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Absorption spectroscopy has long been hailed as an absolute necessity for detecting the properties
of complex chemical and biological samples. While conventional spectroscopy using classical light is
severely limited by shot noise and lacks robustness against experimental imperfections, quantum light
offers an avenue to perform absorption spectroscopy with provable advantages in the technical operations
and the measurement precision. Here, we present an experimental approach to implement entanglement-
based absorption spectroscopy with the assistance of Hong-Ou-Mandel interference. Since the temporal
interference fringe is determined by the spectrum pattern, a maximum-likelihood decision is sufficient
for revealing the relevant quantum information about the absorptive properties of the test samples. These
experimental results may significantly facilitate the use of quantum interferometric spectroscopy to practi-
cal applications, which may be particularly relevant for photon-sensitive biological and chemical samples.
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I. INTRODUCTION

Absorption spectroscopy is routinely used to charac-
terize the optical properties of materials and of chemical
and biological samples [1–4]. Typically, the absorption
spectroscopy of a sample is obtained by comparing the
spectrum and intensity of the incident light and those of
the transmitted light after the interaction with the target
sample. Notably, the exploitation of an optical frequency
comb—that is, a broad spectrum composed of equidistant
narrow lines—enables alternative approaches for spec-
troscopy over broad spectral bandwidths. Additionally,
the performance of a variety of existing spectrometers
can be dramatically enhanced by using this optical fre-
quency comb [5–7]. However, even for state-of-the-art
laser absorption spectroscopy, the measurement precision
is theoretically limited by shot noise due to the fun-
damental Poisson distribution of the photon number in
laser radiation [8,9]. In practice, the shot-noise limit can
only be achieved when all other sources of noise—for
example, noise arising from the probe itself, from an
imperfect environment, and from optical effects on the
samples—are completely eliminated. Thus, how to per-
form absorption spectroscopy with high precision even
in the presence of detrimental noise is still a formidable
challenge.

*chenyy@xmu.edu.cn
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In recent decades, quantum sensing and metrology has
aroused great interest in the applications of positioning,
timing, and mostly prominently the Laser Interferome-
ter Gravitational Wave Observatory [10–13]. In contrast
to classical resources, quantum sensing harnesses non-
classical resources to substantially achieve the quantum
advantages in the robustness against practical nonideal-
ities and the measurement precision and accuracy [14].
Wavelength-correlated and tunable photon pairs have been
used to perform absorption spectroscopy with precision
near the ultimate quantum limit, which indicates that single
photons are the optimal probe for absorption measurement
[15,16]. In a conventional scheme, single photons in a sig-
nal or idler path are directly interacted with absorptive
samples. Then, at the output of the experimental setup,
the photons from each path are coupled into multimode
fibers and sent through to avalanche-photodiode single-
photon detectors with coincidence logic. According to the
reduced intensity with respect to the incident light with-
out interaction with the test samples, it is possible to
deduce the absorptive ratio of the samples at the wave-
length of the signal or idler photons. As the excess noise
and the thermal loss channel can influence the transmission
ratio, this method is susceptible to experimental imper-
fection, with the result that the precision and resolution
of this absorption spectroscopy scheme are significantly
limited. There has been a broad consensus that single
photons with narrower-frequency bandwidths enable us
to obtain a higher spectral resolution. Nevertheless, the
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generation of spectrally narrow photons would reduce the
pair-generation rate, which inversely imposes the ultimate
limit on the precision [17,18]. To tackle this issue, Shi
et al. have proposed a well-designed theoretical system
that exploits entanglement to probe the absorption spec-
tra, where an optical parametric amplifier (OPA) is applied
on the returned entangled photon pairs [19]. However,
the complexity and efficiency aspects of the experimental
implementation of OPA still face significant technological
challenges.

Quantum interference of entangled photons has engen-
dered tremendous intriguing phenomena that lack any
counterpart in classical physics [20]. Hitherto, owing to
the salient properties of quantum optics, quantum inter-
ference have been widely studied and provides useful
tools for ultrasensitive quantum metrology [13,21]. Hong-
Ou-Mandel (HOM) interference, the fact that identical
photons that arrive simultaneously at different input ports
of a beam splitter bunch into a common output port, is
a prototypical example of such a quantum phenomenon
[22]. Since the quantum interference fringes are directly
related to the level of indistinguishability of the photon,
the HOM interferometer has been widely used in appli-
cations of quantum metrology [23–25]; in particular, for
those photon-sensitive biological and chemical samples
[1,9,26]. This leads to a question of the utmost importance:
Is it possible to implement absorption spectroscopy with
the assistance of HOM interference? In other words, how
can we construct a quantum interferometric spectrometer
based on quantum interference patterns [27]?

