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Abstract It is critical to construct an accurate optical model
of photomultiplier tubes (PMTs) in many applications to
describe the angular and spectral responses of the photon
detection efficiency (PDE) of the PMTs in their working
media. In this study, we propose a new PMT optical model
to describe both light interactions with the PMT window
and optical processes inside PMTs with reasonable accuracy
based on the optics theory and a GEANT4-based simulation
toolkit. The proposed model builds a relationship between
the PDE and the underlying processes that the PDE relies
on. This model also provides a tool to transform the PDE
measured in one working medium (like air) to the PDE in
other media (like water, liquid scintillator, etc). Using two
20′′ MCP-PMTs and one 20′′ dynode PMT, we demonstrate
a complete procedure to obtain the key parameters used in
the model from experimental data, such as the optical prop-
erties of the antireflective coating and photocathode of the
three PMTs. The proposed model can effectively reproduce
the angular responses of the quantum efficiency of PMTs,
even though an ideally uniform photocathode is assumed
in the model. Interestingly, the proposed model predicts a
similar level (20–30%) of light yield excess observed in the
experimental data of many liquid scintillator-based neutrino
detectors, compared with that predicted at the stage of detec-
tor design. However, this excess has never been explained,
and the proposed PMT model provides a good explanation
for it, which highlights the imperfections of PMT models
used in their detector simulations.

1 Introduction

Photomultiplier tubes (PMTs) are common photosensors that
are used extensively for weak light detection in a wide variety
of applications, ranging from fundamental research to indus-
trial applications. Typically, PMTs play an important role in
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large-scale neutrino projects, which typically use scintillators
or ultrapure water as detector media and use PMTs to collect
scintillation light and/or Cerenkov light. Although studies
aimed at improving PMT performance have been performed
for decades since the first PMT was successfully produced by
Iams et al. in 1935 [1], understanding the response of a PMT
is still a critical and nontrivial task in many applications. Pho-
ton detection efficiency (PDE) is the most critical character-
istic of a PMT. Knowledge of PMT PDE is an essential input
to design a detector, to estimate its expected performance
with reasonable accuracy, and to achieve a precise detector
simulation that guarantees good control of relevant system-
atic errors and high-quality physics results. However, fully
understanding a PDE is complex because PDEs strongly rely
on both light interaction with the photocathode and optical
processes inside PMTs, which will be discussed in detail in
Sect. 2.

In the past, pioneering research primarily focused on light
interactions with photocathodes. In [2,3], a major break-
through was accomplished by Moorhead and Tanner, who
proposed a method to infer the complex refractive index
and thickness of the bialkali photocathode at a wavelength
of 442 nm by measuring the angular dependence of the
reflectance of an EMI 9124B PMT immersed in water. Later,
more research was performed to investigate the optical prop-
erties of various photocathodes in a much wider spectral
range, in which a model based on optics theory of thin films
was also developed to describe the light interaction with the
photocathode [4–7]. Some studies also aimed to improve
the quantum efficiency (QE) of PMTs using an antireflective
coating (ARC) between the photocathode and PMT window,
which enhances light absorption in the photocathode because
of a better match of refractive indices [8,9]. Even though it
is sufficient to only consider the light interaction with pho-
tocathodes in some applications, it is essential to develop a
comprehensive PMT optical model that accounts for all rel-
evant optical processes, including those inside PMTs, due to
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its great importance in many applications, such as various
PMT-based neutrino detectors. However, little information
can be found regarding the development of such models. In
this study, we propose a method to build a general PMT opti-
cal model that could be adapted to describe any type of PMT
and is suitable for any external media. Due to the complex-
ity of PMT optical processes, the new model is developed
based on the optics theory of multilayer thin films, a simu-
lation toolkit, and inputs from experimental measurements
at a limited number of positions on PMTs. By considering
three 20′′ PMTs (including one dynode PMT manufactured
by Hamamatsu and two MCP-PMTs manufactured by NNVT
[10]) as an example, we demonstrate the procedure of build-
ing this model and extracting a few key parameters in the
model. Interestingly, the proposed PMT model can provide a
plausible explanation for the “light yield excess” that appears
in many liquid scintillator and PMT-based neutrino detectors
[11–19]. It shows that the light yield from experimental data
is 20–30% higher than that from simulation predictions at
R&D phases. This excess has never been explained, how-
ever, the proposed new model predicts a similar level of light
yield excess. Therefore, we infer that this excess is caused by
the imperfect PMT optical model used in their detector simu-
lations, which is a simplified PMT model, assuming photons
hitting on the photocathode are 100% absorbed, then apply-
ing PDE to determine the number of detected photons.

This paper is organized as follows. We first summarize
the effects to be included in the new PMT optical model that
PDE relies on. Then, a detailed description of the model is
followed, including relevant optics theory of multilayer thin
films and its integration with the GEANT4-based simulation
toolkit [20]. Next, we demonstrate the method to experimen-
tally extract the key optical parameters in the model by mea-
suring the angular dependence of the reflectance and QE of
three 20′′ PMTs. Finally, based on toy Monte Carlo simula-
tion, comparisons of the light yields of a simple liquid scintil-
lator detector are also presented between the proposed new
PMT model and the simplified model, which highlight the
potential reason for the aforementioned “light yield excess”.

