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Abstract—We report full characterization of the intensity and  [5]. Finally, considerable effort has been devoted to comparing
phase of~10-fs optical pulses using second-harmonic-generation autocorrelation traces with those for pulses predicted by theo-

frequency-resolved-optical-gating (SHG FROG). We summarize yaticq| models, but the unavoidable ambiguities that necessarily
the subtleties in such measurements, compare these measure-

ments with predicted pulse shapes, and describe the implications accompany autocorrelation measurements severely limit the

of these measurements for the creation of even shorter pulses. WeUtility of such comparisons. Clearly, a means of accurately
also discuss the problem ofvalidating these measurements. Pre- measuring the full pulse shape would provide a better check
vious measurements of such short pulses using techniques suchpf theoretical models and, simultaneously, a better check of
as autocorrelation have been difficult to validate because at best the pulse measurement itself.

incomplete information is obtained and internal self-consistency In thi tt tto thi ituati b
checks are lacking. FROG measurements of these pulses, in 1 IS paper, we atiempt 10 Improve this situaton by

contrast, can be validated, for several reasons. First, the complete describing second-harmonic-generation frequency-resolved-
pulse-shape information provided by FROG allows significantly optical-gating (SHG FROG) [6]-[11] measurements-df0-fs

better comparison of experimental data with theoretical models pylses from a Ti:Sapphire laser. These measurements address
than do measurements of the autocorrelation trace of a pulse. o ot the ahove issues. First, FROG yields the full intensity and

Second, there exist internal self-consistency checks in FROG that h ful h | N biqui . . |
are not present in other pulse-measurement techniques. Indeed, PNase Of ultrashort pulses. No ambiguity exists in our pulse

we show how tocorrecta FROG trace with systematic error using measurements (we remove the direction-of-time ambiguity
one of these checks. usually present in SHG FROG measurements). Second,

unlike autocorrelation techniques, FROG contains internal
consistency checks, which can be performed on the measured
. trace and retrieved pulse, virtually guaranteeing the validity of
HE GENERATION of ultrashort laser pulses with dutne gata. These take the form of “marginals” of the trace, that
rations on the order of 10 fs is now routine [1]-{4]is integrals of the trace with respect to one of its variables. For
But, while pulse generation in this extremely short-pulsgyample, the frequency marginal, obtained by integrating the
regime is well studied, pulseneasurementn this regime, gsyG FROG trace with respect to delay, has been shown to be
while commonly performed, has not received a great deghyal to the autoconvolution of the pulse spectrum [8], [11].
of study. It is generally assumed that autocorrelation aRghys an independent measurement of the pulse spectrum can
interferometric-autocorrelation measurements of such shiftn, corroborate the measured FROG trace. It is a particularly
pulses are accurate, but this assumption has never, t0 pYfyincing check because the two measurements occur at very
knowledge, been carefully checked. One reason for this, Wgterent wavelengths, one at the fundamental and the other at
believe, is that autocorrelation measurements do not yield fylls second harmonic, and systematic error that may be present
pulse chgracterization, so that ambiguity is nece_ssarily alreaflyone wavelength range is unlikely to also be present at the
present in the measurement. Another reason is undoubté@lifer. Finally, to further validate these measurements, we also
that it is also quite difficult to check these measurements, R&smpare the full-measured pulse intensity and phase with pulse
cause no internal consistency checks exist for autocorrela'ugﬂElpes predicted by theoretical models of pulse-generation in
except for the not-particularly-restrictive requirements that thg, |5ser 3], [12]-[14].
trace be symmetric and the pulse time-bandwidth product by 4150 discuss the experimental issues associated with
greater than the theoretical limit for the assumed pulse shapg measurement of some of the shortest pulses created. An

SHG FROG device is simply a (noncollinear) autocorrelator
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also involve difficulties resulting from the large bandwidth$Ve show how to use FROG's internal consistency checks
involved. Pulses with FWHM bandwidths of 170 nm or mor¢o verify the validity of the measured trace. We also show
can easily be generated from self-modelocked Bapphire how to correct a trace for frequency-dependent systematic
lasers. Not only must the entire spectrum of these pulses reactor. In Section IV, we describe our SHG FROG apparatus,
the frequency-conversion crystal without phase distortiorsnd in Section V, we present the experimental measurements
but it also must undergo frequency conversion with minimaff pulse intensity and phase fer10-fs pulses. We used a
variation in detection efficiency due to phase-matching. Thikin film nonlinear medium with sufficient phase-matching
necessitates the use of reflective (not refractive) optics, bandwidth to measure a 13-fs near-transform-limited pulse.
extremely thin frequency-doubling crystal, and a small-angldsing FROG's internal consistency checks, we show that this
beam geometry that minimizes geometrical smearing of theeasurement represents an accurate determination of the pulse.
trace due to simultaneous sampling of a range of delay¥e further confirm this conclusion by remeasuring the pulse
It is an arduous task to verify that artifacts from thesafter propagation through a 1-mm window and comparing
effects do not affect an autocorrelation trace. We discuie two measurements using the known dispersion of the
these problems for both autocorrelation and FROG. Aidedndow—a type of check possible only when the full intensity
by the consistency checks inherent in FROG, we have beamd phase of the pulse are measured. We also used a bulk KDP
able to overcome these experimental difficulties and achievergstal with insufficientbandwidth to measure a 12-fs pulse
high degree of confidence in our measurements. Indeed, usivith a double-peaked spectrum. Then, using FROG's internal
these consistency checks, we can ewenrecta FROG trace consistency checks, we actually correct this FROG trace for
made using a SHG crystal with too little bandwidth or withhis, as well as other, potentially unknown, systematic errors.
optics or a detector with wavelength-dependent reflectivity d¥e then compare the retrieved pulse shape with theoretical
transmission. This correction can even be done when the emapedels of pulse generation in femtosecond lasers (Section