Here, we embark on an alternative route toward robust
and precise entanglement-based absorption spectroscopy.
We use one of the entangled photons to interact with
the target absorptive sample and exploit the HOM inter-
ference on the detection side. The resultant interference
fringes observed by the twofold coincidences between two
output ports of the HOM interferometer reveal the non-
classical frequency beating signals. Then, we perform a
maximum-likelihood decision on the measurement results
to retrieve the absorptive spectra. Backed by the results
of our proof-of-concept experiment, this shows that our
approach can implement quantum interferometric spec-
troscopy. As a result of the inherent stability of the HOM
interferometer even in the presence of fluctuations of path-
length difference that are on the order of the wavelength,
this approach has the potential to achieve the provable
quantum advantages over the optimum classical systems.

Beyond its appeal for applications, our approach
indicates the fundamental link between the spectral and
temporal degrees of freedom of the biphoton wave func-
tion. Apart from the entanglement-based absorption spec-
troscopy presented in this work, this approach may also
have potential applications in spectral-domain quantum
optical coherence tomography, which can achieve great
advantages in measurement resolution and capture time

[28]. Furthermore, we also believe that this connection
can provide additional tools, e.g., interferometric three-
dimensional tomography [29], ultimately broadening the
path toward practical quantum information processing and
quantum interferometric metrology.

II. THEORETICAL SCHEME

Let us now consider an experimental configuration as
shown in Fig. 1. A diode laser pumps the nonlinear optical
crystals, phase-matched for collinear type-0 spontaneous
parametric down-conversion (SPDC). A half-wave plate
(HWP) in the pump beam is used to set a diagonal polar-
ization state, such that two mutually orthogonally oriented
nonlinear crystals are pumped equally. This generates pairs
of parallel-polarized photons |HH 〉 in the first crystal and
|VV〉 in the second crystal in the identical spatial mode
[17,30]. Rotating the polarization of the down-converted
photons to the diagonal and antidiagonal directions and
setting the relative phase φ = π , the resultant state reads
as follows:

(|AA〉 − |DD〉)/
√

2 = (|HV〉 + |HV〉)/
√

2. (1)

Subsequently, the photons within a pair are deterministi-
cally separated into two distinct spatial modes by using a
polarizing beam splitter (PBS). The photon pairs are gen-
erated in a low-gain-parameter regime of SPDC and so are
modeled as color entanglement:

|�〉 =
∑

mn

Amn(ωmωn + ωnωm), (2)

where the correlated frequencies satisfy the energy-
conservation principle as ωm + ωn = ωp and Amn denotes
the probability amplitude for each pair of frequency-bin
entanglement in a two-dimensional subspace.

The signal photons then pass through a translation stage,
which can be tuned to introduce a relative time delay τ . As
an absorptive sample is placed in the idler path, the idler
photons interact with this target absorptive sample and this
results in a scraggly spectral distribution. Correspondingly,
the joint spectral intensity of the biphoton wave function is
changed, followed by the transformation of the frequency-
bin entanglement as

|�〉 →
∑

mn

Amn(Xmωmωn + Xnωnωm), (3)

where Xm and Xn are target parameters for absorption spec-
troscopy. These pairs of photons are incident on a balanced
beam splitter from opposite input ports, which constitutes
a HOM interferometer. The time delay between the time
of arrival of the photons on the balanced beam splitter
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FIG. 1. A diagram of absorption spectroscopy assisted by Hong-Ou-Mandel interference: HWP, half-wave plate; TEC, temperature
controller; PPKTP, periodically poled potassium titanyl phosphate crystal; LP, long-pass filter; PBS, polarizing beam splitter; BS,
balanced beam splitter; D1/2, single-photon detector; &, electronic AND gate. The inset in the entanglement source part illustrates the
horizontally and vertically orientated crystals, which ensure that the incident diagonally polarized photons can pump these two crystals
with equal probability.

would introduce a wavelength-dependent phase shift in the
entangled state as follows:

|�〉 →
∑

mn

Amn(Xmωmωn + ei�ωmnτ Xnωnωm), (4)

where �ωmn = |ωm − ωn| is the frequency detuning of two
well-separated frequency-entangled bins.

