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Abstract: In this paper, we describe and investigate the properties of a
broadband source designed from a nanosecond microchip laser operating
at high repetition rate and dedicated to multiplex-CARS application. We
demonstrate that a strong reshaping of the initial pulse profile drastically
affects the Stokes wave and therefore represents an important limitation in
CARS experiment. In particular, we emphasize the saturation effect of the
peak power of the Stokes wave resulting from supercontinuum generation.
However, we show that this type of compact system can be particularly
suitable for achieving CARS measurement.
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1. Introduction

Raman scattering is a nonlinear effect discovered in 1927, in which photons are scattered by
molecules inelastically, thus scattered photons having a frequency detuned from that of incident
photons. It has important practical applications in biology and medicine [1–4]. In particular,
coherent anti-Stokes Raman scattering (CARS) offers the possibility of imaging molecules in
biological media at the microscopic scale with relatively high spatial resolution and in a way
that is essentially noninvasive for the living matter [5–8]. The principle of CARS is based on
the excitation of the vibration of the molecule that is coherently driven by two incident lasers,
whose frequencies are usually referred to as the “pump” and the “Stokes” waves and denoted
as ωp and ωs < ωp, respectively. It eventually yields the emission of a CARS signal, i.e. an
anti-Stokes wave at the frequency ωas = 2ωp −ωs. Whenever the pump detuning ωp −ωs is
resonant with the vibration, the CARS signal is significantly enhanced and thus the presence of
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the molecule is detected [9, 10]. The coherent process of CARS interaction is advantageously
much more efficient in comparison with the usual Raman scattering process since the vibration
of the molecule under investigation is forced by the frequency detuning between the pump and
the Stokes waves. The biological medium is typically composed by an ensemble of molecules
whose vibration can be probed by CARS. In this context, the use of polychromatic light is
required for investigating different molecules simultaneously. To that end, a particular attention
has been paid to the multiplex CARS technique, which enables to probe several chemical bonds
simultaneously by using the combination of a monochromatic pump and a broadband spectrum
of light, thus playing the role of Stokes components [11, 12].

The development of laser sources has been essential for the advent of CARS microscopy
[13, 14]. Indeed, laser sources have evolved from low-repetition-rate femtosecond amplified
systems [15,16], to electronically synchronized picosecond sources of MHz repetition-rate [17]
or to synchronously-pumped optical parametric oscillator (OPO) systems [18]. Additionally,
supercontinuum (SC) sources have been achieved by the use of a femtosecond oscillator cou-
pled with a mm-long photonic crystal fibre (PCF) [11,19–21], or with a mm-long tapered non-
linear fibre [11]. Thanks to the use of PCFs, the need for too much sophisticated laser systems,
i.e., cavity dumped oscillators or two synchronized oscillators [17,22], can be avoided. Because
of their high nonlinearity and highly-tunable dispersion properties [23,24], these fibres provide
a unique medium for nonlinear interaction and particularly for generating the broadband signal
used as Stokes waves in multiplex CARS experiments.

Femtosecond lasers provide the high peak-power required for optical nonlinear effects and
SC generation. Hence, a broadband Stokes wave could be easily obtained from propagation of
femtosecond pulses in nonlinear PCFs. However, the power spectrum of SC generated from
femtosecond pump pulses is usually fluctuating across the infrared because the pump energy
aggregates in the form of solitons at different locations in the spectrum. Additionally, because
of the very short pulse duration, each created soliton propagates in the PCF with its own group
velocity and walks off very quickly, therefore leading to a very large temporal spreading out
of the output polychromatic Stokes wavelengths. Further re-synchronization between the pump
and all the components of the polychromatic Stokes wave is then dramatically difficult in prac-
tice. Moreover, spectral filtering of the initial femtosecond pump pulse has to be achieved to
improve the spectral resolution of the CARS process [16].

