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these devices, particularly in contexts where precise manip-
ulation of light properties is crucial.

Current theories on integrating cavities are fundamen-
tally based on the assumption that any point on the cavity’s 
inner wall can be treated as an ideal Lambertian reflector 
[8–10]. This is crucial for the formation of a uniform light 
field (ULF) inside the cavity, characterized by the emission 
of light with equal intensity in all directions from any point 
within, following the first reflection of the incident light. 
This assumption has been validated through steady-state 
experiments and found to be applicable to various cavity 
shapes, including spheres, cubes, and cylinders [11–14]. 
However, recent research by Zhou et al. [15] revealed that, 
due to the actual inner wall of the cavity not being an ideal 
Lambertian scatterer, the light does not immediately form a 
ULF after the first reflection. Instead, a brief non-uniform 
light field (NULF) phase precedes the ULF.  This NULF 
phase refers to the transient light field existing from the 
moment a light pulse is injected until the radiance becomes 
uniform at all points and from all directions within the cav-
ity. The duration of this phase increases with the additional 
port fraction, a finding that challenges the ULF assumption 
pervasive in existing theories.

A clear understanding of the NULF is not merely of 
theoretical interest; it has significant practical implications, 
particularly in applications requiring high temporal resolu-
tion. For instance, when an integrating cavity is used for 

1  Introduction

An integrating cavity is fundamentally an enclosure whose 
inner surface is either made of or coated with a highly 
reflective, diffuse scattering material [1]. Serving as a ver-
satile tool in optical laboratories, it excels in collecting and 
diffusing incident light, thereby facilitating a myriad of 
applications. These range from measuring the reflectance 
and transmittance of scattering materials [2, 3] to detecting 
weak absorption signals [4, 5], and acting as uniform light 
sources for imaging optics [6, 7]. Therefore, exploring the 
interaction mechanisms between light and integrating cavi-
ties is crucial for advancing the precision and efficacy of 
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Abstract
In this study, we investigate the light propagation characteristics within an integrating cavity, focusing on the transition 
from a non-uniform light field (NULF) to a uniform light field (ULF). We challenge the conventional assumption in inte-
grating cavity theory that postulates the immediate establishment of a ULF upon light entry. Employing both experimental 
and simulation approaches, we derive the time constant of the integrating cavity under ULF conditions and measure the 
cavity’s transient and steady-state responses. Our findings reveal that while a brief NULF phase precedes the ULF, the 
total radiant flux within the cavity adheres to the ULF propagation law from the onset. This study demonstrates that the 
NULF can be treated as an approximation of the ULF in terms of total radiant flux variation within an integrating cavity. 
Our study not only provides empirical validation for integrating cavity theories based on the ULF assumption but also 
presents compelling evidence of their efficacy in cavities with diverse geometries.
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time-resolved spectroscopy, fluorescence lifetime measure-
ments, or the impulse response characterization of high-
speed photodetectors, the initial portion of the measured 
output signal is inherently dominated by the NULF. With-
out a proper physical model, researchers might misinterpret 
this complex initial signal—with its fast rise and varying 
shape—as an artifact or a feature of the system under test, 
leading to inaccurate conclusions.

In this study, we delve into the genesis of the NULF and 
its possible impact on the integrating cavity theory based 
on the ULF assumption. We derive the time constant of the 
cavity under ULF conditions and measure both the steady-
state and transient responses of the cavity. Through compar-
ative analysis of the effective optical path length (EOPL), 
we identify the appropriate methodology for calculating the 
time constant. Finally, we simulate the light propagation 
process within the integrating cavity, extracting the total 
radiant flux as a function of time based on the simulation 
results.

