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Modelocked Thermal Frequency Combs for Ultrashort
Chaotic Quantum Optics

Kentaro Wakui,* Yoshiaki Tsujimoto, Tadashi Kishimoto, Mikio Fujiwara, Masahide Sasaki,
Aruto Hosaka, Fumihiko Kannari, and Masahiro Takeoka

Modelocked thermal frequency combs (MTCs) are generated by employing
spectrally narrowed amplified spontaneous emission (ASE) seeded into an
electro-optic frequency comb generator. The MTC emits 2-ps duration
ultrashort pulses at a repetition rate of 10 GHz. Autocorrelation of the MTC
pulses confirms a reduced coherence time, 𝝉c = 213± 16 ps, aligning with
the narrowed bandwidth of the ASE seed. Intensity correlations of optically
gated MTC pulses at a repetition rate of 250 MHz reveal nearly ideal thermal
photon statistics with an experimental g(2)mtc = 1.9564± 0.0004, yielding an
intrinsic g(2)

int
= 1.9809± 0.0004 after background noise removal. As a

practical application, second harmonic generation (SHG) is performed
utilizing the optically gated MTC pulses as a pump and experimental intensity
correlations, g(2)

sh
, are examined for the SH photons. An entire transition in g(2)

sh
,

continuously changing from six to two by increasing the pump strength,
agrees with the single-mode analytical model. Furthermore, time-resolved
pulse height correlations allow to simultaneously acquire power variations in
SHG and third harmonic generation against the pump. With the maximum
peak intensity, I

p

1 ≈ 1.6 GW cm−2, realized in a periodically poled LiNbO3

waveguide for SHG, the demonstration highlights the potential for various
applications in chaotic quantum optics experiments that necessitate
ultrashort, high-intensity, single-spatiotemporal-mode thermal pulses.
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1. Introduction

Chaotic light has played a crucial role in a
wide range of applications, encompassing
laser chaos,[1] ghost imaging,[2] random
number generation,[3] laser ranging,[4]

and even reinforcement learning.[5] The
thermal bunching of photons characterizes
these light sources.[6,7] It has found use
in diverse demonstrations and assess-
ments in quantum optics experiments,
exemplified by two-photon absorption,[8]

quantum-dot nanolasers,[9,10] two-photon
excited fluorescence,[11,12] probing higher-
order intensity correlations,[13,14] mode
reconstruction,[15] multipath correlation
interferometry,[16] quantum-limited signal
discrimination,[17] microring resonators,[18]

and even trapped-ion single-photon
emitters.[19] Furthermore, such chaotic
photons exhibit enhanced bunching statis-
tics in their harmonics through wavelength
conversion.[20–22] Due to the multimode
nature of the pump, detailed multimode
analyses have typically been essential in
studying such harmonic photons.[21,23,24]

Among various methods, the rotating
ground glass[6] has been widely used for

the creation of pseudothermal light by a moving diffuser
(e.g.,[13–17]). These sources possess spatial multimode charac-
teristics, and the randomization rate is limited by the rotational
speed of the glass, typically up to the order of kHz. Alter-
natively, ideal thermal sources can include signal or idler
photons produced via spontaneous parametric down-conversion
(SPDC),[25,26] particularly those exhibiting comb structures en-
abled by optical cavities.[27–30] Nevertheless, SPDC photons are
inherently generated in multiple spectral Schmidt modes[31,32]

unless their frequency correlation is eliminated.[33–35] Addi-
tionally, it becomes necessary to enhance the pump intensity
to augment the intensity of SPDC photons for subsequent
nonlinear optical processes (e.g.,[12,21,22]). This enhancement,
however, comes at the cost of limited repetition rates, typically
up to the kHz range as well.
Amplified spontaneous emission (ASE) has shown thermal-

like photon statistics, extensively studied in the continuous wave
(CW) regime[36–38] and applied to second harmonic generation
(SHG).[39,40] Recently, theoretical simulation revealed the po-
tential of ASE to exhibit ideal thermal photon statistics,[41] and
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experimental advancements achieved ASE pulses with durations
in the order of 100 ps by self-pulsing[42] and those as short as
40 ps by optical gating utilized for SHG enhancement.[43] How-
ever, increasing peak intensities by shortening pulse durations
is essential to achieve greater nonlinearity in chaotic quantum
optics experiments. This has sparked a growing demand for
intrinsic thermal pulses approaching the femtosecond regime.
Remarkably, realizing such an ultrashort pulse source using
ASE has remained elusive despite ongoing efforts.
In this paper, we introduce modelocked thermal frequency

combs, hereinafter calledMTCs, which are created by harnessing
spectrally narrowed ASE to be seeded into an electro-optic (EO)
modulator-based frequency comb generator. TheMTC emits 2-ps
duration pulses at a repetition rate of 10 GHz. Our distinct setup,
with a separated narrowband-ASE-seeder and modelocker con-
figuration, enables the generation of intensity-chaotic yet phase-
synchronized frequency combs. These MTC pulses, built on a
telecom single-mode fiber system, are easily amplifiable to the
watt level by standard optical amplifiers and spatially focusable
to a spot size of a μm-order diameter in free space. Moreover,
our system can easily change the repetition rate, for example, re-
alizing 50 GHz,[44] at which each pulse is still time-resolvable
due to its short duration. These features can be utilized not
only for optical communications but for nonclassical photonics
in the telecom band (e.g.,[45–48]), where time-resolved pulse-to-
pulse measurements are required to create temporally single-
mode configurations.[49]

