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Ultra-precise timing has become a prerequisite for many modern large-scale scientific instruments, and timing

precision is a crucial enabling factor to achieve the ultimate goals of those instruments. Here, we review the recent
progress in timing technologies, including timing characterization methods among different kinds of sources (optical
lasers, microwaves and x-ray pulses), large-scale free-space timing synchronization, and fiber-based timing synchro-
nization. Technical and fundamental limitations of fiber-based timing systems are also discussed to provide future

directions.
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1. INTRODUCTION

With the advent of mode-locked lasers [1] and optical frequency
combs [2,3], the precision of timing metrology has dramatically
increased. Ultra-precise timing technologies are playing an in-
creasingly important role in modern large-scale scientific facilities.
For example, attosecond precision timing distribution systems
are required urgently in X-ray free-electron lasers (XFELs). Several
XFELs, including the European XFEL [4] in Hamburg, FERMI
[5] in Italy, SwissFEL in Switzerland, Linac Coherent Light
Source (LCLS) [6] and LCLS II [7] at Stanford are built or being
built to ultimately generate attosecond (as) x-ray pulses [8] with
unprecedented brightness to film chemical and physical reactions
with subatomic-level spatiotemporal resolution [9,10]. In the past
few years, significant progress has been made in the field of ultra-
fast molecular imaging, such as the time-domain observation of
intramolecular charge transfer [11] and the discovery of ultrafast
Auger processes altering the chemistry of matter on an attosecond
time scale [12,13]. However, the current XFELs are still not using
their full potential for subatomic-level movie applications due to
the lack of an attosecond-precision timing control to avoid blur-
ring of the individual images in time. In order to generate atto-
second x-ray pulses, all the optical and microwave subsources
inside an XFEL, including the electron gun, injector laser, micro-
wave references of the linear accelerators, bunch compressor, and
the seed laser need to be synchronized simultaneously with atto-
second relative timing jitter. Furthermore, accurate measurements
of the relative timing between the x-ray pump and the optical
probe pulses at the end station are also required to perform
attosecond-precision pump-probe experiments. Therefore, a mul-
tikilometer timing distribution system synchronizing microwave,
optical, and x-ray sources with attosecond precision is imperative
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to unleash the full potential of these billion-dollar photon science
facilities.

In addition to XFELs, ultrahigh peak-power laser facilities also
attract worldwide interest. For example, extreme light infrastruc-
ture (ELI) [14] is designed to be the first exawatt-class (10'8 W)
laser with 10-fs pulse duration. Such a source of highly intense
and short pulses can be used in laser-based nuclear physics [15],
hadron therapy, attoscience, strong-field laser physics, and many
other interdisciplinary studies. Within these sources, optical para-
metric chirped-pulse amplification (OPCPA)-based pump lasers
also need to be synchronized with a precision of ~10 fs. There are
also new and promising laser concepts emerging to generate both
high average and peak powers. For instance, researchers aim to
combine thousands of pulsed fiber lasers coherently, which could
be the driving force behind next-generation particle accelerators
[16]. To make this happen, the relative phase differences between
adjacent fibers must be within 4/100 (where 4 is the wavelength),
which corresponds to a timing control with 10-as level precision.

Furthermore, ambitious multitelescope array projects [17-20]
require 107¢ arcsec angular resolution (corresponding to 50-km
spatial resolution at 1-light-year distance) for cosmic imaging
in order to obtain the surface details of distant astronomical ob-
jects, especially to explore exoplanets in the habitable zone. To
achieve this goal, the telescope array has to work at terahertz
or optical wavelengths [19] spanning over hundreds-of-kilometers
distance, and femtosecon/attosecond/-precision synchronization
must be ensured among the individual telescopes to perform
an accurate phase correlation of the ultrafast detected signals.

In brief, femtosecond or higher timing precision is desirable for
these scientific instruments to attain their ultimate scientific
purposes. In this paper, we will review different cutting-edge tim-
ing technologies used in large-scale scientific instruments. In
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Section 2, we first present timing characterization methods for
different sources, including optical lasers, microwaves, and x-rays.
Sections 3 and 4 focus on the free-space-based and fiber-based
timing systems, respectively. Finally, we discuss plausible future
directions of timing in Section 5.

2. TIMING CHARACTERIZATION

Timing is a particular point or period in time when something
happens. Timing characterization comprises two fundamental
tasks: how to define the timing and how to measure the timing,.
Generally, the timing information of an electromagnetic pulse can

be defined by its temporal center of gravity (COG):
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where E(z) is the electric field of the pulse. The merit of this def-

inition is that the timing can be extracted from power measure-
ment. In contrast, if the timing is defined as the time of pulse peak
position, it would be extremely difficult to measure it accurately.
For an electromagnetic pulse train with a nominal period 7', the
root mean square (RMS) deviation of {7, - nT|n = 1,2,...} is
called timing jitter, where 7', is T'cog of the nth pulse. In this
section, timing jitter measurements between different sources are
discussed, including mode-locked laser pulses, microwave sources,
and x-ray pulses.

A. Optical-to-Optical Timing

Based on Haus and Mecozzi’s theoretical model [21], high-
frequency timing jitter (e.g., >100 kHz) of passively mode-
locked solid-state lasers can be much lower than 1 fs. In the past
two decades, many approaches for reducing the measurement
noise floor have been proposed to reveal the true timing jitter
of mode-locked lasers. Initially, the timing jitter was characterized
by the “direct detection method,” where the laser output is first
detected by a photodetector (PD), and then the phase noise is
converted into an amplitude change by a mixer [22] for baseband
power spectrum measurement. In this scheme, due to the photo-
generated carriers, carrier scattering, energy-dependent space
charge effects, and temperature variations, the generated electrical
pulse after photodetection can be much noisier when compared to
the original optical pulse. This noise, usually called amplitude-to-
phase (AM-PM) noise conversion [23,24], limits the measure-
ment precision to tens of femtoseconds. The balanced optical
cross correlator (BOC) was then proposed to overcome this prob-
lem [25-28]. By directly converting the timing difference be-
tween two optical pulses into a voltage signal, this method is
intrinsically immune to AM-PM noise.

Figure 1(a) shows the operation principle of a single-crystal
BOC [27,28]. Two orthogonally polarized input pulses at
1550-nm center wavelength, and with an initial relative delay
T p, are focused into a type 1I phase-matched periodically poled
KTiOPO; (PPKTP) crystal. The sum-frequency generation
(SFG) component is transmitted through a dichroic mirror
and detected by the first photodiode of the balanced PD
(BPD). The input pulses at the fundamental harmonic are re-
flected by the dichroic mirror and again focused back into the
PPKTP crystal. The SFG component generated during the back-
wards propagation is separated from the fundamental compo-
nents by a dichroic beam splitter and detected by the second
photodiode of the BPD. Because of the overlapping time
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Fig. 1. (a) Operation of a single-crystal BOC (DBS, dichroic beam
splitter; DM, dichroic mirror; PPKTP, periodically poled KTiOPOy;
BPD, balanced PD); (b) typical BOC characterization curve (7 py,
zero-crossing  time). Analysis of different input pulse profiles:
(c) Three types of input pulse £1; (d) seven types of input pulse £,
E, = exp[-(¢/7)?] + 0.75 x exp{-[(¢ - 4) /7]*}, 7 =1240.2F5, 1, =
0, 4100 fs, 2200 fs, 300 fs; (e) calculated BOC measurement error
for different COG change of £, (L, = 4 cm, k; = 1.386 x 10719 s/m,
ky = -1.569 x 10710 s/m).

difference in the crystal for different initial delays 7"p, different
voltage signals are obtained at the two photodiodes. For example,
the blue and red curves in Fig. 1(b) show the detected voltage
of the forward and backward SFG with different initial delay,
and the black curve is the balanced output voltage, which can
eliminate common background noise and provide a large timing
sensitivity around the zero-crossing time 7 p.

