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Abstract. We demonstrate high-resolution amplified pulse shaping
using an acousto-optic modulator (AOM) at a center-wavelength of
795nm. The output pulses have energy of 200pJpulse and a
transform-limited pulsewidth of 150fs. A spectral modulation of over
40 features is achieved in a Sngle pulse. We characterize the pulses
using the STRUT (Spectrally and Temporally Resolved Upconversion
Technique). Using predistortion techniques, we demonstrate that the
pulses can be shaped in amplitude and phase. We create a complex
pulse shape with hyperbolic secant amplitude and hyperbolic tangent
frequency sweep, which is useful for applications in adiabatic rapid
passage experiments.
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|. Introduction

Shaped high-energy pulses can generate population inversion efficiently, and thus are useful
in diverse applications such as quantum computing and laser selective chemisiry. In general,
the standard Gaussian pulse output from an amplified short-pulse laser system cannot
generate population inverson even in a two-level system. The Rabi frequency
inhomogeneties that can arise from spatial variations in laser intensity or a number of other
effects make it difficult to achieve complete inversion within the dephasing time of the target
system [1]. By shaping the pulse, it is possible to create population inverson through
adiabatic rapid passage [2], which can lead to a very robust yet selective inversion over a
wide range of intensities and frequencies[3, 4].

Previous programmable pulse shaping demonstrations [4, 5, 6, 7, 8] have not
achieved power levels that are required for many applications, such as selective population
transfer, driving non-linear processes, etc. In our present work, we implement ultrafast pulse
shaping with a commercially available femtosecond chirped pulse amplification (CPA) [9]
system and demonstrate high-energy shaped pulses. We use the AOM (acousto-optic
modul ator) technique developed in our group to achieve the shaped pulses[4, 5, 6].

We demonstrate high resolution shaping in both amplitude and phase domains using
predistortion to compensate for errors. We generate complex waveforms, such as the
hyperbolic secant amplitude pulse with hyperbolic tangent frequency sweep. We use STRUT
[10, 11, 12], which has been used previously to characterize pulses from CPA laser systems,
as the characterization technique

[1. Experimental Setup

The system layout is shown schematically in Fig.1, with the AOM pulse shaper inserted into a
commercially available femtosecond Ti:sapphire oscillator and regenerative amplifier system.
The oscillator (MIRA, Coherent [13]) is pumped with 8W at 514nm from a cw argon-ion
laser (INNOVA 400, Coherent [13]) to produce 110-fs pulses at a center wavelength of
795nm. A typical spectral bandwidth of 10nm is measured at the FWHM (full width at half
maximum). Each oscillator pulse has energy of approximately 13nJ at a repetition rate of
76MHz.

The oscillator output pulses are then injected to the Ti:sapphire regenerative
amplifier (Clark/MXR [14]) through the AOM pulse shaper to produce shaped and amplified
pulses with 200uJ energy per pulse. The amplifier uses the CPA technique and is pumped
with a Q-switched frequency-doubled Nd:YAG at a repetition rate that was set to 1kHz, but
can be set up to 50kHz. By the CPA scheme, oscillator pulses (without shaping) are stretched
to 150ps, amplified and compressed to 150fs with 200pJ energy per pulse. The bandwidth is
reduced to 8nm due to gain-bandwidth narrowing. It is important to stretch the pulses
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adequately because otherwise nonlinear effects will distort the shaped pulse in the
regenerative amplifier.

The AOM pulse shaping technology has been described in detail in previous work
[4, 5, 6], and consists of a zero-dispersion line and an AOM (Brimrose, [15]) as shown
schematically in Fig. 1. The broad spectrum of a femtosecond pulse is dispersed spatialy by