In our experiment, we diagnose the MTC pulses by auto-
correlation (AC), which reveals a remarkable distinction from
conventional modelocked pulses: The coherence time 𝜏c be-
tween adjacent MTC pulses is substantially reduced to 213 ±
16 ps, aligning with the narrowed bandwidth of the ASE seed.
Next, we reduce the repetition rate to 250 MHz by optical gat-
ing to match the pulse pair resolution, at the minimum of
312.5 ps (= 1∕3.2 GHz),[48] of our single-photon detection sys-
tem, and observe the experimental intensity correlations, re-
sulting in g(2)mtc = 1.9564 ± 0.0004, g(3)mtc = 5.63 ± 0.01, and g(4)mtc =
21.5 ± 0.4. These results yield intrinsic values of g(2)int = 1.9809 ±
0.0004, g(3)int = 5.77 ± 0.01, and g(4)int = 22.3 ± 0.4 after background
noise removal, showing nearly ideal thermal photon statistics.
As a practical application of MTC, we conduct SHG using the

optically gated MTC pulses as the pump light, which is focused
to a periodically poled LiNbO3 ridge waveguide (PPLN-WG)[50]

as a nonlinear crystal. Then we measure the intensity correla-
tion of the generated SH photons, g(2)sh , which continuously tran-
sitions from six to two by increasing the pump strength. The re-
sult agrees with our single-mode analytical model. Despite the
extensive history of quantum optics experiments involving ther-
mal light sources, this single-mode dependence has not been ex-
perimentally reported.
By attaining themaximumpeak intensity of I

p

1 ≈ 1.6GW cm−2

in PPLN-WG, we also introduce a time-resolved diagnostic tech-
nique: The MTC pulses consequently follow a single-mode
thermal intensity distribution and allow us to simultaneously
obtain power variations in SHG and third harmonic genera-
tion (THG) against the pump via pulse height correlations.
Hence, our results suggest that they hold significant poten-
tial to induce further nonlinearity in a broad range of chaotic

quantum optics experiments that demand ultrashort intrinsic
thermal pulses with high peak intensities and spatiotemporally
single-mode characteristics.

2. Theory

In this section, we briefly introduce the intensity correlation
of SH photons g(2)sh as a function of the single-mode thermal
pump strength.
The single-mode thermal probability distribution of the pump

intensity, I1, which is confined in PPLN-WG in our case,

can be expressed as p1(I1) =
1
Ī1
exp

(
− I1

Ī1

)
,[20] where Ī1 rep-

resents the mean value of I1. Moreover, p2(I2)dI2 = p1(I1)dI1
holds for the probability distribution of the SH intensity, I2.

[21]

The SHG conversion efficiency is well known as 𝜂sh = I2∕I1 =
tanh2

(√
kI1

)
[51] using a scaling factor k. Then, we replace it with

𝜂′sh = 1 − exp(−KI1), where we introduce a new scaling factor, K,

later used for fitting the experimental g(2)sh using Equation (2) and

the approximations of tanh(x) ∼ erf (ax) ∼
√
1 − exp (−bx2) for

the sigmoid functions.[52,53] Hence, we obtain I2 = 𝜂′shI1, allow-
ing the following integrals by the gamma functions. The intensity
correlation of SH light can be calculated using first- and second-
order ensemble averages of I2 as follows,

[20]

g(2)sh =
⟨I22⟩⟨I2⟩2 =

∫ ∞
0 I22 p2(I2) dI2(

∫ ∞
0 I2 p2(I2) dI2

)2 (1)

which leads to

g(2)sh

(
Ī1
)
=

2 − 4(
KĪ1 + 1

)3 + 2(
2KĪ1 + 1

)3(
1 − 1(

KĪ1 + 1
)2
)2

(2)

Here,ℜ[KĪ1] > 0 corresponds to the finite pump input.
It is noteworthy that we obtain limĪ1→0 g

(2)
sh

(
Ī1
)
= 6 and

limĪ1→∞ g(2)sh

(
Ī1
)
= 2, which are consistent with the quadratic and

linear scaling of 𝜂sh in the weak and the saturated pump re-

gion, respectively. Namely, the relation, g(2)sh = g(4)p ∕
(
g(2)p

)2
, has

been known to hold for the pump and SH photons when the
conversion efficiency is finite.[20] Thus, g(2)sh = 6 holds for the
thermal pump with g(n)p = n!. On the contrary, since 𝜂sh ap-
proaches unity in the saturated pump region, SHG becomes a
linear process, which does not change the SH photon statistics
from that of the pump, maintaining g(2)sh = 2. However, the en-

tire transition behavior of g(2)sh depending on the pump intensity(
6 ≥ g(2)sh

(
Ī1
)
≥ 2

)
has not been experimentally explored.