2  Theory

The transition from a NULF to a ULF within an integrat-
ing cavity fundamentally refers to the gradual shift from an 
uneven to an even spatial distribution of the light field over 
time. To investigate the nature of the NULF and its potential 
impact on the cavity theory based on a ULF, we first derive 
the time constant of the integrating cavity under ULF condi-
tions. It is posited that when light enters through the cavity’s 
entrance aperture, a ULF is established following N  reflec-
tions. We designate the moment the ULF forms in the cavity 
as t = 0, with the radiant flux in the cavity being Φ at this 
instant. During the time span t = 0 to τ , the light undergoes 
an average of R reflections inside the cavity. Here, τ  is the 
time constant of the cavity and can be expressed as [16]:

τ = Rt = R
Lave

c
� (1)

where t is the average time between successive reflec-
tions, Lave is the single-pass average path length, equal to 
4V/S, with V  representing the volume and S the inner sur-
face area of the cavity. c is the speed of light. To ascertain 
R in Eq. (1), we look at how the remaining radiant flux in 
the cavity varies with time. After the ULF is formed in the 
cavity, at the first reflection, the radiant flux in the cavity 
becomes [ρ(1 − f)]Φ. ρ is the diffuse reflectance of the cav-
ity wall, and f  is the total port fraction. After R reflections, 
the radiant flux remaining in the cavity is [ρ(1 − f)]RΦ. 
By definition, the time constant τ  is the time required for 
the radiant flux to decrease to Φ/e. For a highly reflective 
integrating cavity with small apertures, the approximations 
f ≈ 0 and ρ ≈ 1 are reasonable. Under these conditions, the 
time constant can be derived as [17–19]:

τ = ρ

1 − ρ(1 − f)
Lave

c
= M

Lave

c
= Leff

c
,� (2)

where Leff  denotes the EOPL of the cavity. To interpret 
Eq. (2) in terms of EOPL, we can rewrite it as:

Leff = τc.� (3)

According to Eq. (3), the EOPL can be determined by multi-
plying the time constant by the speed of light. However, this 
formula is strictly applicable only when the cavity manifests 
as a ULF and does not account for the effects of NULF, 
that is, the initial N  reflections leading to the formation of 
the ULF. If NULF effects are included, the calculated time 
constant could differ. To ascertain whether the influence of 
NULF should be considered in calculating the time constant, 
we conducted experiments to measure both the transient and 
steady-state response of the integrating cavity, as elaborated 
in the following sections.

3  Experiments

A schematic of the experimental setup used for temporal 
response measurements of an integrating cavity is illus-
trated in Fig. 1. An integrating cube with a side length of 
8  cm was employed. The inner surface of the cavity was 
coated with a barium sulfate-based coating Avian-D [20] 
supplied by Avian Technologies. A specially designed mov-
able lid was implemented to generate a continuously adjust-
able additional port fraction. A 405 nm picosecond pulsed 
laser (NKT Photonics-Superk Extreme) with a FWHM of 
0.7 ns was utilized as the light source. The output pulse was Fig. 1  Schematic of the experimental setup for temporal response mea-

surements of a cubic cavity
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captured by a photon counter (Becker and Hickl GmbH, 
PMC-100-1). Throughout the temporal response measure-
ment, the movable lid remained closed, signifying that 
f = f0. Here, f0 is the initial port fraction, defined as the 
sum of all the initial port areas divided by the total internal 
surface area of the cavity.

Typically, the intensity of the output pulse is significantly 
lower than that of the input pulse. However, as the absolute 
value of the pulse is not crucial to this study, both the input 
and output pulses are normalized to facilitate comparison, 
as illustrated in Fig. 2. Analysis of the integrating cavity’s 
output pulse curve provides a direct method for identifying 
the NULF and quantifying its duration. The principle is that 
the NULF phase precedes the establishment of the ULF, the 
latter of which is characterized by a pure exponential decay. 
Therefore, by fitting an exponential function to the decay-
ing tail of the measured pulse, as shown in Fig. 2, we can 
identify the onset of the ULF phase. The entire time inter-
val before this point, from the initial light injection until the 
start of the exponential decay, is consequently defined as the 

