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Abstract Seeded nanosecond Q-switched Nd: YAG lasers
working with an unstable resonator and a variable reflec-
tivity mirror are widely used, for they represent useful
sources for stable and repeatable light—matter interaction
experiments. Moreover, in most setups, the fundamental
wavelength is converted to higher harmonics. When the
injection seeder is turned off, random longitudinal mode
beating occurs in the cavity, resulting in strong variations
of the temporal profile of the pulses. The generated spikes
can then be ten times higher than the maximum of equiva-
lent seeded pulses. This strong temporal incoherence is
shown to engender spatial incoherence in the focal plane of
such unseeded pulses leading to an instantaneous angular
displacement of tens of urad. This effect is even more pro-
nounced after frequency conversion.

1 Introduction

Flashlamp-pumped, Q-switched Nd:YAG lasers gener-
ate nanosecond light pulses with energy of several joules
at repetition rates up to 100 Hz that are useful sources
for light—matter interaction experiments. For high-energy
extraction, the use of unstable resonator is widely spread,
for they enhance gain efficiency [1]. Unstable resonators
are made up of two plane mirrors and result in multimode
transversal cavity. On the one hand, single transversal mode
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operation of unstable resonator was made possible thanks
to highly selective variable reflectivity mirror (VRM) at the
output coupler [2]. However, previous studies have shown
that such cavities may still generate a beam of poor spatial
quality [3, 4]. On the other hand, the selection of a single
longitudinal mode of an unstable resonator is possible by
injection locking technics [5] and permits the generation of
repeatable near-Gaussian pulses with great temporal coher-
ence. However, incoherent light with a short coherence
time is of interest for coherent spectroscopy [6—8] and for
many other applications, such as tomography in random
media [9], and for the use of spatial incoherence in opti-
cal spatial smoothing techniques for uniform irradiation in
plasma physics [10-12]. Therefore, temporal incoherence
induced by longitudinal mode beating in unseeded laser
cavities remains a subject of wide interest.

In the present work, we quantify the spatial incoherence
at the output of an unseeded Q-switched Nd:YAG laser
by means of picosecond streak cameras at the fundamen-
tal wavelength and the third harmonic since in most setups
the fundamental wavelength of the laser system is con-
verted to higher harmonics thanks to nonlinear crystals [6,
7, 10]. Spatial incoherence results in instantaneous angular
displacement of few tens of prad in the focal plane of the
beam. This observation involves that the temporal incoher-
ence of unseeded pulses does systematically induce spa-
tial incoherence. Moreover, we empirically demonstrate
that this effect is more pronounced after frequency tri-
pling through nonlinear crystals. We propose to explain the
experimental tendency with the occurrence of Kerr effect
in the Nd:YAG rods. In that matter, we first need to statisti-
cally characterize the temporal characteristics of unseeded
pulses with measuring the spectral and temporal profiles
by means of high-resolution spectrometer and photodiode,
respectively. Then, calculations are made to reinforce the
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reliability of experimental acquisitions of the temporal
profiles. Since streak cameras are used as key diagnostics
for spatial incoherence, the acquisitions they provide are
first compared to the signals of the photodiodes so as to
strengthen their reliability. Finally, thanks to this prepara-
tory metrology, the picosecond streak cameras allow the
measurement of the spatial incoherence in the focal plane
of the beam at the fundamental wavelength and after fre-
quency tripling.

2 Experimental setup
2.1 The Q-switched Nd:YAG laser

The subject of our experimental investigations is a
Q-switched Nd:YAG laser (Spectra-Physics Quanta-Ray
PRO-350) working at 10 Hz made of an unstable resona-
tor which consists in a plane mirror mounted on a piezoe-
lectric cell, a Pockels cell, two Nd:YAG rods and a VRM
as the output coupler. An integrated seed laser (Spectra-
Physics Model 6350), which wavelength is centered at
1064.4 nm, delivers enough power to overcome the noise
induced by spontaneous emission [5], whereas random
longitudinal mode beating occurs when it is turned off.
The optical length of the resonator is L = 820 mm, and
the free spectral range is ¢/2L=183 MHz. The two-rod
amplifiers are 9.5 mm in diameter and 15 cm long. After
building up, the pulsed light passes through the two other
rods of Nd:YAG of 12.7 mm in diameter and 15 cm
long. This laser delivers a beam of 12 mm in diameter.
The outgoing wavelength can either be 1064 nm (1w) or
355 nm (3w) after passing through a type I KDP crystal
and a type II KDP crystal that permit the generation of
the second and third harmonic, respectively. The energy
of the pulses can be 2 J at 1w and 700 mJ at 3w. The pho-
tograph of the laser with the different elements is given
in Fig. 1.

