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Abstract

We report on the technique adopted to measure with a highuteso(~ 300fs), the UV
time distribution of the SPARC photoinjector laser pulsethie rang00 f s to 12ps. The
theory of a scanning cross correlator based on differerempiEncy generation process in
a BBO crystal is briefly reviewed. The realization of a prgpm is discussed and a few
measurements about the effects of the beam alignement ahdizp due to the spatial
chirp of the UV beam, are reported.
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1 Introduction

Nowadays, UV laser pulses are commonly produced for manggaas; we refer in the
following to the SPARC laser photoinjector [1-4]. In thi®pct [1], UV pulses with uni-
form temporal profile, rise and fall time less thgps and uniform spatial distribution are
required to drive a high-brilliance rf linac photo-injec{6,6]. The photo-injector itself is
used to drive a high-brightness Self Amplified Spontaneousskion Free Electron Laser
(SASE-FEL) in the visible and soft X-rays region.

It is extremely important to know all the parameters whiclarelcterize the UV laser
pulse: the spectral amplitude, the temporal shape (irtiepsofile) and the phase. Usu-
ally to measure UV pulse time distribution, a streak cameresed. The drawback of this
system is to be expensive for the low resolution type-(2ps), and much expensive for
the high resolution models( 350 fs). Because of this reason, we developed an optical
diagnostic device, which has an affordable price compatbadundred thousand euros
necessary to buy a streak camera.

The main optical techniques adopted to measure the tempolisé¢ characteristics use
the2"? and3"¢ order autocorrelation or cross-correlation functions[B][9]. Both this
techniques are based on a non-linear interaction of the baara (autocorrelation) or of
two different beams (cross-correlation) inside a non lireegstal.

In general [7], an intensity correlation function is defirsed

A(r) = / T L) Lt — T)dt 1)

wherel,, [, are the intensities of the two beams entering into the crystas usually
called: “the reference pulse” or the “scanning pulse” and delayed of a time with
respect to the first beam’s pulses that we want to analyze.
When the two intensity profiles in Eq. (1) are the same butlierttme delay between
them (thatis:; = I, = I); EqQ. (1) gives:

o) = [ a1 - )t ®)

—00

which is called a “second order autocorrelation function”.
In general it is called “autocorrelation function” of order + 1) the following function:

An(r) = / SO - r)de 3)
Forn = 2 Eq. (3) gives a third order autocorrelation function:
Ag(r) = [ 1) PGt - 7t (@)

—00



Substitutingt — 7 = y, Eq (2) can also be written (that holds only for the seconekord
correlation function):

o0

Aalr) = [ Iy 7) - I(y)dy )

— 00

As it is shown in Eq. (2), the" order autocorrelation function is symmetric around
7 = 0 (Az(7) = Ay(—7)) and therefore it is unable to determine the asymmetry of the
pulse temporal shape.

Assuming that the imput intensity has a gaussian shapeetitsd order autocorrelation
function has a gaussian shape too. The relation betweenitheidth at half maximum
(FWHM) of the imput intesityr,, and the FWHM ofA,, 7, is (see Appendice A):

Tac

V2

On the contrary, th&"? order autocorrelation function Eq. (4) is an asymmetricctun
tion therefore it is suitable to determine the asymmetnhefpulses under studyand it
presents also a less pronounced smoothing action. Thecardtation functionA,, de-
fined in EqQ. (3), fom > 1 has the same shape of the pulse represented by intensitie profi
I(t). In fact, for a resonable peaked functidft):

(6)

Tp =

lim I"(t) o 6(t) (11)
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thus the shape of the autocorrelation signal becomes &urapproximation of the signal
I(t).