The nonclassical frequency beating can be identified by
scanning the arrival times of the signal photons and the
corresponding interference fringes can be observed in the
twofold coincidences between the two output ports of the
beam splitter. It has been presented in our recent work
[31] that the interference pattern can be interpreted as
the combination of the spatial beatings resulting from the
coherent superposition of multiple pairs of frequency-bin-
entangled photons. In analogy to interference probability
for two-dimensional frequency entanglement [32], we can
rewrite

P(τ ) =
∑

mn

Amn

4

[
X 2

m + X 2
n

+2 min(X 2
m , X 2

n ) cos(�ωmnτ + ϕ)

(
1 −

∣∣∣∣
2τ

τc

∣∣∣∣

)]
,

(5)

where τc is the single-photon coherence time, which equals
the base-to-base envelope width, and ϕ is a phase off-
set. This indicates that discrete frequency entanglement
manifests itself in sinusoidal oscillations of the interfer-
ence fringes within a Gaussian envelope as a function
of the relative time delay. Since the oscillation period in
the interference pattern is determined by the frequency
detuning �ωmn, we can obtain the estimators of the prob-
ability amplitude parameters Xm and Xn by directly using
nonlinear curve fitting. For an instructive means of under-
standing, this approach can be considered as a quantum

version of spectrum analysis, which decomposes the com-
plex periodic vibration into a series of simple harmonic
motions as shown in Fig. 2.

However, the single measurement of a HOM interfer-
ence fringe can only offer two values, A1 and A2 (A1 < A2),
for Xm or Xn but cannot indicate which value is for Xm
and which is for Xn. To tackle this issue, we need a ref-
erence sample, the spectral absorptive factors Ym and Yn
of which are already known. We place this known sample
into the idler path and scan the arrival time of the signal
photons again to obtain a second interference fringe. By
the same token, we are allowed to obtain two values B1
and B2 (B1 < B2) for XmYm and XnYn. In the scenario of
Ym < Yn, if B1/B2 < A1/A2, then Xm = A1 and Xn = A2,
while if B1/B2 > A1/A2, then Xm = A2, and Xn = A1. Con-
versely, in the scenario of Ym > Yn, if B1/B2 < A1/A2,
then Xm = A2 and Xn = A1, while if B1/B2 > A1/A2, then
Xm = A1 and Xn = A2.

While a Fourier transform on the HOM interference
fringe may also reveal the spectral pattern [27], maximum-
likelihood estimation (MLE) based on nonlinear curve
fitting enables us to adaptively modulate the statistical
model based on the practical experimental setup. This
would further enhance the measurement precision of our
method even in the presence of detrimental experimen-
tal imperfections. The MLE procedure used in this work
is analogous to robust high-dimensional quantum state
tomography [33,34]. Specifically, in each iteration, our
algorithm predicts the HOM interference pattern as shown
in Eq. (5) by taking a random quantum state |σ 〉 as the
input and measures the overlap between its theoretical
simulation and the experimental results. Starting from a
current estimate |σk〉, we use a self-guided tomography that
chooses one random direction and update the estimate state
as |�〉 = |σk + βk〉, where |βk〉 represents the length of
each step. After all iterations, we select the estimated state
that has the maximum overlap between its theoretically
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(a) (b)

FIG. 2. Spectral analysis can decompose the HOM interference fringes into a series of simple quantum beat notes of two-dimensional
frequency-bin entanglement with various frequency detunings. A theoretical simulation of HOM interference that is parametrized by
five frequency detunings with (a) equal and (b) unequal probability amplitudes.

simulated interference pattern and the experimentally mea-
sured results. This method enables us to find the optimal
estimator in the whole Hilbert space, even in the presence
of detrimental noise. In contrast to direct Fourier trans-
form, this MLE allows us to take experimental nonideality
into the analysis of a statistical module, the target of which,
in brief, is to search for the optimal estimator rather than
the direct observation. Consequently, this MLE also offers
great advantages in our absorption spectroscopy, as it has
already achieved in the performance of phase measurement
and state tomography [33–36].