Intensity

Fig. 1. Schematic of the AOM pulse shaping system. The femtosecond Gaussan pulse
(plotted as a function of time in the box below A) is the input pulse on the Ieft sde of the
figure. The grating B spectrally spreads the pulse. The acousto-optic modulator C is in the
center of the system. The RF-wave D propagates through the AOM, creates a spatial mask
insde the crystal and shapes the optical pulse. In this schematic, we have modeled the input
optical pulse as consisting of four different wavelengths, blue, yellow, orange, and red, which
would represent a 4-bit sysem. In principle, the AOM is capable of shaping 1000 bits. The
undiffracted beam E passes out of the system. The white parts of the diffracted spectrum are
left undiffracted by the AOM. The spectrum recombinesin grating F. The output (G and the
box below the G) shows the shaped output pulse as a function of wavelength. As the rf wave
propagates, different shapes are created. The pulse picker G picks the pulse at the correct
time out of the pulse train. Here the pulse picker is shown separately sdecting a particular
pulse H, but in the experiment, the pulse picker islocated inside the regenerative amplifier I.

1800lines'mm gratings. It is then collimated with a 30-cm lens to form a linear spectral
image at the center (referred to as point C in Fig.1) of the 4-F system. Shaped RF (radio
frequency) pulses creste the desired modulation pattern on the AOM, which is placed at the
point C. The shaped RF pulses [6] are generated by an arbitrary function generator (LeCroy,
[15]) with a resolution of 400MHz is used. In this particular system, a tellurium-dioxide
(TeO,) crystal isused in the AOM. The acoustic velocity of 4.2mm/usin TeO; is far slower
than the speed of light, and consequently, with respect to the light pulse, the acoustic wave
may be considered stationary. Thus, the acoustic wave acts as a transmission diffraction
grating [6]. The AOM has 40x2.3mm? clear aperture size. The full width at half maximum on
the spectrum is approximately 30mm on the AOM.

The pulse shaper is inserted into the system as shown in Fig.1, before the regenerative
amplifier. It would also be possible to place the pulse shaper in the regenerative amplifier, or
after the regenerative amplifier. The option of putting the pulse shaper in the regenerative
amplifier would require a complete redesign of the amplifier. By not modifying the amplifier,
we make the pulse shaper a device that can be used with existing technology. There are clear
advantages of putting the pulse shaper before the regenerative amplifier, rather than after. For
example, assume that the regenerative amplifier has an output power of P,. The pulse shaping
system has a low efficiency of about E=5-10%. The regenerative amplifier is a saturated
amplifier, which means that even if the power into the amplifier islow, the output power will
gill be P,. However, if we put the pulse shaper after the amplifier, the system output power
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will be reduced to PyxE. In the arrangement where the pulse shaper is before the amplifier,
caution isrequired not to seed a narrow band pulse into the stretcher so as not to damage the
amplifier.

In order to characterize the pulse shaper before amplification, we used a Ronchi grating
with dark lines spaced equally at a digtance of about 50 microns. The AOM was replaced by
the Ronchi grating. Unlike the AOM, the Ronchi grating does not change with time. Thus,
using the Ronchi grating alowed us to study the zero-dispersion line without using the
amplifier or a pulse picker. The output from the shaper is analyzed with a spectrometer. The
result of this experiment showed us that the amplifier did not distort the high-contrast, high-
resolution pulses generated by the pulse shaper. Theresolution is higher than the resolution of
our measurement device, a spectrometer, which has aresolution of 0.3nm. When the pulseis
shaped with features of 0.3nm, the measured contragt ratio is 12dB, which is also lower than
the actual value because of the spectrometer resolution. At lower pulse shaping resolutions,
we measure a contrast ratio that is higher than 20dB. In fact, the acousto-optic modul ator
performs as well as the Ronchi grating, and data to show the pulse shaping resolution and
contrast retio is shown in the next section of this paper.

When the AOM is used, it is necessary to sdlect only one pulse at the correct timing
because the acoustic wave features travel across the AOM, as shown in Fig.1. This means that
each pulse will see a different grating function on the modulator. The Pockels-cell cavity
dumper is capable of injecting only one pulse into the regenerative amplifier at the right
timing, so that we can obtain a desired pulse shape.