NULF. The inset demonstrates the results on a natural loga-
rithm (ln) ordinate, revealing a linear decay of the output 
radiant flux. Notably, after the input pulse enters the cavity, 
it takes some time for a ULF exhibiting exponential decay 
to establish itself. In this initial phase, the light field inside 
the cavity remains non-uniform. Regarding the trailing edge 
of the output pulse, which aligns with the ULF, τ  is deter-
mined either by fitting the trailing edge of the output pulse 
or by employing the subsequent formula:

τ =
´∞

0 tI(t)dt´∞
0 I(t)dt

,� (4)

Here, I(t) denotes the cavity’s emitted light intensity, where 
I  is a function of time t. Considering only a ULF, Eq. (3) 
yields τ = 2.2(1) ns and Leff = 66(3)  cm. However, 
incorporating the NULF in the cavity as per Eq.  (4), we 
obtain τ = 3.7(1) ns and Leff = 111(3) cm. This indicates 
a notable difference when employing these two methods. 
To ascertain which method is accurate, we employed an 
alternative, validated method proposed by Sun to calculate 
the EOPL of the integrating cavity. This technique involves 
measuring the cavity’s steady-state response under varied 
port fractions. The EOPL is determined using the following 
relationship [21]:

Leff = L0 + Lave

1/ρ − (1 − f0)
.� (5)

Here, L0 is additional path length which depends on the 
specific launch and delaunch conditions [22]. According 
to Eq. (5), determining Leff  requires knowledge of all the 
four quantities on the right side of Eq.  (5). Therefore, the 
approach begins with measuring the cavity’s output radiant 
flux under various conditions of additional port fraction. 
These measurements are then subjected to curve fitting to 
derive the values of f0 and ρ. Subsequently, by inputting the 
additional path length L0 and the single-pass average path 
length Lave into Eq. (5), we can compute Leff . The experi-
mental setup and the resulting measurements are presented 
in Figs. 3 and 4.

Figure  3 illustrates the experimental arrangement for 
measuring the steady-state response of a cubic cavity. Due 
to the variation in the EOPL of the integrating cavity with 
wavelength, a laser diode (Nichia, NDHV210, 120mW) 
with a wavelength of 405  nm was employed as the light 
source in steady-state experiments to determine the EOPL 
of the cavity at 405 nm. To maintain a consistent laser out-
put, we mounted the diode on a thermoelectrically-cooled 
base (Thorlabs, TCLDM9). We regulated the temperature 
and current of the laser diode using a temperature control-
ler (Thorlabs, TED 200C, − 45 °C to + 145 °C, ± 0.01 °C) 

Fig. 3  Schematic of the experimental setup for measuring the steady-
state response of a cubic cavity

 

Fig. 2  Temporal response curve of a cubic cavity for f = f0
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exponential fit in Fig. 2, is 0.12 ns. According to Eq. (3) and 
basic error propagation, this results in a relative uncertainty 
of 5.5% in Leff  due to the time constant.

4  Results and discussion

Our analysis begins with the experimental results shown 
in Fig.  2, which provide direct evidence for the anisotro-
pic nature of the NULF. The fundamental principle of an 
integrating cavity is that a fully established ULF is, by 
definition, isotropic. This means its decay, observed from 
any direction, must follow a pure exponential law, which is 
represented by the black fitting curve in our analysis. Our 
experimental measurement, however, is inherently direc-
tional, capturing the flux from a single port. The measured 
signal (the red curve) clearly deviates from the ideal iso-
tropic model during its initial phase. This deviation is the 
definitive experimental proof of the NULF’s anisotropy. It 
is not a potential effect, but a direct observation. The origin 
of this anisotropy is the physical process of the light field’s 
evolution, and its quantification is captured by the shape and 
magnitude of this difference between our directional mea-
surement and the theoretical isotropic decay.