2 General consideration of PDE dependence

The PDE is defined as the ratio of the number of detected pho-
tons to the number of incident photons on the PMT. In gen-
eral, PDE can be further decomposed into QE and collection
efficiency (CE). Based on Spicer’s three-step model [21], QE
can be considered a product of two terms: one is the absorp-
tion probability of converting an incident photon to a pho-
toelectron in the photocathode via the photoelectric effect,
and the other is the escape probability of the generated pho-
toelectrons that overcome the photocathode’s potential and
become free photoelectrons. CE is the probability of success-

fully collecting free photoelectrons via built-in electrodes of
the PMT. It depends on the electrical field distributed inside
the PMT. The electrical field accelerates the photoelectrons to
hit the first dynode or micro-channel plate (MCP) and knock
out secondary electrons. Then, the secondary electrons are
multiplied in multistage dynodes (MCPs) and eventually col-
lected by the anode to form an electrical signal. The following
factors must be managed correctly to obtain an accurate PMT
optical model aimed at describing the angular and spectral
dependence of the PDE and its uniformity on PMTs.

(1) QE strongly depends on the wavelengths and angle of
incidence (AOI) of incident photons.

(2) QE is dependent on the position of the PMT entrance
window due to variations in photocathode properties
caused by imperfect technologies and non-ideal envi-
ronmental control during photocathode evaporation.

(3) The uniformity of the electrical field can be distorted by
the shape and arrangement of the electrodes inside the
PMT, which results in a position dependence of CE.

(4) A fraction of incident photons can pass through the PMT
window and enter the vacuum region of the PMT; then,
the transmitted photons can be reflected back to the pho-
tocathode and contribute to the QE and PDE. The con-
tribution to the PDE from these photons varies with the
AOI and wavelength of incident photons.

(5) QE is also influenced by the optical properties of the
external medium, in which the PMT is operated. The
external medium impacts the amplitudes of reflectance
and transmittance at the interface between the external
medium and the PMT window. The external medium
also changes the AOI range of the incident photons and
also the undergoing optical processes in the photocath-
ode. For example, in Fig. 1 from Ref. [5], a significant
difference in the PMT’s QE is predicted between dif-
ferent external media of air and liquid scintillator, in
particular, in the region of AOI larger than the critical
angle, in which total internal reflection occurs only for
the case of operating the PMT in liquid scintillator.

(6) For a photodetector system consisting of multiple PMTs,
reflected photons from one PMT might be captured
again by other PMTs, which enhances the overall light
collection efficiency of the photodetector system; thus,
in this case, it is also an integral task to investigate the
number of reflected photons from PMTs. In this work,
we only present the results of PMTs’ reflectance. Its
impacts on the overall performance of a photodetector
system are not yet adopted and should be considered in
future studies.

Although some aforementioned factors can be described
by performing detailed characterizations of PMTs, a few fac-
tors are strongly coupled with each other. For example, the

123



Eur. Phys. J. C (2022) 82 :329 Page 3 of 14 329

Fig. 1 Predicted angular dependence of the QE, for the case of the
PMT in liquid scintillator with a refractive index of 1.48 (black dashed-
dotted curve) and in air (red dashed curve). The plot is taken from [5]

angular response of the PDE is correlated with the optical
properties of external medium, as well as the optical pro-
cesses occurred inside the PMT for some types of PMTs
(e.g., the 20′′ PMTs used in this study). The reason is that
the measured PDE at a given position on the photocathode
not only depends on the PDE at this position but also other
positions due to the optical processes inside the PMT. Also,
the contributions from other positions rely on the AOI of
the incident photons, and different external media result in
different AOIs on the photocathode. In addition, it is not
realistic to perform all required evaluations for each PMT in
some applications, which use a large number of PMTs, even
up to a few thousand, such as JUNO (∼ 20,000 20′′ PMTs
and ∼ 25,000 3′′ PMTs) [22,23] and Hyper-K (∼ 40,000
20′′ PMTs and ∼ 13,300 3′′ PMTs) [24,25]. A PMT optical
model is an ideal and effective approach to manage all of the
aforementioned optical processes and precisely predict the
PDE response of PMTs.

3 New PMT optical model

3.1 General proposal of the model

In general, the PDE can be expressed as:

PDE(λ, α) =
∑

j

a j (λ, α) · ρ j (λ) · CE j

=
∑

j

a j (λ, α)Fj (λ) (1)

where a j and ρ j are the absorption ratio to the incident light
and escape factor in the aforementioned three-step model at
the j th position on the photocathode, respectively; λ and α

are the wavelength and AOI at the j th position, respectively.

Because ρ and CE are independent of AOI, we denote their
product as a F-factor. The summation in Eq. 1 indicates that
the PDE might be contributed to by multiple other positions
on the photocathode in addition to the incident position due to
transmitted light transportation inside the PMT. The number
of positions which contributes to the PDE not only depends
on the wavelength and AOI of incident light, but also relies
on the optical properties of inner structures inside the PMT.

Due to the complex optical processes inside the PMT, it is
difficult to analytically calculate a j and Fj . However, Fj can
be interpolated with reasonable accuracy by a few selected
reference positions on the photocathode. The accuracy of
Fj depends on the number and distribution of the reference
positions, and on the uniformity of the photocathode. We
assume that there are n reference positions selected on the
photocathode. At each reference position, its measured PDE
is denoted as PDEi (i = 1, 2 . . . n). According to Eq. 1, PDEi

can be expressed as:

PDEi =
∑

j

ai j F
′
j =

∑

j

ai j

n∑

k=1

β jk Fk (2)

where the F-factors at each contributed position are denoted
as F ′

j , which can be interpolated with the value of Fk and
its weight coefficient, represented as β jk . Fk denotes the F-
factor at the kth reference position. Equation 2 is valid for
any AOIs and any positions on the photocathode in addition
to the reference positions. This equation can also be written
as:

PDEi =
∑

j

ai j

n∑

k=1

β jk Fk

=
n∑

k=1

∑

j

ai jβ jk Fk =
n∑

k=1

Aik Fk (3)

where Aik = ∑
j ai jβ jk . Equation 3 can also be rewritten in

a matrix form:
⎛

⎜⎜⎜⎝

PDE1

PDE2
...