due to these effects is unknown. VI).
It is worth mentioning that the above issues are a subset
of those important irinterferometricautocorrelation, in which II. SHG FROG

the required interferometer carries with it numerous addmonaIWhile third-order nonlinear-optical processes have been

experimental issues. Users of interferometric autocorrelation . . .
X used in FROG devices to uniquely measure ultrashort laser

are quite familiar with the sensitivity of the measured m'ulses, we chose the technique of SHG FROG for this work

terferometric autocorrelation trace to alignment paramete Sécause it is the most sensitive FROG geometry. The pulse

and the role of potential alignment-induced artifacts in this ergy available directly from a Ti Sapphire laser, at less

technique hgs never, Fo our knowledge, been addressegl. ;an 5 nJ, is too weak for current third-order FROG methods.
do not consider these issues here because, although an “in el L . .
he electric field of a light pulse (regardless of duration)

ferometric FROG” technique will likely be useful for SUb's'fScan be represented by:
pulses, FROG so far has not used an interferometric autocor- P y:
relator and hence obviously avoids these problems. Finally, E(t) = Re{ T(t) exp [—iwot — i<p(t)]} @

interferometric autocorrelation also lacks internal consistency

checks beyond the simple symmetry requirement common\idiere/(t) and,(t) are the time-dependent intensity and phase

noninterferometric autocorrelation. of the pulse, andy, is the carrier frequency. In the frequency
Previous studies of the pulse-measurement process hgdgnain, the field can be written as

not specifically dealt with this extremely short time scale

(although some continue to apply here) and instead have dealt E(w) = ,/_f(w — wp) exp [ig(w — wo)] (2)

mainly with artifacts in noncollinear autocorrelation. Weiner

[15] treated the problem of autocorrelation using a crystal withhere E(w) is simply the Fourier transform dE(t), and we

too little bandwidth. He found that the autocorrelation tradeave neglected the negative-frequency componenE(mf).

could increase or decrease in width as a result of this effeftw — wo) is the spectral intensity, ang(w — wp) is the

depending on the pulse shape. Fischer and Rempel [16] studipdctral phase.

this effect for some specific pulse shapes. Other work in thisSFROG operates in the “time-frequency domain,” using mea-

area includes that of Salet al. [5], who considered higher surements with simultaneous temporal and spectral resolution.

order autocorrelations and Minddt al. [17], who studied It yields the full intensity and phase in either domain (and

the effect of a quasicontinuous background in interferometiience both domains). Specifically, FROG involves spectrally

autocorrelation. resolving the signal pulse in an autocorrelation measurement,
In Section Il, we summarize the SHG FROG techniquand plotting the signal spectrum versus delay, instead of the

In Section IIl, we discuss some of the above experimentgignal energy versus delay. This yields a spectrogram of

issues that occur in measuring ultrashort pulses, includitite pulse. In SHG FROG, the signal beam from an SHG

phase-matching bandwidth, detector response, and the potutocorrelator is spectrally resolved. In the case of ideal SHG

tial geometrical distortions resulting from the use of a nonzetbe result corresponds to

beam angle. For the latter effect, we derive an analytical o 9

ex_pression for the error in_the measured pulse width due tofgliS ., +) = ‘/ E)E(t — 1) exp (—iwt)dt| . (3)

this effect and show that it is small for our measurements. —c0
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An iterative deconvolution algorithm extracts the pulse 1 F , i
intensity and phase from the FROG trace by finding the electric F T
field that best reproduces the trace. Extensive numerical testing
has proven the robustness of the algorithm in its ability to
uniquely converge for test and experimental pulses. Since
SHG FROG has been discussed in detail in previous work
[71, [8], [10], [11], [18], we omit further discussion of the
deconvolution algorithm and the SHG FROG trace, except
to mention that, unlike other versions of FROG, the SHG
FROG trace is symmetrical with respect to delay and hence
has ambiguity in the direction of time. In other words(¢)
and E(-t) yield identical SHG FROG traces (that i§{¢t) Fig. 1. Calculated second-harmonic conversion efficiency for a thim (6P