2.2 The metrology

Figure 2 represents a scheme of the experimental setup
with the positions of all the devices brought into operation
for the metrology of the pulses. A beam shutter ensures the
selection of a single shot for the experiments. At the exit of
the laser described in Fig. 1, the use of the transmitted part
of a high-reflective mirror makes possible the sufficient
attenuation of the energy in order to illuminate the different
diagnostics. This drastically attenuates the outgoing flux
of the laser. The half-wave plate coupled to the polarizer
permits the control of the energy incoming on the diagnos-
tics. The reflected part of the beam on the first mirror goes
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Fig.1 Photograph of the Nd:YAG laser with the different compo-
nents

on a calorimeter that ensures the measurement of the total
energy of each pulse.

2.2.1 High-resolution grating spectrometer

The object of the measurement of the spectrum is to pro-
vide a lower limit for the bandwidth of the temporal diag-
nostics used later. Moreover, the use of a high-resolution
spectrometer provides a realistic image of the spectral
information contained in both SLM and MLM pulses and
allows the comparison of the functioning of the laser in
both regimes. In Fig. 2, the attenuated beam reflects on
a transport mirror and passes through an 8-m focusing
lens. Then, a 50-50 beam splitter separates the beam. The
reflected part ends up on a high-resolution grating spec-
trometer [13] that uses three reflecting gratings, noted grat-
ing 1, grating 2 and grating 3. After passing through the
collimating lens of the spectrometer, the beam undergoes
four reflections of different order of diffraction on the three
different gratings. The first reflection is on grating 1, the
second on grating 2, the third on grating 3 and the fourth
on grating 1. The great dispersion of the gratings permits to
translate spectral information into a one-dimensional image
on a CCD camera which is perpendicular to the lines of the
gratings. In this configuration, the resulting acquisition has
aresolution of 1 GHz at 1w. This resolution depends on the
number of lines that are illuminated on the gratings. The
more groves the beam sees, the higher the resolution is.

2.2.2 Ultrafast fiber-coupled photodiodes

High-resolution temporal diagnostics are implemented
in this setup in order to fully characterize the temporal
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Fig. 2 Schematic representa-
tion of the experimental setup

LASER
Q-Switched Nd:YAG
10Hz

beam dump | |

calorimeter -

beam dump /7

HR mirror A2 polarizer

% HR mirror

—

a

shutter .
f=8m

three gratings spectrometer

-

ting 1 ting 2
e MW S collimating lens
7 50-50
My G
beam splitter
imaging lens
T / CCD
i%%mﬁng 3
Streak camera
/ deviation \ imaging
plates lenses
1(6,‘(?11;5 : : : .-. I y HR mirror
phosphor photocathod entrance
\screen J sl fiber-coupled
photodiode
e o o ¢

structure of the pulses. Therefore, the transmitted part
of the beam after the 50-50 beam splitter is reflected on
a high-reflective mirror. The fraction of the pulse that is
transmitted is injected into a fiber-coupled photodiode. At
lo (respectively 3w), the bandwidth of the photodiode is
45 GHz (respectively 40 GHz). The injection is ensured
by means of a microscope objective 10x with a numeri-
cal aperture of 0.26 that collects the entirety of the beam
and focuses it into a single-mode fiber. The photodiode
is directly plugged on a 33-GHz bandwidth oscilloscope
(Tektronix DSA73304D). Finally, the total resolution of
the acquisitions is 30 ps with a sample rate of 100 GS/s at
both wavelengths. No cable is used here so as to preserve
the maximum bandwidth from the photodiode. Indeed,
most cables impose a limitation on the temporal resolu-
tion because of the strong attenuation they induce at high
frequencies.

2.2.3 Picosecond streak cameras
In order to measure and quantify the spatial incoherence,

the reflected part of the beam goes onto the horizontal slit
of a streak camera Thompson TSN 506 (respectively ARP

oscilloscope

-

TRD3) positioned in the focal plane of the 1w (respec-
tively 3w) beam. This type of apparatus provides high
temporal resolution [14]. Moreover, it provides a spatially
resolved acquisition of the temporal profile, whereas the
fiber-coupled photodiodes used here give a signal that spa-
tially integrates the whole beam. The functioning of the
streak camera is similar to the one described in Ref. [15].
The entrance slit is imaged on a photocathode that ensures
the conversion of photons into electrons. The generated
photoelectrons deflected vertically thanks to high-voltage
deviation plates into a vacuum tube. Then, the electrons
at the output of the streak tube impact a phosphor screen.
The photoluminescence generated at the phosphor screen
is imaged by a 16-bit CCD sensor, which chip is cooled
to —20 °C, thanks to a Peltier element. This CCD sensor
provides a two-dimensional spatiotemporal image of the
laser pulse with a spatial resolution of 10 um. The space
and time coordinates are not altered during the flight of the
electrons in the tube. The time coordinate is perpendicular
to the slit. The dynamic range and the intensity-dependent
time resolution of the streak camera have been taken into
account in order to avoid space charge and accumulative
saturation effects [15, 16].
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Fig. 3 Typical spectral profiles
obtained in the MLM and SLM
regimes at lw. a Raw images in
both regimes of the spectrom-
eter. b Spectral power density in
both regimes integrated with the
same power. The zero corre-
sponds to the center wavelength
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3 Quantification of the temporal incoherence
of unseeded laser pulses