PDEn

⎞

⎟⎟⎟⎠ =
⎛

⎜⎝
A11 · · · A1n
...

. . .
...

An1 · · · Ann

⎞

⎟⎠

⎛

⎜⎜⎜⎝

F1

F2
...

Fn

⎞

⎟⎟⎟⎠ . (4)

It is easy to determine the PDE matrix on the left-hand side of
Eq. 4 by performing the PDE measurements at the reference
positions with a fixed AOI. The value of the AOI can be cho-
sen according to convenience during the PDE measurements
because it only impacts the A matrix, and the F matrix is
independent of the AOI. Once the A matrix is known, the F
matrix can be resolved analytically.

The elements in the A matrix include contributions from
the absorption of the photocathode at different positions and
the weight coefficient of each position that is determined
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by the optical processes inside the PMT. Both the absorp-
tion coefficient and weight coefficient can be obtained by
combining a general Monte Carlo simulation toolkit, such as
GEANT4, and optics theory of multilayer thin films, which
will be discussed in Sect. 3.2. However, in this process, a
few key steps are required to be addressed ahead. The optical
properties of external media, PMT windows, ARCs (if exist-
ing) and photocathodes must be known first, where the optical
constants of the ARC and photocathode are the most critical
and usually remain confidential. In Sect. 4, we demonstrate
how to obtain this information for three 20′′ PMTs using the
method proposed by Moorhead and Tanner. Regarding other
optical parameters, it is not difficult to find most in the litera-
ture. Then, a detailed PMT geometry model must be carefully
constructed because it is an essential input to simulate optical
processes inside the PMT with good accuracy, which leads
to a better estimation of the A matrix. The geometric model
should include the PMT bulb and inner components with
their optical properties, such as various electrodes, reflective
aluminum films, and supporting structures. In the end, it is
straightforward to integrate optics theory of multilayer thin
films with the simulation toolkit if this functionality is not
yet implemented, such as GEANT4 used in this study. Then,
the simulation toolkit can manage light interactions with the
photocathode and complete simulations of various optical
processes, including those occurring inside the PMT, with
the known optical properties of relevant materials. Eventu-
ally, the A matrix can be determined from the simulation,
and the F matrix can be resolved. Once the F matrix is
resolved, it can be used together with the A matrix to pre-
dict the PDE for any AOI at any position and in any external
media. The F-matrix is a function of wavelength because
it includes the contribution from the escape factor, which
is spectrally dependent. Therefore, the aforementioned pro-
cesses must be performed at different wavelengths to obtain
the spectral response of the F-matrix. Equation 4 is also suit-
able for the case of simply replacing PDE by QE; however,
in this case, the F-matrix no longer relies on CE. Then, fol-
lowing the same procedure discussed above, the F-matrix
can be obtained, and QE can be predicted.

Assuming that both photocathode properties and CE are
ideally uniform on the PMT entrance window, which is a
good approximation in some applications, Eq. 1 reduces to a
simple equation:

PDE(λ, α) = F(λ) ·
∑

j

a j (λ, α)

= ρ(λ) · CE ·
∑

j

a j (λ, α). (5)

Then, with the known a j determined by Monte Carlo simu-
lation, the F value can be estimated by measuring the PDE
at one position on the photocathode. Again, Eq. 5 can be

directly applied for QE by setting the CE to be 1. If the con-
tribution to the PDE is negligible from the optical processes
inside the PMT, which is the case for some types of PMTs,
Eq. 5 can be further simplified into the well-known form of:

PDE(λ, α) = F(λ) · a(λ, α)

= ρ(λ) · CE · a(λ, α) = QE(λ, α) · CE (6)

where QE is a product of the absorption factor and the escape
factor.

When we consider a photodetector system, reflected pho-
tons from a PMT can significantly impact its performance in
some applications, such as JUNO, in which approximately
18,000 20′′ PMTs are deployed on a sphere with a photocath-
ode coverage as high as ∼ 75% [23]. The reflected photons
have a large probability of being detected again by other
PMTs in the system. These photons contribute to light yield
and affect the hit pattern and hit time distribution, which are
important for reconstruction and particle identification. The
amount of reflected photons from a PMT consists of two
components: the photons reflected at the entrance position,
whose reflectivity can be easily calculated via optics the-
ory of multilayer thin films with known optical constants of
external medium, PMT window and photocathode; and the
photons that transmit into the PMT and are reflected back to
the PMT window by the inner structures and then exit into the
external medium. In this case, a reliable simulation toolkit
and a detailed PMT geometry model can manage the com-
plex optical processes inside the PMT. Light interactions with
photocathodes and PMT windows can always be predicted
by optics theory.

3.2 Optics theory of multilayer thin film

In general, the structure of the PMT window at the incident
point can be regarded as a stack of several planar layers,
which is also a good approximation, even for a bulb-like
PMT, because of much shorter wavelengths of several hun-
dred nanometers of interest, compared with the radii of cur-
vature of PMTs’ bulbs. Therefore, from outside to inside,
the stack consists of an external medium, PMT glass, ARC,
photocathode and PMT vacuum, as shown in Fig. 2a. ARC
and photocathode are the so-called coherent layers, which
means that their thicknesses are comparable to the wave-
lengths of incident light and that the reflected (transmitted)
waves interfere with each other. Other layers are incoherent
since their thicknesses are much larger than the wavelengths,
and the reflected (transmitted) waves lose their coherence.
We now briefly summarize the relevant optics theory used in
this study.