0 _ ; ; ; DP crystal oriented for maximum conversion to 350 nm (solid curve) and
andé& ( t)’ if £ is the complex amplitude of the pulse), an(ﬁoo nm (dashed curve). The double-peaked nature of these curves occurs

thU_S _CannOt be distinguished in a single SHG FRQG raGfecause two disparate wavelengths are phase-matched for a given crystal
This is, however, not usually a problem because it is usualyentation, and, for a thin enough crystal, the two regions can overlap.

the case that one knows in advance something about the p%{g\fgrt%et):\essf, var:iL%t(ijons in tre phase-matching efficiency will occur over the
that resolves this ambiguity. For example, the pulse is often o O AT PUIse.
known a priori to be positively chirped, thus distinguishing it
from its time-reversed replica, which is negatively chirpedllowsn. (2w, 8)—n,(w) to vanish for the center frequency of
In addition, the ambiguity may be removed by making the pulse, and the thinner the crystal the broader the frequency
second SHG FROG trace after chirping the pulse somewhahge over which conversion efficiency is strong (and hence
with a thick piece of glass. The two resulting pulses afgavelength independent).
consistent with only one direction of time. Finally, we have Fig. 1 shows the calculated conversion efficiency versus
found that allowing the pulse to first propagate through a thigavelength for a KDP crystal with a thickness of 6th. The
uncoated piece of glass, whose surface reflections add a siglid and dashed curves assume that the crystal is oriented
trailing satellite pulse a known time after the pulse, easifo that it is phase-matched to frequency-double 700- and
distinguish the pulse from its time-reversed version, whicgoo-nm fundamental light, respectively. The unintuitive, non-
has a leading satellite pulse. The direction-of-time ambigui§in, variations in these efficiency curves occur because,
thus can be simply and conclusively eliminated in SHG FROfgr a given crystal angle, two different wavelengths achieve
measurements. perfect phase-matching. And for a sufficiently thin crystal,
these regions can overlap. While this overlap can increase the
overall crystal phase-matching bandwidth, it will never yield a
flat efficiency curve, the desired result for pulse measurement.
Because~10-fs near-IR pulses have very large bandwidthg addition, due to the asymmetry in the phase-matching
of 100 nm or more, the finite phase-matching bandwidth efirve, the orientation of the crystal that gives the most intense
the autocorrelator SHG crystal may be insufficient, resultingecond-harmonic light can be different from the orientation
in distortions in the signal spectrum. Because the ordinagyat gives the flattest conversion efficiency across the broadest
and extraordinary refractive indices of the crystal vary witBpectral bandwidth. Experimentally, we have found this to be
wavelength independently, an SHG crystal that is phasge case. In any case, it is clear that, for a pulse withl80-
matched for its central frequency will not convert all spectrgim bandwidth (and hence with second-harmonic bandwidth
components of the pulse with equal efficiency. The math:35 nm), some variation in efficiency will occur over the
ematical expression for the frequency-dependent conversiqfise bandwidth. In principle, correction for this efficiency
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I1l. EXPERIMENTAL ISSUES ANDCONSISTENCY CHECKS

efficiency due to phase mismatch is [15]: variation in the phase-matching curve is possible if one knows
the specific angles and wavelengths used and the precise
sin? {M} refractive indices of the crystal. Unfortunately, in practice,
F(2w) = 2 > (4) this type of correction is difficult because the precise phase-
Ak(2w)L matching efficiency curve depends quite sensitively on these
{T} parameters and is difficult to know for a given measurement.

As a result, such correction is impractical, if not impossible.
where 2w is the angular frequency of the second-harmoni€ortunately, we will show that such correction (as well as
light, Ak(2w) = (2w/c) [n.(2w, 8) —n,(w)] for type-l phase- correction for other effects) can be done fairly easily in
matching,n. andn, are the extraordinary and ordinary indice$ROG after the factand without the need to know any of the
of refraction, # is the phase matching angle of the crystaliarious parameters using one of FROG's internal-consistency
¢ is the speed of light in a vacuum, and is the crystal checks.
thickness. For an accurate pulse measurement (in FROGA\lternatively, an even thinner SHG crystal could in theory
and autocorrelation), one must convert not only the spectrabmpletely solve the finite-phase-matching bandwidth problem
components within this peak, but also the spectral componeatsl obviate the need for sensitive angle tuning. Unfortunately,
in the wings of the spectrum. Proper orientation of the crystaith the use of such thin crystals, the second-harmonic signal
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levels can become too low for characterizing very low-energy 1F T autocomvoiution]
pulses. Fortunately, the recent development of poled polymer i ° lﬁmﬁﬁﬂu
films with high-second-order nonlinear coefficients can effi- 0.8

ciently and accurately frequency-double ultrashort nanojoule ‘E 0.6}

pulses. Because these films can have a thickness of less than 1 5

wm, phase-matching is assured for all frequencies for even the E 04

shortest pulses [19]. Unfortunately, absorption in these films 0.2}

can also distort the SHG efficiency versus wavelength and 0

hence may limit their usefulness with pulses significantly less 360 3é0 460 450 4“,0 460
than 10 fs, although this can also be corrected. In Section Wavelength (nm)

