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A wavelength-tunable and dual-wavelength mode-locking operation is achieved in an Er-doped fiber laser using a

hybrid no-core fiber graded index multimode fiber as the saturable absorber. In the tuning operation, contin-
uously wavelength-tunable pulses with a tuning range of 46.7 nm, stable 3-dB bandwidth of around 5 nm, and
pulse duration of ~850 fs are obtained by increasing the intracavity loss of a variable optical attenuator. In the
dual-wavelength operation, the two solitons at different wavelengths demonstrate the characteristics of mutual
coherence. By increasing the intracavity loss, the spectral spacing can be tuned from 11 to 33.01 nm while main-
taining the coherence of the solitons. Such coherent solitons have high potential for applications in dual-comb

frequency and multicolor pulses in nonlinear microscopy.
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1. INTRODUCTION

Wavelength-tunable and  dual-wavelength  mode-locking
Er-doped fiber (EDF) lasers operated in the telecom band have
versatile applications in wavelength division multiplexing, op-
tical signal processing, optical sensing, and precision spectros-
copy [1-3]. Until now, several methods have been proposed for
broadband wavelength tuning and multiwavelength operation,
including conventional bandpass filters, tunable interference
filters [4-8], self-frequency shift [9], intracavity birefringence
adjustment [10], intracavity loss control [11,12], and so on.
For a wavelength-tunable mode-locking operation, the tuning
range is limited by the loss/gain distribution band of the
Er-doped gain fiber. Thus, the relatively wide tuning range that
covers the C + L band is difficult to achieve. The loss/gain dis-
tribution is affected by the insertion loss of the cavity and the
length of the EDF. The precise control of the additional intra-
cavity loss is an efficient method to change the population in-
version in the fiber cavity and achieve broadband wavelength
tuning [13]. The dual-wavelength Er-doped passively mode-
locked fiber lasers can yield double-pulse trains with different
central wavelengths simultaneously. Theoretically, the laser
spectrum can possess two peaks with similar gain under certain
pump and signal conditions, considering the gain spectral pro-
file of the Er-doped gain fiber. However, the strong mode
competition in the homogeneously broadened gain medium
may hinder the stable output of a dual-wavelength fiber laser
[14]. Similarly, the tuning of the cavity loss can be applied for
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dual-wavelength output by balancing the mode competition
and improving the gain spectral profile. Zhao ez al. [12] report
a switchable dual-wavelength Er-doped passively mode-locked
ultrafast fiber laser with subpicosecond pulse output at both
the wavelengths 1532 and 1557 nm just by varying the intra-
cavity loss with a tunable attenuator. In some cases, the dual
solitons at different central wavelengths have similar parame-
ters, including intracavity pulse energy, pulse duration, polari-
zation state, etc., which indicate the mutual coherence of the
two solitons. This coherence is a decisive parameter for the ap-
plication of coherent pulse synthesis, dual-comb frequency, and
so on. Although the coherence of dissipative solitons (DSs) and
Raman dissipative solitons (RDSs) has been proved previously
[15,16], the coherent characteristics of conventional solitons
have not yet been observed.

So far, a number of saturable absorbers (SAs) have been re-
ported for the generation of wavelength-tunable dual-wave-
length in mode-locked fiber lasers, including nonlinear
polarization rotation (NPR) [6-9], single-wall carbon nano-
tubes (CNTs) [17,18], nonlinear optical loop mirrors
(NOLMs) [14,19,20], semiconductor SA mirrors (SESAMs)
[4,21], graphene [5,10], black phosphorus (BP) [22], molyb-
denum disulphide (e.g., WS, [23]), etc. In our previous works,
a new type of all-fiber SA based on the nonlinear multimode
interference of the graded index multimode fiber (GIMF) was
proposed and demonstrated [24-26]. The light intensity-
dependent self-focusing length is caused by the nonlinear mul-
timode interference in GIMF, and the core diameter mismatch
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from the GIMF to the single-mode fiber (SMF) provides the
light intensity-dependent transmission. The all-fiber structure
gives the advantages of a very small insertion loss and a high
damage threshold [27]. Moreover, such an SA supports various
types of soliton outputs, including tunable bound solitons [28],
stretched pulses [29], 1.0 pm DS pulses [30], etc. Although the
switchable mode-locking operation was obtained by stretching
of the GIMF SA, further prospective studies on the tunable and
multiwavelength solitons are still required.