A very promising alternative to the femtosecond or picosecond lasers is provided by the
microchip lasers. Those are miniature light sources capable to deliver subnanosecond pulses
which broaden into a very large and relatively flat spectrum of light when used in combina-
tion with PCFs [5, 23, 24]. This type of ultracompact system offers a high spectral resolution
because of its Fourier-transformed subnanosecond pump pulses and allows to probe simultane-
ously a large variety of chemical bonds thanks to a better temporal synchronisation of all the
wavelengths contained in the Stokes wave. Therefore, the recording of multicoloured images
by the CARS technique is simplified [25]. Nevertheless, there is still a lack of synchronization
between the Stokes components in the nanosecond regime which, although reduced when com-
pared to the femtosecond regime, is more complicated to explain [20]. Indeed, the interplay
between several nonlinear effects yields large temporal instabilities including the build-up of
optical solitons and rogue waves propagating in presence of large Raman perturbation which
drastically distorts the overall envelop of the signal [26].

In this paper, we perform a time-frequency analysis of a nanosecond SC source dedicated
to CARS experiments. We emphasize the large distortions undergone by nanosecond pulses
when propagating in a nonlinear PCF and we point out several impairments related to those
distortions which have not been adressed before, such as the nonlinear temporal broadening
and saturable transparency effect, thus limiting the efficiency of the CARS process. We demon-
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strate the important role played by the stimulated Raman scattering in the emergence of the
infrared SC and its interplay with competing nonlinear effects such as modulation instability
and solitons. Temporal superimposition between coherent subnanosecond pump pulse and in-
coherent SC Stokes waves used for multiplex-CARS is investigated in the near infrared (NIR)
domain.

2. Experimental setup

A schematic representation of the dual-output compact laser source used in this work is shown
in Fig. 1. The pump source is a passively Q-switched microchip laser which is longitudinally
single-mode and delivers subnanosecond (950 ps FWHMI) pulses at 1064 nm with a repetition
rate of 75 kHz [see Figs. 2(a) and 2(c)]. The laser beam is divided in two parts whose ratio of
energy can be adjusted by using a half-wave plate and a beam splitter. One part is directly used
as a pump wave (average power: 200 mW, peak power: 2.7 kW) in the CARS process after
passing through a Herriott-type delay-line for synchronizing the pump and the Stokes pulses.
The latter is a peculiar type of multi-pass delay line which consists of two curved mirrors sep-
arated by a suitable distance such that a stable configuration is obtained for the resonator [27].
A fixed insertion mirror (not shown in the schematic setup) is placed off-axis near one of the
mirrors, and a mobile mirror is placed inside the cavity in order to extract the beam. When the
Herriott cavity parameters are properly adjusted, the incident beam injected with the appropri-
ate offset and tilt undergoes a large number of reflections and thus, travels a long optical path in
the small volume of the cavity. The other part of the laser beam is used as a Stokes wave after
amplification in an ytterbium-doped fiber amplifier (YDFA) and SC generation by propagation
into a 7-m-long air-silica PCF. The YDFA consists of a 6-m-long double-clad fiber exhibiting a
single transverse mode at 1064 nm and having a zero-dispersion wavelength (ZDW) at 1.3 μm.
The available average power at the amplifier output is 900 mW which corresponds to more than
12.5 kW equivalent peak power. Monochromatic and polychromatic beams are spatially super-

Fig. 1. (a) Schematic representation of the dual-output light source designed for multiplex-
CARS microspectroscopy applications; (b) dispersion curve for the fundamental guided
mode of the PCF used in our experiment (ZDW � 990 nm), and (c) air holes distribution
in the section of the PCF.
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Fig. 2. (a) and (b) pulse and spectral profiles before amplification in the YDFA, respec-
tively; (c) pulse profile at 1064 nm at the entrance of PCF after amplification in the YDFA;
(d) spectral profile at the entrance of PCF after amplification in the YDFA.

imposed by means of a dichroic plate before reaching the microscope stage. The core diameter
of the PCF is 4.2 μm while the hole diameter and the hole-to-hole spacing are 2.5 μm and 4
μm respectively [see Fig. 1(c)]. The dispersion curve of the PCF represented in Fig. 1(b) was
obtained using a mode-solver. The calculated ZDW is 990 nm for the fundamental mode. The
strong third-order nonlinear effects occurring all along the propagation in the PCF generate a
polychromatic radiation at the output. A part of this continuum beam (from 1 μm to 2.4 μm) is
used as the Stokes wave of the CARS process. The two beams are sent in a microscope through
a long pass filter (LF) and the CARS signal is recorded with a spectrometer through a short
pass filter (SP).