V., we describe a measurement we performed that shows that 2. Autoconvolution (solid line) of a 90 nm bandwidth spectrum com-

. : ) ig.
such a film can be used for measuring 13-fs pulses with Bgred to two FROG frequency marginals (squares and circles). The better
difficulties. agreement of the second frequency marginal (solid squares) was obtained

As mentioned above, FROG provides consistency checkgr slight adjustment of the phase-matching angle.
not available with autocorrelation measurements. These checks
allow us, for example, to ensure that the entire pulse spectrum 1F
is being converted to second-harmonic light. This is accom-

T T |
Autaconvolution
o FROG Marginal

plished by comparing the “frequency marginal” of the FROG 0-8
trace with the independently measured pulse spectrum. The g 0.6
frequency marginal is the FROG trace integrated with respect 5
to the delay variable [8], [11]: E 04
- 0.2}
MESew) = [ IS ndn @ oo
—o0 360 380 400 420 440 460

Wavelength (nm)

It can be shown to be equal to the autoconvolution of ﬂ‘flelg. 3. Autoconvolution (solid line) of a 90-nm-bandwidth spectrum com-

fundamental pulse spectrum: pared to the frequency marginal (circles) of a FROG trace generated using
a thin (0.4¢m thick) nonlinear poled polymer film of tricyanovinylaniline

In this manner, the FROG trace may be checked against thet is also important to note that, in general, for broad-
relatively easily measured spectrum. There is also a delegndwidths corresponding to sub-20-fs pulses, the spectral
marginal, which can be compared with the autocorrelation, apgsponse of gratings or CCD detectors cannot be assumed
as a result is less useful here. The marginals of FROG tragesbe flat across the entire bandwidth of the pulse. Thus,
were discussed in detail in previous publications [8], [11]. calibration of the spectral response is required, and the fre-
We have found the frequency-marginal comparison to kgiency marginal test is a very useful (and necessary) check
extremely useful in checking for sufficient phase-matchingn the integrity of the data. Such a check—which is especially
bandwidth, crystal-angle orientation, and for proper calibratiarseful because the two measurements to be compared occur
of the varying spectral response of our spectrometer and C@bvery different wavelengths, the fundamental and the second
detector. Fig. 2 shows an example of how the frequenbrmonic—is not possible in autocorrelation or interferometric
marginal can be used to optimize the SHG phase-matchiagtocorrelation.
angle. Initially, when the frequency marginal (open circles in Indeed, knowing the autoconvolution of the pulse spectrum,
Fig. 2) of a 13-fs pulse was compared to the autoconvolutiame carcorrectthe FROG trace for all of the above frequency-
(solid line) of the fundamental spectrum, there was a sligdependent effects by simply multiplying the trace by the
discrepancy. After a small adjustment of the phase-matchirgtio of the autoconvolution and the frequency marginal, thus
angle (less than <), significantly better agreement was obenforcing agreement of these two quantities. Remarkably, this
tained (solid squares). The frequency-marginal test is alsorrection procedure corrects, not only for all such known
useful in testing the nonlinear SHG films described above afrdquency-dependent effects, but forknowneffects, as well.
in [19]. The open circles in Fig. 3 show the frequency marginéh other words, even if one has not measured the spectral
of a 13-fs pulse’s FROG trace generated with a thin (@- response of the diffraction grating or prism used for dispersion
thick) nonlinear poled polymer film of tricyanovinylanilinein the FROG device, any wavelength-dependence of this
(PhTCV). The good agreement with the autoconvolution @lement will be compensated by this correction procedure.
the fundamental spectrum (solid line in Fig. 3) shows th&f course, this procedure only works if no zeroes (or very
the film was able to convert the entire spectrum of this 18w values) occur in the various wavelength-dependent re-
fs pulse to the second harmonic without variation in efficiencgponsivity, reflection, transmission, or efficiency curves. We
over the entire bandwidth of the pulse. These measurementh demonstrate the use of this procedure in Section V for a
are described in greater detail in [19]. 12-fs pulse with a very large bandwidth of 150 nm.
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Another experimental issue, particularly for multishot mea- It should be pointed out that the above effect can also smear
surement of pulses on the order of 10 fs, is geometricalit traces in other multishot versions of FROG (which use
smearing of the delay due to the crossing angle within tmenlinear effects other than SHG), but the resulting traces are
SHG crystal. When two pulses cross at an angle, one pulsdikely to correspond to traces of actual pulses, as was the
precedes the other on the right, and the other precedes ¢hse above. This is because SHG FROG traces are necessarily
one on the left. This yields a range of delays across the beapmmetrical with respect to delay, and the traces of these other
simultaneously and is the effect that is utilized for singlenethods are not. For example, unlike SHG FROG, where
shot autocorrelations and FROG measurements. In multistioé¢ relative widths of the trace in the time and frequency
measurements, on the other hand, when the delay is assumiegctions indicate the chirp, it is instead thlepeof the trace
to be fixed at a single value at any one time, this effect couid other FROG methods that indicates the chirp. Thus, this
smear out the temporal information in the FROG trace. Thiffect should have even less an effect in these other versions
limitation also arises with traditional multishot backgroundef FROG.
free autocorrelation and in excite-probe measurements, and it is this geometrical variation of the delay across the
well known. beam that makes single-shot measurements possible: in single-