3. Experimental Section

3.1. Generation of MTC Pulses

Figure 1 shows a schematic of the experimental setup for gener-
ating the MTC pulses.
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Figure 1. Schematic of the experimental setup for MTC pulse generation. a) Preparation of the spectrally narrowed ASE as the seed light to b) the
EO frequency comb generator and the following devices. Inline optical components include FBG: fiber Bragg grating, CIRC: circulator, A#: amplifier,
I#: isolator, F#: bandpass filter, PS#: polarization stabilizer, DDMZM: dual-drive Mach-Zehnder modulator, OSA: optical spectrum analyzer, COMP:
chirp compensation fiber, SMF: single-mode fibers (orange), and PMF: polarization-maintaining fibers (blue). Electronics include SG: microwave signal
generator and PG: pulse generator. We use MTC10G pulses for measuring autocorrelation (AC), or MTC250M pulses by optical gating (OG) for intensity
correlations (g(n)mtc and g(2)

sh
), and also for time-resolved pulse height measurements (omitted).

First, the setup depicted in Figure 1a prepares the spectrally
narrowed ASE as follows: An initial ASE light, which was ob-
tained by a standard erbium-doped fiber amplifier (EDFA; Oprel)
without input, was roughly filtered as a reflection by a fiber Bragg
grating (FBG; O/E Land) with a filter bandwidth, Δ𝜆 ≈ 0.3 nm,
centered at 1550 nm and routed by an optical circulator (CIRC;
Thorlabs) to an EDFA (A1; PriTel) followed by an optical isolator
(I1; Thorlabs). The following optical bandpass filter (BPF) of F1
(Alnair Labs, CVF-300CL) further narrowed the ASE spectrum
to Δ𝜆F1 ≈ 0.03 nm centered at 1550.16 nm. The F1 bandwidth,
the narrowest in this setup, dictates the spectral width of a sin-
gle tooth in the frequency comb, thereby determining the tem-
poral coherence of MTC pulses. The average optical power, Pave,
after F1 was about 0.5 mW. The state of polarization (SOP) of this
narrowband ASE was stabilized by a polarization stabilizer (PS1;
General Photonics). The narrowband ASE was then amplified by
another EDFA (A2, PriTel) followed by another optical isolator
(I2, Thorlabs) and a BPF (F2; Koshin Kogaku) with Δ𝜆 ≈ 1 nm at
1550 nm, and finally seeded to the EO comb generator. The seed
Pave after F2 was ≈10 mW.
In Figure 1b, MTC was generated by the LiNbO3 dual-drive

Mach-Zehnder modulator (DDMZM; SOC). A 10 GHz sinu-
soidal wave from a microwave signal generator (SG) drives RF1
and RF2 electrodes. Both signals were amplified to ≈30 dBm be-
fore DDMZM, and the phase and power in one signal were equal-
ized to those in the other to optimize the EO comb generation.
A small portion (≈1%) of the input (output) optical signal before
(after) DDMZMwas tapped and monitored by a photodetector to
obtain the output-to-input ratio, which corresponds to the relative
phase between the two arms in DDMZM. A self-made, dither-

free PI circuit kept the ratio fixed by tracking the DC offset volt-
age, stabilizing the relative phase in DDMZM. Then, MTC was
sent to a BPF (F3; Finisar, WaveShaper 4000S) with a rectangular
bandwidth of Δ𝜆 = 400 GHz (≈3.2 nm) to remove noises out-
side MTC.
After F3, MTC was partially tapped and monitored by an

optical spectrum analyzer (OSA, Finisar, WaveAnalyzer 100S).
Figure 2 shows a spectrum obtained by OSA. The blue solid line
shows the MTC spectrum, which is almost square-shaped with
a flat bandwidth of Δ𝜈mtc ≈ 260 GHz, while the red dotted line
shows a reference spectrum obtained by a continuous-wave (CW)
single-longitudinal-mode laser (not shown; RIO, ORION) with a
linewidth of 15 kHz at 1550.12 nm directly seeded to DDMZM.

Figure 2. Spectra of MTC10G seeded with narrowband ASE (blue) and a
reference frequency comb seeded with stabilized CW laser (red).

