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Abstract

The generation of a high-power laser pulse at 266hat is longitudinally shaped according

to a prefixed intensity profile is reported. TheimBeatures of the pulse shape modifications
due to second- and third harmonic conversions aasored, and the results are in good
agreement with the theory. The UV temporal shageekés on the chirp of the fundamental
pulse and on the crystal phase-matching angle.didim the large stretching imposed on the
third-harmonic signal, we show that the pulse istignprofile can be obtained by spectral

single-shot measurements.






1 INTRODUCTION

The generation of high energy laser pulses witkva picoseconds time width, center
wavelength at 266m, flat top temporal profile with fast rise and falhe, is of great interest
for the photoemission from metal cathodes of ebtectbunches characterized by low
emittance §boutl mm-mrad and high current [1-3]. In this report we pressome pulse
shape measurements going through the evolution ftenfundamental towards the third
harmonic generation and we show how to do to obthé target pulse shape. We also
demonstrate that the pulse intensity profile caolitained directly by spectral measurements.
In the following we first describe our laser systehen we discuss the experimental results
and the theory.
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Figure 1. SPARC laser system

We refer to the SPARC, reported in Fig.1 lasergpsthat is based on a Ti:Sa oscillator that
generates 10f3 pulses with a repetition rate of 79+1/3 MHz. An @sto-optic programmable
dispersive filter called “DAZZLER,” [4] used to mifg the spectral amplitude and phase
function, is placed between the oscillator and déneplifier to obtain the target temporal
profile[5]. The picture of the DAZZLER set up ispated in Fig. 2. The amplification
process is carried out by one regenerative preiierghumped by 10 W frequency doubled
Nd:YLF laser and a two double passes stages wheclexxited by the second harmonic of a
Nd:YAG with an energy of 0.5 J per pulse. The gystielivers pulses at=800 nm with
energy of about 50 mJ and a repetition rate of 20 H
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Figure 2. Dazzler set-up: the oscillator outplgest to the acousto-optic filter and a half
wavelength wave-plate. After, a periscope is usdadject the beam in the amplifier.

At the output of the amplifier the IR pulses gaatthird harmonic generator, where UV
pulses with an energy of up to 4 mJ are producéd. dp-conversion is required to generate
photon with energy larger than the photoemissiomkwonction of the metal cathode. The
third harmonic generator is characterized by twmety beta barium borate (BBO) crystals of
0.5 and 0.3 pum used to produce first the seconadrac signal and then the third harmonic
signal by frequency sum. The third harmonic gemeratshown in Fig. 3 and Fig 4.

Figure 3 Picture of the third harmonic generator.



At the end of the laser chain there is a gratingtcher based on a pair of 4350
groove/mm UV reflecting gratings that is used teteh the pulses temporally by up to 8-12
ps. In this way the IR pulse length at the entrapicthe third harmonic generator does not
change and therefore the harmonic conversion effay is independent on the laser pulse

BBO

Figure 4 Sketch of the third harmonic generator.

length desired on the cathode.

2 TEMPORAL PULSE SHAPE THROUGH THE HARMONIC GENERATION

We present the theory that take into account tedion introduced by the harmonic
generation process and technique we employed tupeoa quasi-square pulse in the third
harmonic at high-energy level [5]. Our procedurbased on the DAZZLER, which provides
the proper phase and amplitude modulation to ohiaéntarget third harmonic spectrum

profile that corresponds to the wanted time profile
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Fig. 5. From left to right: measured (solid curaed simulated (dashed curve) IR,
BLUE, and UV spectra. Starting from a transform#éed pulse, we increase the
chirp by 0.01 pSfor each curve from top to bottom.



As reported in Ref. 6, the target temporal pulseolisained by generating a UV
rectangular spectrum and then converting it intectiangular temporal shape by the stretcher.
As said, it is not possible to produce a 10 psareglar pulse before the harmonic generation
chain because otherwise the conversion efficiefidheotwo BBO crystals would be too low.
At the same time it is important to stress thas ot possible for the IR laser pulses to enter
the crystals with temporal pulses that are too tshorfact, the generated second harmonic
and third harmonic spectral widths depend stroragiythe first-harmonic pulse length.[7]
This behavior is shown in Fig. 5 by reporting theamrges that occur in the spectrum of the
second harmonic and third harmonic signals as atifum of the chirp introduced by the
DAZZLER. In the left part of the figure the firseimonic spectra shaped by the DAZZLER
are presented; the middle and the right parts sth@nexperimental and calculated second
harmonic and third harmonic spectra, respectivBtarting from a transform-limited pulse,
we increase the chirp by 0.01%dsr each curve from top to the bottom. As showrthia
figure there are a good agreement between the meehspectra and the simulated ones.