The spectrometer only gives amplitude as a function of wavelength, while the time-
domain correlation gives information of group delay, hence the tempora information. The
STRUT [10, 11, 12] recovers both the amplitude and phase information. It can be viewed as a
time-domain correlator that is also resolved in wavelength. An important feature of the
STRUT isthat the algorithm is fast and does not require iteration. It can aso give the sign of
the chirp. We use a STRUT with atime scanning configuration [11].

[11. Calibration of the Pulse Shaper

The pulse shaper shapes the optical pulse through the interaction of the acoustic wave with
the RF wave, which is described mathematically as a transfer function. The amplified
Ti:sapphire laser pulse is expressed as Ej,(w), the pulse shaper transfer function as M(w), and
the output measured pulse as E,(w). In this paper we will always use wto refer to the
frequency of the optical pulse, and not the frequency of the rf pulse. Ignoring nonlinear
effects in the pulse shaping system, such as distortions by the regenerative amplifier, we may
write [6]:
Eout ((*)) = M((*))Em ((*)) (1)

When M(w)=1, corresponding to no modulation of the RF wave, we will measure the pulse
Ein(w). Effects such as distortions in the regenerative amplifier will be included in Ejj(w). To
produce a desired pulse shape D(w), such as the rectangular pulse, we apply the pulse shape
function given by M1(w) or Mx(w):

M1 (6)=D(w)Ein (@)™ (29)

M2 () = D(W)[Ein (@)™ (2b)
Eq. (2) describes an experiment where we measure the experimental waveform E, (w), and
use it to calculate the appropriate pulse shaper function. We refer to this as predigtortion. In
this paper, the spectrometer is used to make the measurement of |E,(w)|, and so Eq.(2b) is
appropriate. The phase sengtive predistortion described in Eq.(2a) requires a detection device
such as the STRUT, and has been demonstrated in other work [17]. If the predistortion of
Eq.(2b) isimplemented in a continuous loop, it will then be a feedback system [18].
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The acoustic wave propagates across the AOM such that thereisalinear relationship
between the RF time and the optical frequency, with the constant determined by parameters
of the pulse shaping system such as the geometry of the pulse shaper and the speed of sound
inthe AOM crystal. This relationship between RF time and optical frequency is given by:

M(w)=f(tre =010) ©)

In practice, both o and Ej,(w) are determined experimentally. Once these are determined, the
pulse shaper is calibrated, and arbitrary pulse shapes may be produced.

The value of o is determined from the experimental data set of Fig.2. Each linein
Fig.2A represents the spectrum that is aresult of sending a short RF pulse into the AOM at
different RF time delays. The same data set is shown in a contour plot in Fig.2B The data of
Fig.2B was linearly fit (red line, Fig.2B) according to Eq.(3) to find that a=—126.98us/wy,
where the central optical angular frequency is given by wy=2.37€15Hz, corresponding to
A=795nm. Equivaently, in wavelength space, Fig.2B shows that 0.5us corresponds to
3.125nm. We can then use the AOM to create desired phase modul ations using the quantity a
that is found from the data of Fig.2. The measured pulse amplitude, |Ein(w)|, can also be found
from the data of Fig.2A. Thus, using Fig.2A, the AOM system is calibrated in optical
wavelength and RF time,

A~ A B
3 RF Delay (O R IR, 1/
- Time (us)
> L
7 g e Y A LA 1 1 L L I
|5 0.5
E AN, | R
0
793
790 793 7% 800
A(nm wavelength(nm)

Fig. 2. Calibration curves for AOM pulse shaper. A. Each line in this figure represents a
different optical spectrum. Application of a short RF pulse with a different delay time into the
AOM created each spectrum. The different delay time corresponds to a different spatial
position on the AOM and therefore a different spectral position. By using this figure, we can
calibrate the pul se-shaper response-function with respect to amplitude and time. B. The data
from A isviewed as a contour plot. The solid red line fits the data so that we can calibrate the
RF time with respect to optical wave ength.