Adv. Quantum Technol. 2025, 8, 2400026 2400026 (3 of 11) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH

 25119044, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/qute.202400026, W

iley O
nline L

ibrary on [14/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advquantumtech.com


www.advancedsciencenews.com www.advquantumtech.com

Compared with the reference spectrum, the broadening of MTC
comb teeth was noticeable within the spectral resolution of OSA.
Next,MTCpulses were compressed by chirp compensation us-

ing a 1.1 km-length SMF (COMP; SMF-28e compatible) and am-
plified to Pave ≈ 40mWby an EDFA (A3, not shown; Alnair Labs)
for recovering the signal power after propagation in COMP. For
reference, this configuration only required a single-stage MZM
to generate ultra-flat GHz frequency combs,[54] and the related
experiments achieved 2.4 ps[55] and 200 fs[56] optical pulse dura-
tions using CW seed lasers.
Finally, the SOP of the MTC pulses was then stabilized by PS2

(General Photonics) after an optical isolator (I3, Thorlabs). The
MTC pulses were amplifiable to Pave > 1 W by an EDFA (A4; Pri-
Tel). Here, the optical gating (OG) is required for the subsequent
intensity correlation measurements because the single-photon
detectors cannot resolve 10 GHz clocked pulses. A 40 Gb/s in-
tensity modulator (MZM; iXblue) was therefore introduced as
OG between PS2 and A4. OG also contributes to increasing the
peak power of the MTC pulses. The gating signal was prepared
by SG, followed by a 1/40 prescaler and an electrical pulse gen-
erator (PG; Alnair Labs, EPG-210B), yielding the gating width of
50 ps. The 10 GHz clocked MTC10G pulses for the AC experi-
ment were thus generated, or the 250MHz gatedMTC250M pulses
for the intensity correlation experiments to determine g(n)mtc and
g(2)sh , and also for the time-resolved pulse height measurements.
Note that the photon statistics of MTCs would, to a certain extent,
deviate from the ideal thermal distribution after F1 by A2–A4’s
noise figures, causing an incoherent mixture with other phase-
uncorrelated ASE noises occurring within the MTC bandwidth.
Itmight lead to a slight reduction inMTC’s intensity correlations.

3.2. Coherence Time and Pulse Duration of MTC Pulses by
Autocorrelation

Figure 3a is an experimental setup of the interferometric AC.
MTC10G pulses were emitted to free space from PMF through
a collimation lens and guided to an asymmetric Michelson in-
terferometer with a half beamsplitter (HBS). One of the end
mirrors (high reflectors) was mounted on a piezoelectric trans-
ducer (PZT) and a motorized translation stage (TS; Sigma-Koki).
A ramp signal from a function generator scans PZT. About 6mW
from the HBS output was coupled to SMF and detected by
a silicon avalanche photodiode (Si APD, Perkin-Elmer, SPCM-
AQR) as a background-free two-photon absorber.[57] Counts from
Si APD were acquired by a photon counter (SRS) in synchroniza-
tion with each scan of PZT.
Blue waveforms in Figure 3b–d show experimental interfero-

metric AC fringes b) for the whole scan, c) for the single pulse
around the zero delay, and d) for a single scan by PZT at the zero
delay, respectively. In thismeasurement, the following procedure
was repeated: First, TS changes the optical path length in a step
of 4 μm; Then, PZT finely scans the path. The discretized ap-
pearance in Figure 3c was due to the travel by TS. The length
difference between the two arms varied within a range from -45
to+105mm, which corresponds to the relative delay from -150 to
+350 ps as shown in Figure 3b. A ramp signal scans PZT in one
direction at a rate of ≈1 μm s−1 in a total length of ≈2.6 μm. This
single scan was divided by PZT into 100 segments, and counts in

each segment were recorded, as shown in Figure 3d, where the
interference visibility was ≈99%.
As the AC delay was increased in Figure 3b, the interfer-

ence fringes almost disappear at +300 ps, indicating that the
phase coherence of MTC10G was reduced even within this tem-
poral range. A lowpass filter was applied to the interferomet-
ric AC, resulting in the intensity AC (red line). Since the Gaus-
sian temporal envelope of the pulse trains corresponds to the
Gaussian spectral linewidth of each comb tooth (e.g.,[48]), 𝜏c =
213 ± 16 ps was obtained by fitting the five peaks in the exper-
imental intensity AC, using the second-order AC function, i.e.,
AC(𝜏) ∝ g(2)(𝜏) = 1 + exp

(
−𝜋(𝜏∕𝜏c)2

)
.[20,58] The fitting result is

shown as a black dotted line. Thus, the bandwidth of theASE seed
was estimated to beΔ𝜈 = 𝜏−1c

√
2 ln(2)∕𝜋 ≈ 3.1+0.3−0.2 GHz,

[59] which
typically matches Δ𝜈F1 ≈ 3.7 ± 0.6 GHz (from Δ𝜆F1 ≈ 0.03 nm
with an estimated tolerance of ±0.005 nm). Moreover, the pulse
duration Δtpulse = 2 ps was estimated by Gaussian fitting of the
intensity AC (red dots) in Figure 3c, yielding ΔtpulseΔ𝜈mtc ≈ 0.52.
Note a large pedestal in the sidelobe of the pulse train was caused
by the square-shaped spectrum of MTC10G as shown in Figure 2.
Hence, the temporal waveform was a sinc2-like function.