As a consequence the pulse length increases fraighlyp 100 fs to aboutl ps. As
shown in the figure, when the first-harmonic pukséransform limited, the second harmonic
and third harmonic spectra have a narrow bell sh&fieen the chirp is increased, the second
harmonic and third harmonic spectral shapes beapmasi-rectangular. The theory of this
behavior has been settled in Ref. 7 and is brrefpported in the following. Let us consider the
general case of pulse generation with central #aquws; from the interaction in a nonlinear
crystal of two pulses with central frequenciesand w,, wherems=w1+w,. Moreover, pulse
generation under a non-depletion condition [8,9h$sumed, and the dispersion factor is
neglected due to the short crystal length of 300 fgon complex amplitudés the following
equation holds:

0As 1 0A, o
: : S ".‘uj.m _‘4 _?—1ﬂnﬂ.,
92 Vg or e @

where Vg3 is the group velocity of the pulse at frequeiig)l is a phenomenological
constant taking into account the effective nonlinemefficient of the crystal, and
Ak=ks—ko—k; is the imbalance of momentum conservation [8].c8inve are in the non-
depletion regime, pulse% andA; are not appreciably modified while propagatingngldhe
crystal. They propagate with velociti®g andVgy,, respectively; therefor8=Aq[(t —2)/Vgil
and A=Aj[(t -2)/Vy] . Substituting these expressions into Eq. (1), dpglythe time
transformatiort;=t-z/Vy3, and making a Fourier transform, we obtain
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where B;=1NVyi—1Ny;. In the following all the simulated curves areccddted as a
numerical solution of Eq. (2). Consider, for examplype | second harmonic generation in
the case of perfect phase matching. In this stdnatie haves;=p3,=p, thus we achieve:

dA4/0z =i[A| ® A lexp(-iBzw). &)



Therefore, considering rectangular spectra in tineldmental harmonic, the convolution
yields a triangular spectrum shape for the sec@amchbnic. Thus transform-limited pulses do
not give a rectangular spectrum in the second haicn®n the contrary, by introducing a
chirp into the fundamental signal, the initial sajular shape can be preserved. In fact,
considering4:(o) =So)exp[id(w)] with o) real and®(w)=0w?2, wherea is the chirp
strength introduced by the DAZZLER, we obtain:
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Since in the phase factab(w-Q)+ @(w) is a parabolic function centered &t /2, the
dominant contribution comes f6X close tow/2 when enough chirp is applied. Thus we can
write:
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Therefore increasing the chirp in the fundamenéa, the leading behavior of the second
harmonic spectral intensity is given by the squarthe fundamental with twice the spectral
width and the second harmonic spectrum changé®itstriangular shape to rectangular one.
Moreover, being the second harmonic spectrum ptapal to the square of the initial one,
the increasing of the ripple in the higher harmasiexplained too. The above considerations
can be extended to the third harmonic generatibe. résults of this discussion are that it is
necessary to introduce a large enough chirp famathe 800nm pulse in order to produce a
UV rectangular spectrum. The amount of this chiap to be determined accurately because a
large value can reduce to much the conversioniefioy.
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Fig. 6. SH simulated (solid curve) and measuredhdd curve) spectrum changes versus the
tilt of the crystal from its phase-matching andige tilt from top to bottom is 5.8,
2.9,0, -2.9, and -5.8 mrad.



Changing the crystal phase matching angle, thetrsppeshape of the harmonic signal
generated as well as its efficiency strongly changrefact, as it is shown in Fig. (6), flipping
by few mrad the crystal angle, the second harmspéctrum is modulated asymmetrically.
To explain this behavior, let us consider Eqg. @Mce we are concerning the second
harmonic generation process, we can repface B3> =p and assume in first approximation
Ak =y 6 where the parametgrdepends on the crystal type &hid the angular displacement
from the phase matching condition. The followingi&iipn is archived:
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Integrating this equation over the crystal lengtind calculating the intensity we get:
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It is clear that changin§ we move the center of the sinc function with respe the
convolution product. This can produce an enhanceénoénthe lower or upper second
harmonic spectral components depending on thedignin our case we used a BBO crystal
which has a relatively high value for thearameter, such that small changes of few mrad for
the angled are enough to produce large spectrum distortion.

It is important the fine alignment of the harmowiystals. In fact, not only the harmonic
efficiency conversion but also the spectrum proéitel therefore the time domain intensity
are strongly influenced by the phase-matching angle

Now we want to show that it is possible to condtracpulse with an arbitrary intensity
spectrum shape, and that the pulses produced htaeperal profile out of the UV stretcher
that is well approximated by its power spectrum Tajis is achieved by introducing enough
temporal linear chirp troughs the UV stretcher.
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Fig. 7. Comparison between the UV spectrum (salide) and the temporal
profile (dashed curve) after the UV stretcher io tases.



In Fig. (7) two examples are shown: we comparestiectral profile, solid line, and the
time profile, dashed line. The correlation betwesprectrum and time intensity has been
studied and experimentally confirmed using two hdyit diagnostic tools: a spectrometer
and an UV cross-correlator.