The SFG process in Fig. 1(a) in undepleted fundamental-
frequency approximation is governed by the coupled-wave
equations [29]:
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where E, E,, and E are the electric fields of the two input pulses
and SFG pulse, respectively, in the retarded time frame of Ej3,
with v; denoting the group velocities of £;(i = 1,2, 3). d 4 is the
nonlinear optical coefficient, w; is the carrier angular frequency of
E5, nj is the refractive index of £3 in the crystal, and ¢ is the
vacuum speed of light. Based on Eqs. (2)-(4), the forward and
backward SFG field can be obtained:
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L,
Eg(f, TD) = K/ El(f - kIZ)Ez(f - kzz - TD)dZ, (5)
0

2L,
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where K = iwsd g [ (n3¢), by =1/v; - 1/vs, ky =
1/v, - 1/v;, and L, is the crystal length. Then the BOC output
voltage is given by

+o0 +oo
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At the zero-crossing time delay 7' pg, we have Vyoc(7'py) = 0.
Based on Eq. (1), there are two ways to change the 7'cog of a
pulse E(): either by introducing a delay to the whole pulse or by
altering the temporal profile of E(z). For the first case, if we
introduce a delay A to the input pulse E,, using Eqgs. (1)
and (5)—(7), it is straightforward to find out that both the 7'cog
of £ and T py of BOC will change by Az, i.e., BOC can exactly
measure this delay effect. For the second case, we choose seven
different temporal profiles for £,, which are obtained by adding
two Gaussian pulses with different relative delays, as shown in
Fig. 1(d). The calculated 7'cog for each time profile is also given
in the legend of Fig. 1(d). We use three different temporal shapes
[Gaussian, triangle and square; see Fig. 1(c)] for £/, and calculate
the 7 py change (relative to the case when T cog of E; is 0) for
each different temporal profile of E,. In Fig. 1(e), the Tpy
variations measured by the BOC are compared with the real
Tcog of E;, and the maximum relative error is only 0.5%.
This simulation proves that the BOC is a highly reliable optical-
optical timing detector, as it can accurately measure the 7'cog
change of input pulses introduced by both a simple delay and
a change in the temporal profile.

Figure 2 shows a typical setup for laser jitter characterization
and synchronization based on a BOC. The output of two iden-
tical lasers (master and slave) are combined by a polarization beam
splitter (PBS) and launched into a BOC. The BOC output was
fed back to the slave laser’s piezoelectric transducer (PZT)
through a proportional-integral (PI) controller so that the two la-
sers repetition rates are locked to each other. The real application
of this setup is mainly determined by the locking bandwidth and
gain of the PI controller. If the locking is very loose, the two lasers’
timing jitter outside of the locking bandwidth will be present at
the BOC output as voltage signals, which can be analyzed by an
electrical spectrum analyzer, while if the locking is very tight, most
of the timing jitter of the slave laser will follow that of the master
laser; hence, a local timing synchronization between the two lasers
is realized. Using a setup similar to that in Fig. 2, the timing jitter
of erbium mode-locked fiber lasers was characterized by a

—_— Free space optical path

£ | — Electrical path
Pl

Fig. 2. Typical setup for laser jitter characterization and laser synchro-
nization based on BOC (PBS, polarization beam splitter; PI, propor-
tional-integral controller; ESA, electrical spectrum analyzer).

PPKTP-based BOC [30,31], with noise floors down to
10712 fs2 /Hz for offset frequencies up to the Nyquist frequency
of the laser.

Besides PPKTP, a BOC can also be realized with other non-
linear crystals, such as barium borate (BBO). By choosing proper
phase-matching angles and crystal lengths, BBO can be optimized
for SFG at different wavelengths. Therefore, different color
BOC:s can be made for various applications, such as single-color
BOC for timing jitter characterization of Yb-fiber laser [32] and
Ti:sapphire laser [33], two-color BOC for timing synchronization
between a Tisapphire laser and a 1550-nm mode-locked laser
[34,35], and Raman soliton timing jitter characterization at
1200-1300 nm [36].

All the BOC:s discussed above are based on free-space optics.
The timing sensitivities of these BOCs are limited by the low
SEG efficiency in the bulk nonlinear crystals. In contrast, using
integrated optics, since the optical beams can be confined in a
small cross section during a long travel distance, the SFG conver-
sion efficiency can be significantly increased. For example, a 90-
fold improvement in aggregate conversion efficiency from a
PPKTP waveguide was achieved over its free-space counterpart
[37]. Using this technique, an integrated waveguide BOC was
demonstrated at 1550 nm [38,39] with 10 times higher timing
sensitivity, compared with free-space BOCs at the same input
power level.

In general, the timing resolution of a BOC is limited by its
noise floor, which is mainly due to shot noise and electronic de-
tector noise. The shot noise-limited timing jitter spectral density
S§% shor is originated from the photon number fluctuation of the
generated SFG signal, and can be calculated by

S%,shot = ZERPPSFG GZ/VXZ’ (8)
where ¢ is the electron charge, R, is the detector responsivity, G is

the detector transimpedance gain, Pgpg is the generated SFG
power, and V| is the timing sensitivity of the BOC. The elec-

tronic noise-limited timing spectral density $7 . onic is decided
by the detector’s noise equivalent power (NEP):
SzT,electronic = (NEP : RpG/V:)Z' )

Then the total timing noise spectral density SZT is the sum of these
two sources:

SZT = S%",shot + SzT,el (10)

ectronic’

Figure 3 shows the calculated noise floor of BOCs with typical
experimentally determined parameters at different input optical
power levels. For both free space (blue) and integrated BOC
(red), the noise floor is dominated by electronic noise at low
input power and by shot noise at high input power. Due to
the higher SFG efficiency, the integrated BOC’s noise floor is
10-20 dB lower.

By increasing the input power level, the BOC’s timing reso-
lution can be continuously increased until it reaches the quantum
limit of the input pulse itself. Based on Ref. [40], the photon dis-
tribution in optical pulses can lead the standard quantum limit of
the timing jitter in a pulse train:

(YAQ) > TI%WHM , (11)
- N

where gy is the FWHM pulse width, V is the averaged pho-
ton number of each pulse, and 7 is the quantum operator of the
pulse temporal COG. At about 100 mW and 1 W input power
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Fig. 3. BOC noise floors at different input average power levels. Pulse
width, 100 fs; Nyquist bandwidth, 100 MHz; SFG efficiency, 4 x
102 W' (integrated), 4 x 102 W1 (free space); BOC sensitivity for
200 mW (100 mW for each polarization) input power, 60 mV/fs (in-
tegrated), 6 mV/fs (free space); BPD responsivity, 0.6 A/W; BPD tran-
simpedance gain, 1 x 10® V/A; BPD NEP, 7 pW/Hzl/Z.

level, respectively, the integrated and the free-space BOC will be
limited by this standard quantum limit (black curve in Fig. 3).