We can exactly calculate the resulting trace shape and puté®t measurements, the beams are deliberately overlapped at
width in the presence of this effect for a linearly chirpe@ large angle, so that delay is varied across the nonlinear
Gaussian-intensity pulse with Gaussian spatial profile, faredium. The signal beam is then spatially resolved, yielding
which the SHG FROG trace is a product of Gaussians in delthe signal pulse spectrum for this range of delays. Interestingly,
and frequency in the absence of smearing. When geometriaadiifferent geometrical smearing effect occurs in single-shot
smearing occurs, the measured SHG FROG trace is given BROG measurements that do not use SHG [11], [20]. Because

it does not occur in SHG FROG measurements, it is therefore

IFiSa(w, 7) not relevant to our measurements, but we mention it here
_ /Oo /Oo E{t—i— (f) sin <Q>} for completeness. It results when the signal pulse does not

Y N Y c propagate along the bisector between the two input beams

2 and so is relevant to single-shot polarization-gate FROG

- E [t - (E) sin <§> - T} exp (—iwt) dt measurements. In this case, the signal pulse also results from
¢ o\ 2 a range of delays, but, whereas the previous effect involved
- exp [_4 In 2 cos? <_> “7_} dr (7) variation of the delay along the transverse direction, this effect
2)d involves variation of the delay in the longitudinal direction,
where z is the transverse spatial coordinatejs the beam that is, in the beam propagation direction. As a result, here,
the smearing is now a function of the thickness of the nonlinear

diameter,c is the speed of light in the medium, afds the e X X
beam crossing angle in the medium. Performing these in edium instead of the beam diameter. Fortunately, this effect
' zi%f also been shown to be small, even for the shortest of

grals, we find that the trace remains the product of Gaussi ) . . .
in delay and in frequency. We find that no smearing occupslises. provided that the medium is kept thin0(5 mm).

along the frequency axis, but the trace width along the delpecifically, a temporal smearing of 10% of the gate pulse due
axis increases. As a result, the SHG FROG trace continued4dhis effect results in a lengthening of the retrieved pulse of
correspond exactly to a pulse, but it is a longer one. ThuR)lY @bout 1% [7]. And even if the temporal smearing of the

in the presence of this smearing, the FROG algorithm whate pulse due to this effect is equal to the pulse length, the

precisely converge to a pulse, but the resulting pulse widfl‘?sumng lengthening of the retrieved pulse is less than 15%
rmeas will be larger than the actual pulse width,, and is [7]. As a result, the lengthening of the retrieved pulses in such
A ' measurements can usually easily be reduced to below a few

given by ; )
percent. And it can be corrected using a method developed by
(192 = 12 + 6t (8) Tien et al. [20].
where
d 9 IV. APPARATUS
bt = \@(g) tan <§> ©) Our SHG FROG apparatus is designed to minimize temporal

and spectral aberrations in the measured ultrashort pulses. We
When 6 is small, 6t ~ 6d/(v/2c), and the speed of light in use a 40%40%, near-infrared, beamsplitter on a thin&
vacuum and the external angle can be used since the refracpedlicle substrate (National Photocolor), which has negligible
index cancels out in this limit. For the 2. beam angle and dispersion. To avoid any possible bandwidth limitations of
30-+:m beam diameter used in this wodk¢, = 2.1 fs. For a 10- dielectric mirrors, we use protected silver mirrors throughout
fs pulse, the measured pulse width will then be 10.2 fs, a 286rr setup. Instead of using a lens to focus the beams into
increase in width, which is not significant. This lengtheninthe SHG crystal (which would add dispersion and temporal
is identical in background-free autocorrelation. We concludsberrations), we use a spherical mirror, with a 30-cm radius
that, while one must keep this effect in mind when setting ugf curvature, to focus the pulses. As is shown in Fig. 4, this
apparatus, it plays a minimal role in SHG FROG as well amirror is used near normal incidence to avoid astigmatism. For
in autocorrelation. good second-harmonic conversion efficiency across our broad
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Variable i of the data (multiplying each point in the trace By/2rec,
time delay Spherical where )\ is the wavelength) and is important for such broad

-— mirror
J%ﬂ frequency scans as this [11].

