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Abstract. The simultaneous generation of second and thirdrom metallic surfaces [11-14], and multiphoton harmonic

harmonic on a gold surface was used for the temporal chageneration [15-17].

acterization of an ultrashoffii:sapphire laser pulse. In this The above studies show that both odd and even har-
study, a metallic surface was used in order to provide botimonics are generated in the reflected fundamental direc-
second- and third-order interferometric (fast) and intensitytion when metallic surfaces are illuminated by intense laser
(slow) autocorrelation functions for amplitude, phase, puls@ulses. The harmonic light is predominantly of surface ori-

profile, and temporal asymmetry measurements for ultrashogin and it depends on the component of the laser electric

laser pulses. field that is normal to the surface:polarization-dependent.
Also, the harmonics have the same polarization as the re-
PACS: 42.79.-e; 78.66.Bz; 42.65.Ky flected fundamental, that ip polarized. The direction of

the various harmonics is collinear to the reflected funda-

mental. The conversion efficiency of the second harmon-
In recent years there has been a growing interest in the devét- is of the order of10-1° for laser intensities of the
opment of solid-state laser systems of ultrashort pulse durarder of 1 GW cnt 2, while the decrease of the observed
tion [1-3], leading to pulse durations beld®0 fs high laser intensity in the higher harmonics up to the fifth order is
peak intensities and broad frequency bandwidths. This faainly a few orders of magnitude. Recent theoretical works
gives rise to an imperative need for a precise characterizatidrave accounted for such experimental observations [16,
of these features of ultrashort laser pulses. 17].

Since the late 1980s, a number of new autocorrelatortech- Because of the continuous nature of the energy states of
nigues have been developed to achieve this goal. It would ld&e conduction band of metals, the tunability of the harmonics
useful to develop a compact autocorrelator which could works continuous and almost flat over a long wavelength region.
independently of the wavelength, bandwidth and pulse duthis flat tunability is not observed for any short energy re-
ration of the laser, and could provide both second and thirdion in the vicinity of interband transitions. It is known that
order autocorrelation data using the same experimental sethen intense (up to a few tens@W cm2) and short (a few
up and only one nonlinear medium. Several techniques fdnundreds ofs) laser pulses are incident on a metallic surface,
ultrashort laser pulse characterization have been publishedectron relaxation phenomena affect the reflectivity [18, 19]
recently [4—10] to provide pulse duration measurements, ias well as the harmonic generation [14, 20]. In contrast, when
most of the cases, or phase-sensitive information of lasdéhe laser pulses have an intensity of the order of a few hun-
pulses in others. As far as we know, there is no work indreds ofMW cm~2 subpicosecond pulse duration, nonradia-
the literature that allows the simultaneous measurement aive electron relaxation phenomena do not affect the harmonic
pulse duration, amplitude and phase profile of ultrashort laseyeneration, which is then governed purely by photodynamic
pulses. Moreover, most of the existing techniques are ndaws [14].
applicable for the extended spectral range of existing laser Both odd and even harmonics generated exhibit character-
systems which, in most of the cases, have a very broad speistics identical to the generating laser pulse, continuous tun-
trum. ability and show a slow decrease in the conversion efficiency

At the same time, with the development of techniques fowhen progressing to higher orders. The above features allow
ultrashort laser pulse characterization, several articles hafer the complete characterization of ultrashort laser pulses,
appeared studying mainly the second harmonic generatidsased on harmonic generation from metallic surfaces.
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1 Experimental details All tests that ensure that the harmonics are produced on
the gold surface as well as appear in a clear form without
any considerable continuous emission background, were per-

For the experimental studies, the system used was a Spectfarmed. These tests are described in detail in our previous

Physics Tsunami mode-locked Ti:sapphire laser which prostudies [13—15]. The harmonics signal, incident on a photo-

vided pulses of duration of abodD0fsat 800 nmand an multiplier, is recorded by a lock-in amplifier.

average CW power d@.9 W. The repetition rate of the system Using the above experimental setup, as shown in Fig. 1,

was82 MHz The system was pumped by a Spectra-Physicene can obtain second and third autocorrelation curves as well

Beamlok Argon lon CW laser operating@&iV. as the associated spectra of the harmonics and the fundamen-

The nonlinear medium was4pm-thick polycrystalline  tal.