3. Results and discussion

The temporal and spectral characteristics of the beam produced by the microchip laser are
shown in Figs. 2(a) and 2(b) respectively (pulse width: 950 ps FWHMI, spectrum width: �2
pm). The pulse profiles represented in Figs. 2(a) and 2(c) are measured using a 10-GHz photo-
diode connected to a 16-GHz oscilloscope. After propagation in the YDFA, a powerful beam
(average power: 900 mW) exhibiting minor spectral and temporal distortions is obtained. Dur-
ing propagation in the YDFA, Raman conversion partially depletes the central part of the pulse
and produces a frequency conversion toward infrared domain [see Figs. 2(c) and 2(d)]. The
Raman conversion efficiency was determined by subtracting the integrals of the temporal pro-
files represented in Figs. 2(c) and 2(a), then dividing the obtained quantity by the integral of
the temporal profile in Fig. 2(a). It is estimated to be only 10% of the initial energy but is
sufficient to induce a significant modification of the temporal shape with the emergence of a
depletion in the central part of the nanosecond pulse. After propagation in the PCF, a SC is
obtained in the infrared domain between 1064 nm and 2200 nm (see Fig. 3). The interplay
between self-phase modulation and dispersion yields in the early stage of propagation in the
PCF to a self-induced instability, referred to as modulation instability (MI) that occurs in the
anomalous dispersion regime and leads to the break-up of the initial nanosecond pulse into a
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Fig. 3. Power spectrum of the Stokes beam obtained by SC generation in the PCF for four
different values of the peak power measured at the entrance of the PCF.

train of ultrashort solitons [28]. The spectral broadening towards infrared wavelengths is sub-
sequently driven by Raman soliton self-frequency shift enhanced by compression throughout
soliton collisions in the presence of Raman gain. At the output end of the PCF, an incoherent
infrared beam composed with a large number of ultrashort pulses is generated. The spectrum
is particularly flat with an overall amplitude difference lower than 5 dB over the entire infrared
domain between 1 μm and 2.2 μm (Fig. 3). This spectral profile is recorded by means of an
optical spectrum analyser and results from averaging over a large number of shots (>10).

Unless specified, the peak power will be fixed throughout this paper to the value of 11.6 kW
which corresponds to the maximum peak power used in Fig. 3.

At this stage, no information is obtained on the temporal distribution of the continuum energy
that is however of major importance for multiplex CARS applications. Therefore, we recorded
the spectrogram of the SC radiation both in the time domain and in the frequency domain. The
experimental setup used to measure spectrograms is shown in Fig. 4. The laser source, the fiber
amplifier (YDFA) and the PCF represented here are those described in section 2, respectively.
The laser beam is first divided in two parts using a beam splitter (BS1). One part is directly
detected using a 10-GHz photodiode (pd1) connected to a 16-GHz oscilloscope, thus playing
the role of a reference signal for triggering the oscilloscope. The other part of the laser beam is
injected in the YDFA fiber, and then propagates in the PCF so as to generate the broadband SC
light. The spectral components of the SC spectrum are separated using a diffraction grating, then
selected individually using a pinhole and detected both with a spectrum analyser (to measure
the selected wavelength) and a 10-GHz photodiode (pd2) connected to the oscilloscope. The
temporal and spectral resolutions are 20 ps and 30 nm, respectively. The recorded data are then
assembled together to form a spectrogram.

Figure 5(a) represents the spectrogram of the SC recorded at the output end of the PCF
showing that the central part of the pump pulse at 1064 nm is fully depleted at the output of the
PCF.

Indeed, stimulated Raman scattering is the dominant effect during propagation in the PCF
and is tranferring all the energy contained in the central part of the pump pulse towards infrared
wavelengths while the tails whose intensity is below the Raman threshold remain undepleted.
Hence, the output profile of the pump pulse is dramatically transformed from a 950-ps almost
gaussian shape [see Fig. 2(c)] into two shorter pulses formed by the remaining tails and delayed
by more than 2 ns [see Fig. 5(b) at 1065 nm]. Similar distortion can be observed in Fig. 5(b)
for longer wavelengths above 1064 nm as the different profiles shown Fig. 5(b) exhibit as well
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Fig. 4. Experimental setup used to measure the spectrograms. (L1)-(L2): convergent lenses;
(BS1)-(BS2): beam splitters; (pd1)-(pd2): photodiodes.