[11. Experimental Results

In this section, we will demonstrate the results from the pulse shaping experiments in the
wavelength and temporal domains. To fit this data, we use the calibration from the previous
section.
In Fig.3, we show an example of high-resolution pulse shaping. In Fig.3A (upper),
we show a data stream with 43 bits:
¥ =[0110 0111 1101 1100 11101011 1000 1111 0011 1100 111] 4
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Fig. 3. High Resolution Pulse Shaping. A. The RF signal used to modulate the spectrum. (top)
The bit stream, which is given as Eq.(4) in the text. The numbers show the imposed bit
pattern, a 43 hit sequence. The lower figure showsthat the actual RF signal was the product of
this bit stream with a sinusoidal wave. B. The spectrum resulting from the modulated RF
signal of A. C. Thisshowsthe data of B (blue), with a theoretical fit (magenta). The fit shows
that we have recovered the 43 bits imposed upon the spectrum. The numbers at the top of this
figure correspond to thosein A.

Fig.3A (lower) shows the actual RF waveform that we applied, which was the product of the
data stream with a sinusoidal wave. Fig.3B shows the modulated spectrum that results from
applying this RF pulse. With no modulation, the spectrum of Fig.3B would ssimply be the
smooth Gaussian, Ejn(w). In Fig.3C, we show this same data set (blue), along with a
theoretical fit (magenta) derived from Eq.(2b).
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Fig4 A. The RF pulses that are used to create an optical pulse with cubic phase,
g(trr)=exp[i(Bt)%)]. The blue curveis the real part and the red curve is the imaginary part. B.
STRUT image of a pulse with cubic phase. The x-axis shows wavelength and the y-axis
shows time. C. The red curve shows the recovered phase derivative dg@/dw from the STRUT
image. The blue curve is the theoretically predicted result, using the data from Fig.2 and the
RF signals of Fig.4A asinput parameters.

The data of Fig.3 represents a preliminary demonstration of pulse shaping as applied
to communication, which has been studied in more detail [19]. This data was taken during the
early stages of the system devel opment, and the contrast ratio is not as high as in later work.
In this case, the Ti:sapphire laser was tuned to a different center wavelength. The Ti:sapphire
center wavelength may be tuned over 25nm with only minor adjustments to the pulse shaper
such as changing the angle of the pulse shaper diffraction gratings [17].

In Fig.4, we analyze the parameters of a pulse with cubic phase using the STRUT
technique. Fig.4A shows the input RF pulse to the AOM, given by f(tze)=exp[i(Bt)?], with

B=3and tin ps. The top curve, in blue, isthe real part of the RF pulse, x = cos[(Bt)3], while

the bottom curve, in red, is the imaginary part, y = sin[(ft) 3] In this case we are modulating
only the phase and not the pulse amplitude. This RF pulse will give an optical pulse:

Eou (w)=exp(i[a(w-wo)]’) Ein(w) ©)
Fig.4B shows the experimental STRUT image resulting from this RF pulse. The red line in
Fig.4C shows the derivative of the phase dg@/dw that is recovered from this STRUT image and
the blue line shows the theoretically predicted phase derivative from Eq.(5). In this theoretical
fit, we assume a Gaussian with constant phase for E;,(w).

The cubic phase pulseis an example of shaping the pulse with a RF wave that was
determined without prior knowledge of the optical pulse shape. As described in Section |1, for
many cases it will be useful to apply predistortion.

In Fig.5, we demonstrate predistortion as described in Eq.(2b). Fig.5a shows an
optical spectrum, which uses the lower x-axis as the wavelength scale, and the RF pulses,
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Fig.5. Predistortion. A. This figure has two x-axis: the lower wavelength x-axis is for the
green curve and the upper RF time axis is for the blue and magenta curves. The original
gaussian pulse (green color, optical spectrum) which has a somewhat distorted shape is
shown. The blue square pulse in Fig.5A is a RF pulse. The magenta curve is a RF wave,
calculated from Eq. (2), that will create an optical square pulse. B. These are all optical
spectra. Blue curve: the clipped wave, generated by sending in the blue rf pulse of Fig.5A
Magenta curve: square pulse that is actually wider than the natural response of the system. C.
Blue curve: another sguare wave, which is sguare to within 90%. Red curve shows
modulation of this square wave.