As an alternative to the BOC, the timing jitter of mode-locked
lasers can also be measured by a linear optical timing detection
method based on optical heterodyning [41-43]. The concept
is shown in Fig. 4. The repetition rates of two mode-locked lasers
have a small difference of A f. Two radio-frequency (RF) beats
(“Beat 17 and “Beat 2”) are formed between these two lasers by
pair-wise interfering their long and short wavelength tails. By
mixing these two heterodyne beat notes in a passive, doubled-bal-
anced mixer at quadrature, a highly sensitive phase discrimination
signal, which only depends on A £, is generated. The two lasers
are loosely locked with this phase-discrimination signal, and the
free-running timing jitter at frequencies outside of the loop band-
width can be measured with an RF spectrum analyzer.

In Ref. [43], a similar optical heterodyne technique is realized
with the help of fiber delay lines. The long and short wavelength
tails of a mode-locked laser are interfering with their delayed cop-
ies, and the common carrier frequency offset components are re-
jected by mixing the two heterodyne beat notes after PDs. Using
this method, the timing jitter of a mode-locked laser can be di-
rectly characterized by itself without using another reference laser.
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Fig. 4. Timing jitter measurement using an optical heterodyne tech-
nique. Figure adapted from Ref. [42].

A jitter noise floor of 2.8 x 10713 fs? /Hz (with 80 mW input
power) and 2 x 107 fs?/Hz (with 400 wW input power) was
achieved in Ref. [42] and [43], respectively. In comparison with
the BOGC, this linear detection scheme can reach a smaller noise
floor at low input power levels, while the noise floor will decrease
more slowly with increasing input power (e.g., in the shot-noise-
limited region, the BOC noise floor decreases 20 dB/decade,
while in the case of linear detection, it drops only 10 dB/decade).

B. Optical-to-Microwave Timing

For a single-frequency microwave signal, we cannot use Eq. (1) to
define its timing information. Alternatively, we use its phase noise
to characterize the timing stability. Then, the equivalent timing
jitter is given as

dsf £ =3[ [ snar a2

where S,(f) is the single-sided spectral density of the signal’s
phase deviation, [f, f,] is the frequency range of interest,
and f, is the carrier frequency of the microwave signal.
Conventionally, the phase noise of a microwave signal can be mea-
sured by mixing it with another microwave standard and then
analyzing the resulting baseband signal. However, the timing
sensitivity of this method is severely limited by the long period
of the microwave signal (e.g., 1 fs equivalent timing jitter will
only cause 27 x 107° rad change for a 1 GHz signal). On the
other hand, since mode-locked lasers can provide an ultrashort
pulse train with ultralow timing jitter, such an “optically assisted”
phase detection can provide much higher resolution for micro-
wave phase discrimination. In the past decades, several kinds
of optical-microwave phase detectors have been demonstrated
[44-52].

Figure 5 shows the architecture of a free-space-coupled bal-
anced optical-microwave phase detector (BOMPD), which was
first proposed in Refs. [44,45] and improved in Refs. [46,47].
An optical pulse train with a repetition rate f, from a mode-
locked laser is launched into the device through the optical input
port. The optical power is then separated into three paths: signal,
bias, and reference, with free-space components, such as PBS,
half-wave plates, and quarter-wave plates, which can efficiently
reduce long-term drifts caused by the environment. Each path
contains a free-space delay stage that enables precise phase tuning
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Fig. 5. Architecture of free-space-coupled balanced optical-microwave
phase detector (f, the repetition rate of the optical input signal; Af, the
relative phase difference between the RF and optical input signals;
SGI, Sagnac interferometer; BPF, bandpass filter; LPF, lowpass filter; +2,
frequency divider; +, voltage summer; x, frequency mixer). Figure adapted

from [47].
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without backlash, microwave reflection, and loss when compared
with conventional RF phase shifters. In the signal path, the optical
signal is coupled into a Sagnac interferometer (SGI) through a
collimator. Since the temporal pulse width is sufficiendy
short, the optical pulse train power at the SGI input can be
approximated by

Pi(8) =P, Tr Y (1 + Apn(£)8( - nT - As(2)),  (13)
where 6(z) is a Dirac delta function, 7y = 1/ f is the period of
the pulse train, P,, Agm(?), and AJ(#) are the average
power, power fluctuations, and timing jitter of the pulse train,
respectively.

In the bias path, a self-referenced signal (M + 0.5)f, is
derived from the optical pulse train after a PD, bandpass filter
(BPF), and a frequency divider. Then the bias signal is sent to
the phase modulator of the SGI together with the RF input signal
at frequency f,~ N fp Usually M is a very large number.
Therefore, the multi-GHz modulation in the phase modulator
ensures a unidirectional phase modulation, which eliminates
the repetition-rate dependence of the SGI, thus improving its
robustness and long-term stability when compared to earlier im-
plementations [44,45]. The driving signal of the phase modulator

can be written as
V(1) = Vo sin[2z f (¢ + Aty)]
+ Vi sin2z(M 4+ 0.5) f(z + Azy) + Ag),  (14)

where V) and Az are the amplitude and timing jitter of the RF
input signal, respectively. V, is the amplitude of the RF signal
from the bias path. A¢ and Az, are the fixed relative phase
and relative timing jitter between the pulse train and the RF bias
signal, respectively. For biasing at quadrature, we have

V, sin(Ag) = V,/2, (15)

where V. is the half-wave voltage of the phase modulator.
Suppose the frequencies of the RF and optical input signals
are locked with each other by the BOMPD, then f, = Nfp.
Using Egs. (13)—(15), the output optical power after circulating
in the SGI can be expressed as

P(#) = (1-a) P, (#)sin? (”V"’)

2V,
1- > 02
:TanTR Z {1 —i—VlVb (_Eb sin A¢ + 6, cos Aqﬁ)}
x (1 + Apin)o(2-nTg)
l-a N .
+TP4TR Z 7‘/09‘,(1 +ARIN)(S(f—7lTR)€/”th,

n=-0o

(16)

where a is the loss of the SGI, 6, = 21 (Azy + AJ) is the rel-
ative phase error between the pulse train in SGI and RF input
signals, and 8, = 27(M + 0.5) f z Az, is the phase fluctuation
in the bias path.

The SGI output is filtered by a BPF at 0.5 to perform the
frequency downconversion with the signal in the reference path.
Since the 0.5 ', frequency component only appears in the second
term on the right-hand side of Eq. (16), the phase fluctuations 6,
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from the bias path cannot affect this downconversion process.
Finally, the error signal after downconversion is

C
V,= EVL (1- a)PﬂTRV,pVOGf(l + Apn) cos(z f R Az,),

(17)
where V,, is the amplitude of the RF signal in the reference path,
At, is the relative timing jitter between the reference and the SGI
path, and C is a constant coefficient related to the downconver-
sion electronics. Since the downconversion is performed at the
lowest possible frequency (0.5f), thermally induced phase
changes in the reference path can be minimized. For example,
if fr =216 MHz, a 3-mm length change from the reference
path can only introduce 2 x 107 relative change to V/,. Similarly,
since usually Agpy < 1, V, is also insensitive to optical input
power fluctuations. Thus, V, is mainly determined by 6, i.c.,
the relative timing jitter between the RF and SGI input signals.
Since the free-space optical paths before the SGI are well isolated
from environmental changes, the BOMPD can accurately detect
the timing jitter between the RF and optical input signals without
introducing systematic errors.