Reflectance (R) and transmittance (T ) are defined as the
ratio of reflected or transmitted irradiance to incident irra-
diance. For a simple boundary between the two media, they
can be denoted as:
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R = |r |2

T = n2 cos θ2

n1 cos θ1
|t |2 (7)

where r and t are the reflection and transmission amplitudes
from the first medium (medium 1) to the second medium
(medium 2), respectively, and they can be calculated using
Fresnel’s equations:

rs = n1 cos θ1 − n2 cos θ2

n1 cos θ1 + n2 cos θ2
,

ts = 2n1 cos θ1

n1 cos θ1 + n2 cos θ2

rp = n2 cos θ1 − n1 cos θ2

n2 cos θ1 + n1 cos θ2
,

tp = 2n1 cos θ1

n2 cos θ1 + n1 cos θ2
. (8)

The subscripts s and p identify the s-polarized and p-
polarized light, respectively, and n1 and n2 are the refractive
indices of medium 1 and medium 2, respectively. θ1 and θ2

are angles of incidence and refraction that follow Snell’s law:

n1 sin θ1 = n2 sin θ2. (9)

Therefore, for this simple boundary, such as that between the
two incoherent layers of the external medium and PMT glass,
R and T at any AOI can be easily calculated with the known
refractive indices of the two media. These formulae are still
valid if the light absorption in the two media is not negligible;
however, in this case, the refractive indices become complex
numbers, and the corresponding amplitudes of reflection and
transmission are also complex values.

Analysis becomes marginally more complex when we
consider a stack consisting of multiple coherent or incoherent
layers, in which light can be reflected multiple times between
two adjacent boundaries. The transfer matrix method is a
general approach to manage both multicoherent and multi-
incoherent layer systems [26,27]. We do not report details
about deriving this method and only summarize the final
expressions used in this study. We assume that there are N
layers numbered with 1 · · · N arranged between medium 0
and medium N + 1. According to the properties of the N

layers, the following three cases are considered, including N
coherent layers, N incoherent layers, and the hybrid struc-
ture.

3.2.1 N coherent layers

If all of the N layers are coherent, such as ARC and pho-
tocathode, it is necessary to calculate the reflection and the
transmission in view of field amplitudes. Figure 2b shows
the notations of field amplitudes. We denote the amplitude
of the right-going (left-going) light with x (y); the subscripts
indicate which layer the light lies in, and the prime implies
that the light is at the left boundary of the medium. It is easy
to identify the relationships of the field amplitudes at each
boundary:

(
xi−1

yi−1

)
= 1

ti−1,i

(
1 ri−1,i

ri−1,i 1

) (
x ′
i
y′
i

)

= mi−1→i

(
x ′
i
y′
i

)
(10)

where mi−1→i is called the transmission matrix. Conversely,
the phase of light changes during its propagation in the
medium, which can be expressed with the propagation
matrix:

(
x ′
i
y′
i

)
=

(
e−iδi 0

0 eiδi

) (
xi
yi

)
= pi

(
xi
yi

)
(11)

where δi = 2πnidi cos θi/λ. Left-going light vanishes in
medium N +1; therefore, y′

N+1 = 0. Thus, with Eqs. 10 and
11, the relationships of the incident, reflected and transmitted
light of the stack structure can be obtained:

(
x0

y0

)
= m0→1

N∏

i=1

pimi→i+1

(
x ′
N+1
0

)

=
(
m̃00 m̃01

m̃10 m̃11

)(
x ′
N+1
0

)
= m̃

(
x ′
N+1
0

)
. (12)

Fig. 2 Light reflection,
refraction and propagation in the
stack. a Shows the stack
structure of the PMT window. b
Stands for the general case of a
multilayer system

External medium

PMT glass
ARC
Photocathode

PMT vacuum

(a) (b)
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The corresponding reflection and transmission amplitudes
can be expressed with the matrix elements of m̃:

r = y0

x0
= m̃10

m̃00
(13)

t = x ′
N+1

x0
= 1

m̃00
. (14)

Combined with Eq. 7, the reflectance and transmittance of
the multi-coherent layers can be obtained.

3.2.2 N incoherent layers

For the incoherent case, it is convenient to calculate the reflec-
tion and the transmission in view of power, and we use capital
letters to denote the power of light beams. Similarly, we can
also introduce the transmission matrix M :
(
Xi−1

Yi−1

)
= 1

Ti−1,i

(
1 −Ri,i−1

Ri−1,i Ti,i−1Ti−1,i − Ri,i−1Ri−1,i

)

×
(
X ′
i

Y ′
i

)
= Mi−1→i

(
X ′
i

Y ′
i

)
(15)

and the propagation matrix P:
(
X ′
i

Y ′
i

)
=

(
e	i 0
0 e−	i

)(
Xi

Yi

)
= Pi

(
Xi

Yi

)
(16)

where 	i = 4πdi Im[ni cos θi ]/λ. Finally, we can obtain the
relationships that describe the power of light beams:

(
X0

Y0

)
= M0→1

N∏

i=1

Pi Mi→i+1

(
X ′
N+1
0

)

=
(
M̃00 M̃01

M̃10 M̃11

)(
X ′
N+1
0

)
= M̃

(
X ′
N+1
0

)
. (17)

The reflectance and transmittance can be directly obtained
with the matrix elements of M̃ :

R = Y0

X0
= M̃10

M̃00
(18)

T = X ′
N+1

X0
= 1

M̃00
. (19)

3.2.3 Hybrid structure

For a hybrid structure that consists of both coherent and inco-
herent layers, we can select the incoherent layers and number
them from 1 to N in order; then, Eq. 17 is still valid. If coher-
ent layers exist between medium i and medium i + 1, R
and T in Mi→i+1 should be the total reflectance and trans-
mittance of the multi-coherent layers, as discussed above. In
particular, we consider the PMT window, which contains one
incoherent layer (PMT glass) and two coherent layers (ARC

and photocathode) between the outside medium and PMT
vacuum. The M̃ matrix in this case can be denoted by:

M̃ = Mout→glassPglassMglass→vacuum. (20)

R and T on the PMT window can be accurately calculated
with the known optical properties (refractive index, extinc-
tion coefficient and thickness) of each layer in the stack struc-
ture. Conversely, the optical parameters of each layer can also
be extracted using the formulae above to fit experimental
reflectance or transmittance data in some liquids because the
aforementioned feature of total internal reflection imposes
strong constraints on these optical parameters, and this fea-
ture does not exist in experimental data collected in air.