Mirror V. MEASUREMENTS

KDP Aperture

Sryotal The ultrashort pulses we measured were generated by a

self-mode-locked Ti Sapphire laser, described elsewhere [1].
0] Lens . . . .
~ Tuning of the pulse duration and pulse shape is possible by
adjusting the intracavity dispersion by translation of one of
Spectrometer the intracavity prisms. Our measurements focused on two
different types of pulses: 1) a 13-fs near-transform-limited
Computer pulse and 2) a 12-fs pulse with a broad 150-nm-FWHM
double-peaked spectrum. We measured the first using the thin-
Fig. 4. Experimental setup for SHG FROG measuremeniskii-fs pulses. film nonlinear medium and the second using the;®0-thick
KDP crystal.
) i ) i Fig. 5(@) and (b) shows the experimental and retrieved
bandwidths, we use a thin (Oi4n thick) nonlinear poled rpoG traces for the 13 fs pulse. We use density plots with
polymer film of tricyanovinylaniline (PhTCV) for one set of 50 jaig contour plots to give maximal intuition in plots of

measurements. We use a &05-um KDP crystal (Quantum 46 traces (although they tend to exaggerate small details in
Technology) for others. The spot size in the crystal i989  the wings of the trace at the expense of more important large-
and we use a crossing angle of 1.t minimize temporal gqaje structure). We used a 128128 grid and achieved an
smearing. A 30-cm focal-length fused silica lens relays thg,q geviation between the experimental and retrieved traces,
second-harmonic signal into our spectrometer. After the SHich we refer to as the “FROG error,” of 0.0018, which
crystal, it is permissible to use a lens instead of a mirmog 4pproximately equal to the noise in the data, and hence
since dispersion after the frequency conversion process d@&ficative of a good retrieval, given the data. Note that, by
not affect the spectral measurement. using contours at values as low as 2%, small deviations
Initially, our spectrometer consisted of a fused-silica prisietween the measured and retrieved traces are artificially
which dispersed the SHG light onto a CCD camera. Althouglinphasized, but it is nevertheless clear that the fit is visually
this primitive spectrometer was inexpensive and had a relgsyy good, also. Indeed, deviations between measured and
tively flat spectral response, calibration was difficult without gstrieved traces are on the order of the asymmetry in the
fixed entrance slit. Consequently, we now use a 0.15-m Act@fbasured trace, which is a good indicator of the random
Spectrapro 150 spectrometer, with a Santa Barbara Instrumesi{gerimental error. The traces were cropped in these figures in
ST6 CCD camera interfaced to a computer running LabVIEWder to show only their nonzero regions. Fig. 5(c) shows the
We take spectral data points separated by 0.41 nm. Becagsfesponding retrieved temporal electric-field intensity and
the quantum efficiency of the CCD camera varies significantyhase plotted versus time, and Fig. 5(d) shows the real electric-
over the wavelength range of interest, the spectral responsgi@ld waveform, carrier frequency included, of this extremely
our system was determined using the emission spectrum ofbrt pulse. (A future publication will provide an approach
well characterized light bulb (Oriel 50W QTH). All spectralfor computing error bars on the retrieved intensity and phase
data are corrected in software for this nonuniform responsgirves.) The small variation in the temporal phase over the
The time delay between the two arms is varied in incrementsglfilse indicates that it is close to the transform limit. In fact,
1.5 fs using a microstepper motor (Melles Griot nanomovethe shortest pulse supported by the spectral width, assuming
which can provide subfemtosecond time-delay incrementsaifflat spectral phase, is 11 fs (FWHM). Because pulse shapes
necessary. All data are taken by continuously moving ienerated by the TiSapphire laser in our regime of operation
one direction, to minimize the effects of backlash. Resultingre not expected to be purely sécbr Gaussian [2], [21],
arrays of points, typically 61 delays by 233 wavelengthgbservation of a nearly flat phase over the pulse is a much
are converted to 12& 128 arrays by zero-filling the delayspetter experimental confirmation of a transform-limited pulse
(adding extra zeroes for large positive and negative delayn simply measuring the width of an autocorrelation [3],
beyond the scan range) and interpolating or taking a weighta@®], [14], [22].
average of the spectral values to yield a square array ofin order to further check this measurement, we also mea-
points that obeys the discrete Fourier transform relation, ttsired the pulse spectrum independently and compared the
is, that the increment on each axis is the reciprocal of tk@ectrum autoconvolution with the FROG-trace frequency
range of the other axis. In addition, the data are correctethrginal. Fig. 6 shows the good agreement between the fre-
to be a plot of intensity versus delay and frequency, nquency marginal of the FROG trace and the autoconvolution of
wavelength, which is important because the Fourier transfotire spectrum. This confirms that there were no phase-matching
relates time and frequency, not wavelength. This involves detection problems in this measurement.
using a fixed frequency increment, not a fixed wavelength For another confirmation of our ability to measure the pulse
increment, between each data point, which requires a rescal@figpe using FROG, we similarly measured a pulse, similar to
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a 13-fs pulse.
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Fig. 7. Measured intensity (circles) and phase (squares) and calculated val-
ues (solid lines) of a pulse initially characterized to be nearly transform-limited
that becomes slightly chirped after passing through a 1-mm-thick fused silica
window.