The quadrature bias condition in Eq. (15) can also be realized
with different methods. In Refs. [48,49], a nonreciprocal quarter-
wave bias unit with two Faraday rotators and a quarter-wave plate
is employed in the fiber loop (Fig. 6). Then the polarizations of
counterpropagating pulses are aligned to the slow and fast axis of
the quarter-wave plate, respectively. Therefore, a /2 phase bias is
obtained automatically. In Ref. [50], the optical pulse train is sent
into a dual-output Mach—Zehnder modulator, and the 7/2 phase
bias is achieved by imposing a DC offset voltage on one arm of the
modulator. In Ref. [51], a simple 3 x 3 fiber coupler structure is
introduced, so the z/2 phase bias condition is automatically
maintained for a Sagnac loop. In all these schemes, the phase error
signal is encoded in the mode-locked laser’s baseband power
change; thus, a balanced detection is necessary to remove the la-
ser’s high average power. Special attention must be paid to sup-
press the AM-PM noise conversion, as discussed in Ref. [52].

Besides optical-microwave phase detectors, significant progress
has also been made in converting precision timing information
from optical domain to microwave domain through direct photo-
detection. In Ref. [53], modified unitraveling carrier PDs are in-
troduced to provide a null of the AM-PM conversion at a specific
bias voltage. By using an optical-microwave interferometer setup,
the measured excess timing noise in the photodetection is
4 as//Hz at 1-Hz offset. In Ref. [54], a digital coherent modu-
lation-demodulation system is used to actively stabilize the PD so
as to make it operate continuously in a null of the AM-PM

conversion state.
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Fig. 6. Fiber-loop optical-microwave phase detector (FLOMPD).
Figure adapted from [48].
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C. X-Ray Pulse Timing

The general timing jitter definition in Eq. (1) also applies to an x-
ray pulse. To fully characterize its jitter, we need to know the x-ray
pulse profile, as well as its delay relative to another reference signal
(electron bunch, optical pulse, etc.). The timing jitter characteri-
zation of XFEL x-ray pulses has attracted wide interest in the past
decade, since it is crucial to realize the longstanding dream of re-
cording a molecular movie. Here, we discuss a few prominent
techniques related to XFEL x-ray timing,.

First, without any external source, an XFEL pulse can be char-
acterized by cross-correlation between itself and its original elec-
tron bunch [55]. In Ref. [55], an emittance-spoiling foil with
double slots is used in the LCLS, the hard x-ray FEL in
Stanford, U.S. After the electron beam passes through the foil,
only the two unspoiled time slices with good emittance can con-
tribute to the FEL lasing. So, a femtosecond x-ray pulse pair is
generated. A magnetic chicane is added in the middle of the
FEL undulator. It plays two roles: to wash out the FEL micro-
bunching generated in the first part of the undulator, and to delay
the electron beam with respect to the x-ray pulses. From the cross-
correlation trace between the chicane-induced delay and the de-
tected x-ray pulse intensity, both the pulse separation of the pair
and the pulse duration of each pulse can be extracted. The mea-
surement resolution obtained with this method is sub-10 fs [55].

The arrival time of XFEL pulses relative to external probe laser
pulses can be indirectly determined using a noninvasive technique
based on electro-optic sampling (EOS) of the electric field sur-
rounding the ultrarelativistic electron bunch that produces the
x-ray pulse [56]. As shown in Fig. 7, if a crystal is placed adjacent
to the electron beam, its index of refraction will be distorted
anisotropically by the strong electromagnetic fields associated
with the ultrarelativistic electrons. This transient birefringence
or electro-optic effect is induced without affecting the electron
bunch propagation. Laser light passing through the crystal at
the same time as the transient birefringence will have its polari-
zation rotated and can be used to probe this effect. In the limit
that the crystal response is electronic, this transient birefringence
is prompt, and the effect is proportional to the electron bunch
current profile. With this method, a resolution better than
60 fs RMS can be achieved for x-ray pulse relative timing mea-
surements.

The method in Ref. [56] can only detect the relative timing
between the electron bunch and the optical laser pulse. The addi-
tional timing jitter between the electron bunch and the generated
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Fig. 7. X-ray pulse timing measurement based on EOS. Reprinted
with permission from American Physical Society [56], ©2005.

x-ray pulse cannot be resolved. Later, an improved scheme was
proposed [57]. This time, the EOS is performed with the coher-
ent terahertz radiation generated at the end of the x-ray undulator
by the same electron bunch that emits the x-ray pulse. These tera-
hertz electric fields and the x-ray pulses are intrinsically synchron-
ized to one another on the scale of a few femtoseconds. Therefore,
if the optical pulse is synchronized with the terahertz electric field
using the EOS, it is also synchronized to the x-ray pulse, within a
few femtoseconds’ temporal resolution.

Induced ultrafast optical switching of bulk refractive indices
is another common cross-correlation technique to resolve the tim-
ing jitter of vacuum ultraviolet or x-ray pulses. Absorption of a
fraction of the x-ray beam intensity can produce a rapid change
in the free-carrier density by photoionization and subsequent cas-
cade ionization. In Ref. [58], ultrafast transient changes of the op-
tical reflectivity in GaAs induced by femtosecond x-ray excitation is
used to directly measure the timing between x-ray and optical
pulses. Extreme UV radiation pulses with a duration of 50 fs im-
pinge on a GaAs(100) crystal with the electric-field vector in the
surface plane. The induced change of optical reflectivity is probed
by a delayed optical pulse at 800 nm, or optionally, 400 nm, with a
FWHM duration of 120-150 fs delivered from an optical paramet-
ric amplifier system that is electronically synchronized to the
electron accelerator. The optical pulse energies are detected in a
reference path, and after reflection with two fast photodiodes, allow
for transient reflectivity measurements pulse by pulse. Based on
the detected x-ray-induced optical reflectivity, the initial delay
between the optical and x-ray pulse can be obtained, and the
relative timing jitter of the x-ray pulses can also be compensated.
A similar method is used in Ref. [59] to measure the relative timing
jitter between hard x-ray pulses and optical pulses. The hard x-ray
pulses are sent through 1 pm Si3sN4 membranes. Such thin mem-
branes ensure x-ray transmission higher than 90% and are not
damaged by the FEL pulses. The x-ray-induced transmission
change can then be probed by an optical pulse. The relative delay
is either encoded in wavelength from a broadband chirped
supercontinuum of the optical pulse, or encoded in the spatial
domain by providing a grazing angle to the FEL pulse. The final
optical-x-ray delay measurement error is 6 fs RMS.

Finally, terahertz streaking [60,61] constitutes another tech-
nique for x-ray pulse characterization. As illustrated in Fig. 8, blue
and red curves represent the electric field and the corresponding
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Fig. 8. Schematic of single-shot, single-cycle terahertz streaking mea-
surement. Reprinted with permission from Springer Nature [60], ©2012.
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vector potential of a single-cycle terahertz pulse. The vertical axis
gives the kinetic energy of the photoelectron emission, which is
equivalent to time in streaking measurements. During the single-
shot measurement shown in Fig. 8(a), the FEL pulse does not
overlap in time with the terahertz pulse, and the kinetic energy
distribution of the photoelectrons ejected by the FEL pulse is un-
affected. In Fig. 8(b), the FEL pulse overlaps with an extreme of
the terahertz vector potential, leading to a maximally downshifted
photoelectron spectrum with minimized spectral broadening. In
Fig. 8(c), the temporal overlap occurs near the zero crossing of the
terahertz vector potential, where the time of arrival as well as the
temporal profile and duration can be accessed with the highest
resolution. In Ref. [60], the single-cycle terahertz pulses generated
by optical rectification of femtosecond Ti:sapphire laser pulses has
a streaking field half-cycle or ramp of ~600 fs, significantly longer
than the maximum expected FEL pulse duration and timing jitter.
As a result, once the streaking pulse and FEL pulse are overlapped
temporally, all single-shot acquisitions occur on a uniquely de-
fined, nearly linear portion of the streaking ramp. The terahertz
electric field is characterized by the EOS independently to con-
struct the streaking map. Since the terahertz electric field is locked
to the Ti:sapphire laser, the resulting FEL pulse profile measure-
ments are given on a time base that is synchronized to the pump-
probe experiment environment. The achieved temporal profile
measurement accuracy of individual FEL pulses is 5 fs FWHM.

