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Abstract We report a new design of single-shot cross-correlation
frequency-resolved optical gating (XFROG) with sub femto-joule sensitivity
for complete field characterization of ultrashort optical pulse using a 400-
nm-pumped type-l noncollinear optical parametric amplifier. Optical
parametric gain as high as 10° with 0.8-0.9 femto-joules sensitivity had been
demonstrated with an un-cooled CCD in this study. The experimental
FROG traces have been successfully retrieved with an error no worse than
0.0014. The device had been to be useful for studying the generation
mechanism of white-light supercontinuum (WLS).

$2004 Optical Society of America

OCIS codes (320.0320) Ultrafast optics, (320.7100) Ultrafast measurements; (190.4410)
Nonliear opticad parametric processes, (190.7110) Ultrafast nonlinear optics;, (190.4970)
Parametric oscillators and amplifiers; (300.6280) Spectroscopy, fluorescence and luminescence;
(300.6420) Spectroscopy, nonlinear; (300.6530) Spectroscopy, ultrafast

Referencesandlinks

1.

10.

A. Sdllivan, W. E. White, K. C. Chu, J. P. Heritage, K. W. DelLong, R. Trebino, “Quantitative
investigation of optical phasemeasuring techniques for ultrashort pulse lasers” J. Opt. Soc. Am B 13,1965
1978 (1996)

Rivet S, Martin MO, Canioni L, Sarger L, “ Complete pulse characterization: measurements of linear and
nonlinear properties,” Opt. Commun. 181, 425-435 (2000)

Rick Trebino, Kenneth W. Del.ong, David N. Fittinghoff, John N. Sweetser, Marco A. Krumblgel, Bruce
A. Richman, and Daniel J. Kane, “Measuring ultrashort laser pulses in the time-frequency domain using
frequency-resolved optical gating” Rev. Sci. Instrum. 68, 3277-3295 (1997)

Rick Trebino, Daniel J. Kane,“ Using phaseretrieval to measure the intensity and phase of ultrashort
pulses: frequency -resolved optical gating” J. Opt. Soc. Am. A 10, 1101-1111 (1993)

C. laconis, |.A. Walmdley, “ Spectral phase interferometryfor direct electric-field reconstructionof ultrashort
optical pulses,” Opt. Lett. 23, 792-794 (1998)

Frequency-Resolved Optical Gating: The Measurement of Ultrashort Laser Pulses, Rick Trebino, ed.
(Kluwer Academic Publishers, Boston, 2002).

S. Linden, H. Giessen, and J. Kuhl, “XFROG-a new method for amplitude and phase characterization of
weak ultrashort pulses,” Physica Status Solidi B Conference Title: Phys. Status Solidi B (Germany) 206,
119-124 (1998).

Ultrafast Phenomena XI11: Proceedings of the 13nInternational Conference, D. R. Miller, M. M. Murnane,
N. F. Scherer, A. M. Weiner, eds. (Springer-Verlag, 2003).

D. N. Fittinghoff, JL. Bowie, JN. Sweetser, R. T. Jennings, M. A. Krumbuegel, K. W. DelLong, R. Trehino,
and |. A. Wamdey, “Measurement of the Intensity and Phase of Ultraweak, Ultrashort Laser pulse” Opt.
Lett. 21, 884-886 (1996).

Jing-yuan Zhang, Aparna Prasad Shreenath, Mark Kimmel, Erik Zeek and Rick Trebino, and StephanLink,
“Measurement of the intensity and phase of attojoule femtosecond light pulses using optica parametric
amplification cross-correlation frequency-resolved optical gating” Opt. Express 11, 601-609 (2003)
http://www.opticsexpress.org/abstract.cf m2URI=OPEX-11-6-601

#3302 - $15.00 US Received 4 November 2003; revised 3 February 2004; accepted 7 February 2004
(C) 2004 OSA 23 February 2004/ Vol. 12, No. 4/ OPTICS EXPRESS 574


mailto:chuckcklee@yahoo.com
mailto:jyzhang@g asou.edu
http://www.opticsexpress.org/abstract.cfm?URI=OPEX-11-6-601

11. Kenneth W. Delong, David N. Fittinghoff, and Rick Trebino, “Practica issues in ultrashort laser-pulse
measurement using frequency-resolved optical gating,” |EEE J. Quantum Electron. 32, 1253-1264 (1996).