3.3. Intensity Correlations of MTC Photons g(n)mtc

Next, photon statistics was diagnosed by intensity correlation for
MTC250M pulses at the gated repetition rate f = 250 MHz. In
Figure 4a, PMF-guided MTC250M pulses were heavily attenuated
by SMF-based variable optical attenuators (VOAs), then split us-
ing a 1 × 4 fiber beamsplitter (FBS). Each beam’s SOP was op-
timized by a polarization controller (not shown, Thorlabs) for
the succeeding detection by a superconducting nanowire single-
photon detector (SSPD; D1,…D4).

[60] VOAsmaintained the pho-
ton counting rate at each SSPD to be around 4 Mcps. Timing
correlations of the photon counts were recorded by a time-to-
digital converter (TDC; PicoQuant, HydraHarp 400) and used to
evaluate the time-dependent intensity correlation function[14,61]

defined as g(n)mtc

(
t1,… tn

)
= ⟨a†(t1)…a†(tn)a(tn)…a(t1)⟩⟨a†(t1)a(t1)⟩…⟨a†(tn)a(tn)⟩ , where a†(tn) and

a(tn) denote photon creation and annihilation operators at time
tn.
The intensity correlation was obtained by

g(2)mtc(t1, t2) =
N12(t1 ,t2)f

N1(t1)N2(t2)
[62] with single counts N1(t1) and N2(t2) by

D1 and D2, respectively, and their coincidence counts N12(t1, t2).
The measurement configuration by TDC, however, did not allow
to directly obtain N2(t2) because the D2 signals were used as stop
signals and recorded only after the D1 detection occurs. Alterna-
tively, g(2)mtc = g(2)mtc(0, 0) =

N12(0,0)

N12(0,T)
was calculated from the relation

g(2)mtc(0, T) =
N12(0,T)f

N1(0)N2(T)
≈ 1, for the sufficiently large pulse intervals

T = 1∕f ≫ 𝜏c. Also, N2(0) = N2(T) holds due to the constant sin-

gle counts. Similarly, g(n)mtc =
N1…n

({
tj=0

})
N1…n({tj=(j−1)T})

(j = 1,… n) was used

to calculate the third and the fourth order intensity correlations.
Figure 4b shows a timing histogram of coincidence counts col-

lected for 1,000 s using D1 as a start detector and D2 as the stop
one. The bin width is 1 ps. As can be seen from the figure, the
zero delay peak was almost twice as high as that at a multiple of
±4 ns delay, indicating that MTC was an ideal thermal source.
Fitting of the zero delay peak by a Gaussian function yielded a
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Figure 3. Experimental setup and results of autocorrelation for MTC10G pulses. a) The autocorrelator consists of an asymmetric Michelson interfer-
ometer. HBS: half beamsplitter, PZT: piezoelectric transducer, TS: translation stage, and Si APD: silicon avalanche photodiode. Blue and orange lines
denote telecom single-mode and polarization-maintaining fibers, respectively, while red lines represent free-space beams. b) The entire interference
fringe (blue), the lowpass-filtered waveform (red), and its fitting result (black). c) Scans for the single pulse around zero delay. d) Single scan at zero
delay.

full width at half maximum (FWHM) of 185 ps, which was used
for a temporal window to integrate coincidence counts.
The experimental results of g(n)mtc are summarized in Table 1.

The errors were evaluated using the standard error propagation
method, assuming the photon counting statistics obey the Pois-
sonian distribution. A slight deviation was observed in the ex-
perimental g(n)mtc compared to the theoretical g(n) = n!, which may
stem from the statistically independent background noise. By
contrast, more ideal, intrinsic g(n)int values in Table 1 were ob-
tained with background noise being removed using the following
equations.[44,63]

g(2)int = (1 + 𝜒)2g(2)mtc − 𝜒2g(2)noise − 2𝜒

g(3)int = (1 + 𝜒)3g(3)mtc − 3𝜒g(2)int − 3𝜒2g(2)noise − 𝜒3g(3)noise (3)

g(4)int = (1 + 𝜒)4g(4)mtc − 4𝜒g(3)int − 6𝜒2g(2)intg
(2)
noise

− 4𝜒3g(3)noise − 𝜒4g(4)noise

The background noise was assumed to originate from
statistically independent, noisy phase-uncorrelated pho-
tons. The mean noise-to-signal ratio was taken into

Adv. Quantum Technol. 2025, 8, 2400026 2400026 (5 of 11) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 4. a) Experimental setup for measuring intensity correlations of
MTC250M photons. b) Timing histogram of twofold coincidence counts by
D1 and D2. In a), VOA: variable optical attenuator, FBS: fiber beamsplitter,
SSPD: superconducting nanowire single-photon detector, and TDC: time-
to-digital converter. Blue and orange lines denote telecom single-mode
and polarization-maintaining fibers.

account as 𝜒 = 1
3

∑
j

Nnoise
1j

N1j(0,0)−Nnoise
1j

= 0.0127, where Nnoise
1j =

N1j(0, (j − 1.5)T) (j = 2, 3, 4) were the floor counts of accidental

coincidence. g(n)noise = 1 was assumed. Therefore, the MTC pulses
had nearly ideal thermal photon statistics.
Notably, the counting rate was adjusted to approximately