In this paper, based on net-anomalous-dispersion Er-doped
laser with the all-fiber no-core fiber (NCF)-GIMF SA, a widely
tunable mode-locking operating in the C + L band is achieved
by changing the additional intracavity loss. The tunable central
wavelength is tuned from 1602.6 to 1555.9 nm in a range of
46.7 nm. Furthermore, by properly adjusting the polarization
controller (PC), a mode-locked pulse of the coherent dual
wavelength is generated. An interference pattern is observed
in the autocorrelation trace of the dual solitons in an anomalous
mode-locked fiber laser for the first time, which indicates the
mutual coherence of the dual-wavelength solitons. The spectral
separation between the two coherent solitons ranging from 11
t0 33.01 nm is tuned by increasing the intracavity loss. And the
energy of the two wavelengths can also be switched by slightly
adjusting the PC.

2. EXPERIMENTAL RESULTS

A. Loss Control Performance of the Commercial VOA
The chosen variable optical attenuator (VOA) device in the ex-
periment is a 1550 nm commercial mini-type manual variable
attenuator (Advanced Fiber Resources). The additional intra-
cavity loss control range is from 0 to 30 dB, which can be ad-
justed by rotating the screw on the VOA. Before the formal
experiment, a fine calibration is implemented; then by slightly
rotating the screw, the insertion loss of the VOA as a function
of the rotated number (every quarter circle) is recorded. During
the formal experiment, these data are used directly. In order to
test its operation performance, an Er-doped amplified sponta-
neous emission (ASE) laser is constructed, which consists of a
~2 m long standard single-mode Er-doped gain fiber (Nufern
SM-ESF-7/125). Figure 1(a) shows the intensity of the ASE
gain spectrum at the pump power of 80 mW. The peak emis-
sion is centered at 1556 nm. The gain tilt at above 1556 nm is
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invariable, and there is a distinct turning point at 1575 nm.
Figure 1(b) shows the varied intensity difference of the ASE
transmission spectrum (VOA device) with the increase of
the additional intracavity loss by using a 1550 nm commercial
broadband light source (BBS) (Amonics). The corresponding
transmission intensity difference curves at different insertion
losses are obtained by subtracting the decreasing transmission
ASE spectrum from the 0-dB-insertion-loss transmission ASE
spectrum, as shown in Fig. 1(b). It can be seen from the figure
that there is a decreasing trend in the intensity difference, and
the flat curve indicates that the VOA device has no wavelength
selectivity.

Generally, the threshold of population inversion in laser op-
eration which determines the gain threshold at different wave-
lengths can be influenced by the intracavity loss of the fiber
laser, the length and the dopant concentration of the EDF.
Because the gain in the L-band is much lower than the gain
threshold in the C-band, EDF laser emission in the L-band
could be difficult [31]. According to Ref. [19], in a laser res-
onator, a low loss of the cavity and a relatively long EDF ensure
a low threshold of population inversion, which leads to a low
gain threshold. It means that a low loss cavity can support the
laser emission in the L-band. Then by increasing the intracavity
loss, the lasing wavelength can move to the C-band to balance
the change in gain value.

B. Characterizations of a Hybrid Multimode Optical
Fiber SA

The SA is fabricated by sequentially fusing splicing of an SMF,
an NCF of ~181 pm, a GIMF (62.5/125, Corning) of
~27.5 c¢m, and an SMF, as shown in Fig. 2(a). The lengths
of the NCF and GIMF are not intentionally chosen.
However, the length of NCF cannot be too long, in order
to guarantee the small insertion loss of the NCF-GIMF device.
The red arrow in Fig. 2(a) represents the path of light in the SA
structure. The introduction of the NCF is used to expand the
mode field diameter at the entrance of the GIMF, which can
improve the saturable absorption property and suppress the
power leakage into the radiation and cladding modes [28].
As shown in Fig. 2(b), the nonlinear saturable absorption curve
exhibits typical characteristics of saturable absorption. The
modulation depth, saturation intensity, and nonlinear loss
of the SA are measured as 4.57%, 1.92 pJ/cm?, and
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(a) ASE transmission spectrum of the EDF; (b) varied intensity differences of the ASE transmission spectrum (VOA device) with the

increase of the additional intracavity loss (labeled); inset, the original spectrum of the BBS.
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(a) Schematic diagram of SMF-NCF-GIMF-SMF structure; (b) nonlinear saturable absorption curve of the NCF-GIMF device; inset, the

~69.71%, respectively. As shown in the inset of Fig. 2(b), the
insertion loss of the device with a relatively flat transmission
curve is smaller than 4 dB, which ensures a small influence
on the original laser emission wavelength of the fiber laser.
Compared with other SAs, the NCF-GIMF device has the
advantages of versatility, simplicity, and excellent mechanical
performance.