3.3 GEANT4 improvements and PMT geometry model

In GEANT4, Fresnel’s equations are used to calculate the
probabilities of light reflection and refraction at the boundary
between two adjacent media, and users must provide infor-
mation on the refractive indices of the two media. However,
it cannot handle optical processes in coherent layers where
light interference occurs, such as ARCs and photocathodes.
In this study, we improve GEANT4 functionality by imple-
menting the optics theory of multilayer thin films. A new
package based on transfer matrix method is developed first
to calculate the reflectance, transmittance and absorbance of
a stack structure that consists of multiple thin film layers with
an arbitrary number. Then, we define the ARC and photocath-
ode as an optical surface between the PMT glass and vacuum
in GEANT4, and relevant optical parameters are stored in its
material property table. Finally, we use a user-defined physics
process in GEANT4 that is implemented via the fast simu-
lation method. The fast simulation is triggered only when
light strikes the predefined optical surface. Once it is trig-
gered, the fast simulation model takes over the optical pro-
cesses and uses the new developed package to calculate the
reflectance, transmittance and absorbance of the stack struc-
ture based on optical parameters of the stack structure and
wavelengths; AOIs; and the polarization of incident light. For
a photon absorbed by the photocathode, the F factor defined
in Eq. 4 is used to determine whether light is detected or
not. Regarding reflected or transmitted light, GEANT4 will
automatically take over and complete the simulation of the
remaining optical processes.

Detailed PMT geometry models are constructed with tools
provided in GEANT4 and shown in Fig. 3 for the two types of
20′′ PMTs: the left PMT is a 20′′ MCP-PMT manufactured by
NNVT, and the right one is a 20′′ dynode PMT produced by
Hamamatsu. With dimensions of the PMT bulbs listed in their
datasheet [28], the PMT windows are defined as ellipsoids,
the semimajor and semiminor axes of which are 254 mm and
190 mm for the dynode PMT (254 mm and 184 mm for the
MCP-PMT), respectively, and the average thickness of the
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Fig. 3 Geometries of two types
of 20′′ PMTs implemented
based on GEANT4. a is the
MCP-PMT manufactured by
NNVT, and b is the dynode
PMT manufactured by
Hamamatsu

PMT glass is determined to be approximately 4 mm by an
ultrasonic thickness gauge. The inner surfaces of the upper
semispheres are defined as optical surfaces that represent the
ARC and photocathode, and the lower semispheres evapo-
rated with aluminum are also defined in the same way. For
the inner components, it is difficult to consider all the details
in the simulation because some fine structures exist; thus,
some simplifications are made. Basically, the inner compo-
nents consist of three parts: a cylindrical tube at the bottom
(yellow), a focusing electrode on the top (red), and a dynode
(MCP) (green) in the center of the focusing electrode. The
dimensions of inner components are from a rough estimation,
since little information about them can be found in the liter-
ature. By varying the dimensions of the inner structure with
10% in the model, we found that its impact on the angular
response of QE is not significant.

4 Extraction of optical parameters in the PMT optical
model

Refractive indices, extinction coefficients and thicknesses of
ARC and photocathode are the key optical parameters in
the new PMT optical model, in which the first two items
are spectrally dependent. These parameters can be extracted
using Eqs. 18 and 20 to fit the angular response of the PMT
reflectance in liquids. In this study, we consider three 20′′
PMTs as an example to demonstrate the procedure of obtain-
ing the optical parameters of interest; two are 20′′ MCP-
PMTs, where one is labelled a normal-QE tube, and the other
is called a high-QE tube with improved technologies during
photocathode fabrication. The third PMT is a 20′′ dynode
PMT (model number R12860). We measure the reflectance
in the linear alkylbenzene (LAB) for the three PMTs because
the LAB has a good index match with the PMT glass, as

shown in Fig. 4 from measurements. The reflectance at the
interface between LAB and the PMT glass is calculated to be
far less than 1%, which is considered to be a systematic error
in the reflectance of the ARC and photocathode in LAB.

4.1 Experimental setup, measurement principle and
uncertainties

The schematic diagram in Fig. 5 shows the experimental
setup used to measure the PMTs’ reflectance in LAB. A
detailed description of this setup can be found in Ref. [29].
A xenon lamp serves as a light source to produce contin-
uous and unpolarized light with wavelengths from ∼ 300
to ∼ 1200 nm. The lamp is coupled to a monochromator
for wavelength selection with a resolution of approximately
2 nm. An optical fiber guides the light from the monochro-
mator to a collimating lens located in a dark room. Then, a
custom-made beam splitter divides the collimated light into
two beams. The light intensity of one beam is monitored by
a reference photodiode (PD), and another beam illuminates
the PMT being tested. Due to the large dimensions of the

Fig. 4 Refractive indices of LAB and PMT glass
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Fig. 5 Schematic diagram of the experimental setup

20′′ PMTs, only the measured point on the PMT is immersed
in LAB contained in an acrylic semisphere. The position of
the measured point is carefully adjusted to ensure that it is
at the center of the acrylic semisphere. The profile of the
incident light beam is measured with a CCD camera, which
has a diameter of 3 mm. The reflected light from the PMT is
detected by another PD, which is called the detector PD. The
currents of both PDs are simultaneously recorded by the two
picoammeters, which are proportional to the light intensity of

the light beams illuminated on the PDs. The collimator lens,
beam splitter and reference PD are mounted on one rotary
arm, which is controlled by a step motor to select AOIs. The
detector PD is deployed on another rotary arm that is used
to scan and find the maximum intensity of the reflected light
beam. The minimum AOI can measure 15◦ of reflectance
because interference exists between the two rotary arms but
can start from 0◦ in the PMTs’ QE evaluations in LAB using
the same setup to measure the cathode current, in which a
sufficiently high voltage is applied between the cathode and
the dynode (or MCP).