12. Donad O'Shea, Mark Kimmel, Patrick O’ Shea, and Rick Trebino, “Ultrashort laser-pulse measurement
using swept beams,” Opt. Lett. 26, 1442-1444 (2001).

13. Patrick O'shea, Mark Kimmel, Xun Gu, and Rick Trebino, “Highly smplified device for ultrashort -pulse
measurement,” Opt. Lett. 26, 932-934, (2001).

14. R. Huber, H. Satzger, W. Zinth, and J. Wachtveitl, “Noncollinear optical parametric amplifier with output
parameters improved by the application of awhite light continuum generated in CaF2,” Opt. Commun. 194,
443-448 (2001).

15. H. R Tdle, G. Steinmeyer, A. E. Dunlop, J. Stenger, D. H. Sutter, and U. keler, “Carrier-envel ope offset
phase control: A novel concept for absolute optica frequency measurement and ultrashort pulse
generation,” Appl. Phys. B 69, 327-332 (1999).

16. Jingyuan Zhang, Zuyan Xu, Y ufei Kong, Chaoen Y u, and Y ucheng Wu, “Highly efficient, widely tunable,
10-Hz parametric amplifier pumped by frequency-doubled femtosecond Ti: sapphire laser pulses,” Appl.
Opt. 37, 3299-3305 (1998)

17. Chao-Kuei Lee, Jingyuan Zhang, J. Y. Huang, and C. L. Pan, “High-gain and highly smplified device for
single-shot XFROG measurement of extremely weak ultrashort pulse from the visible to the infrared,” (to
be submitted in 2003)

18. Tai-Wei Yau, Chaw-Hwang Lee Jyhpyng Wang, “Femtosecond self -focusing dynamics measured by three-
dimensiona phase-retrieval cross correlation,” J. Opt. Soc. Am. B17, 1626-1635 (2000)

19. P. Chernev and V. Petrov, ‘Self-focusing of light pulses in the presence of norma group-velocity
dispersion,’”” Opt. Lett. 17, 172—174 (1992).

20. J. E. Rothenberg, ‘‘Pulse splitting during self-focusing in normally dispersive media’’ Opt. Lett. 17, 583
585 (1992).

21. W. L. Smithand J. H. Bechtd, *‘ Laser-induced breakdown and nonlinear refractive index measurementsin
phosphate glasses, lanthanum beryllate, and AlGs,”" Appl. Phys. Lett. 28, 606-607 (1976).

1. Introduction

In the past decade, measuring the intensity and phase vs. time of femtosecond laser pulses has
become a great issue due to its application in characterization of ultrafast signal. Basically,
there are several families, including direct optical spectral phase measurement (DOSPM) [1],
frequency-domain phase measurement (FDPM) [2], frequency-resolved optical gating (FROG)
[3,4], and others [5], to characterize the amplitude and phase of electric field profile
associated with the optical pulse. Techniques such as Frequency- Resolved Optical Gating
(FROG) and Cross-correlation FROG (XFROG) [6,7] allow the measurement of awide range
of pulses. While these techniques have achieved fairly high sensitivity, they are not sensitive
enough to measure extremely weak ultrashort light pulses[8]. Using spectral interferometry [9]
trains of ~1-photon pulses could be measured was reported previously. Unfortunately,
interferometric methods can be useful for aligning lasers and studying high-optical quality
media, but they are of little value in more practical situations. So a non-interferometric
technique lacking such restrictive coherence requirements and which achieves few-photon
sensitivity is needed to help to elucidate fundamental weak-light emitting processes in many
fields.