Amplitude

wavelength-dependent-material problems, as discussed in Sec-
tion Ill, and hence is correspondingly more difficult. This is,
40  -20 0 20 40 of course, the case for any pulse measurement technique. We
Time (fs) will demonstrate, however, the previously described correction
(d) procedure in FROG and show that it can indeed correct for
Fig. 5. (a) Experimentally measured SHG FROG trace of a 13 fs pulse, &}e apparatus inadequacies that are necessanly_ involved. The
retrieved FROG trace, (c) retrieved intensity (solid line) and phase (dast@¥perimental SHG FROG trace of a 12-fs-duration, 150-nm-
line) of this pulse, and (d) retrieved real electric field of the pulse. In (a) arnggndwidth pulse (whose generation is discussed in greater
(b) (and in all other traces in this paper), the trace is shown as a density glapt il in th . . h . . . b
with overlaid contour lines at the values 2%, 4%, 6%, 8%, 10%, 20%, 4of€tail in the next section) is shown in Fig. 8(a). Fig. 8(b)
60%, and 80%. shows the retrieved SHG FROG trace of this pulse, and
Fig. 8(c) shows the retrieved intensity and phase in both
gmains. Note that convergence has occurred (the FROG error

the one shown in Fig. 5, before and after passing throughd : _ \
1-mm-thick fused silica window. Fig. 7 shows the intensit{ér this 128 x 128 trace is 0.00273, approximately equal
(circles) and phase (squares) measured after the window. AQ gthe noise in the trace), and the retrieved SHG FROG
comparison, we used the Sellmeier coefficients of fused silif&c€ agrees well with the experimental trace. Unfortunately,
to numerically add the dispersive effects of this material to thliform phase-matching of the entire bandwidth of this pulse
pulse measured before the window. The intensity and phd&s not occurred, as shown by the comparison of the pulse
of this calculated chirped pulse are shown as the solid linesaHtoconvolution with the FROG-trace frequency marginal in
Fig. 7. Although more appropriate techniques, such as specfri- 9. Clearly, for the particular crystal angle used in the
interferometry [23], exist for measuring smedlativechanges measurement, the crystal phase-matching efficiency is greater
in phase, the good agreement in Fig. 8 shows FROG’s abilf§f the short wavelengths than for long ones. (Further evidence
to measure small changes in a pulse’s intensity and phaks, this conclusion is that, for different SHG crystal angles,
also. In addition, this verifies our measured pulse. different spectral regions were underrepresented in the trace.)
While measurement of the above 13-fs pulse proved s a result, the retrieved pulse is suspect, despite the good
be relatively straightforward due to its near-transform-limitedonvergence of the algorithm. Indeed, we have found that,
bandwidth of less than 100 nm and the use of a submicrasile algorithm convergence is a very good indicator of
nonlinear medium, the measurement of broader-band pulsesiircorrect pulse measurement in other versions of FROG,
bulk crystals encounters phase-matching and potentially otlv@nvergence is usually, but not always, such an indicator in
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Fig. 8. FROG measurements using insufficient phase-matching bandwidtig- 10. Corrected FROG trace using the measured frequency marginal and
(a) The experimentally measured SHG FROG trace for a 12-fs pulse wittfRectrum autoconvolution: (a) The corrected experimental SHG FROG trace

double-peaked spectrum, (b) retrieved FROG trace, and (c) retrieved intenéfya 12-fs pulse with a double peaked spectrum, (b) retrieved FROG trace,
and phase. and (c) retrieved intensity and phase. Note the double-humped spectrum that

was missing in the retrieved spectrum shown in Fig. 8.

—
N

00 Marginal somewhat, as can be seen in the corrected trace). Notice

that the long-wavelength component of the often-seen double-
1 peaked spectrum is much more evident in this retrieved
pulse than in the previous retrieval using the uncorrected
trace. Indeed, this measured spectrum agrees well with the
independently measured pulse spectrum. As a result, this
1 correction procedure has improved the pulse measurement

=
T

Intensity
e © o @
N B O ®

0 Al ‘ . . considerably.
360 390 420 450 480 510 We note that the retrieved pulse is not of a Seshape
Wavelength (nm) and that use of the usual 1.55 factor to obtain the pulse width

Fig. 9. Comparison of the autoconvolution and frequency marginal of tfé0m the autocorrelation width yields an 11-fs pulse width, not
pulse whose trace is shown in the previous figure. Note the attenuated fige actual 12-fs value. In general, we find that use of the 1.55
quency marginal at long wavelengths compared to the autoconvolution of the _ . : 0
spectrum, indicating poor phase-matching efficiency for those Wavelengthz‘?ictorunder pre_dlctsthe actual pulse Wldth by about 10%, and
that the Gaussian pulse shape, while also not exactly correct
SHG FROG, mainly due to the additional symmetry and tirnf r these pulses, is a more agcurate model for computing pulse
- - shape from an autocorrelation. Of course, because no such
ambiguity of SHG FROG traces. Consequently, additional Cacrgrrection rocedure exists for autocorrelations, it is not clear
must be used in SHG FROG measurements. hat concIEsions may be drawn from an autoco,rrelation in the
We can, however, as described in Section Ill, use te Y

knowledge of the spectrum autoconvolution to correct t gesence of insufficient phase-matching bandwidth, as shown
Weiner over a decade ago [15].