We follow the same analysis procedures discussed in
Ref. [29] to obtain the results of reflectance in LAB and its
systematic uncertainties. The stability of light intensity and
the uniformity of the acrylic semisphere are the two major
factors contributing to systematic errors. They are estimated
to be 0.98% and 1%, respectively, which yield final uncertain-
ties of the reflectance in LAB of 3% after error propagation.
The non-uniformity of the semisphere is caused by the varia-
tion of the thickness and the defects on the surface during its

production. Both the reflectance data and QE data in the LAB
of the three 20′′ PMTs are collected at wavelengths from 390
to 500 nm in steps of 10 nm. At each wavelength, the AOI is
scanned from 15◦ (0 for QE data) to 70◦ in steps of 1◦ around
the region of the critical angle of the total internal reflection
and 2◦ for other regions.

4.2 Optical parameters of ARC and photocathode

Figure 6 shows the typical angular response of reflectance
in LAB for the three different PMTs at four selected wave-
lengths: 400 nm, 420 nm, 450 nm and 500 nm. The peaks at
approximately 42◦ are caused by the total internal reflection
at the boundary between the photocathode and the vacuum
when the PMTs are immersed in LAB. This feature is impor-
tant to constrain the optical parameters of the ARC and pho-
tocathode but cannot be observed when the PMTs are char-
acterized in air. The different reflectance values of the three
PMTs indicate the different materials or technologies used
in the fabrication of ARCs and photocathodes.

Since reflectance data are collected at a fixed position on
each measured PMT, the thicknesses of the ARC and pho-
tocathode remain the same for the different wavelengths.
Therefore, a combined fit is performed to fit the angular
response of the reflectance for all measured wavelengths
using Eq. 17. A χ2 function is constructed and minimized to
obtain the best-fit values of optical parameters and estimate
their uncertainties. Eq. 21 defines the χ2 function:

χ2 =
∑

i

∑

j

(
Rtheo(λi , α j , δ, n0[i], n1[i], n2[i], k2[i], d2, n3[i], k3[i], d3) − Rexp

σR

)2

(21)

where i and j are the wavelength indices (λi ) and AOIs (α j ),
respectively; and Rtheo is the theoretically predicted value
based on Eq. 17. Rexp is the reflectance from experimental
data, and σR is the error of Rexp. n0 and n1 are the refractive
indices of LAB and PMT glass that are fixed in the fitting and
shown in Fig. 4. The refractive indices of ARC and photocath-
ode are complex numbers: ñ2 = n2 + ik2 and ñ3 = n3 + ik3,
and d2 and d3 are their respective thicknesses. n2(3), k2(3) and
d2(3) are free parameters in the fitting.

As an example, Fig. 6 shows the fitted curves that agree
with the reflectance data points for the three 20′′ PMTs at four
wavelengths. We obtain a similar fitting quality at all other
measured wavelengths. Figure 7 shows the fitting results of
the refractive indices and extinction coefficients as a function
of wavelength, and Table 1 summarizes the fitting results of
thicknesses of the ARC and photocathode of the three PMTs.
The absorption of ARC is found to be negligible for the three
PMTs in the range of measured wavelengths, and its extinc-
tion coefficients are set to 0. Figure 7a shows that the normal-
QE MCP-PMT uses different ARC materials compared with
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Fig. 6 Reflectance in LAB as a
function of AOI, measured for
R12860 (red), normal-QE
MCP-PMT (green) and high-QE
MCP-PMT (blue) at four
selected wavelengths of 400 nm
(a), 420 nm (b), 450 nm (c) and
500 nm (d)

(a) λ = 400 nm (b) λ = 420 nm

(c) λ = 450 nm (d) λ = 500 nm

the other two tubes due to the significant difference in ARC
optical properties. For the high-QE MCP-PMT, the figure
shows much larger uncertainties in the refractive index of
ARC, which is caused by the PMT’s small thickness of the
ARC layer. Thus, in this case, the χ2 values are not sensi-
tive to the variations of ARC’s refractive index. Figure 7b
shows the refractive indices (solid lines) and extinction coef-
ficients (dashed line) of the photocathode as a function of
wavelength. Even though the three PMTs use the same type
of photocathode material (i.e. a bialkali photocathode), their
optical parameters are markedly different; this result might
be primarily caused by different processes and technologies
during photocathode manufacturing.