mirror-like gold surface. Gold was chosen because of its in-

ertness to most substances under atmospheric conditions. The

preparation of the gold surface as well as the experimer2 Results and discussion

tal arrangement for harmonic generation, detection and data

acquisition methods were similar to those used in our prehitially, we measured the second and third harmonic signals

vious studies [13—15]. The direct output of the Ti:sapphireversus the pressure of the vacuum cell. When the pressure

is guided to an autocorrelator arrangement and then focuseths varied from10-8 mbarup to atmospheric pressure, no
by a thin lens on the metallic surface. The autocorrelatoconsiderable change was observed in either the second or
system is a Michelson type interferometer, in which the incithird harmonic yield. Thus, we decided to perform the experi-
dent laser beam is separated in two parts by a beam splittenent in air and thus simplify the experimental setup.

One of the two laser pulses is delayed or advanced, with Varying the direction of the fundamental beam polariza-

respect to the other, through an optical delay line of a minition at the input relative to the surface normal using/a

mum resolution oD.1 um. The two beams are subsequently plate, we measured the intensity of the generated second and

joined collinearly and focused onto the same point of thehird harmonic light. The experimental results, for laser peak

gold surface with an angle of incidenée= 72°. A mov- intensity equal tol00 MW cnm 2, are shown in Fig. 2. The
able mirror, in conjunction with a CCD camera, can befitted curve is a cd® ¢ function, wheren is the multipho-
routinely used to test the proper collinear alignment of théon order andp is the polarization angle. The angte= 0°
incident beams and to establish the zero delay. Note, thabrresponds tg polarization andp = 90° corresponds te
when the two beams are completely collinear and at exacpolarization. This experiment proves that the effect is pre-
ly zero delay, only one very bright interference fringe ex-dominantly of surface origin and it comes from the laser-

ists on the CCD. The optical system does not modify thenduced nonlinear current of the surface electrons [13, 15, 21,

pulse duration. The above was ensured by performing simi22].

lar measurements using the slightly different setup of second The next step, was to record the autocorrelation curves

harmonic generation (SHG), through a BBO crystal insteadf the Ti:Sapphire laser pulses. Initially, we measured the

of gold, as the nonlinear medium. Note, that in this aligndaser pulse duration by the second-order intensity autocorre-
ment setup, all lenses are removed from the path of thition curve with typical results shown in Fig. 3. The peak-
beam. to-background ratio is.8: 1, which is close enough to the

YN B
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Ti:scpphire N
 laser M
82 MHz
O
Monitor

Fig. 1. Experimental setup. M: thin mirrors. L: thin lens. P: prism. S: stop. S.M.: stepper motor. IB@&um-thick beam splitter. CCD: movable CCD
camera. Au: gold surface. E.S.: entrance slit. MC: monochromator. PM: photomultiplier. D.A.S.: data acquisition system
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Fig. 2. aSecond harmonic generation efficiency versus the polarization anF'g'?' S;z_ectrum of the T':tsa%]h're I?Ise'f pulsezlus(,sed for' thm;tocorrela—
gle (@) for an angle of incidence = 72°, of the Ti:sapphire laser pulses 1on Tunction measurements. 1he profiie 1S roughly aussian am

(100 fs 800 nnj, obtained from a gold surface. The solid line represents the
cost ¢ curves which show the-polarization dependence of the harmonic
generation as well as the second order of the phenoménSimilar to @)

but for the third harmonic generation. The dashed line represents tPié cos experiment to be @1 for the Gaussian case andD for

the sech case.Av is the FWHM of the laser spectrum,

function
while At is the obtained laser pulse duration. According
to the calculation presented in [23], assuming a Gaussian
T T et laser-pulse temporal profile, the time bandwidth product
—~ 3F A .. Gavssian pulses | should be ®413, while for the sechcase it should be
E L r o] 0.3148. Note, that for any other temporal profile type, the
il e puses above product is much different [23]. We can infer that
z22r i the Ti:sapphire laser pulses have a duration of ali@0tfs
é with a temporal profile close to a Gaussian or a $dahc-
S tion.
E L Similar results for the second-order intensity autocorrela-
E | tion curves with background were observed using the second
2 ] harmonic generation in a BBO crystal. The results are depict-
“ Ol v ed in Fig. 5. The laser pulse profile is again Gaussian with

-300 -200 -100 0 100 200 300 a FWHM of 102+ 2 fs. This confirms that the autocorrela-
tion curves, measured via harmonic generation on gold, did

ime delay, t (fs K . . .
time delay. ¥ (1) not contain any relaxation phenomena that might destroy their

Fig. 3. Intensity second-order autocorelation curve obtained by second hagz i
monic generation on a gold surface by Ti:sapphire laser pulses. Bot%hape and, consequently, the pulse-width measurements.