Fig. 5. (a) Spectrogram of the SC recorded at the output end of the PCF obtained for a peak
power of 11.6 kW. (b) Different pulse profiles obtained at the wavelengths of 2013 nm,
1802 nm, 1588 nm, 1319 nm, 1177 nm and 1065 nm, respectively.

some power depletion in the central part which tends to disappear for the longer wavelengths.
This Raman-induced depletion acts as a pulse reshaping effect for infrared wavelengths. It is
worth noticing that the undepleted tails of the pulse which do not undergo the Raman gain are
affected by MI, solitonic propagation and soliton self-frequency shift (SSFS). Hence they form
two time-separated continua extending up to 1.3 μm. Then from 1.3 μm to 2.2 μm, the gap
between these two continua is gradually filled by all the energy initially contained in the central
part of the pump pulse and in the first-order Stokes which is redistributed via MI and solitonic
collisions.

At this stage, we would like to emphasize the following important point. In practice, it is
rather unusual when a quasi-CW or nanosecond pulse propagates in the anomalous dispersion
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domain, that Raman effect dominates in the early stage of propagation. MI usually occurs first
whereas Raman scattering arises later on during propagation and essentially manifests via the
SSFS in general. The unusual behaviour that we observe here can be easily understood by
noticing that the Raman-induced Stokes generation is initiated earlier when propagating in the
YDFA. Because of strong amplification, the central part of the 1064 nm pulse propagating in
normal dispersive regime in the YDFA eventually exceeds the Raman threshold and therefore
experiences Raman effect. That results in initiating the depletion of the central part of the pulse
to form the first Stokes peak at 1118 nm [see Fig. 2(d)]. The coupling of these two radiations
in the PCF (pump and first Raman Stokes radiations) acts as an optical seeding that decreases
the Raman threshold. Therefore, Raman effect occurs first in the PCF and is responsible for
the strong depletion of the initial pulse. The onset phase of MI generally observed in the very
first stage of propagation in the anomalous dispersion regime arises later and is clearly visible
for wavelengths above 1500 nm. In contrast, because of their reduced power, the tails of the
pulse are not affected by the Raman gain but rather by MI, soliton collisions and SSFS, thus
producing a continuous spectral broadening.

Hence, because of initial pump conditions set at the input PCF, the threshold of Raman effect
is lower than that of MI and therefore priorly affects the pulse spectrum. This competition
between MI and Raman Stokes conversion can be illustrated by the following approximate
calculation. Roughly speaking, the spectral density of power Γ at the frequency ΩMI where the
MI gain is maximum can be evaluated as:

Γ(ΩMI) = Γnoise e2γP0z, (1)

where z is the propagation distance, P0 represents the quasi-CW pump power, Γnoise is the
average spectral density of noise, and γ is the nonlinear coefficient of the fiber. For comparison,
the maximum spectral density of power at the frequency Ωmax ∼13.2 THz where the Raman
gain is maximum is

Γ(Ωmax) = Γnoise eδ+gRP0z, (2)

where δ is an additional gain factor accounting for prior amplification of the noise in the YDFA,
and gR = 2γ fRIm[χR(Ωmax)] is the Raman gain coefficient with fR ∼ 0.18 and Im[χR(Ωmax)]∼
1.39 in silica glass. One can define some characteristic lengths for MI or Raman Stokes conver-
sion as the lengths of propagation after which the spectral density of power exceeds an arbitrary
value of reference Γref, respectively. Hence, the characteristic length for MI reads as

LMI =
1

2γP0
log(Γref/Γnoise) , (3)

and the characteristic length for Raman effect is given by

LR =
1

gRP0
[log(Γref/Γnoise)−δ ] . (4)

In the above formulae, Γref is an arbitrary level of power above which one consider that a
sideband emerging from noise can be detected. Let us now consider the three different situations
depicted in Fig. 6, namely (i) when MI reaches the power of reference first which is the usual
situation in SC generation without amplification of the pump pulse, (ii) when MI and Raman
reach Γref at the same distance, and (iii) when Raman reaches this threshold first as typically
in the situation where the pump pulse is amplified in the YDFA fiber. In case that δ = 0, then
LR ∼ 4LMI, and hence the early stage of propagation is dominated by MI. In contrast, if δ > 0,
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Fig. 6. Spectral density of power vs. propagation distance z, for γ = 0.02 m−1W−1 and P0
= 10 W. Dotted lines stand for Γnoise and Γref = 10Γnoise, respectively. Solid line stands for
the evolution of the maximum spectral power density of MI sidebands. The dashed lines
indicate the maximum spectral power density of the Raman peak for the different cases
when δ = 0, δ = δ0, and δ = 1.2δ0, respectively.