3.1 Experimental results

In this part, we experimentally investigate the spectral
and temporal dynamics of the pulses in the both SLM and
MLM regimes. As mentioned earlier, the measurement of
the spectrum provides the knowledge of the spectral band-
width of the pulses in both regimes. This measurement
is necessary to acquire the temporal profile of the pulses
with the different diagnostics. High-resolution photodiodes
are used alongside with picosecond streak cameras for the
demonstration of the reliability of the acquisitions. In this
section, streak cameras are used to acquire the temporal
characteristics of the pulses only.

3.1.1 Measurement of the 20 GHz spectral width of the
pulses

Time-integrated acquisitions of the spectrum are performed
by means of the grating spectrometer described in Fig. 2
[13]. An example of MLM and SLM spectra is reported
in Fig. 3. The images from the CCD camera presented in
Fig. 3a clearly show the fundamental differences between
the two modal configurations. In the MLM image, the posi-
tion and magnitude of hot spots depend on the random
phases of the modes. In the SLM image of Fig. 3a, the
single spot traduces the single mode operated by the injec-
tion seeder. In Fig. 3b, the MLM spectral profile is strongly
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modulated and random shot to shot. The power of MLM
pulse is spread over different wavelengths randomly. On
the contrary, the near-Gaussian SLM spectrum is smooth
and repeatable shot to shot over hundreds of thousands of
pulses. Both profiles are normalized with the same power.
In our laser, the optical length of the laser cavity is about
820 mm. As a consequence, the spacing of the frequency
spikes in the MLM spectrum can be as short as 183 MHz,
but is not well resolved with the spectrometer as shown
in Fig. 3b. Moreover, in the SLM regime, the width of the
observed dot in the acquisition presented in Fig. 3b should
be as well <183 MHz instead of 1 GHz which is the limit
of this spectrometer. The two spectral power density pro-
files in Fig. 3 clearly show the different spectral behav-
iors obtained in the two regimes. The spectral differences
between the SLM and MLM spectra are conserved after
frequency tripling in the crystals. That means the picture
will be the same when comparing the shape of the spectral
power densities. Therefore, the measurement of the spec-
trum has not been made at 3w.

Hundred different acquisitions have been performed in
the MLM regime with the grating spectrometer. The nor-
malized sum over all the acquisitions is reported in Fig. 4.
The full width at half maximum (FWHM) of the near-
Gaussian spectral gain of the Nd:YAG is around 20 GHz.
This value represents the spectral width of the laser gain
narrowing of neodymium ions in the YAG lattice. This
gives the limit of the bandwidth that one needs to measure
accurately the temporal profile of the MLM laser pulses at
lw. After frequency tripling, the overall Gaussian FWHM
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Fig. 4 Measured near-Gaussian spectral gain of the Nd:YAG laser
over 100 acquisitions in the MLM regime. The zero corresponds to
the center wavelength 1064.4 nm

of the spectrum is around 30 GHz [17]. This enlargement
of the spectrum is mostly due to saturation of the frequency
conversion in the crystals [18]. In the next part, acquisitions
of the temporal profile of the pulses at both wavelength
and in the two spectral configurations are presented and
discussed.

3.1.2 Quantification of the temporal incoherence of the
pulses

As described earlier, acquisitions of the space-integrated
temporal profiles at 1o (respectively 3w) are performed by
means of a fiber-coupled photodiode. At both wavelengths,
the bandwidth of the detectors is larger than the width of
the spectrum in the MLM regime. Typical MLM and SLM
temporal profiles are reported in Fig. 5. For each wave-
length, the two signals have been integrated with the same
power and are thus comparable. At 1w (cf. Fig. 5a), in both
SLM and MLM cases, the duration of the pulse is governed
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Fig. 5 Typical space-integrated temporal profiles obtained with the
fiber-coupled photodiode in the MLM (blue line) and SLM (red line)
regimes at 1w (a) and 3w (b). The bandwidth of the acquisitions is

by the lifetime of a photon in the cavity. As the lifetime
of a photon in the cavity is the same in both regimes, the
duration of the pulses is the same whatever the longitudi-
nal mode configuration. In our case, the equivalent dura-
tion is about 9 ns at lw. After frequency conversion, the
equivalent duration of the pulses is 7 ns (Fig. 5b). This is
due to frequency conversion that shortens the duration of
the pulses [18], for the feet of the temporal Gaussian are
not converted.