A new technique, which combines optical gating with high-gain optical parametric
amplifier (OPA), had been recently demonstrated by one of us (Zhang) to be able to
characterize weak spatially incoherent optical pulses with a multi-shot cross-correlated
frequency-resolved optical gating (XFROG) [10]. The resulting OPA -XFROG technique had
been proposed to measure ultrashort optical signal with extremely weak intensity. The
detection sensitivity of OPA-XFROG is so high that the pulse energy of optical signal can be
aslow as afew atto-joules (<100 photons). The direct comparison of the optical field profiles
deduced with OPA-XFROG and sum frequency generation (SFG) reveas that OPA -XFROG
can be as accurate as SFG XFROG.

Multi-shot OPA -XFROG measurement requires a scan of delay time between the pump
and signal pulses. The acquisition of a typical OPA -XFROG pattern can take up to more than
20 minutes. This is particularly problematic when the signal pulses are either weak or
irreproducible fromshot to shot. Single-shot FROG was designed to conquer such difficulties
[11,12,13]. A typical single-shot FROG setup maps delay time onto different spatial positions
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by focusing two input beams with cylindrical lens. In order to minimize the group velocity
dispersion (GVD) originating from dispersive optical components, the knses had been
replaced with two cylindrical mirrors in this study. The two beams cross each other in the
vertical direction as they travel through a nonlinear optical medium. The Ine focusing
geometry used in a single-shot FROG apparatus often leads to a detection sensitivity much
lower than that of multi-shot FROG apparatus [11]. Therefore, single-shot FROG had only
been employed to characterize laser pulses with sufficiently high intensity. In this article, we
report a new design of single-shot cross-correlation fregquency-resolved optical gating
(XFROG) with sub femto-joule sensitivity for complete field characterization of ultrashort
optical pulseusing a400-nm-pumped type-I honcollinear optical parametric amplifier. Optical
parametric gain as high a 10° with 0.8-0.9 femto-joules sensitivity had been demonstrated
with an un-cooled CCD in this study. The experimental FROG traces have been successfully
retrieved with an error no worse than 0.0014. The device has been useful in the studying the
generation mechanism of white-light supercontinuum (WLS).

The combination of single-shot FROG with high-gain OPA could overcome the
drawbacks encountered in both multi-shot FROG and single-shot FROG without gain. The
weak optical pulse is amplified by optical parametric amplification process in a nonlinear
crystal. The resulting line-shaped amplified signal is then imaged onto the entrance dlit of a
spectrometer and is detected with a 2D-CCD camera. The spectral content of the pulse is
revealed along the horizontal axis of the OPA -XFROG pattern, and the vertical distribution
presents the detailed information about the temporal profile. An entire FROG pattern can be
acquired for each laser pulse. Note that single-shot scheme might also be valuablefor probing
few-cycles ultrashort pulses [14], since in this case pulseto-pulse fluctuation becomes the
major error source of pulse characterization.

There are two ways to implement single-shot OPA-FROG: First, when the duration of
pump pulseis longer than that of signal pulse, one can use a collinearly phase-matched OPA
with the weak signal as the seeding pulse In this case, the signal beam is temporally and
spatially overlapped with the pump in the nonlinear medium and no beam-crossing is needed.
The amplified signal isthen fed into asingle-shot FROG to reveal the pulse characteristics of
the signal [11,12,13]. The second approach can be employed when the duration of weak signal
pulse is longer than that of the pump pulse. In this case two input beams shall cross each
other as they travel through the nonlinear medium to have al temporal and spectral
components of the signal pulse been amplified.

2. Experimental arrangement

The schematic of our single-shot beam-crossing OPA-FROG is presented in Fig. 1. A
regenerative amplified Ti: sapphire laser provides output energy of more than 1 mJ/pulse at
810 nm with pulse duration of ~90 fs. The laser output is split into two parts: 90% of the
energy is frequency-doubled to 405-nm with a 0.3-mm-thick type-lI b-barium borate (BBO)
second-harmonic generator (SHG). The SHG beam is then separated from the fundamental
beam by dichroic mirrors and used to pump a type-I noncollinearly phase-matched BBO
optical parametric amplifier (NOPA) with pump energy adjustable from50to 120 mJ. The rest
10% of the Ti:sapphire laser beam is used to generate white-light super continuum (WLS)
with a 2mm-thick CaF; plate [15]. The WLS generated is collimated and then focused by a
cylindrical mirror onto the 2-mm long BBO NOPA crystal cut at q=29°. The pump beam at
405-nm is horizontally focused with a cylindrical mirror to form a vertical line image. The
pump and WLS are brought to the BBO crystal with a beam-crossing angle of about 5-6
degrees in the vertical direction.