III. EXPERIMENTAL IMPLEMENTATION

In our experimental realization (see Fig. 1), a pair of
5-mm-long type-0 periodically poled potassium titanyl
phosphate (PPKTP) crystals are placed along the hori-
zontal and vertical directions and pumped with a 405-nm
continuous-wave grating-stabilized laser diode. They pro-
vide type-0 collinear phase matching with the pump (p),
signal (s), and idler (i) photons at center wavelengths of
λp ≈ 405 nm and λs,i ≈ 810 nm at a temperature of 21 ◦C.
By superimposing the down-converted photons emitted
from both crystals according to Eq. (1), they are sorted into
distinct spatial modes deterministically by using a PBS.
Since leaked pump photons would degrade the precision of
our estimator and could lead to overexposure of the sam-
ple from unwanted wavelengths, the residual pump light is
filtered out by using a long-pass filter. We also verify that
these optics enable us to remove the pump photons through
a single-photon-sensitive spectrometer. A HWP is placed
in the signal path to eliminate the polarization distinguisha-
bility and a band-pass filter is utilized to adjust the spectral
bandwidth of the generated entangled state. To explore the
nonclassical beating of frequency entanglement in HOM
interference, spatial interference can be observed by scan-
ning the time of arrival of the photons that are incident

on the balanced beam splitter. Finally, the down-converted
photons are detected by silicon avalanche-photon diodes
and twofold events are identified using a fast electronic
AND gate when two photons arrive at the detectors within
a coincidence window of approximately 1 ns.

In a proof-of-principle experiment, we begin with exper-
imental reconstruction of the absorption spectroscopy of
two optical microcavities, the resonance wavelengths of
which are at 806 nm and 810 nm, respectively. The micro-
cavities consist of a half-wavelength cavity layer (SiO2)
sandwiched by two distributed Bragg reflectors (DBRs; six
pairs of SiO2/Si3N4). We place these two target samples
in the idler path such that they can interact with the idler
photons. The observed HOM interference patterns with
subtraction of accidental coincidences versus the arrival
time of the signal photons are shown in Figs. 3(a)–3(c),
where the interference fringes of the subentanglement
extracted by fitting the experimental data to Eq. (5) are also
described. Specifically, as the frequency bandwidth of the
initial down-converted photons is approximately 34 nm,
these spectra are sampled by averaging them within each
of m = 13 frequency bins. According to strict energy con-
servation, as a direct result of the exploitation of the pump
with an ultranarrow frequency line width, the target param-
eters to be estimated are the probability amplitudes of
seven pairs of subentanglement with frequency detunings
μ = 0 THz, μ = 3.2 THz, μ = 6.5 THz, μ = 9.7 THz,
μ = 12.9 THz, μ = 16.2 THz, and μ = 19.4 THz. By
following the MLE as presented in Sec. II, we calculate
the overlap between the theoretically simulated interfer-
ence pattern from Eq. (5) and the experimentally measured
results and choose the quantum state that has the maximal
overlap as the optimal estimator. Thus, curve fitting of the
experimental results to Eq. (5) reveals the corresponding
parameters in the high-dimensional state space, enabling
us to obtain the probability amplitudes that are directly
related to the absorption spectroscopy. Figures 3(d)–3(f)
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FIG. 3. Experimental results of absorption spectroscopy with the assistance of HOM interference. The experimentally observed
HOM interference patterns (a) without an absorptive sample and (b),(c) with absorptive samples at a resonance wavelength of (b)
806 nm and (c) 810 nm (see the black dots), where the red lines represent the fitting curves. The error bars represent the standard
deviation of the experimental results estimated by statistical methods assuming a Poisson distribution. The colored lines represent
the interference patterns of subentanglement with various frequency detunings. Since the whole spectra are sampled by averaging
them within each of m = 13 frequency bins and they satisfy strict energy conservation as a direct result of the exploitation of a pump
with an ultranarrow frequency line width, seven pairs of subentanglement result, with frequency detunings μ = 0 THz, μ = 3.2 THz,
μ = 6.5 THz, μ = 9.7 THz, μ = 12.9 THz, μ = 16.2 THz, and μ = 19.4 THz. (d)–(f) The construction of the spectral distribution
(d) before the interaction with the absorptive sample and after the interaction with absorptive samples at resonance wavelengths of
(e) 806 nm and (f) 810 nm, where the black and red lines are experimental results observed by a single-photon spectrometer and the
estimation results are shown by blue data points.

show the reconstructed spectroscopy of single photons
after the interaction with absorptive samples (blue dots)
and the real spectral distributions observed by the single-
photon spectrometer are also demonstrated (black and
red lines). The experimental results obtained by using
our scheme agree well with the observations by using a
single-photon spectrometer, where slight deviations can be
attributed to imperfect experimental components and data
analysis.