r in order to force the fr ncy marginal ree wi . :
_tace order to force t € ‘requency margina o agree We conclude that FROG'’s internal consistency check
it to compensate for the inadequate phase-matching band-

width and potential wavelength-dependences of other co nd its corresponding correction procedure is.essential for
ponents. Fig. 10(a) shows the corrected FROG trace usi measurement of such broad-band—that is, extremely
this procedure; Fig. 10(b) shows the retrieved FROG tracse; rt—pulses.

and Fig. 10(c) shows the retrieved intensity and phase. The

FROG error for this trace and its retrieved twin is 0.003 31, V1. COMPARISON WITH MODEL

which is again approximately the experimental error (note The ability of FROG to fully characterize ultrashort pulses
that the error has increased slightly after using the correctibas proved extremely useful in verifying the predictions of
procedure, because it has augmented regions of the trace thabretical models of our laser [3], [12]-[14], [18]. Further-
were formerly of low intensity, thus amplifying the noisemore, agreement of theory and measurement also further
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Fig. 12.  The theoretically predicted (Harvey and co-workers) intensity agy 14 Measured and theoretically predicted spectra forii6-fs pulse

phase for the-10-fs pulse from a Ti:Sapphire oscillator limited by coherenfqm 5 Ti:sapphire oscillator. Note that all spectra display the characteristic

nnging. double-humped shape. (The relative heights of the two spectral peaks vary
from measurement to measurement and so should not be considered able to
distinguish between the theories.)

validates both the theory and the measurements. Numerical

models of the Ti:Sapphire laser are necessary to describe

the operation in the sub-20-fs regime, because analytical _.::E

models can describe the operation only in a very limited E_ 350 : -
regime of second-order dispersion-limited pulses, or at most £ 410 1.| 1
fourth-order dispersion-limited pulses [21]. The Ti:Sapphire 430 I|.|I
laser, however, can operate in more complicated intermediate 450 — —
regimes, with well-behaved, transform-limited, pulseshapes z ::g

that are not necessarilyech? or Gaussian. Moreover, the i g~ g R R T
slowly-varying envelope approximation cannot be assumed to

. ; ) el Dalay ifs) Detay {la)
be valid for pulse formation and nonlinear Kerr-lensing in @ ®)

these lasers, making numerical approaches [3], [12]-[14], [18]
essential. Fig. 15. Theoretically predicted FROG traces for thd0-fs pulse from

. . .a Ti:Sapphire oscillator. Note that the trace predicted by Kapteyn and
In order to generate the broad-bandwidth pulses with Whigh.workers (right) agrees much better with the measured FROG trace (shown

to test our models, we operated at 850 nm, where both theig. 10) than that of Harvey and co-workers (left).

second-and the third-order dispersion in the laser cavity were

near-zero. Therefore, the femtosecond pulses were shapedtandtheories predict very different pulse shapes. In particular,
sustained by fourth-order dispersion. Fourth-order dispersinote the symmetrical satellite pulses in the intensity of our
results in a large spectral region of near-zero group delafieory and the satellite pulses on only the trailing side of
which allows broader bandwidth operation than in the cagige intensity of the alternate theory. Only a technique like
of second-order dispersion. The output spectra from the lagg2®OG can distinguish between the two different theories.
were characteristically double-peaked, and were in excelld¥it). 15 shows the SHG FROG traces for the two theoretically
agreement with our model predictions (see Fig. 11), lendimgedicted pulses. Fig. 10 shows the experimentally measured
validity to our theory of higher order dispersion-limited puls&ROG trace, which agrees much better with that predicted
formation in Ti:Sapphire lasers [12], [18]. However, an alby our high-order dispersion-limited theory. In addition, the
ternative model of the double-peaked spectra suggested thatiénsity versus time of the pulse also agrees with our theory
was the result of coherent ringing in the laser medium [24]. S§, [12]-[14].

Fig. 12. Although both theories could reproduce the observedGiven the detailed and rigorous tests that FROG allows us to
pulse spectrum and autocorrelation (see Figs. 13 and 14), peeform on our data and theoretical models, we can proceed
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with confidence to predict the shortest duration pulses thas] A. M. Weiner, “Effect of group velocity mismatch on the measurement
can be generated in Ti:Sapphire, given an ideal amount of
dispersion. Our model predicts that pulses as short as 5 fs

be produced from a laser with optimal fourth-order dispersion

compensation. Proper design of intracavity dispersion is[ﬁ]

technological, rather than fundamental, problem, and thus we

can expect to generate extremely short pulses directly out
a laser in the future.

of
[18

[19]

VII. CONCLUSION

SHG FROG measurements of pulses on the order of 10 fs

provide a powerful diagnostic of ultrashort-pulse formatioreo]

and propagation. The self-consistent checks and resulting

correction procedure present in the FROG technique guarantee
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