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Outline - Controversial meaning of time-dependent gpectrum’. Time-frequency
representations of signals: from music score to Wigner distribution. Time response
of a spectrometer. Optical spectro(chrono)gram. Impossibility of optical oscillo-
scope and phase retrieval problem. FROG: frequency resolved optical gating. "Holo-
graphist’s rule’ to overcome optical phase loss. Time-domain holography. Pulse
shaping by spectral holography and spectral hole burning. Spread-free Bessel-X fem-

tosecond pulses.
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| RESPONSES OF LINEAR TIME-INVARIANT SYSTEMS I

Pulse response;
y(®) = N} = jd: h(z) x(t-1) = h(t) ® x(t)
Frequency response:
Y(w) = H(w)X(w) .
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2-D TIME-FREQUENCY REPRESENTATIONS OF 1-D SIGNALS

Gabor transform:

ao

G {s(t)} = I s(1)g(t — t)e " dt

—aC

Spectrogram (with exampie):

2

Q0

J.s(t) g(t—1)e ™t

—ao

S(w,7)=F, . {s(t)} =

Wigner-Ville distribution:
W(w,7)=4 [dis’(z=11) s(z+Lne
[W(w,)dw =|s(r)f [W(w,)dr =|S(w)f

Discrete Gabor transform

G = GD {s(t)} = o_ti's(t)g(z‘ —nD,)e™"" gt

© P Soari 1998
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Abstract—~The general problem of extracting complete (amplitude
and phase) information out of an optical signal is discussed. We have
shown that the best one can dJo to determine all essential features of
light puises is to apply simultancous temporal and spectral analysis to {
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Picosecond Spectrochronography

ARVI FREIBERG anp PELETER SAARI

n

take spectrochronograms with the appropriate shape of the resolution

cell on the wi-plane. We use the term “spectrochronogram” instead ot
the much broader term “time-tesolved spectrum™ for 2 specific mea-
surement result where the resolutions Aw and At used are transform
correlated. A novel sublractive mount of monochromators has heen
proposed 1o overcome the obstacies to experimental realization of
uncertzinty-principle-limited setups for high spectral resolution pico-
second spectrochronogeaphy. IFor the exampies of perylene and anthra-
cene molecules, experimental spectrochronograms revealing temporak

behavior of hot luminescence lines and, correspondingly, picosecond 1
Kinctivs of intramolecular vibrational refaxation have been presented.
Some further applications of picosecond spectrochronography  have
been discussed,

1

Fig. 2. Spectiochronogram, calculated for the model situation of Fig. 1.
Right-hand side: the resolution cell corresponding to At = 6 is shown.
The osciflator decay constant has been tuken as a time unit, its recip-
rocal, as a unit for the emission frequency w — wp. After the driving
force of a frequency wy = wg — 4 is switched off at £ =0, one ¢an
observe a nonntonotonic behavior of the intensity around the emitter
frequency, which transforms into an exponentially decaying Lorent-
zian-like band at r = 6, i.e., after the spectrograph has forgotten the
carrier frequency jump.

“1g. 3. Spectrochronogram calculated according to {la) for the second-

ary light emission of an ensemble of two-level systems subjected to
excitation by a long, but weak, rectangular laser pulse and, unlike
the previous example, impaci-type relaxation, As compared to Fig. 2.
the excitation frequency detuning s much larger (w| - wp = 16} and
of the opposite sign (to place the trajectory of forced vibrations, i,
of scattered Yight in the forefront). After the driviag field is switched
off at =0, the scattering dies out within A7 = | (chosen equal 16

Fiz. 1. Right-hand side: the wave emitted by a damped oscillator in
case of a sinusoidal driving force. At t =ty, the driving force is
abruptly turned off and the forced vibration turns into free decaying
vibration at the natural {resonance) frequency wqg. Left-hand side:
the spectrum of the wave. Foreground: the solid curve—the trajec-
tory in the witf-space representing the temporal behavior of the
amplitude and carrier frequency of the wave; dashed curves—inter-
secrions of an imaginable “instantanecus spectrum.” The rectangle
re depicts a Gabor-type resolution cell of an area Aw -4t =2n,
which may be ascribed to a prism or grating spectrograph with the
response duration A! {(and, correspondingly, sinc-function-shaped
spectral response of FWHM = Aw).
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The FROG trace is a spectrogram of E(t).

Substituting for Egy(t,7):
Egiglt, ) « EQ) |E(t-t)l2

l

" 2
IFRoG(®W, T) « I I Egig(t,t) exp(-iwt) dt |

yields:

i~ 2
IrROG(®, T) & | J. E(t) | exp(- imt)dtI

Unfortunately, spectrogram inversion algorithms
require that we know the gate function.