The anisotropy observed in our experiment raises a fun-
damental question: does the total radiant flux, integrated 
over the entire cavity, still follow a simple exponential 
decay even during the NULF phase? A direct experimental 
answer is challenging, as any single detector provides only 
a directional view. To overcome this limitation and directly 
investigate this central question, we leveraged finite element 
analysis using COMSOL Multiphysics. This simulation was 
designed not merely to model the process, but to calculate 
the true total radiant flux, independent of direction. We 
modeled a cubic integrating cavity with a 12 cm side length. 
Upon the first reflection of the incident light off the cavity 
walls, 100,000 diffuse rays in various directions were gener-
ated, simulating multiple diffuse reflections within the cav-
ity. Rays impacting the input and output apertures ceased 
to reflect, their energy thus excluded from the cavity’s total 
radiant flux. The simulation continued until the total radiant 
flux decayed to a predetermined level. MATLAB was uti-
lized to process the raw simulation data, producing a time-
dependent curve of the cavity’s total radiant flux, as shown 
in Fig. 5.

The simulation results presented in Fig. 5 are unequivo-
cal. They demonstrate a near-perfect exponential decay 
of the total energy from the moment of light injection 
(R2 = 0.9998). This finding provides the definitive answer to 
our question. By comparing the complex, directional sig-
nal from our experiment (Fig. 2) with the simple, total flux 
signal from our simulation (Fig. 5), we can now decisively 

and a current controller (Thorlabs, LDC 205C, 0–500 mA, 
± 0.1 mA), respectively. The emitted light was captured by 
a PMT (Zolix Instruments, CR131) and transformed into 
a digital signal through a data acquisition system (Zolix 
Instruments, DCS103). During experiments, we introduced 
an adjustable additional port fraction fx by manipulating the 
movable lid of the cavity, as depicted in Fig.  3. We then 
recorded the output radiant flux at various fx values, with 
the measurement results presented in Fig. 4.

As demonstrated in Fig. 4, the cavity’s output radiant flux 
is observed to decrease with an increase in the additional 
port fraction, fx. This reduction is attributed to the escape 
of more light through the added aperture as fx increases, 
leading to a weakened internal light field within the cavity 
and consequently diminishing the light intensity detected 
by the sensor [23]. By employing the formula in Fig. 4 to 
fit the data points, we determined the values of the fitting 
parameters ρ and f0 to be 0.9610 and 0.039, respectively. 
Considering the additional path length L0 and the single-
pass average path length Lave, the EOPL of the cavity is 
calculated to be 67.0(8) cm. This value is in close agreement 
with the EOPL derived solely from ULF considerations, 
validating the use of ULF for calculating the time constant 
based on the cavity’s temporal response. A discrepancy of 
1 cm in the EOPL values obtained from time-resolved spec-
troscopy and the method proposed by Sun is observed. This 
discrepancy is primarily attributable to two sources of error: 
uncertainties in the cavity dimensions and in the time con-
stant measurement. Dimensional inaccuracies in the cavity, 
affecting Lave, arise due to variability in cutting and assem-
bly processes of the cavity, contributing to an estimated 
1 mm uncertainty in the cavity’s side length. This leads to 
a relative uncertainty of 1.25% in Leff , as per Eq. (3) and 
basic error propagation principles. The uncertainty in the 
time constant, determined from standard error values of the 

Fig. 4  Steady-state response of a cubic cavity when f = f0 + fx
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approximations, are still effectively described by ULF-
based theories. This insight paves the way for a more uni-
versally applicable theory of integrating cavities, based on 
the assumption of a ULF.

5  Conclusions

In summary, our research on integrating cavities provides 
a refined understanding of the light propagation process 
within these optical components. The primary discovery of 
a transient NULF phase that precedes the establishment of 
a ULF adds depth to the existing theory of integrating cavi-
ties. Despite the initial non-uniformity, the overall radiant 
flux decay within the cavity conforms to the ULF propaga-
tion law, suggesting that the impact of NULF on the time 
constant calculations is negligible. This insight aligns with 
our experimental observations and is further corroborated 
by simulation results. Consequently, integrating cavity 
theories, especially those assuming a ULF, remain robust 
and applicable even in the presence of an initial NULF. The 
findings from this study have significant implications for 
the design and application of integrating cavities in opti-
cal measurements, broadening the potential for their use in 
specialized areas such as diffuse reflectance spectroscopy 
and photometric calibration, where nuanced control of light 
behavior is essential.
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