the Raman length is decreased and eventually equals the MI length if δ ≡ δ0, where

δ0 =

[
1− gR

2γ

]
log(Γref/Γnoise)

= {1− fRIm[χR(Ωmax)]}log(Γref/Γnoise) . (5)

However, if δ > δ0, the Raman length will be shorter than the MI length and hence, the Raman
effect acts before the emergence of MI sidebands. For example, if we consider a reference
spectral density of power that is 10 dB above that of the noise, then δ0 ∼ 1.726 (see Fig. 6).

Whereas Raman gain is the dominant effect in the early stage of propagation, both nonlin-
ear effects (Raman and MI) subsequently contribute to the spectral broadening and remain in
competition throughout propagation. Indeed, after few meters of propagation, MI progressively
enters into play and ultimately breaks up the pulse structure into a periodic train of solitons.
The MI signature is clearly visible for wavelengths longer than 1.55 μm. At this stage, soliton
propagation and SSFS dominate as the Raman scattering essentially manifests via the SSFS and
not via the Stokes generation. The output pulse envelop obtained for wavelengths above 1600
nm, exhibits square shape with enclosed femtosecond pulses. The envelop durations at these
wavelengths are much larger than that of the initial pump pulse at 1064 nm and progressively
decrease as the wavelength increase. This temporal evolution is induced by the initial gaussian
pulse profile where the conversion toward longer wavelengths is produced by the most powerful
part of the pulse.

In order to illustrate the situation when MI dominates in the early stage of SC generation
over the stimulated Raman scattering, we achieved SC generation in the PCF while removing
the prior stage of amplification in the YDFA fiber. In this situation, subnanosecond laser pulses
represented in Fig. 2(b) are directly injected in the PCF. The peak power of the laser pulses is
fixed to 11.6 kW as in the previous experiment, but the repetition rate is only 10 kHz, resulting
in a lower average pump power. The spectro-temporal evolution of the Stokes wave at the output
of the PCF is represented in Fig. 7(a). It was measured using the setup represented in Fig. 4.
The first nonlinear effect occuring during the propagation is MI followed by soliton dynamics.
Hence, the envelop of the initial pulse is periodically modulated and ultimately transformed into
a periodic train of solitons which later on collide and exchange energy throughout propagation.
Lower depletion of the pulse center is obtained when compared to Fig. 5(a). The output pulse
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Fig. 7. (a) Spectrogram of the SC recorded at the output end of the PCF. (b) Different pulse
profiles obtained at the wavelengths of 1746 nm, 1704 nm, 1582 nm, 1329 nm, 1186 nm
and 1116 nm, respectively.

Fig. 8. Stokes pulses duration (circles) and group-delay difference (squares) vs. wavelength.

envelops exhibit quasi-square shapes significantly larger than the initial pulse duration [see Fig.
7(b)].

Moreover, because of the short fiber length (7 m) used in the experiment, a weak influence
of the group velocity difference is observed on the spectro-temporal profile [see Fig. 5(b)]. The
infrared pulses propagate slower than the other ones in the anomalous dispersion regime, and
are progressively delayed all along the propagation in the fiber. The maximum delay obtained
at the output end of the fiber is estimated to 254 ps (see Fig. 8, square dots). By this way the
fall time of all the pulses at each wavelength are practically synchronized [see Fig.9(b)]. The
maximum pulse broadening observed on the spectro-temporal representation is obtained for
wavelengths close to the pump and reaches 3 ns (FWHMI). The minimum pulse duration is
obtained for infrared pulses above 2 μm and reaches 1.3 ns (see Fig.8).
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Fig. 9. Superimposition between (a) the distorted (blue) and the gaussian (black) pump
pulse, and (b) Stokes wave.