3. FREE-SPACE-BASED LARGE-SCALE TIMING
SYSTEM

Generally, a timing and synchronization system consists of a tim-
ing reference providing extremely stable timing signals, a target
signal that needs to be synchronized, a timing detector that
can measure the timing difference between the target signal
and the reference, and a control system to lock the timing of
the target to that of the reference. Using the timing characteriza-
tion tools presented in Section 2, we can locally synchronize the
timing of different kinds of signals. If the target device is located
far away from the reference, a timing link is necessary to deliver
the timing signal from the reference to the target. Timing links
can be constructed through either free-space or optical fibers. In
this section, we first discuss the free-space case.

In many large-scale scientific instruments, such as XFELs and
ELI facilities, high-power ultrashort pulse optical lasers are gen-
erated from a laser chain that typically consists of a seed oscillator,
multistage amplification, regenerative amplifier cavities, active
elements, as well as tens of meters of propagation length. All these
components make the system prone to long-term timing drift and
fast jitter sources. Optical synchronization of the final amplifier
output to the seed oscillator is required in many applications such
as pump-probe experiments and pulse synthesis [62—66]. In
Ref. [63], a timing correction is demonstrated for a terawatt scale
Ti:sapphire laser system at Swiss FEL, operating at 5 Hz. The
timing difference between the final output pulse and the seed os-
cillator is compared by a BOC with a single-pass type I BBO
crystal. Due to the large beam diameter of the final pulse output,
the two beams in the BBO crystal are noncollinearly mixed, and
therefore the generated SFG signal can be spatially separated
from the inputs. The reference input pulse is stretched by a CaF,
block to apply a well-defined chirp; therefore, the relative timing
can be translated to a wavelength change of the SFG signal, which
appears as a spatial displacement after a UV grating and is

measured by a CCD camera. Due to the low operating frequency
(5 Hz), the timing correction is implemented every shot by con-
trolling a motor stage based on the BOC output. The achieved
timing precision is ~3 fs RMS for several hours.

Regenerative amplifiers are most often used to deliver
multi-millijoule output pulse energies for terahertz generation,
high-harmonics generation, optical parametric amplifiers, etc.
The inherent principle of regenerative amplifiers implies a pulse
buildup time on the order of a few microseconds, which is equiv-
alent to an optical path length of hundreds of meters. Thus, the
regenerative amplification architecture is potentially sensitive to
external perturbations such as mechanical vibrations, temperature
fluctuations, and pressure variations. Figure 9 shows a typical tim-
ing stabilization scheme for regenerative amplifiers [64]. The
BOC for timing detection between the seed oscillator and the
regenerative amplifier is realized by two lithium triborate (LBO)
crystals. This approach is also based on a noncollinear SFG con-
figuration due to the amplifier large beam diameter. Two glass
plates are placed in the regenerative amplifier arm before one
LBO, to obtain an § curve from BOC output. Here, the optical
delay line for timing compensation must be able to support a large
feedback bandwidth, so that the timing jitter up to the Nyquist
frequency of the regenerative amplifier repetition rate can be
corrected.

Large-scale free-space frequency comb transfer has been dem-
onstrated in both indoor and outdoor environments, where the
system bears atmospheric turbulence. In Ref. [67], by using BOC
to characterize and suppress atmospheric timing fluctuation, one-
way transfer of an optical pulse train is realized over a 76.2-m-long
free-space beam path in a laboratory environment, with 2.6 fs
residual jitter over 130 h. Another one-way transfer scheme is
presented in Ref. [68]. A frequency comb is transferred over a
52-m-long free-space outdoor link with passive phase conjunction
correction. The frequency instability is reduced to 6x 10717
at 1000 s.

In Ref. [69], optical two-way time and frequency transfer over
free space is demonstrated. As depicted in Fig. 10, two clocks are
located at separate sites A and B. Suppose site A transmits a pulse
from an optical comb at its zero time to site B. Its measured arrival
time according to site B’s clock is Aty = Ty + AT 43,
where T, is the path delay and AT 45 is the time offset between
the clocks. Simultaneously, site B transmits a pulse at its assumed
zero time in the opposite direction to site A, where its arrival time
is Atp_ 4 = Tinic — AT 45. Subtraction of these two arrival times
yields the clock time offset, AT 43 = (Aty_p- Atp_4)/2,
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Fig.9. Experimental setup for the characterization and stabilization of
the regenerative amplifier repetition rate. Figure adapted from [64].
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Fig. 10. Optical two-way time and frequency transfer over free-space
link. Reprinted with permission from Springer Nature [69], ©2013.

which can be used to evaluate the cumulative relative timing error
between these two clocks. A7y, and Azrp_, 4 can be measured
accurately by the BOC method [70]. Alternatively, linear optical
sampling is adopted in Ref. [69]. In this scheme, the combs at two
sites are phase-locked to the same optical clock, but with the rep-
etition rates differing by A . At each site, the heterodyne detec-
tion between the transferred comb and the local comb yields an
interferogram, or a cross correlation. From the peak location of
the cross correlation, the relative timing between pulse trains can
be inferred, with an update rate of A f'. Although 7'y, is can-
celed in the two-way transfer, it may still interrupt the measure-
ment when the turbulence effect is too strong to fade the received
signal below an accepted level. A steering mirror is used in Fig. 10
to compensate the turbulence-induced angle-of-arrival jitter.
With all these techniques above, the measured timing difference
AT 4pis 2.5 fs RMS (100 ms sampling time) within a few hours.

This optical two-way time transfer method is later used in re-
mote synchronization among different kinds of sources over free-
space links. In Ref. [71], two identical optical clock combs are
independently locked to two optical cavities at the two sites. A
third “transfer” comb is sent from the master site to a remote site
for linear optical sampling over a turbulent 4-km free-space link.
A coarse two-way time transfer between two pseudorandom
binary sequence-modulated distributed feedback lasers is used
to estimate 7'y, and other parameters, and then a more compli-
cated equation is used to determine A7 43, which serves as the
timing error to synchronize the remote clock comb. The achieved
time wander between two synchronized combs is 40 fs peak to
peak, over a 2-day measurement. A similar experimental setup
is also used to synchronize a microwave clock and an optical clock
[72], and for two-way carrier-phase extraction [73]. In both
Refs. [71,72], absolute time delay measurement can be performed
with femtosecond precision.