Notably, as opposed to direct intensity measurement
based on a single-photon spectrometer or other inter-
ferometric approaches based on first-order interference,
HOM interference is unaffected by variations in the optical
phase. As a consequence, a HOM interferometer main-
tains its ability for precise metrology, even in the pres-
ence of fluctuations of path-length difference that are on
the order of the wavelength. This feature has resulted in
proposals for HOM-based sensors with an ultrahigh reso-
lution [23] and protocols such as quantum optical coher-
ence tomography that benefit from other quantum features
such as the cancellation of some deleterious dispersion
effect [24]. While this work confirms the viability of
entanglement-assisted absorption spectroscopy by HOM

interference, the inherent nature of the HOM interfer-
ometer has the potential to provide great advantages in
measurement resolution and precision.

IV. DISCUSSION

It has been shown in Ref. [19] that entanglement-
assisted absorption spectroscopy achieves a provable
quantum advantage in the discrimination of arbitrary
absorption patterns over all spectroscopic schemes based
on classical schemes. Likewise, we also consider two
simplified problems: absorption detection and peak posi-
tioning. As proved in the earlier work, the error probability
for absorption detection and the single-peak position of
entanglement-assisted absorption spectroscopy is given
by [19]

PE = Rm

[
1

1 + Ns(1 − √
κT)

]2M

, (6)

where Rm is a random error probability when a zero
count on the measurement operation occurs, Ns is the
average mean photon number per frequency mode, κT

014010-5



YUANYUAN CHEN et al. PHYS. REV. APPLIED 17, 014010 (2022)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

log
10

M

–30

–25

–20

–15

–10

–5

0

lo
g

10
(P

er
ro

r)

Classical bound
Absorption detection
Single-peak positioning
Entanglement-assisted

FIG. 4. The theoretical simulation of the error rate versus the
number of experimental trials, with parameters Ns = 1 and κT =
0.75.

represents the transmissivity, and M is the number of
independent trials needed to make a decision. The work
reported in Ref. [19] claims that entanglement-assisted
absorption spectroscopy has an exponential advantage
of � 2 exp[−MNs(1 − κT)] for absorption detection and
� 2 exp[−2MNs(κT − √

κT)] for single-peak positioning.
Figure 4 demonstrates the error rates versus number of the
probing modes with the practical parameters used in our
experimental setup. In a classical spectroscopy scheme,
the minimum error probability affecting the discrimina-
tion is inherently higher than the classical lower bound. In
contrast, the error rate of absorption spectroscopy assisted
by entanglement is obviously lower than the classical
lower bound, which proves that entanglement-assisted
absorption spectroscopy can offer an orders-of-magnitude
advantage in error probability in the discrimination of
sampled spectra even in the presence of experimental
nonidealities.

Next, we consider a concise yet instructive application
in the form of single-peak positioning. In a conventional
absorption spectroscopy scheme, the absorption factors
estimated from each single probe photon are distributed
across the bandwidth of the photon—this is a limiting
factor for both the resolution and precision of the mea-
sured spectra. If our scheme is applied to single-peak
positioning, the achievable resolution would depend on the
ultimate quantum limit of HOM interferometry. Once the
distinguishability caused by frequency detuning is observ-
able in the HOM interference pattern, we are able to
deduce the specific absorptive spectra. Let us first recall the
resolution of HOM interferometry on a biphoton beat note.
In the case of a real HOM interferometer, which is subject
to photon loss γ and imperfect experimental visibility α,
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FIG. 5. The resolution limit of absorption spectroscopy in the
scenarios of various photon loss rates. The coherence time τc =
1 ps and the experimental trials M = 105.