C. Experimental Setup

The schematic diagram of the tunable and dual-wavelength
passively mode-locked EDF laser with the SA based on an
NCF-GIMF device is shown in Fig. 3. The 1480 nm forward
pumping light enters the fiber ring cavity via a 1480 nm polari-
zation-independent isolator (PI-ISO) and a 1480/1550 nm
wavelength division multiplexer (WDM). The laser propa-
gates counterclockwise in the ring cavity. This cavity consists
of a WDM, the standard single mode erbium-doped gain
fiber (Nufern SM-ESF-7/125), a 1550 nm PI-ISO, a 90:10
optical coupler (OC) with 10% output, the SA fixed on a
stretcher with a precision of approximately 10 pm, a PC, and
a VOA device. The inset in Fig. 3 is a picture of the VOA,
where the orange arrow refers to the direction of increasing
the insertion loss. The SMF with the dispersion coefficient of
18 ps/(nm - km) and the EDF with the dispersion coefficient
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Fig. 3. Schematic diagram of the experimental setup. The red arrow

represents the laser direction.

of -46.25 ps/(nm - km) used in the cavity are ~11 and ~2 m,
respectively. Thus, the overall net anomalous dispersion is cal-
culated to be around -0.149 ps®. The PI-ISO (1550 nm) is
used to ensure the directional operation of the laser. The PC
is included for fine adjustment of the birefringence and opti-
mization of the mode-locking operation. The characteristics of
the output pulses can be obtained by use of an optical spectrum
analyzer (OSA) (Yokogawa, AQ6370D) with 0.02 nm resolu-
tion, a 1 GHz digital oscilloscope (Tektronix, TDS5104B),
a 9 kHz-3.2 GHz radio frequency (RF) spectrum analyzer
(Siglent, SSA3032X), a 5 GHz photodetector (Thorlabs,
DETO08CFC/M), and a second-harmonic autocorrelator
(APE, PulseCheck 150), simultaneously.

D. Wavelength Tuning in the C + L Band

When the pump power is set to ~252 mW and the VOA is set
to 0 dB, the conventional solitons are generated by appropri-
ately adjusting the PC; the corresponding output characteristics
are displayed in Fig. 4. Figure 4(a) shows a typical traditional
soliton pulse spectrum with the central wavelength of
~1602.6 nm and a 3 dB bandwidth of ~4.94 nm. The appear-
ance of Kelly sidebands in the pulse spectrum exhibits a clear
anomalous dispersion soliton state, and the asymmetric base-
ment of the optical spectrum results from the oscillating at
the right edge of the gain range. The small loss of the cavity
and the large gain provided by the long EDF guarantee the
low population inversion, which is beneficial for the oscillation
at 1.6 pm [11]. However, due to the strong mode competition
in the homogeneously broadened gain medium and relatively
higher transmission of the NCE-GIMF device within the
1565-1570 nm bandwidth, continuous wave (CW) coexists
at the wavelength of ~1570 nm. Figure 4(b) is the correspond-
ing autocorrelation trace, which indicates a pulse width of
~816 fs by a sech? pulse profile. Thus, the time-bandwidth
product (TBP) is ~0.328 (larger than the standard TBP of
0.315), which indicates a small chirp of the pulse. The
measured pulse train in Fig. 4(c) is ~60.4 ns, which is in
accordance with the fundamental repetition frequency of
16.56 MHz in Fig. 4(d) and reveals its single-pulse operation
state. In Fig. 4(d), the signal-to-noise ratio (SNR) at the fun-
damental repetition frequency is ~56 dB, with 10 Hz resolu-
tion bandwidth (RBW) and 18 MHz span, and the inset
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Fig. 4. Conventional mode-locked single soliton outputs. (a) Optical spectrum; (b) autocorrelation trace; (c) pulse train; (d) RF spectrum.