4. FIBER-BASED LARGE-SCALE TIMING SYSTEM

Compared to free-space-based links, optical-fiber-based timing
links are much more mechanically stable, flexible for installation,
and can be easily fitted into telescopes and XFELs. Transferring
cw lasers in fiber links has been widely used in frequency metrol-
ogy [74-77]. Arbitrary fiber links at telecommunication wave-
length can be utilized, since there are no dispersion or nonlinear
effects for a cw source. Using the two-way exchange scheme, a
fractional instability of 1071 (35,000 s) is achieved for stabilizing
two 920-km fiber links [77]. In order to extract timing

information, additional optical combs, which can be locked to
the transfer cw lasers, are required at each end station of the links.
This makes this scheme not very practical for timing and synchro-
nization. Another method is to transfer a microwave signal that is
amplitude-modulated on a cw optical carrier [78,79]. The timing
information is carried by the microwave signal. Dispersion and
nonlinear effects in the link are negligible. Due to the low timing
discrimination with microwaves and the high noise floor at photo-
detection, this scheme can only deliver ~100 - fs level timing
jitter in remote synchronization systems. The last scheme is to
transfer ultrafast optical pulses via fibers, which will be discussed
in detail in this section. In the pulsed approach, an optical pulse
train with ultralow jitter (timing signal) is generated from a mode-
locked laser (master laser), and distributed through fiber links in a
star network topology. Due to the broad bandwidth of the optical
pulse, the fiber links need to be carefully designed to reduce
dispersion, nonlinearity, and other undesired effects.

A. Fiber-Based Timing Link Stabilization

Figure 11 shows the fiber timing link stabilization scheme based
on the optical pulse approach. This scheme was first proposed in
Refs. [45,80] using a 300-m dispersion-compensated single-mode
fiber (SMF) link. Due to the polarization mode dispersion
(PMD), the residual timing jitter after link stabilization was lim-
ited to sub-10 fs level, and could escalate to as much as 100 fs
when the fiber was significantly perturbed. The SMF link is
later replaced by a 1.2-km polarization-maintaining dispersion-
compensated fiber (PM-DCEF) to eliminate the PMD effects [81].
The measured residual timing jitter is reduced to subfemtosecond
level over a 16-day operation.

In Fig. 11, the link input signal is first divided into reference
and link path pulses. The reference path length is set as short as
possible (e.g., 4 cm) to minimize timing errors introduced by
environmental noise. A fiber mirror is placed at the end of the
link to reflect a portion of the link pulses back for stabilization.
To assure that the forward and backward link transmission accu-
mulates the same amount of jitter, the link pulse must travel
along the same polarization axis during round-trip propagation.
Therefore, a 45° Faraday rotator before the fiber link is necessary
to introduce a 90° round-trip polarization rotation to direct the
reflected link pulse toward the BOC. In the control module,
the output voltage of a PI controller is divided into two paths. The
first path compensates for fast noise in the link and usually con-
sists of a high-voltage amplifier that drives a PM fiber stretcher.
The second path compensates for long-term environmental drift;
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Fig. 11. Typical link stabilization setup (SM, silver mirror; 1/4,
quarter-wave plate; FR, 45° Faraday rotator; MDL, motorized delay line;
ES, fiber stretcher; PM-DCEF link, polarization-maintaining dispersion-
compensated fiber link; PM-EDFA, polarization-maintaining erbium-

doped optical fiber amplifier). Figure adapted from [47].
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a data acquisition card is usually used to sample the timing error,
and control commands can be sent to a motorized delay line
through a computer.

Using fiber-coupled integrated BOC [38], fiber-coupled PBS,
fiber-coupled Faraday mirror, and fiber-coupled motorized delay
line, an all-fiber-coupled timing link stabilization system is dem-
onstrated in [82]. The robustness and ease of implementation of
these fiber-coupled devices can eliminate alignment-related prob-
lems observed in free-space optics. However, since optical fiber is
more sensitive to environmental temperature, the total residual
timing drift (<1 Hz) was 3.3 fs RMS over 200 h of operation,
even though PM-DCEF fiber links were adopted. In Ref. [83], a
new integrated BOC is employed [39] with improved timing sen-
sitivity. Except for the fiber-coupled integrated BOC, all the other
optics are realized in free space. The measured residual timing
drift is reduced to 0.75 fs (<1 Hz) over 28 h. Due to the higher
timing sensitivity, the main advantage of using integrated BOCs
in timing link stabilization is on the power budget. With the same
master laser, the integrated BOCs can support 3 times more links

compared to free-space BOCs [83].

B. Fiber-Link-Induced Timing Jitter

In Fig. 11, long-range compensation is performed by a motorized
stage with long free-space delay arms; e.g., a 10-cm range is re-
quired to correct for £1.5-K temperature change in a 3.5-km
link. Movement of the delay stage introduces inevitable beam
misalignments that cause link power fluctuations. We can use
an analytical model to investigate how these fluctuations affect
the COG of the optical pulses.

In the retarded time frame of pulse propagation in the fiber
link, we define A(z, T') as the slowly varying amplitude of the
link pulse envelope. A(z, ') is governed by the nonlinear
Schrédinger equation [84]:
04 ( a if, &
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where a is the fiber loss, /3, is the second-order dispersion (SOD)
coefficient, f3; is the third-order dispersion (TOD) coefficient, y is
the nonlinear parameter for self-phase modulation (SPM), w, is
the carrier angular frequency, and 7'y is the Raman parameter.
The timing link consists of two fiber sections: standard polariza-
tion-maintaining (PM) fiber and PM dispersion-compensating fi-
ber (DCF). Here it is assumed that a and 7 are constants, and
B, P53, and ¥ are z-dependent.
The slowly varying amplitude of the pulse envelope can be
written in terms of a normalized amplitude function U on a time
scale # normalized to the input pulse width 77, as

A(z, T) = \/Py exp(-az/2)U(z, 1), (19)

where t =T /T, Py is the peak power of the input pulse.
Substituting Eq. (19) into Eq. (18), U(z, #) satisfies
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where the subscripts 7 and z indicate partial derivatives, e.g.,
U,=0U/0z, U, =0"U/ot*.
The COG of A(z, T') can be written as
e ampdr
COG ™ [Heo 4(T) 2T

+o0
= TO/ U@ P (21)
Based on Egs. (20) and (21), we have
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Based on the second term in Eq. (22), it can be concluded that the
change of zcog induced by power fluctuations is proportional to
the input power level and is a combined effect of residual SOD,
TOD, SPM, self-steepening, and Raman response. Although a
COG shift appears as a deterministic shift in the zero-crossing po-
sition of the BOC characteristic in Fig. 11, the link stabilization
feedback will unknowingly track this shift and erroneously intro-
duce it into the link path, causing a timing error at the link output.

Simulation results are given in Fig. 12 to quantify the link-
induced timing drifc effects [47]. SPM, self-steepening, and
the Raman effect are considered in the link. The BOC character-
istic is calculated for each round-trip link pulse against a new laser
reference pulse. The timing offset of the zero-crossing position in
the BOC characteristic is identified as timing error. The param-
eters B2/B3 are used to represent the link residual SOD/TOD
normalized by the SOD/TOD of 1-m standard PM 1550 fiber.
Figure 12(a) shows that residual TOD can induce up to 5-fs tim-
ing error for +8-dBm average power in the link (considering 200-
fs input pulse width and 200-MHz repetition rate) with +5%
fluctuations. Figure 12(b) indicates that +10-dBm link power
is the threshold before significant amplitude-to-timing conversion
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Fig. 12. Timing drift introduced by link power fluctuations [in (a),
the input power is +8 dBm and B2 = -0.13; in (b), B2 = -0.13
and B3 = 18.7]. Figure adapted from [47].
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occurs due to severe nonlinear pulse distortions that may result in
4 fs of timing error from £5% power fluctuations. In order to
eliminate these power-fluctuation-induced drifts, the link power
must be stabilized. As shown in Fig. 11, this can be realized by
sending a third feedback signal to the polarization-maintaining
erbium-doped optical fiber amplifier (PM-EDFA) to adjust its
pump current.