4 Mcps for each SSPD at the repetition rate of 250 MHz. With
a detection efficiency of about 70% for each SSPD,[60] the av-
erage photon number of attenuated MTC pulses before 1 × 4
FBS was ⟨m⟩ ≈ 0.09. Thus the statistical nature of the MTC
photons was adequately verifiable by measuring up to g(4) since
1 −

∑4
m=0Pth(m) was as small as≈4 × 10−6 for the thermal photon

probability distribution Pth(m) =
1⟨m⟩+1 ( ⟨m⟩⟨m⟩+1 )m. Moreover, since

g(n) remains invariant with linear attenuation, the assessment
method effectively verified the statistical properties of the source
before VOAs.

3.4. Intensity Correlations of SH Photons g(2)sh for
Frequency-Doubled MTC Pulses

Figure 5 shows an experimental setup for measuring the in-
tensity correlation g(2)sh of frequency-doubled MTC photons. The

Table 1. Results of experimental g(n)mtc without correction and intrinsic g
(n)
int

with background noise subtracted.

∗ g(2)∗ g(3)∗ g(4)∗

mtc 1.9564 ± 0.0004 5.63 ± 0.01 21.5 ± 0.4

int 1.9809 ± 0.0004 5.77 ± 0.01 22.3 ± 0.4

MTC250M pulses (red) as the pump light were guided in free space
and focused to PPLN-WG, which was a self-made, type-0, MgO-
doped ridge waveguide.[50] This PPLN-WGhas a length of 10mm
and a cross-section of 8 × 8 μm2. The output SH beam (cyan) at
775 nm was collimated by an aspheric lens, reflected by a har-
monic separator (HS), and heavily attenuated by VOA775, which
was a reflective neutral density (ND) filter combined with fixed
attenuators. The SH beam was coupled to SMF, then divided by
1 × 2 FBS and detected by Si APDs. The aforementioned TDC
records timing correlations of photon counting signals. VOA775
regulated the transmittance for the SH beam such that each pho-
ton counting rate was always kept near 300 kcps at each Si APD
since the timing jitter degradation was reported in the higher
counting rate for the same type of Si APD.[64]

As measuring g(2)mtc before, a timing histogram was used at
each pump power to calculate experimental values of g(2)sh =

g(2)sh (0, 0) =
Nsh
12 (0,0)

N̄12
sh
(0,±jT)

(j = 1, 2, 3), using coincidence counts of SH

photon detection. The coincidence counts were integrated within
an FWHMof 436 ps, obtained from a Gaussian fitting of the zero
delay peak and used as the common temporal window for inte-
grating counts. Since the widths and peak heights of the acci-
dental coincidences were different from each other at the delays
centered at±jT in case of the Si APD, N̄sh

12 (0,±jT) was introduced
above as the mean value at the six neighboring delays, instead of
simply using Nsh

12 (0, T).
Before obtaining the experimental g(2)sh , the pump power of the

MTC pulses output from PPLN-WGwas first measured using an
optical power meter (PM) placed after HS. A long-pass (LP) opti-
cal filter removes second, third, and fourth harmonics before PM.
The input optical power to PPLN-WG was changed by VOA1550,
also a reflective ND filter. When measuring the pump power, the
pump polarization was rotated to the orthogonal direction using
HWP before PPLN-WG to prevent the SH light from being pro-
duced. About 33%was the overall transmittance after the collima-
tion lens to PM for the pump. This approach allowed to estimate
and pre-associate themean coupled pump power P̄1 immediately
after PPLN-WG, with each VOA1550 attenuation step.
Figure 6 shows the experimental g(2)sh depending on P̄1, by

which the mean intensity in PPLN-WG was calculated as
Ī1 ∼ P̄1∕Aeff with an effective cross-section Aeff ≈ 50 μm2 of the
waveguide. By scanning P̄1 using VOA1550 with or without addi-
tional fixed attenuators, the three sets of continuous g(2)sh data were
obtained as indicated in red (P̄1 from 0.05 to 1.8 mW), green (P̄1
from 0.2 to 16.5 mW) and blue (P̄1 from 1.8 to 110 mW), respec-
tively. The red and green data were collected in 20 s each, while
the blue data were collected in 60 s.
The purple line represents the theoretical curve g(2)sh

(
P̄1∕Aeff

)
fitted to all the data sets, resulting in K∕Aeff = 0.22 used as the
single fitting parameter. Here, g(2)sh

(
P̄1∕Aeff

)
was adopted for its

easy connection with the experiment. The result shows an excel-
lent agreement with the experimental g(2)sh up to around 5 mW
pump. Hence, it was successfully shown that the continuous
transition of experimental g(2)sh from six to two by increasing the
pump strength follows the single-mode model over the dynamic
range of the two orders of magnitude. In fact, the upper horizon-
tal axis in Figure 6, for reference, indicates the corresponding
mean values of the peak intensity, I

p

1 = I1T∕Δtpulse = 2 × 103 I1

Adv. Quantum Technol. 2025, 8, 2400026 2400026 (6 of 11) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH

 25119044, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/qute.202400026, W

iley O
nline L

ibrary on [14/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advquantumtech.com


www.advancedsciencenews.com www.advquantumtech.com

Figure 5. Experimental setup for measuring intensity correlation of SH photons. VOA1550 (775): variable optical attenuator for 1550 (775) nm, HWP: half-
wave plate, PPLN-WG: periodically poled LiNbO3 ridge waveguide, HS: harmonic separator, LP: long-pass filter, PM: powermeter, FBS: fiber beamsplitter,
and Si APD: silicon avalanche photodiode. Blue and orange lines denote telecom single-mode and polarization-maintaining fibers. Red and cyan lines
describe MTC250M and its SHG beams in free space.

≈ 4 × 109 P1, reaching the maximum value of
about 440MW.cm−2. Only by realizing this level of high Īp1
in PPLN-WG can we observe the entire transition of g(2)sh . In-

terestingly, once g(2)sh decreases to 2.0 around P̄1 = 20 mW, it
increases again to ≈2.4 around P̄1 = 100 mW. In the highest

pump region, a visible increase was observed in THG (≈517 nm)
and fourth harmonic generation (FHG ≈ 388 nm). As noted in
Theory, the recovery of g(2)sh could occur when the SHG conversion
efficiency decreases. In the next section, it was experimentally
revealed that the decrease in SHG coincides with an increase in
the higher harmonics.

Figure 6. Experimental results of the intensity correlation of SH photons g(2)
sh

depending on the mean coupled pump power P̄1. The theoretical curve

(purple) by g(2)
sh

(
P̄1∕Aeff

)
yields the fitting result K∕Aeff = 0.22 using all the data sets. The upper horizontal axis shows the corresponding mean values

of the peak intensity, ̄Ip1, in PPLN-WG.

Adv. Quantum Technol. 2025, 8, 2400026 2400026 (7 of 11) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 7. a) Time-resolved measurements of the pump (bottom), SHG (middle), and THG (top) detection waveforms. Eight consecutively sampled
frames are shown, each comprising 400 data points (5 ns duration), acquired in synchronization with the gating signal of MTC250M. The pulse peak
position of each waveform was aligned at 0 ns. b) A pulse height histogram of the pump (blue) and a single-mode thermal distribution (magenta)
∝ exp(−Vbin∕0.069). c) Pulse height histograms of SHG (red) and THG (green). In (b,c), we ignored minus voltage counts (covered in gray) originating
from photoreceiver noise.

Adv. Quantum Technol. 2025, 8, 2400026 2400026 (8 of 11) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 8. Experimental pulse height correlations between SHG (red) and THG (green) plotted against the pump. Cyan and blue denote 100-point moving
averages of SHG and THG data. Quadratic and cubic fitted curves (black and magenta dashed lines) use rising parts of SHG and THG means.

3.5. Time-Resolved Pulse Height Measurements of Pump and
Harmonics

To further bolster the harmonic generation analysis, we imple-
mented time-resolved pulse height measurements of the pump,
SHG, and THG detection waveforms. An even higher, constant
P̄1 ≈ 400 mW (I

p

1 ≈ 1.6GW∕cm−2) was used to obtain sufficient
THG (and FHG) for this measurement. A small fraction of the
pump pulses was partially tapped before PPLN-WG. After PPLN-
WG, the SHG and THG pulses were spatially separated using a
fused silica Brewster prism. Each beamwas fiber-coupled and di-
rectly measured by a standard > 10 Gb/s InGaAs photoreceiver
(by Discovery Semiconductors, Sevensix, and Amonics, respec-
tively). The output signals were recorded by an oscilloscope (Tele-
dyne LeCroy, HDO9404), which captured a fixed timing frame
triggered by the gating signal of MTC250M. A total of 1 × 105

frames were acquired for the pump, SHG, and THG.
In Figure 7a, eight consecutively sampled frames illustrating

the pump (blue), SHG (red), and THG (green) signals were pre-
sented, with the 0 ns position aligned to the peak of each pulse.
The 0 ns values were collected as the pulse heights. Each frame,
consisting of 400 data points, spans a width of 5 ns. In each row
of Figure 7a, the offset voltage of the photoreceiver was removed,
and the signal voltage was scaled for clarity. The relative delays of
the pump, SHG, andTHGpulses to the oscilloscopewere aligned
using optical fibers and electrical cables. The intrinsically ran-

dom nature of the pump intensity allowed to determine relative
delays via its unique waveform pattern easily.
Figure 7b shows an experimental pulse height histogram