represents the RF spectrum over a frequency range of
500 MHz. To remove the CW energy from calculation, we
use the integration method. When the pump power is
252 mW and the insertion loss is 0 dB, the average power
is measured to be 4.26 mW. As shown in Fig. 4(a), the average
power of mode locking has the proportion of ~44.8%. So the
average power of mode locking is taken as 1.91 mW, and the
corresponding pulse energy is calculated to be 111.46 pJ by
removing the continuous light energy at 1570 nm. All the
results obtained indicate a good performance of mode-locked
laser operation. The stability test of the laser system lasted for
over 24 h, and it was found that the output spectrum, pulse
width, output power, and repetition rate are quite stable.
The evolution of the output power versus pump power is
measured; the results obtained are shown in Fig. 5. The
self-started mode-locking threshold of the pump power is mea-
sured to be 139.2 mW, and the mode-locking operation can be
maintained when the pump power is decreased to ~50 mW
due to the pump hysteresis effect. By enhancing the pump
power, the output power increases linearly with a slope of
2%. As the pump power increases, the output pulses keep
the fundamental frequency state, and the pulse width does
change significandy. The output power
5.69 mW at the maximum pump power of 275 mW, and
the corresponding pulse energy is calculated to be 64.6 pJ
by removing the continuous light energy at 1570 nm. It can
be seen from Fig. 5 that the pulse energy at the maximum

not reaches

pump power is smaller than the pulse energy of 111.46 pJ
at ~252 mW, as the energy proportion of the CW light at
~275 mW is much larger than that at ~252 mW.
Benefiting from the all-fiber structure, the SA device demon-
strates good induced thermal damage, and the mode-locked
fiber laser can support ultrafast pulse generation with higher
single optical pulse energy output.

With the increase of the additional intracavity loss from 0 to
16.69 dB by adjusting the VOA, the central wavelength of the
fundamental solitons is tuned from 1602.6 to 1555.9 nm in a
continuous manner, as shown in Fig. 6. It can be seen that the
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Fig. 5. Output power of the fiber laser versus pump power.
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general tendency is a shift toward shorter wavelengths with the
increase of the additional losses. This evolution is well ex-
plained by the population inversion theory, which demon-
strates the value of the population inversion at the threshold
directly influencing the emitting wavelength [11]. The increase
of the total-cavity loss promotes the threshold population in-
version, which determines the corresponding blueshift of the
gain-maximum position. A 46.7 nm tuning range essentially
covers the emission spectrum of the EDF. During the tuning
process, the PC keeps its orientation, and the pump power is
also maintained. When the mode-locking laser operates in the
region of the L-band, the CW light at 1570 nm cannot be
eliminated, as shown in Figs. 6(a)—6(d). In contrast, the CW
light no longer exists in the C-band tuning range, as shown in
Figs. 6(e)—6(k). This means that there is not enough gain at
1570 nm to compensate for the losses. Unfortunately, when
the additional intracavity loss in the cavity exceeds 22.76 dB,
the excessive loss destroys the mode-locking operation. It
should be noted that the tuning process can be completely
reversible. When the additional intracavity loss is decreasing,
the wavelength can be tuned back to the initial value.

In Fig. 7, we summarize the various characteristics of
the tunable mode-locking operation at the pump power of
252 mW. As shown in Fig. 7(a), with the additional intracavity
loss varying from 0 to 16.69 dB, the wavelength experiences a
blueshift. Note that the operating wavelength demonstrates
a different evolution trend in different wavelength ranges
with the adjustment of the additional intracavity loss. When
the wavelength is larger than 1575 nm, a sharp slope of
-59.2 nm/dB is applied, which is attributed to the relatively
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Fig. 6. (a)—(k) Tunable spectra of the mode-locking operation in
the C + L band at different additional insertion losses.

flat ASE spectrum in this wavelength region. The slope de-
creases to —1.16 nm/dB in the rest of the tuning region,
due to the increase of the gain slope. Similarly, there is also
an obvious turning point at 1575 nm in the evolution of
the average power and the single-pulse energy, as shown in
Fig. 7(b). With the tuning of the wavelength, the single-pulse
energy is increased from 111 to 365 pJ and then decreased to
28 pJ. The average power after subtracting the CW light dem-
onstrates the same trend. The temporary increase of pulse en-
ergy is caused by the higher gain level in the C-band compared
with that in the L-band. According to Fig. 7(c), the pulse width
keeps around 800 fs, and the 3-dB bandwidth of the spectra is
~5 nm, both of which are essentially unchanged as the central
wavelength of the soliton is tuned.