Besides the long-term drifts, the fast jitter of an optical pulse
train can also be enhanced during fiber link transmission [47]. To
investigate this effect, the master equation of a fast-saturable-
absorber mode-locked laser is solved using the fourth-order
Runge—Kutta in the interaction picture (RK4IP) method [85].
Laser timing jitter is generated by adding amplified spontaneous
emission noise during each iteration of RK4IP. The calculation is
repeated for a train of laser pulses in the presence of pulse timing
jitter, and each pulse is solved by similar procedures in the link-
induced drift simulation.

In Fig. 13(a), pulse center-frequency fluctuations are con-
verted into timing jitter via residual SOD and TOD. This jitter
contribution, often called Gordon—Haus jitter [86], can amount
to 0.15 and 0.3 fs for uncompensated SOD equivalent to 2 and
3 m of standard PM fiber, respectively. In Fig. 13(b), spontaneous
emission noise is converted into timing jitter, and its impact is
further enhanced by link nonlinearities. The introduced jitter
reaches up to 0.13 fs for average power levels below +12 dBm
(corresponding to a pulse peak power of Py = 430 W) but
escalates to 1.4 fs at +14 dBm (P = 682 W). This jitter
needs to be carefully minimized in practice because it easily
reaches the femtosecond-level before a visible distortion of the
BOC characteristic can be observed, as shown in the inset of

Fig. 13(b).

C. Fiber-Based Remote Timing Synchronization

After stabilizing the fiber-based timing link, the pulsed timing
signal can be used to remotely synchronize optical and microwave
sources. In Ref. [87], two optical lasers are synchronized over a
3.5-km PM-DCF link using a BOC. The out-of-loop drift
(<1 Hz) is 2.3 fs over 40 h of operation. It is mainly limited
by the power-fluctuation-induced timing error given in Eq. (22)
and Fig. 12. In Ref. [88], remote microwave synchronization is
realized over a 2.3-km SMF link. The repetition rate of the master
laser is first locked to a local RF reference by a fiber-loop optical-
microwave phase detector (FLOMPD). The delivered timing
signal from the master laser after link transmission is used to
lock a remote voltage-controlled oscillator (VCO) by another
FLOMPD. The demonstrated relative fractional frequency
instability is 7.6 x 10718 at 1000 s averaging time, which is limited
by the PMD drifts of the fiber link.
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Fig. 13. (a) Link-induced Gordon—Haus timing jitter for different
B2/B3 values; (b) link-induced timing jitter due to nonlinear effects
in the fiber. Figure adapted from [47].

A laser-microwave network is demonstrated in Refs. [47,89],
with the aim of minimizing all conceivable technical noise
sources. As shown in Fig. 14, the repetition rate of the master
laser is locked to a microwave reference with a 10-Hz feedback
bandwidth to suppress long-term drifts. The timing signal from
the master laser is distributed through a network that contains
two independent fiber links of 1.2-km and 3.5-km length oper-
ated in parallel. The link outputs are used to synchronize a remote
laser and a VCO simultaneously. The residual SOD and TOD of
the links are compensated with additional DCF to suppress the
link-induced Gordon—Haus jitter [Fig. 13(a)] and to minimize
the output pulse durations for high signal-to-noise ratio (SNR)
in the BOGs. The link power is adjusted to minimize the non-
linearity-induced jitter [Fig. 13(b)] as well as to maximize the
SNR for BOC locking. To eliminate power-fluctuation-induced
drift (Fig. 12), a feedback signal was sent to the EDFA to control
its pump current. A free-space-coupled-BOMPD is employed for
optical-microwave locking to improve the long-term timing sta-
bility. The relative timing instability of remote laser synchroniza-
tion was 9 x 10722 in 10° s. The relative timing jitter between the
two remote-synchronized devices over the full measurement fre-
quency range [15 pHz, 1 MHz] was 950 as RMS.

Using the same 4.7-km timing link network in Fig. 14, a
multicolor laser network with daily 0.6-fs timing drift is demon-
strated using two-color BOCs [90]. A microwave network is also
realized with a total residual phase error of 147 prad at 10 GHz
integrated from 0.1 mHz to 100 MHz [91,92].

In summary, Fig. 15 shows a typical timing and synchroniza-
tion system for an XFEL. It can be implemented using the
techniques discussed in this paper. For example, timing link
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stabilization by [47,61,81-83], the synchronization between the
microwave reference and master laser, master laser to klystron,
linear accelerators, and bunch compressor by [44-52,61,88,
91,92], master laser to injector laser, seed laser and seed oscillator
of the probe laser by [34,35,38,39,47,61,87,90], probe laser seed
oscillator to probe laser output by [62—66], and x-ray timing char-
acterization by [58—61].

D. Quantum Limit of Fiber-Based Timing System

Before concluding this section, we use a semiclassical model in the
Heisenberg picture to investigate the quantum limit for the tim-
ing jitter of the fiber-based timing link. The quantized optical
electric field in the fiber can be written as [93]

. © h 1/2 ,

E(f) — l/ dw (w + 60(;)’7 5(0) + wo)e—z(ﬂ]-‘ra)())t’
0 4reqc|n|*S

(26)

where @ is the field center frequency, 7 is the refractive, 7 is the

real part of 7, § is the transverse area of the waveguide mode, and

(@ + @) is the photon annihilation operator. For a pulse with a

slowly varying envelope compared with the optical carrier fre-
quency, a temporal envelope annihilation operator A(#) can be

defined as [94]

A@) = \/%7 / dwi(w)e @, (27)

where
a(w) = & + wy) (28)

and A(z), d(w) satisfy the following commutation relations with
their corresponding creation operators:

[A(1), A"(#)] = 8(¢ - ), (29)

[4(@), & (0")] = 6(w - ). (30)

The evolution of A(#) in the fiber can be phenomenologically
described by [94-96]

o a . if Ps ~
A =-2A- zAt,—i—gA

where the subscripts # and z indicate partial derivatives, a is the
fiber loss, /3, is the SOD coefficient, 3 is the TOD coefficient,
and § is the Langevin noise operator. In order to maintain the
commutation relation Eq. (29), § should satisfy

e+ 5 (31)

[(z,2), 5 (2, )] = ad(z - 2")6(z - t'). (32)
We define the pulse COG operator based on Eq. (1) as
f= % / deeAT (0 AQ), (33)

where

N = < / dt/if(r)/i(t)> (34)

is the total average photon number. The timing jitter T](z) at
position z can then be described by

TI(2) = (T(2)) - (T(2))*. (35)

Suppose the optical mode is in a coherent state and the noise
reservoir is in the vacuum state; based on Egs. (29)—(35), we
can eventually obtain
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where
L1 .
Q(Z) =W/dflA At’ (37)
r(z)—— / dtAT A, - <N1(Z) / dtflj/it>, (38)
AP (z) = <ﬁz)/dtt2/ﬁ/i>, (39)
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_ 1 P
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In Eq. (30), the first term is the pulse original jitter limit before
fiber transmission, which satisfies the standard quantum limit
condition [40]:
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o AKO)?