1The symmetry around = 0 for the second order autocorrelation function is shown by:

Ar) = [ 10 1=t = [ 10 1+ @)

—00

which, using the relation Eq. (5) shows that
As(—7) = As(7) (8)

while the asymmetry for the third order autocorrelationtiswn by
As(1) = / I(t)-I2(t — 7)dt 9)

exchangingr — —7

o0
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Eq.(4) shows that if the second term in the integral were-a function the equation
would become:

Jim. Apia(r) = lim _OO I(t)-I1"(t — 7)dt
- /O:O I(t) - 8(t — 7)dt = /‘: I(y +7) - 8(y)dy
= I(7) (12)

Usually to generate 2{*? autocorrelation the two beams are mixed into a non-lineggs-cr
tal like a 6 — Barium — Borate (BBO) to produce by a second harmonic generation
process (SHG) [10,11,9,7,12], a signal that results to bpgtional to the second order
autocorrelation function [12]. Changing the optical patlooe of the two light beams it
is possible to temporally delay the reference bdain- 7).

In the case of theross correlatiorthe two signals are different and we refer to Eq. (1). A
cross-correlation process is usually adopted when oneeoftb signals has a temporal
length much shorter than the other so that it can act‘@s-afunction”. For this process
it does no matter the symmetry of the function since the twaoals are different. More-
over, the scanning nature of the technique which produeesignal is enough to find out
the asymmetry of the pulse under study.

Practically the measure is done by sending the referenceedthe“d — function”),
which is supposed to have a very short time width with resfeette signals we want to
measure, through a controlled optical delay line used to Hualonger pulse profile. For
this reason this technique is also called “scanning croselation”.

The reason why the technique described above can be basedhonliaear interac-
tion of the reference pulse and the signal into a non linegstal for harmonic gener-
ation, is that the interaction in the crystal has electramigin so the nonlinearity is fast
enough to measure pulses downlto 4s duration [10]. Unfortunately, because of the
UV absorption edge of optical crystals, SHG process caniidesl for short wavelength
(A < 380nm) [10-12].

As already said before, the measurement of UV pulses is ntadegh Different Fre-
quency Generation (DFG) process, which is a non linear gooé the same type of
SHG. Both these processes arise from the second order rearityyfound in non linear
crystals such as8 — Barium — Borate (BBO).

Since the SHG process like DFG gives a signal proportionghéoproduct of the input
intensities [11,12,10] as it is shown by Egs. (13) and (14} possible to show that the
intensity of the output signal, as a function of time, it i®portional to the correlation



function (see below).

sin(Akl/2)

MI(WJ)](WJ)[TZ/Q]Q (13)

SHG I(2w,1,t) =

n3cieg
where in this casev,, w3 = w,wy = w3 +wy = 2w andAk = ky — (ks + ko) = koo, — ke

2wide syl sin(AkL/2) .,

DFG I(wi,1,t) = NP

I(ws, t)I (w2, t)[ (14)

N1NaN3C3en
where in this casew; = w3 — w- is the different frequency generated from the input
frequencyws > wy, [ is the crystal lengthy; are the refraction index for the different fre-
guenciesg, is the dielectric constant in vacuum, is the non linear coupling coefficient
andAk = k; + ko — k3. Usually the crystal is cut in order to satisfy ttghase-matching
condition”: Ak = 0 by which the maximum efficiency conversion is obtained fa th
given crystal characteristic. Egs. (13) and (14), give titerisity of the output beam
and if the intensity profile;(¢) are temporally shifted one respect to the other then the
generated electronic signél7) produced by a photodiode illumminated by the output
beam, for the process taken into account, is proportioniddgaross-correlation function.

In fact, considering the DFG process, expressing the iitiepsofile as: I;(ws, t) and
I(wy,t — 7) and integrating over time because the detection is madeghra photodi-
ode, EQ.(14) becomes:

2w1 effl

S(T) == /]1 ws, )]Q(WQ,t —T)dt (15)

N1NaN3C3eg
Since in our case th&(w,, t — 7) is much shorter in time thah (ws, ), it behaves like a
0 — function so the equation yields:

wadeffZQ

S(r) = I (ws, T) (16)

N1NaN3C3e

as already explained before.