The strong pump beam not only provides optical gain for the weak signal but also acts as
an optical gating to resolve the signal pulse profile. During the amplification process, the
signal pulse collides with the pump and is sampled along the vertical direction. The amplified
signal was then imaged onto the entrance slit of a spectrometer with 0.15-m focal length. The
spectral property of the amplified signal field is analyzed by the spectrometer in the horizontal
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direction while the vertical intensity distribution carries the temporal information. The FROG
trace was acquired with a2-D CCD camera without scanning any mechanical delay line.
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Fig. 1. Schematic setup of a single shot XFROG apparatus for characterizing ultrashort optical
field with extremely low intensity via high-gain optical parametric amplifier

OPA-XFROG apparatus can also be employed to characterize infrared pulses. For
example, one can seed the OPA -FROG at the idler wave and then measure the corresponding
signal-wave, which typically lies from the visible to the near IR spectrum region. Therefore
the measurable wavelength range of OPA-FROG can cover the complete tuning range of the
OPA used. For a typical 405-nm pumped type-l BBO NOPA, the measurable wavelength
range can easily extend from 460 nmto 2.5 nm[16].

OPA-FROG involves a nonlinear-optical process with high optical gain. This feature
allows us to increase the detection sensitivity by several orders of magnitude and to
characterize extremely weak optical signals. With an uncooled CCD, we found the sensitivity
of our single-shot OPA -XFROG to be 0.8-0.9 femto-joule. With a cooled CCD even higher
sensitivity is expected. By modifying the conventional FROG algorithm we are able to
retrieve the full field profile from a single-shot OPA-XFROG trace, the retrieved error is no
more than 0.0014. The detailed theoretical analysis will be presented in a separated paper [17].

3. Results and discussions

The single-shot OPA - X FROG apparatus described above can be applied to characterize fairly
complicated pulse profiles. To exhibit this ability, we present in Fig. 2 the OPA-FROG
patterns with a seeding pulse from white light supercontinuum (WLS) and adjust the BBO
crystal orientation to achieve the phase matching at 640-nm The retrieved OPA -XFROG
pattern, field profile, and temporal phase are shown in Figs. 2(b) and 2(c). Asindicated by the
retrieved temporal phase, at least 12p phase change is experienced within the pulse duration.
In addition, the frequency is up chirping towards the positive delay time. Thisis reasonable in
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view that the frequency shifting from the pump wavelength (~800 nm) to 640-nm is quite
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Fig. 2 (a) Measured and (b) retrieved OPA-FROG traces at a seeding wavelength of 640 nm.
The retrieved error is about 0.0013
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Fig. 2 (c) Field profile of the seeding pulse at 640 nm (solid curve with red color) and the
corresponding temporal phase (open symbols) are retrieved from the OPA-XFROG trace
shown in Fg. 2(a). The pump field profile (solid curve with blue color) a 400 nm with 52-fs
FWHM pulse duration isincluded for comparison

The temporal phase distortion in WLS shall become smaller at a spectral position near to
the pump wavelength. To confirm this, we further characterize WLS pulse by adjusting BBO
crystal orientation to achieve the phase matching at 840-nm. The results are presented in Fig.
3. The temporal phase shown in Fig. 3(c) is indeed close to the case with a near-constant
phase within the pulse duration.
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Fig. 3 (a) Measured and (b) retrieved OPA-FROG traces at an idler wavelength near 840 nm.
The retrieved error is about 0.0014.
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Fig. 3. (¢ Field profile of the seeding pulse at 840 nm (solid curve) and the corresponding
temporal phase (dashed curve) are retrieved from the OPA-XFROG trace shown in Fig. 3(a)

When the pump intensity of WLS isincreased, the spectrum of the idler pulse of OPA at
840 nm further extends at the short-wavelength side. The slight tilting in the OPA -XFROG

trace shown in Fig. 4 indicates the pulse experiences a non negligible quadratic phase

distortion.
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Fig. 4 Measured and retrieved OPA-FROG traces at an idler wavelength of 840 nm from a

supercontinuum white light generator pumped by tkHz 52-fs pulses @ 800-nm with an
averaged power of 1.5 mW.