(700 2 (45)
where A#(0) is the initial pulse width. The second to sixth terms
in Eq. (36) are the “amplified” pulse original jitter through SOD
and TOD. The seventh to twelfth terms are the new generated
quantum jitter through the coupling between the quantum loss
and dispersion effects.

We perform a simulation to investigate how the terms in
Eq. (36) affect the timing jitter of optical pulses traveling in fiber
links comprised of two sections: PM-1550 and PM-DCEF.
Starting with a Gaussian pulse of 200-fs FWHM pulse duration,
we calculate the timing jitter generated by the quantum noise
sources for different pulse energies, fiber link lengths, and residual
dispersion values. The calculations shown in Fig. 16(a) are per-
formed for the 3.5-km fiber link in Fig. 14(a) for varying pulse
energies. Based on our experimental values, we assume that the
link has about 0.1-m worth of residual SOD and 26-m worth of
residual TOD in comparison to the dispersion of a 1-m-long PM-
1550. As can be seen from the black curve in Fig. 16(a), the total
timing jitter generated by the quantum noise sources varies be-
tween 180 as RMS and 6 as RMS for pulse energies from 0.1 pJ
up to 100 pJ. Due to the large residual TOD, the third term
in Eq. (36) generates the largest contribution; [green curve in
Fig. 16(a)]. The new generated quantum jitter [red curve in
Fig. 16(a)] is also comparable with the pulse initial jitter [blue
curve in Fig. 16(a)]. With 4 p] energy, the total jitter after
3.5-km link transmission is about 26 as.

S
o
3

~

o
S

B3

N
Enhancement factor

Timing jitter (as)

/

— T3
— Y711
— TJtotal - 0
-20
\ 0|
\\
10 100 6052

1
Pulse energy (pJ) B2

(a) 200 : (b) 60"7 -
— TJ1 a0l 5
20 \ i
10 1 2 3

oo

(€)1 w (d) o “

10° _ _
@ 3 =108 S
8 0 e 8 3
o > S e
2 > g 3
£ 48 Ee? 48
2 5 o =
Rl 8 £ 3
F 3 E 10 :

10

1 : 0.4 1 04

10 100 1k 10k 100k 10 100tk 10k 100k

Link length (m) Link length (m)

Fig. 16. Analysis of quantum jitter of fiber timing link. The initial
pulse has a Gaussian shape with 200-fs FWHM pulse width. The timing
link consists of two fiber sections: standard PM fiber PM 1550, and PM
DCF. The quantum timing jitter after link transmission is calculated
based on Eq. (36). (a) Comparison of jitter contributions with varied
input pulse energies. The link is 3.5 km with experimental #, and f;
values. TJ1, 2, 3: the first (pulse original jitter), second (“amplified” jitter
through SOD), third term (“amplified” jitter through TOD) in Eq. (36),
TJ7 ~ 12: the overall jitter of the seventh to twelfth terms in Eq. (36), T]
total: the overall jitter in Eq. (36). The fourth—sixth and twelfth terms are
zero due to the initially unchirped pulse shape. (b) Quantum jitter en-
hancement through fiber dispersion effects. B2, the link’s residual SOD
normalized by the SOD of 1-m standard PM 1550; B3, the link’s residual
TOD normalized by the TOD of 1-m PM 1550. (c) Overall quantum
jitter with different link lengths and initial pulse energies; the experimen-
tal #, and f; values are used. (d) Overall quantum jitter with different
link lengths and initial pulse energies, B2=0, B3=0.

By varying the 8, and f; of PM-DCF, we also calculate the
dispersion-related quantum jitter TJp [sum of second to twelfth
terms in Eq. (36)] for different residual TOD and SOD values of
the fiber link. Furthermore, we determine total jitter from
Eq. (36) only under the influence of fiber loss by setting the
p, and p5 to zero for both PMF and PM-DCEFE. Then we can
calculate an enhancement factor T]p/T]; through dispersion,
where TJ; is the overall jitter of Eq. (36). As can be seen in
Fig. 16(b), even if the total residual TOD and SOD are zero,
an enhanced factor of about 0.51 can be obtained. This suggests
that the quantum loss and dispersion are correlated with each
other and cannot be treated independently. With 3-m worth
of uncompensated SOD and 60-m worth of uncompensated
TOD from PM 1550, the quantum jitter can be enhanced by
larger than 5 times compared with the no-dispersion case.

The dispersion-induced quantum jitter becomes more serious
for longer fiber links. For example, in Fig. 16(c), we use the ex-
perimental f, and f; values, and assume the total link has only
0.1-m worth of uncompensated SOD of PM 1550. As the link
length increases, more and more TOD would be uncompensated.
When the link length is 100 km, the total quantum jitter is
12.74 fs with 40-p] pulse energy. If we let both the link residual
SOD and TOD to be zero, the total quantum jitter can be re-
duced to 363 as [Fig. 16(d)]. In Fig. 13(b), we have found that
if the pulse energy is below 18 p], the timing jitter contributed by
fiber nonlinearity is negligible. With this energy level, the total
quantum jitter is still below 100 as after 60-km link transmission,

if both SOD and TOD are perfectly compensated [Fig. 16(d)].

5. FUTURE DIRECTIONS

There are two possible directions to upgrade large-scale timing
synchronization systems: increasing the timing resolution or in-
creasing the timing link length. The timing resolution of a timing
synchronization system will eventually be limited by the quantum
noise floor of the reference source, timing detector, or link. The
timing instability of the timing reference, especially on mode-
locked lasers, is limited, as the measured timing jitter nowadays
is already close to the predicted quantum limit [33,97]. However,
there is still a lot of work that can be done to approach the quan-
tum noise floor of timing detectors. Today, the highest resolution
provided by any x-ray timing detector is at a few femtosecond
level, which is about 3 orders of magnitude higher than optical
timing detectors (e.g., BOC). To resolve the details of a single-
shot x-ray pulse, new cross-correlation techniques may be re-
quired to implement a more efficient instantaneous pump-probe
process between the x-ray pulses and other sources. Two-step
cross-correlation may be another solution, e.g., an x-ray pulse first
induces a change on an optical probe pulse, which can be further
accurately characterized by an optical timing detector, so as to
resolve the details of the x-ray pulse. The main noise contribution
of optical-microwave phase detectors (such as BOMPD or
FLOMPD) is the thermal drift from fibers and RF cables.
This noise may be significantly decreased by integrating the phase
detector on a single chip. Based on Fig. 3, the BOC noise floor is
already very close to the standard quantum limit of the input
pulses with an acceptable input power level. The next step
may be to directly investigate this quantum limit or even to verify
lower limits using squeezed light [95].

The ultimate way to reduce the noise floor of free-space timing
links is to put them into vacuum or outer space, which actually
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has already been done for gravitational wave detection [98,99]. As
indicated by Figs. 13 and 16, to approach the quantum limit of
fiber-based timing links, the operating link power needs to be
sufficiently low (to remove nonlinear effects), which in turn re-
quires developing higher timing sensitivity optical timing detec-
tors for link stabilization. When the entire timing synchronization
system is quantum-noise limited, a large number of similar setups
can be operated to perform parallel measurements with the same
signal (e.g., gravitational wave) simultaneously, to give another
several orders of improvement on the precision after averaging.
Finally, the timing link length will be limited by the link loss.
Concerning timing links in outer space, gigameter distances
may still be possible [99], while for fiber links, larger than hun-
dreds of kilometers can increase the quantum noise floor to above
100 as, if an almost-zero-additive-jitter relay amplifier cannot be

provided.
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