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the pump spectewim with rando phase added
and convergence was obtained after less than
100 iterations of the MATLAB retrieval pro-
gram, Figure 2 shows the measured and recon
structed intensity autocorrelation of the pump
pulse (a) and the measured and retrieved idler
speclrum (b). The algorithm correctly ve-
trieved the idler bandwidth and the pump au-
tocortelation profile and, as expected, shows
both pulses (o be dominated by posilive lincar
chirp (Figures 2(c) and (d)). Analysis ol the

trace marginals confirmed that bandwidth of

the (‘l'yh‘lal' was acequate for this measurement
and this was consistent wilh phasematching
aceeptance-bandwidth calculations. We will
present further details of the resulls semimma-
vized Nere aned will discuss extensions of the
technique (o longer mid-infrared wavelengths.
I D Kane and R rebino, “Chavacterisa-
tion ofarbitrary femntosecond pulses using
frequency-resolved optical gating,” 1811
J. Quancuny, Blectron. 29,571 579 (1993).
Z. D). Kane, Go Rodriguez, AL Taylor and
.5, Clement, J. Opt. Soc. Aaw B. 14, 935
943 (1997).
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Chirp investigation of munolithic mode
locked laser diode puises with a
spectral domain interference method

M., Kwalcernaal, R. Schreieck, AL Neiger,

1. B, 1 kackel, 1. Ging” Hans Melchior,
Flecirondes Lalb., Swiss ederal Inst. of Teclt.
Aurieh, Clorviasirasse 35, 8092 Zurich,
Switzerfaued; Boanedl:
kwakernuakeife.ce ethz.ch

The knowledge of the phase of mode locked
seimiconductor laser pulses is of prinme impor-
tance since applications in optical elecomm-
nications require chivp free, transform linited
pulses. Pulse phase measurements have at-
tracted considerable interest and have been
applied to external cavity mode locked faser
diodes.t We extend an interferometric setup
proposcd by* to a highly sensitive and real-
time method and apply it for the (irst time to
pulses rom a monolithic hybrid mode locked
laser diode (MDY,

The bulle active layer vib TnGaAsP M1 LD
with w 1000 pm long aoiplilier and a 20 pm
long saturable absorber section is maonolithi-
cally integrated with a passive waveguide sec-
tion extending the cavity to 4 mm. T'he MLLD
is hybridly mode locked hy modulating the
absorber wilh a sine signal at frequency f, =+
10.2 ¢ Mz

The phase of the pulses is measured with e
setup shown in Pig. 1. Amplitade modulation
ol the pulse train generales two replicas in the
optical speciruni one up shifted and ooe
down-shified by the modulation frequency

tuche sy
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Setup for phase mcaswraments

CIE3  Fig L
an maode locked laser diades,

FRIDAY MORNING / CLEO 2600 / 585

2

o 5
= @
5056 £
ko] =3
@ @
g £
@

1,594 1506 1598
wavalonagth (um)

S

auocorrelation intensity (a.u.)

time (ps)

CEFE3  Pig. 2. Lelt: Pulse spectrun (solid) and
time delay (dashed). Right: Mceasured inlerfero-
melric autacorrelstion trace (dots) and envelope
of the interferomelric autocorrelation derived
from spectral interference  measurements
{dashed).

S = Uy A2, The upper and e lower

produact of two neighboring fundamental lines
end up separated by the offset frequency Al
(100 kLEz). Sucha pair is selected with a mono-
chroniator and produces the beat signal Ly ™
Ay Awos(LmAfE A dy ) i the detector,
Ay and ¢ are ihe amplitude and phase of the
k-th optical spectral component. A two chan-
nellock-inamplificr ar the reference Irequency
Af detects the beat signal phase (g, )
which is divectly related to the relative delay of
the spectral components 7, = (byyy By
(27f,) + 7, to the drive signal, 7, 1s 0 constant
olfsct. There is no second harmonic genera-
tion, the complete setup is all in fibers without
noving parts and no reteieval algorithms are
required resubting in a very sensitive, extremely
stable and fast (<<25) methol.

The spectrum and the directly measured
relative spectral time defay 7, of the MLLD
putses at 100 mA and 0.5 V ampliticr current
and absorber bias, vespectively are shown in
g, 2 (lelt). Vig. 2 (right) compares the inter-
ferometric autocorrelation trace directly mea-
sured to a trace caleulated from the inverse
Fourier transform ol the measurement on the
left (intensity corelation width: 3.1 ps), The
mistnateh in the wings of the aulocorrelation
trace is due Lo pulse shape fluctuations.