E. Coherent Dual-Wavelength Soliton with
Controllable Spacing

As previously mentioned, there is a strong cluster of CW light
centered at ~1570 nm accompanied by the mode-locking sol-
itons when the additional intracavity loss introduced by the
VOA is small. The adequate gain value at 1565 and
1600 nm could be satisfied simultaneously, which makes the
dual-wavelength mode-locked output possible. By finely rotat-
ing the PC into the condition that the CW laser and the mode-
locked pulse coexist in the cavity and the additional loss of
VOA is 0 dB, the CW laser at 1570 nm can turn into the
mode-locking regime, and the dual-wavelength mode-locked
operation appears, as shown in Fig. 8(a). It can be seen from
Fig. 8(a) that there are two mode-locking spectral components
centered at 1569.63 and 1602.64 nm, respectively. The 3-dB
bandwidths are ~3.5 and 4.3 nm, respectively, with a wave-
length spacing of 33.01 nm. In the dual-wavelength operation,
the output power is measured to be 5.04 mW, corresponding
to 2.67 mW at 1569.63 nm and 2.37 mW at 1602.64 nm. It is
too difficult to separate these two closely spaced wavelengths
due to the absence of an effective spectral filter. Figure 8(al)
shows the autocorrelation trace of the dual solitons, and a
unique interference envelope is obtained, indicating the high
mutual coherence of the solitons. Although the dual solitons
have the comb-shaped autocorrelation curve, they are also dif-
ferent from one-color (that is, of the same spectrum) bound
solitons based on Kerr nonlinearity. In our case, the dual sol-
itons are synthesized into a single pulse in the measuring pro-
cess owing to the mutual coherence of the two solitons. The
interval between fringes is 0.442 ps, corresponding to the spec-
tral spacing between the two solitons of different wavelengths.
And the width of the individual fringe is much smaller than
that of the single soliton, as is defined by the whole spectral
range of the dual solitonic complex. The full width at half-
maximum (FWHM) of the ACF is equal to 980 fs. It is worth
noting that the relatively high fringe visibility demonstrates that
the dual-wavelength conventional solitons are in efficient
coherence.

Benefiting from the change of the intracavity loss/gain dis-
tribution introduced by the adjustment of the VOA, the wave-
length spacing of the two solitons with nearly equal magnitude
can be continuously tuned by adjusting the additional insertion
slightly. Figures 8(a)—8(e) represent different spectra of the dual
wavelength with spectral spacing tuning from 33.01 to 11 nm
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Table 1. Detailed Characteristics of the Coherent Dual-Wavelength Solitons Corresponding to Fig. 8°

F. N. S. S. C. W. B. W. M. P. P. W.
Figures 8(a) and 8(al) 33.01 nm 1569.63; 1602.64 nm 3.5; 4.3 nm 0.442 ps 980 fs
Figures 8(b) and 8(b1) 22.29 nm 1572.96; 1595.25 nm 4.7, 47 nm 0.495 ps 941 fs
Figures 8(c) and 8(c1) 19.90 nm 1574.03; 1593.93 nm 5.4; 5.0 nm 0.513 ps 895 fs
Figures 8(d) and 8(d1) 14.55 nm 1575.94; 1590.49 nm 5.2; 4.8 nm 0.552 ps 944 fs
Figures 8(e) and 8(el) ~11 nm ~1578; ~1589 nm NA NA 348 fs