4. Nonlinear saturable transparency

In a second experiment, we recorded the pulse profile at a given wavelength of 1204 nm for sev-
eral values of the input peak powers. Note that the YDFA is used in this experiment. For a low
pump power the converted pulse exhibits a quasi-square shape of 400 ps duration (FWHMI)
[see Fig. 10(a)]. As the pump energy increases, the peak power of the converted pulse progres-
sively grows until it saturates. At this stage the maximum peak power is close to 800 W for a
pulse duration of 1 ns. Beyond this limit and further increasing the pump, only the energy of the
converted pulse increases whereas the peak power saturates. A square pulse envelop of more
than 2.6 ns duration with a large central depletion induced by the stimulated Raman scattering
is obtained. This saturation is mainly due to the effect of SSFS. Indeed, after the temporal re-
shaping of the subnanosecond input pulse into several solitonic waves, each soliton is shifted
toward another wavelength when exceeding a given intensity threshold. The remaining energy
represents the low energy part of the solitonic pulse unaffected by SSFS. This effect of spec-
tral shift obtained above an intensity threshold at a given wavelength, mimics the effect of a
saturable transparency and creates a continuum with a limited peak power fixed by the SSFS
threshold [see Fig. 10(b)].

Here, the distortion undergone by the input pulse during the continuum generation dramati-
cally changes the overlap between the Stokes and the pump waves. In the time domain, because
of the nonlinear conversion obtained down to the pump pulses edges, the obtained infrared
pulses are much longer than the original pump pulse. Then, only a small part of the continuum
energy is temporally synchronized with the energetic part of the initial pump wave (see Fig. 9).
This weak overlapping between stokes and pump waves introduces a limitation of the CARS
efficiency. In Fig. 8, the pump was delayed by ∼300 ps using the Herriott-type delay line so as
to maximize the temporal overlapping and thus CARS efficiency.

An increase of the input pulse power leading to the continuum generation does not overcome
this drawback; Indeed, for higher peak power, a broader continuum is obtained with longer
wavelengths in the infrared domain while the energy at intermediate wavelengths, located in
the central part of the continuum, grows by means of a temporal broadening keeping constant
their peak power. Because of the linear dependence of the CARS signal with respect to the
Stokes peak power, no improvement of the output signal is obtained by increasing the input
pulse peak power at the PCF input.

Finally, to illustrate the applicability of our nanosecond supercontinuum source to multiplex
CARS spectroscopy, we have measured the CARS spectra of several samples, namely indene,
parafilm and human hair, which are represented in Fig. 11(a), (b) and (c), respectively. It is
worth to note that none of the samples was damaged by laser illumination during the experi-
ment.
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Fig. 10. (a) Evolution of the pulse profile at 1204 nm at the output of the PCF for different
input peak power; (b) evolution of the output pulse energy and peak power at 1204 nm vs.
peak power at the input of the PCF.

Fig. 11. Multiplex CARS spectra of (a) indene, (b) parafilm, and (c) human hair. These
spectra are not intensity-corrected.

5. Conclusion

We have proposed a new compact laser source specifically designed for multiplex-CARS mi-
crospectroscopy. This ultrabroadband light source is based on the combination of a subnanosec-
ond microchip laser with a repetition rate of 75 kHz, an YDFA amplifier and an air-silica PCF.

We performed a detailed analysis of the time-frequency distortions undergone by the Stokes
wave during nonlinear propagation in fibre amplifier and photonic crystal fibre. We pointed out
the impact of Raman effect interplaying with modulation instability and soliton propagation
upon the generation of the SC used as Stokes component for multiplex-CARS application.
The nonlinear temporal broadening of the Stokes pulse is mainly due to the depletion in the
central part of the pulse that undergoes the Raman and solitonic effects. Thanks to both the
subnanosecond duration of the pump pulse and the short length of the fiber, a weak impact of
dispersion and group-velocity dispersion is observed during propagation in the PCF. However,
we demonstrated that the temporal superimposition between the pump and the Stokes beam is
dramatically impaired since less than half of the initial energy of the Stokes wave contributes
to the CARS process. We emphasize the saturation of the Stokes wave peak power during SC
generation because of SSFS. This effect limits the CARS efficiency and cannot be compensated
simply by increasing the initial pulse peak power. We also performed chemical and biological
studies in order to verify the applicability of this laser source to M-CARS microspectroscopy.
The obtained results open the way to the use of sub-nanosecond microchip-based SC sources
in the CARS applications, as a promising alternative to narrowband picosecond or transform-
limited femtosecond laser sources.
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