Fig 3 shows the relative time delay 7, of the
average pulse energy to the drive signal and the
linear part of the chirp (7 /X)) ot different
amplifier currents and absorber vollages. 1n-
creasing the amplifier current and decreasing
the reverse absorber voltage turns the pulses
from blue into red chirped and delays the
pulse. We explain this dependence, supported
by simulations, by the increase of the absorber
sataration and thus stronger shaping of the
leading cdge at higher pulse energics.

I swmmary we have analyzed a monolithic
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CII3  Tig 3. Relative pulse position (solid)
and chirp (dashed). Che absorber bias and ampli-
tier current is fixed at 0.5 V (lefl) and 100 mA
{right) respectively.

budle nGaAslP MTLD which produces pulses
willy low chirp of hoth signs depending on the
bias conditions and achieved chirp free pulses.
We measured the spectral phase with an inter-
ference technique which proved o be well
suited for low power, fiber based systemns
where an electrical reference is available,

*Swiss Federal Inst. of "lech. Zurich, Switzerland

L PJ Delfyete, 11 Shi, 8. Gee, 1. Nitta, J.C.
Counolly, G.A. Alphonse “Joinl time-
frequency measurements of mode loclked
semiconductor diode lasers and dynamics
using requency-resolved optical gating”
TELL [0 Quantum Electron. 35, 487--500
(1999).

2. J. Debean, B. Kowalski, and 1. Boittin,
“Simple method for the complete charac-
terization of an oplical pulse™ Opt. Lett.
23, L784—1786 (1998).
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Frequency-resolved pump-probe for
ultrashort pulse characterization

A, Baltugka, M.S. Pshenichnikovy,

LA Wiersma, 1], Kaue,* Ultrafust Laser and
Speciroscopy Lab., Univ. of Groningen,
Nijenborgh 4, 9747 AG Groningen, The
Netherlands; B-mail: A Baltuska®@chieni rug.al
In recent yeurs, lrequency-resolved optical gat-
ing (FROG) technique has been widely applicd
for ulttashort pulse characterization.! A nuin-
ber of outstanding qualities such as cxperi-
mental simplicily, uniqueness of the retrieved
amplitude and phase, and tndependent data
checks make FROG ap imvaluable tool i ultra-
fast spectroscopy.

Most varicties of the FROG technique uti-
live homodyne detection that requires appre-
ciable pulse intensity. This denand may not be
net i many spectioscopic cxperiments,
where the high transition dipole moment and
thermal load on the sumple impose the power
limitations. Another consequence of the ha-
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CFE4 Fig. 1. Schemalic of [requency-
resolved pump-probe technigue.

modyne detection is that the PROG signal is
none-negative and the presence of noise back-
ground on experimental traces negatively in-
fluences the precision of amplitude-phase re-
trieval.2 It has been shown® that optically
heterodyne-detected (OI11) FROG has a
numnber of advantages over homodyne-based
TROG schemes.

In this contribution we lroduce a new
member of the BROG family: (requency-resolved
pump-probe (FRPP), Unlike O111> FROG,?
which requires additional polarizers, FRPY em-
ploys unmaodified pump-probe geometry widely
used in ulirafast spectroscopic experitments. Fur-
thermore, a FRPP (race carries both positive and
negative values, which should substantially im-
prove the noise stability of the retrieval proce-
dure. Additionally, for the vast majority of ex-
periments in the liquid phase, which involve the
use of transparcot solvents with fast clectyonic
response, FRPP pulse characterization can be
conducted on bare solvent prior to introducing
the sample moleeules into il. Since nat even a
change of nonlinear medium is involved, onccan
be assured that the learned pulse parameters are
retained in the spectroscopic measurcments that
follow. We demonstrate the application of the
novel FRPP technigue to characterization of
15-fs pulses gencrated by a 'Visapphirve oscillator.