Gaussian and seéft) pulse function types fit well to the experimental data. The movable branch of th? autocorrelator can move With
According to the data, the FWHM of the fundamental pulses0g+2fs a minimum step of0.1 um. Since the laser wavelength is
for the Gaussian anél1+ 2 fs for the secR case

expected ratio, 31, for intensity second-order autocorrela- — T T T
tion curves. The small difference is due to the fact that the 3| )

. ®  experiment
two pulses of the autocorrelator were not of the same ener¢ B.B.O. o Gaussizn pulses
(energy ratioRis 6.5: 10). FWHM=145 fs

The experimental autocorrelation curves fit well to both&
a Gaussian curve and the second-order intensity autocorr.2

)

rb. un

- - - - sech?t pulses

sity
[\]
T

lation function for sech(t/T) fundamental laser pulses, that g
is: k=
(z/T) coth(r/T) — 1 g ! eV
T T — Q . Wt
GE=1+2r, . : 1 £ pulse? , , |
sint(z/T) 3 . .
"E ok pulse-1 .. .
where rp, = (1+ R°+4R)/(1+ R?). The laser-pulse du- < Loy, mojpulse
ration (FWHM), obtained by the autocorrelation curve, is -400 -200 0 200 400
100+ 2 fs for the Gaussian fitting an@il+ 2 fs for the sech time delay (fs)
case [23].

. . _ ig. 5. Intensity second-order autocorrelation curve obtained by the second
Simultaneously, we obtained the laser-pulse spectru rmonic generation in a BBO crystal. The FWHM of the autocorrela-

presented in Fig. 4. The FWHM of the GaU$Sian'|ike SPECtion curve is145+ 3 s, that is, for Gaussian laser pulsk)24+ 2 fs and for
trum is 8.7nm The productAv At is obtained by the seci?, 94+2fs
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b Frequency (Hz)x1015 Fig. 7. Similar to Fig. 6, except that the second harmonic is obtained from

Fig.6. a Interferometric second-order autocorrelation curve i@i0fs & BBO crystal
Ti:Sapphire laser pulses obtained from second harmonic generation on
a gold surface. Inset: Expanded area frem0 fsto 40 fs delay time. The

oscillations of electric field are observed; the period of these oscillations is The real electric field amplitudes can be expressed as:
2.7 fs. b fast Fourier transform of the curve i@)( The phase has no con- ’

siderable chirp and the amplitude is maximized at frequéhgy 10 Hz. .
This is the frequency of thBO0 nmlaser pulses E(t) = &(0 codwt + ¢p(t)] ’ (2)

whereé(t) denotes the assumed pulse shapéhe frequen-

cy of the laser, andpp(t) the phase function of the laser
pulse. Assuming a Gaussian temporal profile for the func-
fion &(t) of the electric field and a linear phase “chirp” [23],

0.8um, we were able to measure the interferometric au
tocorrelation curves which give additional information for

the phase of the laser pulse and contain the rapid OSC'|.e.,¢p(t) _ at2/T2, the corresponding second-order interfer-

lations of the coGvt) term. These curves (interferometric ) . - ;
metric autocorrelation curves for varioasare shown in

autocorrelation curves) are sensitive to the variations of. . S .
the phase of the electric field. One of them is shown i ig. 8. Here, T is the characteristic time of the Gaussian,

T2 ,
Fig. 6a. The inset of this figure displays the period of the® /D » temporal profile. _ ,
amplitude variations of the electric field which &7 fs. The resulting expression for the interferometric autocorre-

the 800 nm wavelength laser pulse, which B67fs Fig- above,is[23]:

ure 6b, shows the fast Fourier transform (FFT) of the in- _ 2.2 972

terferometric autocorrelation function. Tht(e ph)ase of thla(D) = 144~ G+ cogut) coga’e?/2T]

electric field is constant, with fluctuations around zero, but 4+ e (WHADTY/2T2 (g0 1) 4 2677 /2T? 3)

the main result of the FFT is that it confirms that in the

fast oscillating autocorrelation function of Fig. 6a, the ba-The theoretical curve faar = 0 and the experimental interfer-

sic frequency is the one of the laser pul8&/5x 10 Hz.  ometric autocorrelation curve are in satisfactory agreement.