Instead, consider FROG as a two-
dimensional phase-retrieval problem.

|f Esig(t,Q) is the 1-D Fourier transform of the signal
field, Egg(t,0), with respect to delay, T, then:

-
The input pulse field, E(t), is easily obtained from Esig(t,Q).

and

+iC + 2
lFROG(U‘)a 1:) x l J J E:.sig (t, Q) eXp(- it - |S2'C) dt dSZi

.

eSS arm’?
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Measuring ultrashort laser puises in the time-frequency domain
using frequency-resolved optical gating
Rick Trebino, Kenneth W. DeLong, David N. Fittinghoff, John N. Sweelser,

Marco A. Krumbugel, and Bruce A. Richman

Combustion Research Facility, Sandia National Labs, Livermore, California 94550

Daniel J. Kane

InpLa Dulan\"

Polanzaton-rotating
oul-of-plane paih
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A Gate pulse
A £t
B 45' polanzation
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Sphencai

) ; P‘/ ;:g:ng

Nordingar-optical med N
P VT polarizer

FIG. 6. Experimental apparatus for single-shot PG FROG {from Kane and
Trebino (Ref. 213]. In order to perform a single-shot measurement, the
beams are crossed at a large angle (10-20 deg) and focused with a cylin-
drical lens. yielding a line focus in the nonlinear medium, where the relative
delay between the 1wo pulses varies with spatial coordinaie along the line
fucus. This focus is then imaged onte the entrance slit of the spectrometer,
whose output yields the entire FROG trace on a single shot. In this appara-
tus. the out-of-ptane propagation of one of the beams 1s to rotate the polar-
izaticn of the beam by about 45 deg.
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FIG. 1. Schematics of five different beam geometries for perlorming FROG
measurements of ultrashort laser pulses: polarization gate (PG), self-
diffraction (SD). second-harmonic generation (SHG), and third-harmonic
gencration (THG), and transient grating (TG) FROG. Solid lines indicate
input pulses, and dashed lines indicate signal puises. The nontinearity of the
nonlinear medium is shown; Pol=polarizer; WP=wave plate; Pr=prism;
L=lens; and Cam=Camera. The prism-iens combination in each amange-
ment is meant 1o represent a generic spectrometer, which could involve a
grating or other dispersive element instead of the prism. Not shown are
detay lines and various additional lenses, also commen 10 all arrangements.
The frequencies shown (w. 2w, Jw) are the camrier frequencies of the pulses
involved and indicate whether the signal pulse has the same carrier fre-
quency as the input pulse or is shifted, as in SHG and THG.
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Generalized Projections

A projection maps the current guess for the waveform
to the closest point in the constralnt set.

T R R R T N
Set of waveforms that satisfy
nonlinear-optical constraint:
N Esig{t,t) o« E(t) | E(t-1)| 2
S e

The
Solution!

: Set of waveforms that 7
7 satisfy data constraint: 77

f Esig{t,

Initial guess
f0r Esig (t,'t)

; IFROG (n,7)

VA
/,/ //

Convergence is guaranteed for convex sets,
but generally occurs even with nonconvex sets

New, Improved Generic Ultrafast Measurement

intensity(| IPput Output
pulse pulse

Phase Intensity Phase

‘ CCD
Ultrashort- Experimentjm m s m m = -\ Camera
puise Laser . ‘
]
-----\---I' ’S*;;gi?owl
FROG j== =~/ Spectral o\ [ meter &

Interferometry , i
Measure input or TADPOLE ’ ' Mﬁiiwi?:m;”
pulse intensity pulse intensily
and phase. and phase.

Sensitivity is approximately that of simple energ y-
detector, but with much more information.

4T
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Fig. 4. Schematic of recording (a) and conjugated reconstruction (phase
;‘Onjugationl (b). The obligue object beam consists of two temporally-
separated and spatially -pantly-overlapping picosecond pulses of orthog-
onal linear polarizations. The cross section of the wavelronis ot'rthc p{{lscs
is shaped by arrow-like transmission masks. while the direction of the
arrows correspands to the polanization plane. Plane reference and read-
ing pulses are of counterrotating circular polarizations.

12

SAARD er ad 0 TINE ANDY SPACT DOMAIN HOLOGRAFN Y

Fig. 2. Experimental setup. SH: shutter, WR: wiyve retarder, VI varighie
delay. P:oprism polurizer, FR: Fresnel rhomb, T: telescope, SC: Babi-
net-Soleil compensator, TR - arrow-shaped transparcncies, OR - Cryostat,
S:sample, MS; measuring system, C: camners. §§C synchroscan sireak
canmera, OMA: optical muftichanne) amalyzer. |2 object bean, 2 plane
reference beam which was used for reading the hologram in the course
vl direet reconstruction. 3: readout beam Jor Conjugated reconstrugtion.

(a) (b) (c)

Fig, 5. Analysis of the images in the experiments on phase conjugation

without distorter. (a) Image of the reconstructed wave at the outpul of
interferometer. (b) and (c) The same with perpendicular orientations of
the analyzer. The correction for distonions introduced by diffraction on
transmission masks can be seen.

{h) ) 1dy

Fig 6. Analysis ol the images in the cxpenments on phase conjugation

with distorter. (a3 Distorted wave. (h) Reconstructed wuve after reverse
propagation through the distorting medium with the analyzer removed.
terund tdy The same with perpendicular oricntations of 1he analyer.
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