2 System description

The SPARC laser system (see [4]) is a Ti:Sa laser made up oflpads: the oscillator
delivers pulses with central wavelength= 800nm at a repetition rate.r. = 79.9M H z
with time length of100 fs and average power &00mI¥. The pulses enter into a Ti:Sa
amplifier based on CPA amplification chain [13] [14]. The aifigalis based on a stretcher
that spread out temporally the pulse up~ta200ps [15] [16] [17]. Then the pulses are
amplified respectively by a regenerative amplifier RGA arxdséage multi-pass. Finally



they are re-compressed back to about the initial pulse tenghe CPA amplification
stage delivers an energy per puls&oi.J atr.r. = 10H z. After the amplifier the pulses
go into a wavelength conversion stage. This is composed iy@ &d a SFG stages
both based on type-1 BBO crystal. The conversion processhest follows: IR pulses
at frequencyw,; = w are frequency doubled into the SHG crystal producing signal
frequency2w. Then the two signals at frequengyand2w are mixed into the SFG crystal
to produce a signal at; = 3w; see Fig. (1). This conversion stage delivers UV pulses
(A = 266nm) with energy up to~ 4m.J.

Then the pulses go intoZagrating UV stretcher with a variable gratings distancerites

to change the time pulse-length. The out-coming pulses &awnergy up te- 1.7m.J
because of the0% efficiency of each grating.

To measure the UV time pulse length a cross-correlator éevased on DFG process
is made using a BBO crystal by mixing a part of the IR pulseshe UV pulses; see
Fig. (1). As previously discussed and from Eg. (16) the dignaduced is proportional
to the cross correlation function of the UV pulses of intgngi with the IR pulses of
intensity I, which is the reference pulse:

2(3w - u})QdeffZQ

183w —w,l) =
(8w —w, 1) N1ManzC3eg

/Il(?w, t)Io(w, t — 7)dt. (17)

The signal is acquired through a photodiode coupled to thi#l@scope; before the pho-
todiode there is a filter centered at= 400nm with a bandwidth ofAX = 10nm. The
photodetector used is a high speed silicon model “DET 21&*hfiThorlabs with a rise
and fall time oflns, and a spectral response betwg200 — 1100)nm. A software has
been developetito control the optical delay line length using a stepper matwl to ac-
quire the data from the oscilloscope. The code allow to sentimber of point (sampling
point) at which the acquisition has to be made and that wdbnstruct the UV pulse
shape. These points are linked to the pulse space lengtmeidd¢ngth. The oscilloscope
makes a peak-to-peak statistics on the signal obtainechendean value is acquired from
the software as well as the standard deviation. The pegledd-statistics is required to
eliminate the pulse-to-pulse intensity fluctuation.

3 Resolution of the Correlator

In order to find out what could be the best resolution of theedator, some measures of
the UV pulses as they are coming out from the third harmonieggtor without going
into the final UV stretcher, are taken. This is the shortest juNse that is possible to

2We are grateful to: Giampiero di Pirro, Sandro Fioravangd&rico Anelli from INFN, Laboratori
Nazionali di Frascati (LNF), who helped us with the softwdexelopment.



Harmonic Conversion Stage
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Figure 1: Frequency conversion scheme and the cross domelathe SPARC laser
system. The interaction geometry for the DFG among crystabming and outcoming
beams is also shown.
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Figure 2: UV autocorrelation signal when the final UV stretcls bypassed. This data
has been used to determine the cross correlator resolution.

achieve in the SPARC laser system and we measured its telmgdth also to estimate
the resolution of the correlator. In this case the IR sighat in the usual operational
mode is the scanning signal, is suppose to have the samenanspape (gaussian) with
the same FWHM.

To seek out the best resolution, the amplifier compressob&as moved varying the po-
sitions around what we think to be the best compression pirfig. (2) it is shown the
shortest pulse shape obtained.

It is important to stress the fact that even though the measeYWHM of the autocorre-
lation signal isF'W H M ~ 414 fs which corresponds for Eq (23) (see Appendix A) to a
FWHM of the UV signal of abou207fs, the resolution of the correlator could be even
better. In fact, because of the stepper motor range resalofi the compressor, it is not
easy to find the exact path lenght inside the compressof itelthe beam has to follow
to be re-compressed back around its minimum temporal wiBtWHM). The shortest
FWHM that the pulses should reach out the compresseris0 fs.