By bringing the pump intensity of WLS above the threshold of multifilament formation

(~9 10 W/en?) [18], temporal pulse breakup is expected to appear [19, 20]. In Fig. 5, we
present asingle-shot OPA-FROG trace of the WL S generator pumped at a fairly high intensity
of 1,=2° 10" Wicn.
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Fig. 5. Measured OPA-FROG trace at an idler wavelength of 840 nm from a highly excited
super continuum white light generator pumped by tkHz 52-fs pulses @ 800-nm with an

averaged power of 4 mW
Three tilting stripes can be observed. Each stripe in Fig. 5 is found to be separated aong
the time-delay axis by 100 fs. Assuming the multiple stripes appearing in Fig. 5 to be
originated from that different index of refraction have encountered at different position on the
pump beam cross section. Therefore the temporal separation of the breakup pulses can be
expressed asDt =n,l , /L . Note that to generate WL S we use a2-mm thick CaF plate.

#3302 - $15.00 US Received 4 November 2003; revised 3 February 2004; accepted 7 February 2004
(C) 2004 OsA 23 February 2004/ Voal. 12, No. 4/ OPTICS EXPRESS 580



With L=2 mm, 1=2 10*® W/cn?, and Dt=100 fs, we calculate n, of CaF, to be 7.5 101
cm?/W. This value is about two times larger than sapphire [21] and remains a reasonable
estimate in view of the high uncertainty of pump intensity in WLS medium. It has been
known that multifilament formation in WLS is extremely unstable and unrepeatable. In fact,
this has been the major cause for our poor knowledge on the generation mechanism of WLS.
Single-shot OPA -FROG design reported in this Letter can be a useful apparatus for probing
such weak optical pulse generated from ultrafast and unrepeaable process.

Thereis adetection limit on the pulse duration for the single-shot XFROG measurement.
The maximum pulse width that the device can handle depends on the beam-crossing angle a
between the pump and the seeding pulses, the thickness d and the index of refraction of the
nonlinear crystal. With v denoting the speed of light in the medium, the maximum measurable
signal pulse width can be estimated to be: [11]

Dt =d(1- cosa)/v .

With a 2-mm thick BBO crystal and the visible signal wavelength, the value of Dt is
found to be a few hundreds femtoseconds. For short signal pulses, thinner BBO with a
thickness less than 100 mm shall be used to reduce GVD of the crystal. Since no dispersive
components are involved in our design, we believe our setup could be useful in measuring
optical pulses down to afew optical cycles using an improved design. Our recent study on
white-light OPA showed that an extremely broad bandwidth from the visible to the near-IR
can be achieved. In addition, special mode-matching scheme, spatial coherence, and highly
stable absolute phase of the optical pulse are not needed in our single-shot OPA-XFROG
technique.

4. Summary

In summary, we have demonstrated, for the first time, a new single-shot XFROG technique
for characterizing ultrashort optical pulses with extremely weak intensity. By using beam-
crossing OPA-FROG with all reflective optics, our design can be used to measure optical
pulse with pulse energy |ess than femto-joule and pul se width as short as afew femtoseconds.
The measurable wavelength range of the light pulses can cover from the visible to the IR,
depending on the phase-matching of nonlinear crystal used, the pump wavelength, and the
detailed configuration of OPA. The device has been used in study of mechanism of white-
light supercontinuum at high pumping intensity above the threshold of multifilament
formation where the signal is irreproducible fromshot to shot.
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