the corresponding probability distributions read

P2(�ω) = 1
2
(1 − γ )2

[
1 + α cos(�ωτ)e−2σ 2τ2

]
,

P1(�ω) = 1
2
(1 − γ )2

[
1 + 3γ

1 − γ
− α cos(�ωτ)e−2σ 2τ2

]
,

P0(�ω) = γ 2, (7)

where the subscripts 0, 1, and 2 denote the number of
detectors that click, corresponding to total loss, bunching,
and coincidence, respectively. For a more detailed discus-
sion, see Ref. [23,25]. An estimator of �ω is a function of
the experimental data that allows us to infer the value of
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FIG. 6. The resolution limit of absorption spectroscopy in the
scenarios of various coherence times. The photon loss rate is set
to be γ = 0.3 and in the experimental trials, M = 105.
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the unknown spectral positioning using a particular statis-
tical model for the probability distribution of measurement
outcomes. For any such estimator, the ultimate limit on
the precision is known as the Cramér-Rao bound in the
classical estimation theory, which states that the standard
deviation is lower bounded by

δωCR = 1
(MFω)1/2 , (8)

where M is the number of independent experimental trials,
and the Fisher information Fω reads

Fω = [∂�ωP2(�ω)]2

P2(�ω)
+ [∂�ωP1(�ω)]2

P1(�ω)
+ [∂�ωP0(�ω)]2

P0(�ω)
.

(9)

Figure 5 shows the theoretically predicted resolution of
absorption spectroscopy, wherein the resolution becomes
lower with respect to an increase in the photon loss. As
shown in Fig. 6, the resolution is enhanced as the single-
photon coherence time is increased. For example, this
method can provide an ultimate resolution of approxi-
mately 200 MHz for a coherence time of approximately
2 ps, a limit that satisfies the requirements of atomic
spectroscopy. We note that the theoretical simulation is
performed under the assumption of perfect measurement
and analysis of the HOM interference fringes. We also
note that the optimal probe is not at the position τ = 0 in
the presence of photon loss, which agrees well with the
theoretical prediction of HOM interferometry.

V. CONCLUSION

We demonstrate an approach to the implementation
of entanglement-based absorption spectroscopy with the
assistance of HOM interference, which has the potential to
provide advantages in the robustness against detrimental
noise and the measurement precision and accuracy. This
may be particularly relevant for photon-sensitive biolog-
ical and chemical samples. Additionally, this work indi-
cates a link between the spectral and temporal degrees
of freedom of the biphoton wave function. We believe
it can inspire more applications in quantum interferomet-
ric metrology, such as spectral-domain quantum optical
coherence tomography [37].

Although the test samples used in our proof-of-principle
experiment are relatively simple, the evaluation of these
remarkable advantages of entanglement-assisted absorp-
tion spectroscopy is also very interesting, in particular
for those complicated samples with hyperfine structures.
In order to satisfy the specific requirements for these
applications, the initial spectrum of down-converted pho-
tons should be sampled with a much narrower band-
width and thus the resolution is further enhanced. By

following our method, it is possible to extract the indi-
vidual probability amplitudes of frequency entanglement
and reconstruct the absorption spectrum based on statis-
tical analysis of the experimental results. However, it is
still necessary to emphasize that the HOM interference
pattern should be measured with a sufficiently small sam-
pling step, which inversely affects the discrimination of
the MLE algorithm. Besides, there are also several aspects
of our scheme that can be improved for greater perfor-
mance. (i) As demonstrated in Fig. 6, the generation of
photons with narrow bandwidths (long coherence times)
can further enhance the measurement precision, which
is part of the inherent nature of interferometric metrol-
ogy [23]. (ii) It is revealed in Eq. (8) that the measure-
ment resolution is inversely proportional to the number of
independent experimental trials [38]. Improvement of the
efficiency of the overall experimental system—for exam-
ple, by increasing the entangled-photon-pair generation
rate by using longer nonlinear crystals or increasing the
detection efficiency by replacing the avalanche photodi-
odes with number-resolving detection—can circumvent
this limit on the photon pair-production rate. (iii) Hong-
Ou-Mandel interferometry based on discrete frequency-
entangled states with a large nondegeneracy has the poten-
tial to enhance the resolution and precision of measurement
[25]. (iv) Increasing the accuracy of MLE by using opti-
mal algorithms—for example, neural networks and deep
learning—may enhance the performance of this absorption
spectroscopy [39].
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