In all the measures regarding the cross correlation messtire full width at half maxi-
mum (FWHM) has been obtained by fitting the curve with a gausshape plus a back-
ground. The fit contains four parameters: the backgrofintie gaussian relative ampli-



tude A, the peak position, and the gaussian size

Glt) = f + exp[#jﬂ (18)

With this definition the FWHM is given by:
FWHM =+v2In2-W = 1177 - w (29)

In the fitting process, only the points which represents thiecipal bell shape of the
curves have been considered ignoring the possible latevdutations.

4 Spatial chirp effects

In the initial configuration of the SPARC laser system, thalfidV stretching is per-
formed by sending the beam in a single pass 2-grating UVcsteetd350grooves/mm
each grating) as it is shown in Fig (1) where the stretcherasvd as a black box. The
input beam is spatially dispersed by the first grating anch tleeollimate through the
second. Different wavelengths travel different opticahsaso the pulse broadens tempo-
rally. The stretching factor is dependent on the input pbsdwidth and proportional to
the gratings distance that can be easily adjusted to obtdase® length ranging between
600fs to 12ps. The output beam thus experiences a spatial chirp due tarigke pass
configuration.

In other words along the transverse direction to the beantiwin the following we re-
fer to asz — direction, there is a variation of the frequency distribution as ithewn in
Fig. (3). In order to describe this effect, it is possible &fide locally a spectral amplitude
modulation obtained by all the intensity contributionsttbach frequency component as-
sumes in that specific point. So the resulting spectrum aipibiat can be represented by
the total spectrum times an amplitude modulation in suchyakea (20)

Stocat( A, ) = Sior(A) - AN, x) (20)

where: S;...:(\, z) is the local resulting spectruns;,;(\) is the total spectrum of the
laser beam andl(\, x) is the spectral amplitude modulation. The spectral amgditu
modulation has been obtained by adopting the following rmodéehas been assumed
that each frequency component has a gaussian form with tHeNF\@gual to the beam
waistAz:
—2(1.177)?
(Ax)?
whereA (1, 0\) takes into account the displacement of the gaussian pedkastan of A
introduced by the grating with respectigwhich is the central position of the outcoming

G(l,6\, Az, x) o exp (. — A(1,60)) (21)
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Figure 3: The picture shows the spatial chirp effect: a fesgry components distibution
along the UV transverse directianaccording to the definition af'(/, 6\, Ax, x)

beam corresponding to the central wavelengthThe displacemenh (7, §\) depends on
the path followed by the beam between the two gratings the variation)\ respect to
Ao and on the angle of the incoming beam respect to the firstngyati

In Fig (3) we show the frequency modulation for three differg values as a function of
the transverse positions respect:to Thus the amplitude modulatiof(\, zl, 0\, Az, x)
shown in Fig (4) is obtained by keeping fixed in Eq. (21) the variable and varying
thed A — variable.

The spatial chirp can affect the cross correlation measoyetsvo different effects that
will be discussed below.

4.1 Alignment effects

In the cross correlator, all the frequency components offthbeam that is not spatially
chirped and acts as scanning signal, will interact throungharystal overlapping region
with the modulated spectrum Eq.(20), for that region, of thé beam. Thus a small
change of the angle (UV line is fixed; see Fig. (1) between the IR beam and the UV
beam, will modify the interaction region of the IR beam aldhg UV beam, changing

10



Epectral Intensity Modulation
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Figure 4: The picture shows two different spectral intgnsmiodulations obtained for a
misalignment oft = 1mm
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Eeal Spectrum-Local Spectrum
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Figure 5: Red line: experimental spectrum; green and bk Isimulation showing the
effect of the spatial chirp on the alignment; the differebeéwnveen green and blu line is a
misalignment ofr = 1mm. In the figure are also reported the values used in Eq. (21) to
calculateA(\, x)

the spectral modulation function. This meccanism causesnaits/e changing in the
spectrum of the outgoing pulse which is going to be detected.
In Fig. (5) it is possible to see how it would be the local UV ajpem (blue and green
line) when two different spectral amplitude modulations applied on the experimental
total spectrum (red line). The modulations are obtainedhanging the angle between
the two beams. In Fig. (5) it is clearly shown that the two hesg spectra (blu and green
line) have a different bandwidth compare to each other atttettotal spectrum (red line).
It is also shown that the spectrum shapes have a differefitgro

In Fig.(6), (7) are shown two cross correlation measuresviar different input angle
between the UV and IR beam. The two figures reveal a differerd width as a result of
the different bandwidth due to the misalignments.