When considering the temporal structure of MLM
pulses, the random spectral fluctuations due to longitudi-
nal mode beating induce strong variation in the position
and magnitude of the temporal spikes. Moreover, tempo-
ral spikes at 1w can be as short as 40 ps FWHM, and an
almost systematical return-to-zero is observed between two
adjacent spikes [19]. The same return-to-zero is observed
at 3w, and the spike can be shorter as 30 ps for the same
reason that SLM pulses are shorter at 3w than at 1. This is
a direct consequence of the spectrum being slightly wider
after frequency conversion.

Twenty thousand MLM lw shots have been acquired
with the photodiode in order to quantify the statistical fluc-
tuations of the magnitude of the temporal spikes. For each
signal, the equivalent SLM pulse is calculated by smooth-
ing with a 183-MHz bandwidth filter. Then, the ratio of
the highest spike /., on the maximum of the equivalent
SLM pulse I, is calculated for each MLM shot. In Fig. 6,
the number of counts of I,/ is reported. The mean value
is 4.6, and the maximum [ ,, is ten times greater than
the equivalent [, of the considered pulse. The dispersion,
defined as the standard deviation over the mean value, is
about 22 %.

In this part, the streak camera (Thompson TSN 506) has
been used for the temporal characterization of the MLM
pulses at lw. The acquisitions of the streak camera are
treated only on their time coordinate. This allows the evalu-
ation of a part of the temporal profile. As a comparison, a
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33 GHz. At both wavelengths, SLM and MLM signals have been
integrated with the same power
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Fig. 7 Comparison between the temporal profiles acquired with the
streak camera and with the photodiode at 1w

streak camera acquisition is superimposed on a photodi-
ode signal in Fig. 7. This allows us to verify that the two
apparatuses used in the experiment are in good agreement.
The caliber of the acquisitions is 55 ps/mm on the whole
phosphor screen with an opening of the slit of 100 um. The
pulse can thus be cut into slices of 5.5-ps duration. The res-
olution of the temporal acquisition is thus 11 ps. This corre-
sponds to an equivalent bandwidth of about 90 GHz which
is much larger than the width of the spectrum of the MLM

pulses. The opening of the slit thus allows a better resolu-
tion than the one of the photodiode. However, at this reso-
lution, the temporal length of the signal does not exceed a
nanosecond due to the limited size of the CCD sensor that
images the phosphor screen. The good agreement between
the two acquisitions presented in Fig. 7 comforts us in the
measurements that are made with the fiber-coupled photo-
diode. Indeed, both instruments give the same information
since the acquisitions are resolved in time. That is to say,
thanks to the knowledge of the spectral width, a bandwidth
of 33 GHz is enough for the resolution of the MLM tempo-
ral profiles at 1w. Moreover, the almost systematical return-
to-zero between two adjacent spikes is here settled by the
streak camera as well. Thanks to these observations, MLM
pulses can thus be considered as a succession of picosec-
ond pulses with random magnitudes. One can finally note
the “sawtooth structure” of the 1« MLM pulses.

The effect of frequency conversion on 1w MLM pulses
is now investigated. The structure and the statistics of tem-
poral spikes of 3w MLM pulses are presented. The same
comparison between the photodiode and the streak camera
has been performed. The FWHM of the spectrum evolves
after frequency conversion, but stays within the bandwidth
of the acquisition. A direct comparison of a streak camera
acquisition and a photodiode signal is presented in Fig. 8.
The streak camera is used with a caliber of 70 ps/mm with
a slit of 100 pm. These two parameters engender a tem-
poral resolution of 14 ps. This corresponds to an equiva-
lent bandwidth of 70 GHz. The opening of the slit and the
caliber thus allows a better resolution than the one of the
photodiode. At this resolution, as said previously, the tem-
poral signal length does not exceed a few nanoseconds due
to the limited size of the CCD sensor that images the phos-
phor screen. At 3w, we can also note the good agreement
between the two signals. Again, this means that the tempo-
ral profiles of MLM pulses acquired thanks to the photo-
diode and the streak camera are resolved in time since the
bandwidths of both instruments are larger than the spectral
width of the pulses at 3w. The spikes can be shorter at 3w
than at 1w, and the troughs appear to be a bit larger at 3w

Fig. 8 Comparison be.tween.the 40 e iode
temporal profiles acquired with —Streak Camera 30
. 120
the streak camera and with the
photodiode at 3w 100
£ 80 ’ A
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than at 1w. The minimum FWHM duration of a spike is
30 ps. Again, this is a consequence of the mechanisms of
frequency conversion. Indeed, a spike cannot be entirely
converted through the crystals [18].

