
linearity of 5%, when anode gets saturated with a current
of 58 mA, DY8 still behaves linearly with a current of 2
mA. The maximum linear current of DY8 can reach 9.8 mA
which corresponds to an anode current of 380 mA, showing
a dynamic range about 5 times of the anode one.

Compared with the tapered divider, the improved divider
shows good linearity of DY8 even at an operating gain of
105. Out of R11102 tested, the operating characteristics of
both two divider types are shown in Table 2. Obviously, the
divider type has better linearity of DY8 and higher dynamic
range, which satisfies the requirements of LHAASO-KM2A
EDs.

7 Conclusion
We have developed a method to extend the dynamic range
of PMTs, which combined two techniques (dynode readout

divider type Improved Tapered
HV (V) 885 771
Max. anode peak current (mA) 58 58
Ieq of DY8 (mA) 380 71

Table 2: Linear current of the anode and DY8 on R11102(at
105 gain).

and divider adjustment). This method not only can signif-
icantly improved the linearity of PMTs, but also is very
flexible and exercisable. A special divider is designed for
8th dynode readout of Hamamatsu R11102 with a high dy-
namic range, which meets the requirements of LHAASO-
KM2A electromagnetic particle detectors.

References
[1] Photomultiplier Tubes: Construction and Operating

Characteristics, Hamamatsu Photonics K.K., 2010.
[2] Haihui He et al., ICRC2009, Poland.
[3] Xiangdong Sheng et al., ICRC2011, China.
[4] Hamamatsu technical data sheet of R11102-01, 2010.
[5] Photomultiplier Tubes: Basics and Applications,

Hamamatsu Photonics K.K., 2007.
[6] BIN ZHOU et al., ICRC2011, China.
[7] D. Barnhill et al., Nuclear Insrtuments and Methods A

,591(2008),453-466.
[8] A.K. Tripathi et al., Nuclear Insrtuments and Methods

A, 497(2006), 331-339.


	Introduction
	Requirements
	Linearity improvement
	Working high voltage
	Tapered voltage divider
	Dynode readout

	Gain of the anode and the dynode
	Anode
	Dynode

	Design and improvement of the base
	Results
	PMT signals
	Gain as a function of voltage
	Ratio in charge between the anode and DY8
	Linearity

	Conclusion