4.3 Other optical parameters in the PMT optical model

The remaining parameters in the PMT optical model, includ-
ing the optical properties of the inner structures and escape
factor of the photocathode, can be constrained appropriately
by the angular responses of the PMTs’ QE measured at dif-
ferent wavelengths in the LAB. Figure 8 shows a few exam-
ples of relative QE as a function of AOI measured at wave-
lengths of 400 nm (top), 420 nm (middle) and 450 nm (bot-
tom) with blue markers for the Hamamatsu R12860 (Fig. 8a),
the high-QE MCP-PMT (Fig. 8b) and the normal-QE MCP-
PMT (Fig. 8c). The QE is normalized to an AOI of 0. In
the region of total internal reflection (i.e., larger than 42◦),

Fig. 7 Spectral dependence of
refractive indices of ARC (a)
and refractive indices (solid
lines) and extinction coefficients
(dashed lines) of photocathode
(b) for the three PMTs of
R12860 (red), high-QE
MCP-PMT (green) and
normal-QE MCP-PMT (blue)

(a) Refractive indices of ARC (b) Refractive indices and extinction coefficients of
photocathode

123



329 Page 10 of 14 Eur. Phys. J. C (2022) 82 :329

Table 1 Thicknesses of ARC and photocathode of the three 20′′ PMTs,
in unit of nm

Layer PMT type

Hamamatsu NNVT high-QE NNVT normal-QE

ARC 36.5 ± 0.4 10.2 ± 1.2 49.1 ± 5.2

Photocathode 21.1 ± 0.2 18.7 ± 0.4 20.4 ± 0.3

the QE increases and shows a smooth structure due to more
light absorption in the photocathode and no light transmitted
into the interior of the PMT; therefore, no influences from
the inner structures are observed. The erratic fluctuations
between 0◦ and 42◦ are caused by the optical processes occur-
ring inside the PMT. When AOI is near 0, the transmitted
light hits the dynode or MCP that has negligible reflectance
directly, and the QE at approximately 0◦ is small due to no
contributions from other positions on the photocathode. As
the AOI gradually increases, the transmitted light begins to
be reflected by the inner electrodes or the aluminum film in
the lower hemisphere or even directly hit other positions of
the photocathode. Different optical processes lead to differ-
ent contributions to the QE amplitude.

In the constructed geometry models, as discussed in
Sect. 3.3, we set the reflectivity of the aluminum film to 92%
[30] and tune the reflectivity of the cylindrical tube made of
stainless steel to be 65% for all PMTs, the same reflectivity
is applied for electrodes of NNVT PMTs; while for electrode
of Hamamatsu PMT, it is set to 20% due to some stains on
its surface which might be caused by electric welding. The
escape factor as a function of wavelength is shown in Fig. 9.
Then, the new PMT optical model can well describe the angu-
lar responses of QE for the three PMTs, which are shown as
red lines in Fig. 8. Even though there are still a few inconsis-
tencies between the QE data and the model predictions, most
can be suppressed by the average effect when we consider
a photodetector system that consists of tens of thousands
of PMTs. Also, agreement can be improved by considering
more detailed structures in the geometry model. For example,
the QE from the experimental data is much larger than that
from the simulation at approximately 30◦ for all three PMTs,
which is caused by an overlap between the photocathode and
the aluminum film around the PMT equator. In this case, the
refracted light hits on the overlapped region and might gen-
erate photoelectrons. Meanwhile, a fraction of the refracted
light could pass through the photocathode and be reflected
by the aluminum film, which has also a chance to generate
photoelectrons in the photocathode. For both cases, the gen-
erated photoelectrons could contribute to the QE. Because
the structure of the overlapped region strongly depends on
the technologies used in PMT manufacturing, it could be sig-
nificantly different among different types of PMTs. However,
the impacts on PDE from this inconsistency can be mitigated

by the low CE in this region. Similar agreements are also
achieved at other measured wavelengths.

5 Light yield excess in a liquid scintillator detector

The light yield excess is observed in a few past neutrino
experiments. In general, the light yield from the experimen-
tal data is 20–30% higher than the predictions at the R&D
phases. They are summarized below:

(a) Borexino: The predicted light yield is 400 p.e./MeV
in its design report [11] and the measured one is
500 p.e./MeV [12], corresponding to 25% light yield
excess.

(b) Daya Bay: The predicted light yield is 105 p.e./MeV in its
technical design report [13] and updated to 134 p.e./MeV
in 2009. The measured number is 162 p.e./MeV [14].
So, the excess is about 21%. In its prototype detector, the
light yield is 200 p.e./MeV from the simulation, com-
pared with 240 p.e./MeV from the experimental data,
which yields an excess of 20% [13].

(c) KamLAND: The predicted light yield is 150 p.e./MeV
presented in Neutrino 2000 conference [15] and the mea-
sured one is ∼ 280 p.e./MeV [16], which leads to more
than 80% light yield excess. However, based on [17],
a large fraction of the excess is caused by the light re-
emission and scattering that are not considered in the
predicted light yield.

(d) RENO: The predicted energy resolution is 6.5%/
√
E

stated in its design report [18] and the measured energy
resolution is 5.9%/

√
E [19]. Since the energy resolution

is dominated by photoelectron statistics, the light yield
excess is estimated to be about 21%.

A toy Monte Carlo study is performed to evaluate the
impact of the new PMT optical model on the light yield of a
simple liquid scintillator detector, compared with that from
the simplified PMT optical model, which assumes that the
light is 100% absorbed and converted to free photoelectrons
by simply applying PMT’s QE. The new model considers the
PDE angular response, reflection on the photocathode and
optical processes inside the PMT, and all these effects pre-
dict a higher light yield than the simplified model. However,
because the optical processes inside the PMT are strongly
dependent on the PMT geometry, we only investigated the
former two effects in this study.