Now that the acquisitions are found to be reliable at
3w, 20,000 shots have been acquired with the photodiode
in order to statistically investigate the effects of frequency
conversion on the magnitude of the spikes. The methodol-
ogy is the same than that described earlier. In Fig. 9, the
number of counts of 7, /I, is reported. The mean value is
3.7, and the maximum [, is again ten times greater than
the equivalent I, of the considered pulse. The dispersion is
about 30 %. Two phenomena can explain the obtained dif-
ferences between the histograms at 1w and 3w. First, due to
the conversion efficiency, the highest spikes are on the aver-
age less high at 3w than at 1w. Secondly, mainly because of
the saturation of frequency conversion in the crystals, the
maxima I, /I, are the same at the two wavelengths. Hence,

max’
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Fig. 9 Number of counts of the ratio of the value of the highest spike
I,.x on the maximum /;, of their equivalent SLM pulse over 20,000
3w MLM pulses

0.6

the dispersion of the histograms is more important at 3w
than at lw.

3.2 Numerical simulation of the spectral and temporal
structure of the pulses

The measured results are compared with the predictions
of a numerical simulation. The spectrum is calculated as a
Gaussian of 20 GHz FWHM containing longitudinal modes
spaced by 183 MHz. A result of the theoretical spectrum
of MLM 1w pulses is presented in Fig. 10. One can note
that the discretization in the spectrum depicted here is not
realistic and cannot be experimentally measured. Indeed,
instabilities due to random spectral phases would alter this
idealistic picture.

In order to generate a realistic temporal profile, a ran-
dom phase is generated numerically for each mode con-
tained in the narrowed gain. The duration of the pulse is
set to 9 ns. An example of a generated temporal profile is
shown in Fig. 11. For a given spectral profile, each tempo-
ral profile is random shot to shot. The almost systematical
return-to-zero is also well reproduced by the simulation.
The picture given by the acquisitions shown in the previous
part is comforted thanks to this simulation.

The statistical fluctuations of MLM pulses are now simu-
lated by generating 10,000 pulses. The spectrum of Fig. 10
is the same for each calculation. In order to quantify the var-
iations in magnitude of the highest spikes, the ratios I,/
are calculated for each pulse where [ is the maximum of
the equivalent SLM pulse. The methodology is the same
than that described in the previous section. The result of this
simulation is reported in Fig. 12. Highest I, /I, is found
to be equal to 10.5 and is as high as the maximum of the
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Fig. 10 Numerical calculation of the theoretical MLM spectral profile at 1w
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equivalent seeded pulse. The mean value is 4.7 in the simu-
lation, and the dispersion calculated as the standard devia-
tion over the mean value is 23 %. This simulation shows
very good correlation with the experimental results depicted
in Fig. 6.

Thanks to the great reliability of the calculations, our
simulation program is used to calculate the focal spot in
the MLM regime in the next part. Moreover, as the experi-
mental 3w MLM pulses do not show great difference with
the 1w MLM pulses, the frequency tripling is not numeri-
cally studied in this section. However, in the next section
of the present work, the influence of nonlinear propaga-
tion in the crystals is investigated considering the spatial
coordinate.

3.3 Conclusion

In this part, random longitudinal mode beating is shown
to induce strong statistical fluctuations of the temporal
profile characteristics. First, the measurement of the
spectrum width permits the definition of the resolu-
tion of the apparatuses in order to measure accurately

1
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Fig. 11 Numerical simulation of a possible MLM temporal profile at

the temporal profile of the laser pulses. Therefore, the
combination of a high-bandwidth photodiode and a fast
streak camera leads to a better knowledge of the fine
structure induced by random longitudinal mode beating.
Moreover, the effect of frequency conversion is experi-
mentally investigated. The good correlation between the
acquisitions made with the photodiode and the streak
cameras insists on the reliability of our metrology. At
both wavelengths, a resolution of 33 ps with a sampling
rate of 100 GS/s seems to be sufficient in resolving the
temporal profile of MLM pulses.

The comparison between numerical simulation and
experimental results shows very good agreement at 1w.
Indeed, the fine structures of the temporal profile as well
as the statistical fluctuations are finely reproduced by
the calculations. As the temporal MLM profiles are very
similar at 1w and 3w, the effect of frequency conversion
is not numerically investigated, for they represent little
interest in this part. However, in the next part, the influ-
ence of temporal incoherence on the spatial character-
istics of the beam is investigated and simulated at both
wavelengths.