The FWHM of the amplitude of the FFT i¢ x 102Hz,  The main difference is that the experimental curve has a peak-

roughly equal to the laser-pulse bandwidth, as seen ito-background ratio of about:7L whereas for the theoreti-

Fig. 4. cal curve it is 8 1. This difference is attributed to the fact
Similar results for the interferometric autocorrelationthat in the experiment, the two autocorrelator pulses were

function were obtained using the second harmonic of the lasewt identical in energy; the energy ratio i$6 10. This fact

pulse from a BBO doubling crystal. These results confirm ouis shown clearly in the signals of the second harmonic in

measurements and our analysis of the interferometric seconiig. 6.

order autocorrelation function obtained from the gold surface. From the above experimental and theoretical interfero-

The BBO case is shown in Fig. 7. metric second-order autocorrelation curves, it is clear that
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10 ' ' ! ' ' ! ' an optical Kerr gate, i.e., a Kerr cell in which the birefrin-
b e ey 1 gence is induced by intense pump pulses.
gL i Both techniques for TOAC measurements are limited by

internal relaxation phenomena so that these methods cannot
be applied to ultrashort laser pulses of the orderl00 fs

IS or less. On the other hand, we have already shown [14] that
o , the harmonic generation on metals, for laser intensities low-
er than10 GW cnt? in the femtosecond regime, is free from
relaxation phenomena which take place on metallic surfaces.
This fact gives an advantage for the use of surface harmonic
generation for ultrashort pulse measurements and especially
for TOAC measurements, where the doubling crystal tech-
nigue is not applicable.

Using the same experimental configuration as for the sec-
9400 3300 200 <100 0 100 200 300 400 ond harmonic case, we measured the third-order intensity
autocorelation curve from the gold surface. Typical results
are shown in Fig. 9. This curve shows clearly that the laser

Fig. 8. Theoretical calculations for the second-order interferometric auto- : - : :
correlation function assuming two identical Gaussian laser pulses witIPUIse was, to a gOOd approximation, symmetric. Assuming

a FWHM of the slow varying envelope equal 160 fsand a wavelength of @ fundamental laser pulse of the form
800 nm The phase of the electric field is constant and equal to zero for the
main figure, and it has a linear chirp with different values of the parameter
a for the two small insets () o

=)}

-400 200 0 200 400

delay (fs) delay time (fs)

~

2nd harmonic intensity (arb. un.)

[\S3

delay time (fs)

1
(e=t/T1 4 ett/T2)2”

(6)

the Ti:sapphire laser pulses are fully coherent, with no con-
siderable phase chirp, having a duration of abdii@ fsand the asymmetry of the laser pulse is described by the ratio
a temporal profile close to Gaussian or sech T2/T1. In the case wherd; =T, =T, the pulse is the
Until now, there was no information for a possible pulsesect(t/T), which is fully symmetric. The ratiol,/Ty is
temporal asymmetry. The second-order autocorrelation fund-00+ 0.05(T = 42fs), which shows that the Ti:sapphire
tion can not give such information for laser-pulse asymmelaser pulse was symmetric to a very good approximation. Re-
try since it is a fully symmetric function, even if the laser call that the intensity third-order autocorrelation curve can be
pulse has an asymmetric profile. The asymmetry of laseexpressed as:
pulses can be deduced by third-order autocorrelation meas-
urements [24].
Considering two laser pulses with intensity temporal pro-3»(0) = (1+ R®)+9RIGH(1) + RG3(~ 7] ()
files11(t) = I(1), I2(t) = RI(t), whereR varies between 0 and
1, the third-order intensity autocorrelation curve (TOAC) iswhere
expressed as:

(121t £0)

GE (1) o (1+ R (13(0) + 9R(IZ(M) 1 (4 7)) GoED ="l

+ IR (1) 1%(t+1)) , 4)

(8)

where() denotes time averag®, Gg is the third-order inten- e —————————T— T
sity autocorelation function with background anis the time 10
delay between the two laser pulses. The peak-to-backgrout | Au ®  experiment
ratio,r, of the intensity third-order autocorrelation function is - 3w sech? pulses
given by the equation: p-pol.