In the new model, both the PMT angular response and
reflection are spectrally and angularly dependent. In the toy
Monte Carlo study, the wavelength is sampled based on the
emission spectrum of Daya Bay’s liquid scintillator (Fig. 10a)
[31]. For the AOI distribution at the photocathode, we assume
a uniform and parallel light beam illuminated on the entire
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(a) Hamamatsu PMT (b) NNVT high-QE PMT (c) NNVT normal-QE PMT

Fig. 8 Relative QE as a function of AOI measured at three typical wavelengths for the Hamamatsu PMT (a), the NNVT high-QE PMT (b) and
the NNVT normal-QE PMT (c). The blue markers denote the experimental data, and the red curves represent the prediction from the PMT optical
model

Fig. 9 Escape factor as a function of wavelength for R12860 from
Hamamatsu (red), normal-QE MCP-PMT (green) and high-QE MCP-
PMT (blue) from NNVT

PMT window (perpendicular to the plane of PMT’s equa-
tor) and the PMT’s working medium to be water. Then, the
AOI distribution is obtained and shown in Fig. 10b, which
terminates at approximately 70◦, because of the light refrac-
tion between water and glass. A typical spectral response of
QE is shown in Fig. 10c for a R12860 PMT from Hama-
matsu [28]. With the optical parameters determined in this
study, the reflectance and absorbance are calculated for the
three 20′′ PMTs at wavelengths of interest. Figure 10d shows
an example of reflectance (solid) and absorbance (dashed)
curves at 420 nm. Regarding reflection on PMTs, its impact
on the light yield depends on the photocathode coverage. We
assume 100% coverage in this study, and its impact should
be scaled with the real coverage for a certain detector.

Table 2 summarizes the fraction of light yield excess from
different factors in the new PMT model, compared with light
yield obtained with the simplified PMT model. When the

PMTs are immersed in liquid scintillator, both the reflectance
and absorbance of photocathode are enhanced, because of
effects of the total internal reflections. Since the new model
can reasonably manage these effects, it indicates a significant
contribution to the light yield in a liquid scintillator detector
from these two effects. In general, the new model predicts a
20–30% increase in light yield compared with the simplified
one, which is consistent with the experimental observations.
However, this estimation is relatively rough because the result
should also be correlated with the properties of the liquid
scintillator, such as its attenuation length and re-emission
probability. Geometries of liquid scintillator detectors may
also affect the AOI distribution at the photocathode. A full
Monte Carlo study is recommended to describe a specific
liquid scintillator detector.

6 Conclusion

A reliable and accurate PMT optical model is critical to cor-
rectly describe the angular and spectral responses of the PDE
in a PMT working medium in many applications. In this
study, we proposed a new PMT optical model to manage
both light interactions with the PMT window and optical
processes occurring inside PMTs. Due to the internal opti-
cal processes, the PDE could be contributed to by multiple
other positions on the photocathode in addition to the inci-
dent position. The new model builds a relationship between
the PDE and the underlying processes that the PDE relies on,
including light absorption of photocathode, escape probabil-
ity of photoelectrons, collection efficiency and light trans-
portation inside the PMT. The light absorption coefficient of
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Fig. 10 Input parameters of the
toy Monte Carlo simulation

(a) LS emission spectrum (b) AOI distribution at photocathode

(c) Typical QE curve (d) Reflectance and absorbance at 420 nm

photocathode can be calculated based on the optics theory
and the known optical parameters of ARC, photocathode,
PMT glass and external media. The escape probability of
photoelectrons and collection efficiency are considered as
a product (called F factor) in the model. The F factor at
one position on the photocathode can be interpolated with
the values of F at a few reference positions for the case of
non-uniform photocathode. The optical processes inside the
PMT determine the number of positions contributed to the
PDE and their weight coefficients. They can be reasonably
handled by the Monte Carlo simulation with a detailed PMT
geometry model. Both the F factors and weight coefficients
can be determined together by combining the information of
the PDE measured at these reference positions and Monte
Carlo simulation of the optical processes inside the PMT.
A complete procedure has been established to demonstrate
the methods used to obtain the key optical parameters in
the model using the two 20′′ MCP-PMTs from NNVT and
one 20′′ dynode PMT from Hamamatsu. In this process, the
refractive indices, extinction coefficients and thicknesses of
the ARC and photocathode are extracted by fitting the angu-
lar response of reflectance in LAB at wavelengths between
390 and 500 nm for the three 20′′ PMTs. Fitted results show
that the optical properties of the ARC and photocathode of
the three PMTs are significantly different, which indicates
that they use different ARC materials or technologies dur-

Table 2 Contribution of PDE angular response and reflection on pho-
tocathode to light yield

Effect PMT type

Hamamatsu
(%)

NNVT
normal-QE (%)

NNVT
high-QE
(%)

PDE angular response 11.8 16.0 8.9

Reflection 9.5 14.0 20.3

Total 21.3 30.0 29.2

ing PMT fabrication. The remaining key parameters in the
model, such as the reflectivity of inner structures and escape
factors, are well constrained by the collected QE data. Results
show that the new PMT model can reproduce the angular
response of QE with good precision for most angles, even
for fine structures in the spectra. The discrepancy around
30◦ is caused by the overlap region between the photocath-
ode and the aluminum film, nevertheless, its impacts on PDE
can be mitigated due to low CE in this region.

We also performed a toy Monte Carlo study to estimate
the light yield of a liquid scintillator detector with a simple
configuration. Using the parameters obtained in this study,
the new PMT optical model predicts 20% to 30% more light
yield than the simplified PMT model, which assumes that the
light hit on PMTs is 100% absorbed and converted to free
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photoelectrons by simply applying PMT’s QE. The level of
light yield excess is similar to that observed in various liquid
scintillator-based neutrino detectors. These results imply that
the fundamental reason for this excess is caused by imperfect
PMT optical models in their detector simulations.

In most applications, PMTs are characterized in air, how-
ever, they may eventually be operated in other media. As dis-
cussed above, the PDE evaluated in air does not represent the
PMT’s PDE in other external media. The proposed new PMT
model can naturally convert the PDE from one medium to
another by simply changing the optical parameters of external
media. Finally, we demonstrated the performance of the new
PMT model using three 20′′ PMTs and relevant characteriza-
tions performed in laboratory experiments. However, more
studies will be required to validate this model for other types
of PMTs, and more efforts are required to build a model for
large photodetector systems in which the variations among
PMTs must be considered.
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