As shown in the Fig. 7 in both cases we obtaingdal superposition between the spectrum
and the temporal profile. These two profiles, héaeen produced by introducing with the
DAZZLER a proper phase and amplitude modulationshan fundamental. In Fig. (7), the
spectral x-axis has been converted in the timedioate using the relatiofit = a -Aw (in our
case a = 0.3 psbetween angular frequencies and time delay. ésehwo cases we have a
strong pulse stretching, in fact the UV pulse langgfore the stretcher is about 300 fs while
the pulse length after is about 10 ps. The tempmdile has been traced by a UV-IR cross
correlator that has been built, studied and cheraetd by us [10]. As shown a pulse with
quite flat plateau can be obtained but the mininmise time of 2.5 ps is far from the requests.

For completeness we report here the relation betleztime profile and its spectrum.
Let us consider a pulse with complex amplitude) and a quadratic phase function given by
exp [i - aw?/2]; the a parameter takes into account the cfiilne. time intensity profile, given
by the square modulus of the inverse Fourier tansfturns out to be:
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wherel(w)= |4(w)|* is the power spectrum. In fact, since the phasetfon is a parabola
centered atw=t/a, the leading contribution to the integral comesrfrthe angular frequencies
near the minimum of the phase (for more detail,Rek 6). This approximation is true when
a large chirp is applied in the third harmonic as dur UV stretcher system. The direct
correspondence between the spectrum and the tiofigedras an important consequence: the
spectral profile of the third harmonic can be ussda single-shot time profile diagnostic.
This allows circumventing the inherent difficulties quick measure UV pulses in ps range
with an acceptable resolution.

3 MODIFIED STRETCHER TO IMPROVE THE RISE TIME

The measured pulses, and the simulations showaliimiis on the minimum rise time
that can be obtained. As shown in fig 7 the risgetis about 2.5 ps, and the ripple is within
20 % ptp. In fact, due to the finite bandwidth lbé thon-linear crystals, the steepness of the
rise and fall time of the resulting flat-top pulsean not be pre-compensated by the
DAZZLER.

The correspondence between spectral and tempofsé guofiles suggests that to
improve the rise time the spectral tail has to her@y clipped. In Fig. 8 in the upper plot, it
is reported how the rise time is improved whengpectrum is clipped lower curves. Starting
from the black spectrum we remove the tails indrepthe steepness of the curve. As shown
in the time profile the rise time can be reducedmao 1.2 ps (green curve). At this point
sharper cut in the spectrum induce larger ripplésdon’t improve the rise time due to the
given bandwidth.
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Fig. 8. Effect of the clip of the spectral tails.the lower plot are reported different spectra
obtained by increasing the steepness of the spaattéghe correspondent time intensity
profile.

To clip the tails of the spectrum we modified th¥ tretcher to obtain in a plane a
direct correlation between the spectral componantsthe transverse position. The apparatus
is reported in Fig. 9.
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Basically the modified stretcher is a particularsien of the classicalf optical scheme with
two anti-parallel gratings and two lenses of fodatancef respectively separated by a
distancef [11]. A collimated beam is sent onto the diffragtigrating and it is angularly
dispersed horizontally. The pulse wavelenghts laga focused using a positive lens. On the
lens focal plane each spectral component will remd¢bcus in a different position. In other
words on this plane there is full correlation bedwevavelength and transverse position. This
allows the cut of the spectral tails simply placeng iris at this plane. The beam is then re-
collimated by a second lens and sent to anothdmgravhich compared to a classicél
system is shifted from the symmetry position (whiabuld be at a distanddrom the second
lens) by a distanch. The shifth introduces a chirp on the outgoing beam and chatiges
output pulse length, over the same range of thggrai version of the UV stretcher.

Using this optical set-up we observed a net impmo@ on the rise time. We report in fig 10
the cross-correlation measurement on the pulseupsaticlipping the tails of the spectrum
with the described apparatus. The pulse lengtthaital0 ps FWHM and the rise time is
about 1.8 ps. The cross-correlation has been me@sising a relatively long IR gate pulse of
about 0.6 ps FWHM. The long pulse induces a smogtim the pulse reconstruction and
produces an overestimation on the rise time. Adogrtb our calculation the achieved rise
time is 1.5 ps. The black curve is obtained usingimulating the real output profile and the
calculating the cross correlation with the IR pwse used. As shown there is a excellent
agreement between simulation and measurement.
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Fig. 9. Measured (red curve) and simulated (bldok WV intensity profile out of the
modified UV stretcher.

Numerical simulations indicate that to further regluhe rise time it is important to
increase the spectral width of the UV pulse. Thipuire a dedicated work to replace the non-
linear crystal with thinner ones and focus therdmsam at the entrance of the third harmonic
generator to maintain a reasonable efficiencyeddency tripling process.
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