4 Spatiotemporal dynamics of unstable resonators
with variable reflectivity mirror

In this part, the interest of the study is the spatial charac-
teristics of the laser described in Fig. 1. Here, the streak
cameras are used as a diagnostic for spatiotemporal
dynamics in the far field [20]. Again, the dynamic range
and the intensity-dependent time resolution of the streak
camera have been taken into account in order to avoid
space charge and accumulative saturation effects.

lo

Fig. 12 Number of counts of 1200
the ratio of the value of the

highest spike 7,,,, on the maxi- 1000

mum /, of their equivalent SLM
pulse over 10,000 simulated 1w
MLM pulses

®©

[=3

(=}
T

'S

(=3

S
T

Number of counts of the I,,,./I,
(=)
S
(=]

200 -

@ Springer

-~



Experimental evidence of temporal and spatial incoherencies of Q-switched Nd:YAG nanosecond... 447

4.1 Experimental evidence of spatial incoherence in the
focal plane

The object of this part is to study the spatiotemporal
dynamics in the MLM regime at the far field. The effect
of frequency conversion is also investigated. The extrac-
tion of high energy in such Nd:YAG laser cavity results in
a beam of poor spatial quality. Previous studies showed an
alteration of the beam at the near field when a laser works
in an almost-stable configuration [3, 4]. In order to observe
the differences observed in the spatial profiles between
the SLM and the MLM regimes at the two wavelengths,
the CCD camera has been positioned at the far field, in
the focal plane of the 8-m focusing lens. Time-integrated
acquisitions of the sub-millimetric focal spots are reported
in Fig. 13. One can note that the feet of the focal spots
are quite intense due to thermal-induced aberrations. The
experimentally measured radiuses at 1/e of the Gaussian

Table 1 Equivalent surfaces and radiuses of the focal spots in both
SLM and MLM regimes at 1w and 3w

SLM MLM
Sie (mm?) 1.16 1.32
1@ (um) 480 510
S32 (mm?) 0.467 0718
3 (jm) 265 320

Fig. 13 Time-integrated acquisitions of the beam profile in the far
field for both MLM and SLM regimes at 1w as well as at 3w

part of the focal spots are reported in Table 1 for both
wavelengths at 1w and 3w. Then, the equivalent surface Seq
of each beam is calculated as the ratio of the sum of the
gray levels of all the pixels of the image after removing the
background noise on the maximum value of the image [21]
with the knowledge of the size of a pixel. The results of
these measurements are reported in Table 1.

At lo (respectively 3w), the equivalent surface of
the MLM beam is 12 % (respectively 35 %) larger than
the SLM spot. The radius of the MLM focal spot is 6 %
(respectively 21 %) larger than the SLM one. The results
clearly show that MLM far-field profiles are systematically
larger than the SLM ones. These increases in the beam
equivalent surfaces are supposed to arise from spatial inco-
herence induced by longitudinal mode beating.

In order to quantify the spatiotemporal dynamics that
the beam undergoes, time-resolved streak camera acquisi-
tions made at the far field are reported in Fig. 14 for the
four configurations. Inserts of Fig. 14 show a zoom of
the streak camera images in order to emphasize the spati-
otemporal dynamics. The slits of the two streak cameras
are positioned in the focal plane so as to enclose the bar-
ycenter of the spots: The slits are centered on the focal
spot. The caliber of the lw streak camera is 56 ps/mm,
and the caliber of the 3w streak camera is set to 33 ps/
mm. The slit of both streak cameras is opened by 100 um,
which is coherent with the radiuses of the spot of Table 1.
The spatial coordinate (parallel to the slit) is in the verti-
cal direction in the images of Fig. 14. The spatial resolu-
tion of each image is about 20 pm (i.e., 2.5 prad with the
8 m focal length). For these images, the magnifying power
induced by imagery has been taken into account. At both
wavelengths, in the SLM regime, no effect of spatiotem-
poral coupling is observed. The beam profile on the spa-
tial coordinate does not evolve with time. However, MLM
acquisitions show clear evidences of spatiotemporal cou-
pling during the pulse. In the inserts of Fig. 14, one can
note the almost instantaneous displacements of the focal
spots toward the vertical direction parallel to the slit. In the
four images, the time-integrated radiuses of the profiles are
equal to those of Table 1. However, short-time average radi-
uses measured in the MLM regime on the streak images of
Fig. 14 are smaller.

The maximum displacements of the barycenter and the
mean position corresponding to zero of each MLM spot are
reported in Fig. 15 for both 1w (Fig. 15a) and 3w (Fig. 15b)
MLM acquisitions. At lw, the measured displacement
corresponds to a maximum angular deviation of 10 urad,
whereas it is 30 prad at 3w. One can note that the spati-
otemporal displacements are more pronounced at 3w than
at lw.

The same measurements have been performed with the
slit in the perpendicular direction on the spots, and the
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Fig. 14 Spatiotemporal acquisitions of the beam in the different configurations. The vertical coordinate parallel to the slit stands for the spatial
coordinate. The horizontal coordinate perpendicular to the slit stands for the time coordinate. Inserts show a zoom of the streak camera images

(a) 1

08 -
0.7 +
0.6
05 r
04
03
02 r
0.1

Normalized Amplitude (a.u.)