‘The schemalic of the ¥RPP arrangement is
presented in Vig. L. T'wo replicas of the input
pulse, delaged by the time 7, are crossed in
mediutm with instantaneous 3™-order nonlin-
carity. Behind the medium, one of the beams is
detected by an OMA that vegisters the TRPD
signal related to both pulses (c.g., employinga
lock-in or synchronous detection).*

Sl €, 1) = Il BN E(Q, 7 (1)

; .(e.):

Pelay

CFE4  Fig. 2. Txamples of FRPP traces:
spectrum-limited pulse (a), quadratic posilive (b)
and negative (¢); cubic negative (d); quartic nega-
tive (¢) spectral phases and sell-phase modulation
case (), White curves, drawn along the respective
group delays, demonstrate the intuitiveness of
TID FROG techmique. The amplitude of the traces
changes from negative (white color) to posilive
{(black color) values.
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CFL4  Tig. 3. JVxperimental (2) and recon-
structed (b) PRI traces for a pulse the intensily
and phase of which are shawn in (¢). The gray
scale in (a), (M) is identical Lo that in Fig, 2. White
line marks the recovered group delay.

where 1{{}) denotes the pulse spectrum, and
the signal generated due to nonlinear interac-
tion, is given by

B, 7y = i | B mfitne™de (2)

Figure 2 preseats several examples of FRI'P
traces ol different pulses. As it is usually the
case for the x-hused techniques, the traces in
geueral are not symmetric around T = 0 and
therefore the direction of time flow is unam-
biguously determined. Eurthermore, the FRPP
traces are highly inluitive: a curve drawn along
crests and valleys follows the group delay
{while curves in Vig. 2}. In particular, the trace
corresponding to aspectral-limited pulse, con-
sists of four distinet quadrants with well-
defined boundavies (I'tg, 2a). Vice versa, the
latter can serve as a sensitive indication of high
conpression qualily.

The essential feature of the TROG tech-
nigue is the ability to check expetimental data
via the so-called marginals. FRPP is no excep-
tion in thisrespect, T'he peculiarity of FRPP lics
in the fact that both temporal and spectral
marginals are cqual Lo zero, The time marginal
indicates whether spectral filtering has oc-
curred in recording the BRPY trace, while the
frequency marginal is an extremely sensilive
tool to verify the inslantancous nature of the
nonlinearity.

Figure 3 shows the experimental and recon-
steucted PRI rraces oblained from a 100-pm
water sample. The temporal intensity and
phasc of -~ 15-fs pulses used in the experinents
are given in Fig, 3¢, Since the ovevall water
response is extrenely Last and dominated by
clectronic hyper-polarizability,” it is well justi-
fied to treat the nonlinearity as instantancous.
As can be judged from Fig. 3, the reconstructed
FRPP trace reproduces fairly well the essential
features of the experimental pattern.
*Southwest  Sciences, inc, USA; U-mail:
dikane@swsciences.com
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Carrier-phase measuremient of sub-
harmonic optical pulses

Y. Kobayashi, K. Lorizuka, Electrotechical
Lab., 1-1-4 Umezono, Tsukithba, 305-8568
Japan; E-mail: yoliei@etl.go.jp

Recently, it has made possible to oblain pulse
width within two-optical-cycles using 'l
sapphire lasers. T this region, a carrier phase is
important for the phase sensitivity of
nonlincar-optical  interaction.' A sub-
femtosecond pulse train generation by a Fou-
rier sytithesis of subharmonics has been pro-
posed.? Tn this case, catvier phase shift between
different wavelengths has to be controlled
when the pulsed lights are superposed.

In this report, we have developed sub-
harmonic generator by using the femtosecond
OPO and observed phase relation between
three pulses. Wavelengths of the pump, signal
and the idler are 850 nm (3w), (275 nim (2m)
and 2550 nm {w), respectively by using
KITOPO, (KTP) with 0 = 71.5-deg, phase-
matching angle. Two pulses, sccond harmonic
ol the signal and sum-[lreguency between the
pump and the idler, are generated from the
KT at the samce time with same wavelength
(4w: 638 nm) and their phases are transferred
from the signal and the idler, respectively.
Then thie phase relationship between the
pump, signal and the idler can he observed by
measuring the beat signal of these two pulses
without extra {requency conversion.

Yxperimental setap is shown in Fig, 1. 'The
pumip is a 1.2 W, 50-fs, 'l'isapphire laser in a
72-M1lz train. The QPO cavily is linear,
group-velocity-dispersion compensated by
two-chirped mirrors. The OPO produces as
much as 80 MW of power in the signal with the
pulse duration of about 40 £, and procduces 70
mW of power in the idlee branch. Two red
lights (4w) are collimated by a lens and are
taken apart from the pump or the idler by a
prism and detected by a photo-multiplier
(PM) and analyzed by a spectram analyzer.

Yigure 2 (a) shows the beal signal of the ved
lights changing the QPO cavily lengths. 'the
stable peaks around 72 M1 Iz represent the rep-
ctition rate (T}, The measured beat frequency
(1) varies in accordance with £ == - -Al/Ns > 1,