(PHH), h1(Vbin), of the pump pulses, wherein h1 data were sorted
and collected by each 0.02 voltage bin. The probability distribu-
tion of the pump intensity was calculated as pexp1 (Vbin) =

h1(Vbin)

 exp

for Vbin ≥ 0, where  exp ≈ 9.7 × 104 was the total counts.
Minus voltage counts were omitted for Vbin < 0 since they
originate from the photoreceiver noise. The mean pulse
height voltage was V1 ≈ 0.069. Therefore, the zero to ten-
fold varied intensities were simultaneously obtained with-
out altering P̄1. A magenta curve shows a theoretical single-
mode thermal distribution  thpth1 (Vbin) ∝ exp(−Vbin∕V1). The
similarity, or so-called classical fidelity,[65] of pexp1 and pth1 ,
would be assessable using the Bhattacharyya coefficient,[66] i.e.,

CB ≡
∑

Vbin≥0

√
pexp1 (Vbin) p

th
1 (Vbin). This yieldsCB > 99.9% as they

almost match in Figure 7b. The probability distributions were
normalized such that

∑
Vbin≥0

pexp1 (Vbin) =
∑

Vbin≥0
pth1 (Vbin) = 1.

Hence, the MTC pulses had excellent intensity variation obey-
ing the single-mode thermal distribution, as denoted by p1(I1).
Figure 7c shows PHHs of SHG (red) and THG (green) for refer-
ence. The bin widths for SHG and THG PHHs were 5.7 × 10−3

and 11.4 × 10−3, respectively. These PHHs exhibit flat-like re-
gions at intermediate pump pulse heights, indicating deviations
from single-mode characteristics observed in the pump PHH.

Adv. Quantum Technol. 2025, 8, 2400026 2400026 (9 of 11) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 8 illustrates pulse height correlations between the
pump (horizontal axis) and SHG and THG pulses based on the
1 × 105 frames. The photoreceiver noise affected raw SHG and
THG data (red and green dots). Cyan and blue lines represent
moving averages (100 points) for SHG and THG, respectively.
Initially, SHG and THG scale quadratically (black) and cubically
(magenta) with the pump pulse heights, gradually saturating and
peaking. Around a pump pulse height of 0.2 on the horizon-
tal axis, SHG peaks and then decreases, coinciding with an in-
crease in THG. Hence, the resurgence in g(2)sh , as observed in
Figure 6 in its high pump region, would occur in such a decreased
trend in SHG. Furthermore, the saturation of SHG and THG
prevents an increase in their pulse heights despite increased
pumping. Specifically, within the saturation (peakout) regions
of SHG (pump > 0.19) and THG (pump > 0.25), the SHG and
THG pulse heights remain almost constant at 0.11 ± 0.02 and
0.29 ± 0.06, respectively. Hence, these were considerably the ori-
gin of the flat-like regions in PHHs in Figure 7c. Note that while
FHG signals may affect THG for high pump pulse heights, they
fall outside the photoreceivers’ spectral response. Such a strong
pump region could offer insights into higher harmonic interplay
in wavelength conversion processes.

4. Conclusion

In summary, we have generated the MTC pulses using the spec-
trally narrowed ASE, which is seeded to the EO modulator-
based frequency comb generator. 2-ps duration ultrashort pulses
have been obtained at the repetition rate of 10 GHz. The au-
tocorrelation of MTC10G pulses has revealed that the coherence
time is reduced to 𝜏c = 213 ± 16 ps, aligning with the band-
width of the ASE seed. Using the optically gatedMTC250M pulses,
we have measured the experimental intensity correlations of
g(2)mtc = 1.9564 ± 0.0004, g(3)mtc = 5.63 ± 0.01, and g(4)mtc = 21.5 ± 0.4,
yielding an intrinsic g(2)int = 1.9809 ± 0.0004, g(3)int = 5.77 ± 0.01,
and g(4)int = 22.3 ± 0.4 after background noise removal. They have
shown nearly ideal single-mode thermal photon statistics.
We have provided the practical applications of MTC pulses,

by which we have achieved the high peak intensities maximally
reaching I

p

1 ≈ 1.6GW∕cm−2 in PPLN-WG. First, we have mea-
sured the intensity correlation of frequency-doubled MTC250M

pulses and observed the continuous transition in g(2)sh from six to
two by altering the pump strength. This result is in agreement
with our single-mode analytical model. It successfully covers the
entire region of the g(2)sh transition. Second, we have conducted
the time-resolved pulse height correlation measurement for the
pump versus SHG and THG pulses to chart the variations in the
harmonic intensities.
Our high repetition rate, reduced coherence length, and

intensity-randomizedMTC pulses may find various applications.
For example, one of the key requirements in quantum key dis-
tribution protocols (e.g., BB84[67]) is high-speed phase random-
ization between adjacent pulses.[68,69] Laser ranging could be an-
other candidate, as demonstrated in Figure 4, where one can eas-
ily find the zero delay as the single peak is higher than the others
by the TDCmeasurement with high precision. Finally, suchMTC
pulses may facilitate the quantum state tomography for qudits
based on Hong-Ou-Mandel interference exploiting n-fold coin-

cidence, which should be scalable by n! using thermal light as a
probe.[70] Therefore, ourMTC technique could be utilized in vari-
ous photonic quantum technologies and ultrashort chaotic quan-
tum optics.
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