OSI-e0)

-300 -200 -100 0 100 200 300
Angular position of the focal spot at 1o (urad)

-100 -50 0 50 100
Angular position of the focal spot at 30 (urad)

Fig. 15 Angular position in the focal plane of some spikes measured
on the images of Fig. 12 for both 1w (a) and 3w (b) MLM acqui-
sitions. Only the spikes corresponding to the maximum angular dis-
placement are reported
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same displacements are obtained. Thus, the spatiotemporal
dynamics do not depend on the direction of observation.
The enhancement of the surface seen on the CCD images
of Fig. 13 in the MLM regime is a consequence of this spa-
tiotemporal dynamics. Indeed, the geometrical focal spot,
which is smaller, is convolved with a time-dependent angu-
lar displacement that enhances the measured time-inte-
grated equivalent surface. A systematical error is thereby
made when measuring time-integrated spot sizes in the
MLM regime at the far field. The angular displacement
induces an error in surface which depends on the focal
length that is used in the experiments.

4.2 Discussion

In order to explain the observed spatiotemporal coupling
in the MLM regime, different hypotheses were con-
fronted. First, the absence of any dispersive optical com-
ponent such as an optical grating or a prism on the propa-
gation of the laser pulses suggests that the source of the
phenomenon is not linked to spectral optical smoothing.
The effect we considered in order to explain the tendency
is the generation of nonlinear Kerr effect in the ampli-
fiers. A spatial profile of poor quality coupled to high
spikes in power could bring enough phase distortion so
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as to induce such spatial incoherence. Moreover, non-
linear Kerr effect does not depend on any direction as it
would be generated randomly in this case. This hypoth-
esis is now compared with the predictions of a numeri-
cal simulation. In this theoretical approach, the geometry
of the cavity is not taken into account and thus does not
affect the results.

The simulated 1w temporal profile described in the pre-
vious part is propagated with a transversal coordinate. At
the output of the laser, the beam is supposed to be super-
Gaussian on the spatial dimension. Realistic random modu-
lations are implemented in the spatial profile as the beam of
this type of laser exhibits a poor spatial quality (cf. Fig. 13).
Then, we will consider the coefficient of the nonlinear part
of the refractive index of Nd:YAG of n, = 7.5.1072° m*W
[22]. The integral of the nonlinear phase B accumulated in
the four Nd: YAG rods is calculated as [18]:

2L
B=

—nal,

where A = 1064 nm is the fundamental wavelength of
the laser, L = 4/ ~ 60 cm is the total length of the four
Nd:YAG rods with / = 15 cm, and [ is the irradiance. In
this calculation, we made the assumption that the four
Nd:YAG rods play the same role in building the nonlin-
ear phase. This hypothesis leads to an overestimation of B.
The more the beam is modulated both in space and time,
the more it will suffer from nonlinear Kerr effect. The
beam with its nonlinear spatial phase is then propagated
through a focusing lens of an 8-m focal length. The focal
spot of the beam is calculated thanks to a Fourier transform
of the spatial coordinate. The results of the simulation are
reported in Fig. 16. In Fig. 16a, the entire two-dimensional
image of the focal spot is reported. The angular positions
of three short-time average spots are reported in Fig. 16b,
c. The angular shift measured between the dashed curve
and the dash-dotted curve is 8 prad, which is in the same
order of magnitude than the 10 urad measured experimen-
tally. Moreover, one can note in Fig. 16b that this shift is
conjugated with a narrowing of the spatial profile of the
spot. However, the measured time-integrated diameter is in
agreement with the experimental value. This means that the
spatial modulations implemented in the beam in the calcu-
lation are not too rough. The displacement as well as the
narrowing seen on the simulation is a consequence of the
accumulation of nonlinear spatial phase. The observed shift
and narrowing depend on the magnitude of the spikes and
on the spatial modulation. The combination of these two
parameters makes it possible for the growth of instabili-
ties that traduces spatial incoherence [12]. This simulation
thus allows us to propose an interpretation of the observed
experimental tendency and shows a good correlation with
the displacement measured in Fig. 15a. Similar calculations

1

~
=z
Al 3

Normalized Amplitude (a.u.)
=
-

-300 -200 -100 0 100 200 300
Angular position of the focal spot at 1 (urad)

—

Angular position of the focal spot at 10 (urad)

Fig. 16 a Simulated two-dimensional image of the focal spot at 1w.
The entire temporal length of the pulse is presented. b Representation
of the angular position of different spots in the focal plane. ¢ Zoom
on the maximum of these spots

have been made without considering nonlinear Kerr effect,
and no angular shift is observable.