T(sech?t)=42 fs

o 1+ R34+ 9R+9R?
3o = 1+ R3

(®)

rmonic intensity (arb. un

For R=1, i.e. for equal intensity laser pulsess= 10.

Experimentally, the measurement of the TOAC require<z
a medium with observable third-order phenomena where irg 2 -
ternal relaxation processes do not influence the TOAC mea I
urements. In the past, for TOAC measurements, the thre o v
photon fluorescence was proposed [24]. Such measuremel 2300 -200 -1000 O 100 200 300
require a triangular configuration and a fluorsciny media tha
exhibits resonance nean3wherew iS_ the laser p-hOton fref frig. 9. Third-order intensity autocorrelation curve measured by the third
quency [24]. An_Oth(_ar metho,d used in the, past is the Op_t'CE“armonic generation on gold surfacéoty. The continuous line corre-
Kerr effect, which is described by a third-order polariza-sponds to the theoretical fittingT (= 42 fs i.e., 7p = 92fs for the secf
tion [25]. By using an optical Kerr media, one can constructase). The laser-pulse temporal profile is symmetric

delay time (fs)
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Concluding, one can say that the characterization of laser
pulses using the second and third harmonic generation pro-
duced simultaneously on metallic surfaces has several advan-
. tages that make the method favorable for future use, especial-
ly for the new generation ultrashort solid-state laser systems.

These advantages are:

(a) In our previous studies, we have shown that the harmonic
generation produced on metallic surfaces exhibits a flat ef-
ficiency behavior for a broad spectral range. Consequently,
the autocorrelation measurements based on harmonic gener-
ation on metallic surfaces are possible over a wide spectral
range. This is especially desirable for the new generation ul-
trashort solid-state lasers that have pulse durations as low as
10 fsand bandwidths 0£00 nm where one requires a medi-

um with such broad tunability for nonlinear effects (harmonic
generation) as can be readily supplied by metallic surfaces.

(b) The electron relaxation phenomena do not influ-
ence the harmonic generation for intensities lower than
10 GW cn1?, in the femtosecond regime. Hence, the meas-
ured second- and third-order autocorrelation functions con-

p-pol.

20

10 |

3rd harmonic intensity (arb. un.)

0

1 1 L i 1 1 1 1 L 1 L I L 1
-400 -300 -200 -100 O 100 200 300
delay time (fs)

t
S
T
1

Angle(deg) &
o

30 -
3 tain only the amplitude and phase variations of the funda-
% 20 ] mental laser pulse. Thus, the time resolution in such measure-
E ot - ments is not limited by the time duration of such relaxation

phenomena.
(c) Another advantage of the method is the simplicity of
b the experimental setup. The collinear geometry is easy to
align and can easily establish the zero time delay. No special
Fig. 10. Third-order interferometric autocorrelation curve obtained from thephase-matching conditions are required for the metal surface
Au surface. The analysis is similar to the Fig. 6 harmonic generation, that could complicate the optical geom-
etry. In fact, the harmonic yield depends on the sum of the
refractive indexes of the two frequencies rather than their dif-
ference [22]. Using exactly the same experimental setup with
just one nonlinear medium (the metallic surface), one can ob-
tain the interferometric and intensity, second- and third-order
autocorrelation functions and their associated spectra.

The results presented in this study could be used to per-
form online time-resolved measurements by replacing the
stepper motor branch of the Michelson interferometer with
a continuously oscillating branch, of the order of hertz.

o @

|
1 02 03 04 05 06 07

Frequency (Hz)x 1015

For I(t) = secl(t/T), G3(x) is calculated to be [26]:

s__ 15 [_3 r
o= 2sintf(z/T) | 3 = cott? (T)

T coth(z/T)

T sinl"?(r/T)} '
9)

The experimental peak-to-background ratio for the TOAC de
picted in Fig. 9 isr3, = 8.7: 1 as calculated from (5) when

R= 6'.5: 10. AcknowledgementsThe authors are grateful to the European Ultraviolet
Using the smallest step of our stepper motdud (um), Facility at FORTH-IESL supported by the Human Capital and Mobility, Ac-
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curves. The results are plotted in Fig_ 10. In this curve, we si920007). We are dgeply _indebted to Professor C. Fotakis for his constant

multaneously observe the rapid oscillations of the laser pulsgicouragement during this work.

electric field with a frequency .7 x 10**Hz, which is the

fundamental photon frequency, as well as its temporal profile
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