“F. N., figure number corresponding to the detailed characteristics; S. S., spectral spacing of the two solitons; C. W., central wavelength of the two solitons; B. W, 3-
dB bandwidth of the two solitons; M. P., modulation period of the autocorrelation trace; P. W., pulse width assumed by a sech? pulse profile without considering the
unique envelope; NA, the data cannot be described.
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by slightly adjusting the loss from 0 to 0.4 dB. The 3-dB
bandwidths of the dual wavelength show no significant change
in the tuning process, as shown in Table 1. Figures 8(al)-8(e1)
provide the corresponding autocorrelation traces and the dual
solitons maintain coherent characteristics. The modulation
period is tuned from 0.442 to 0.552 ps as the corresponding
spectral spacing decreases. It can be seen that the modulation
period is reversely related to the spectral spacing, which is veri-
fied by the following formula A - At = C, where A4 refers to
the spectral spacing of the two peaks, A7 is the modulation
period of the soliton, and C is a constant. Assuming a sech?
pulse profile without considering the unique envelope,
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Fig. 10. Controllable pulse energies of the dual wavelength. (a), (b) The spectra; (c), (d) corresponding autocorrelation traces; insets: wide-range

autocorrelation trace diagram.
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the actual pulse widths have the similar durations around
~900 fs, which is slightly larger than the single-pulse width.
It should be noted that when the spectral spacing is small
enough, the two mode-locking spectra overlap, and super-broad
trapezoid-form spectrum can be obtained, as shown in Fig. 8(e).
There are two small peaks near 1578 and 1689 nm, respectively,
and the existence of the Kelly sidebands observed in the profile of
the spectrum proves that the laser can be considered in dual-
wavelength mode-locking operation.

Figure 9 presents the oscilloscope trace and the RF spec-
trum corresponding to the dual-wavelength soliton shown in
Fig. 8(a). It can be obviously observed from Fig. 9(a) that there
are two independent pulse sequences. Actually, when one pulse
train is stabilized by using the trigger function, the other flows
randomly on the oscilloscope screen, indicating that two pulse
trains have different group velocities within the fiber ring cavity.
However, due to the relatively low scanning frequency of the
autocorrelator, the autocorrelation traces do not vary in real
time in response to the change in the time separation. The
RF spectrum is displayed in Fig. 9(b), where the pulse at
1569.63 nm has a repetition rate of 16.558536 MHz, and the
pulse at 1602.64 nm has a repetition rate of 16.560036 MHz.
Thus, the repetition rates of the pulse trains at two wavelengths
are slightly different, with an approximate interval of 1.5 kHz.
This slight difference is caused by the different refractive
indices at different wavelengths that are introduced by the
group velocity dispersion in the resonant cavity. It can also
be seen that the RF peak at 16.560036 MHz is higher than
that at 16.558536 MHz, which indicates that the mode-locking
pulses at 1602.64 nm have better stability. We believe that the
reason for this phenomenon is due to the fact that the pulses at
1569.63 nm with larger pulse energy experience stronger non-
linear accumulation, which finally decreases pulse stability.

In addition, the pulse energy proportion of the dual wave-
length can also be continuously changed by slightly tuning the
orientation of the PC. Figure 10 shows that the pulse energy of
the two peaks in the spectrum can be switched between the
dual wavelengths, while the two central peaks are fixed at
around 1573 and 1593 nm, and the actual pulse width stays
at around 960 fs. The envelope of the autocorrelation trace in-
dicates that the interference phenomenon can still be observed
even when the two solitons have different peak energies.
However, the intensity of interference is much weaker than that
shown in Fig. 8, which means that similar pulse energy is an
important condition for the formation of the mutual coherent
dual-wavelength solitons.

3. CONCLUSION

In conclusion, a wavelength-tunable and coherent dual-
wavelength mode-locking operation is realized in an all-fiber
EDF laser using a hybrid NCE-GIMF structure-based SA.
By increasing the additional intracavity loss using a VOA, a
widely tunable wavelength ranging from 1602.6 to 1555.9 nm
with stable single pulses is generated. The solitons centered at
different wavelengths have similar spectral FWHM of around
5 nm and a pulse width of around 850 fs. Compared with the
other tuning method, the method of cavity loss control pos-
sesses the advantages of simple configuration, fast response,

no change on the spectral profile, and no intracavity birefrin-
gence adjustment. By the proper adjustment of the PC, the
dual-wavelength mode-locking operation can be realized,
and the separation of the dual spectra can be continuously
tuned from 11 to 33.01 nm by changing the additional loss.
Besides, a unique amplitude interference envelope in the auto-
correlation trace is observed in a dual-wavelength passively
mode-locked fiber laser for the first time, indicating the mutual
coherence of the dual-wavelength solitons. The approach of co-
herent solitons offers new possibilities for fundamental research
as well as for applications in dual-comb frequency, multicolor
pulses in nonlinear microscopy, and so on.
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