The same 1w beam will now undergo frequency con-
version before being focused. The thicknesses of the two
crystals are 25 mm, and their diameters are 12.7 mm. The
second-harmonic generator crystal is a type I KDP, and the
third-harmonic generator crystal is a type Il KDP. Nonlinear
Kerr effect is supposed to be negligible in the crystals. Dif-
fraction effects as well as walk-off are taken into account
in the propagation of the beam through the crystals. Each
crystal has been numerically cut into slices in order to use
a split and step method with successive Fourier transforms.
Coupled equations described in ref. [18] are resolved in two
dimensions with the slowly varying envelop approximation
for each slice. Then, the focal spot of the beam is calcu-
lated as the Fourier transform of the transverse coordinate
of the near field. The results of the simulation are reported
in Fig. 17. In Fig. 17a, the entire two-dimensional image
of the focal spot is reported. The angular positions of three
short-time average spots are reported in Fig. 17b, c. The
angular shift measured between the dashed curve and the
dash-dotted curve is 14 prad, which is larger than in the 1w
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Fig. 17 a Simulated two-dimensional image of the focal spot at 3w.
The entire temporal length of the pulse is presented. b Representation
of the angular positions of different spots in the focal plane. ¢ Zoom
on the maximum of these spots

simulation. Again, these shifts are conjugated with slight
variations of the diameter of the spots. This value does not
exactly correspond to the experimental observations where
an angular displacement of 30 prad is measured at 3w, but
the calculated shifts are in the good order of magnitude.
Thus, this simulation allows us to propose an interpretation
of the observed experimental tendency, but does not really
show a good quantitative correlation at 3w with the images
of Fig. 15.

As the 3w beam is most affected by spatial incoherence,
the frequency conversion can be supposed to be responsible
for most of the obtained angular shift. Previous theoretical
works predict possible phase distortions [23] or angular
shift of a divergent beam [24, 25] during sum-frequency
mixing. These effects are sensitive to the direction of the
polarization at the output of the crystal, for they depend on
harmonic generation mechanisms and nonlinear propaga-
tion. However, the previous observations show that at least
two perpendicular directions are affected. Therefore, these
phenomena cannot be the cause of our observations. Other
works show evidence of dispersion in KDP crystals as great
as —1.1 mrad/nm in a type II KDP third-harmonic genera-
tor [26, 27]. Again, this would induce unidirectional shifts
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at 3w, and it is not the case. Moreover, the wavelength
is not shifting as much as it would be necessary during a
MLM pulse for the obtained few tens of urad [17].

5 Conclusion

In the present work, we have investigated the incoher-
ent nature of MLM pulses at the output of a commercial
Nd:YAG Q-switched laser in both the temporal and the
spatial domains at 1o and 3w. The measurement of the
spectral width of the pulses has allowed the definition
of the bandwidth of the instruments used for the tempo-
ral acquisitions. As a result, a minimum bandwidth of
30 GHz is required in order to fully resolve the MLM tem-
poral profiles. In this configuration, for both wavelengths,
intensity spikes contained within the pulse can be as short
as a few tens of picosecond, corresponding to the short-
est time the cavity can generate. At 1w (respectively 3w),
the magnitude of these spikes is on the average around 4.6
(respectively 3.7) times higher than the maximum of the
equivalent SLM pulse and can reach a maximum value
of ten times the maximum of the equivalent SLM pulse.
This strong temporal incoherence is resulting in spatiotem-
poral coupling in the focal plane. As a consequence, the
equivalent surface of the focal spots of MLM pulses is
larger than the SLM ones for both wavelengths. The direct
observation of this behavior has been possible by means
of picosecond streak cameras. At lw (respectively 3w),
an almost instantaneous displacement of 10 urad (respec-
tively 30 uprad) is observed on the streak images of MLM
focal spots. These measurements are clear evidences of
spatial incoherence in the focal plane. This means that a
process occurs in the propagation of the laser beam lead-
ing to the translation of temporal incoherence into spatial
incoherence. In this study, we propose that the occurrence
of nonlinear Kerr effect in the Nd:YAG amplifiers during
the buildup of the pulse may be the reason of the observed
spatiotemporal dynamics. This hypothesis is confronted to
numerical calculations, but leads to qualitative-only inter-
pretations of the observed tendency. Additional experi-
ments involving different cavity setups with different fre-
quency conversion architectures may be performed as far
as MLM pulses are involved. Moreover, a specific analysis
of the output of the doubling crystal may lead to a bet-
ter understanding of the behavior of the UV output. This
study finally demonstrates that working with MLM pulses
without bringing into operation the proper metrology may
be hazardous, especially in light—matter interaction experi-
ments such as laser-induced damage test. For some appli-
cation, it might thus be necessary to work on an injection
seeder that avoids spatial incoherence while producing
temporally incoherent pulses.
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