12
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4.2 Spot size dependence

The presence of the spatial chirp makes pulse width and thes @orrelation measures
to be dependent on the beam spot size. In fact every time th@ Ispot is cut, there
is a loss in the spectral bandwidth of the beam, thereforeithes correlator gives the
measure of the temporal profile for the beam with a reducegligacy components; and
consequently a different pulse width is measured.

In order to study this effect, several measures have beam takanging the beam spot
size by an iris and keeping the angle between the UV and the#fldixed. The results
are shown in Fig. (8) and Fig. (9) where it is possible to se tthe FWHM of the two
different profiles differs about .5ps. For this reason every time the beam spot clips there
is a filtering process of the frequency components. Notettleatwo shapes in time are
not completely gaussian but there is a shoulder to the rigtiti$ out of the fit. Looking at
Fig (5) where we have shown the results of the spatial chirdehave observe an effect
very similar in the spectrum shape and therefore we belieatit is a side effect of the
spatial chirp.

4.3 Spectrum reported in time

It has been shown [18] that, when the temporal chirp is langeigh, the spectral intensity
profile of the pulse is reproduced in time (This means thaeuftius conditions the cross
correlation measure should be very similar to the specttahisity profile). Unfortunately
this phenomena can not be seen because of the spatial ahiigtlas explained before,
changes in the beam spot size, modify the spectrum giviegatso to a reduction of the
temporal chirp introduced by the grating stretcher. Thanethe condition required for
this phenomena is not satisfied in our set-up.

5 Conclusion

In this paper it has been reported the physics behind the caselation technique and
some measurements are shown. The resolution of the crassator built for the SPARC
project has been found out to ke360fs; it is much better than a high resolution streak
camera which is also expensive more than one order of maigmiuith respect to the
cross correlator.

It has been discussed how the presence of the spatial chieptodthe final UV single
pass stretcher, affects the measurements by changing énactéristics, the bandwidth
and the shape, of the outgoing pulse that is detected.

In conclusion, it is extremely important for the cross ctaten technique to give exact

14
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Figure 9: Beam spot size effect:a part of the UV beam spottibgan iris
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informations about the entire pulse under study. To avadiiesence of the spatial chirp
in the UV beam a modification of the UV stretcher is foreseen

6 Appendix A

In the common application the autocorrelation trace is a Ski$@al obtained by mixing
two beam coming from the same laser beam previously splitBsing the SHG signal
proportional to the intensity product of the two beam (18g pulse lengthr,. of the
autocorrelation signal is related to the pulse lengtbf the initial pulses in this way:

Tac

V2

where it has been assumed a gaussian shape for the inigaplalses.
In our case, always assuming a gaussian shape for the IRitiaser pulses; z(¢), we find
out that the relation between the pulse length of the auteladion signal with the pulse
length of the UV pulses obtained by converting the initiald&ses by a third harmonic
generation process is:

(22)

T, =

-
= 23
= (23)
This can be shown as follow:
assuming:
t
I1g(t) ox exp[—2 - (;)2] (24)
we have that the UV intensity shape is:
t 2 t 2
Ty (1) o< exp[=3-2 - (—)*) = exp[-2- (—)’] (25)

wherer? = 77/3 is the UV pulse length, in fact the UV signal is proportionalthe
intensity product of the IR beam and the blue beam generat#aetlSHG process which
is itself equal to the IR intensity product of the two beanikstg the first BBO crystal,
thusI; = I3,. The cross correlation signal is Eq. (16):

Laet) [ T (®) - Irplt = 7t = [ ipt)? - Irnt = 7)at (26)

thus it results to be .

Lae(t) o< exp[=2 - (—)’] (27)
wherer,, = % - T; = 2Ty,. Using this relation it is possible to retrive the UV tempora
pulse lengthr,, by the measured cross correlation pulse width It follows that for
a UV gaussian pulse, that is the third harmonic signal of esgian IR pulse, the cross

correlation yields a results which is twice the effectivégauength of the UV.
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