which use the upper x-axis as their time-scale. These curves show how the predistorted RF
pulses are calculated from the optical spectra. The original optical spectrum (green color) is
adistorted gaussian with a FWHM of 7nm. The blue square pulse in Fig.5A is a RF pulse,
with an arbitrary intensity scale. The magenta curve of Fig.5A is a RF wave, calculated
from Eq.(2b) that will create an optical square pulse. Note that it is small in the center,
where the optical pulse (green) is maximum, and largest in the wings, where the optical
pulseis minimum. In Fig.5B, we show the results of this predistortion.

The blue curve in Fig.5B shows the spectrum that results from the RF pulse of
Fig.5A (blue). The magenta curve shows the square optical wave that is generated using the
magenta curve in Fig.5A. The square optical pulse is sguare to within 90% with this
technique. The accuracy could be improved by using a feedback system [16], instead of just
the singleiteration that is performed here. Note that we have extended the amplification to the
wings in the spectrum, and produced a square pulse with 10nm width (Fig.5B, magenta
curve). Thiswidth is even broader than that of our origina pulse. In Fig.5C we show another
square pulse, with a narrower bandwidth (blue curve). The square pulse can then be
modulated with additional features (Fig.5C, red curve), which demonstrates the high
resolution of this system and the versatility of the predistortion scheme.
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Fig.6 Results for hyperbolic secant amplitude with hyperbolic tangent frequency sweep pulse
A. RF signal used to create sec+ pulse. B. STRUT trace (experimental). C. STRUT
trace (theoretical).

In Fig.6, usng all these techniques discussed above, we demonstrate the generation
and characterization of a complex pulse shape, the hyperbolic secant pulse with hyperbolic
tangent frequency sweep, given by: .

E(t)=sech(pt) "+ (6)
Eq.(6) describes the optical pulse, where p=1.5x10"?Hz is atime width parameter and t is the
pulse timein sec. With the frequency sweep parameter L given by p=+10, we will refer to
this pulse as the sect+ pulse. Generation of the sect+ pulse requires phase modulation, which
was shown in Fig.4, and amplitude predistortion as shown in Fig.5.

To find the RF pulse corresponding to this complex pulse shape, we first take the
Fourier transform of the optica pulse to express it in the frequency domain. Then, the
correspondence between RF time and optical frequency is used, as given in Eq.(3). Fig.6A
(upper) shows therea (red curve) and imaginary (blue curve) parts of the RF signa used to
generate this complex pulse shape. After generating the RF pulse with Eq.(2b), we then
measured the output pulse, and dightly modified the RF pulse to give a pulse shape that
would be closer to the desired sec+ pulse shape. This process represents amultipleiteration of
predigtortion, and may be necessary because of nonlinear effects in the pulse shaping system
[17]. Fig.6B shows the STRUT trace of the sect+ pulse. In Fig.6C, the theoretical STRUT
trace, generated from Eq.(6) is shown. It resembles the experimental result closely.

In Fig.7, the data from Fig.6B is analyzed. In Fig.7A, the derivative of the phase
(green) is shown, along with the theoretical phase derivative (red) from Eq.(6). The
theoretical intensity (blue) is shown, and it can be seen that the experimental and theoretical
phase derivatives agree well in theregion where the intensity is significant. Fig.7B shows the
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Fig.7 Analysisof STRUT data of Fig.6B. A. Derivative of the phase, both theoretical
and experiemental. The theoretical intensity isalso shown. B. Intensity and phase,
both theoretical and experimental.

intensity (blue dotted line) and phase (blue) that are recovered from the STRUT of Fig.6B, as
well asthetheoretical intensity (red dotted line) and phase (red).

This pulse has applications to adiabatic excitation of atomic levels [2], and we have
shown that it has intriguing effects on atomic systems [20]. Assume that thereis atwo level
system with resonance at the center frequency of the pulse, wy. The y-axis of Fig.7A can be
viewed as time. Fig.7A shows that the pulse spends a long time at frequencies that are
detuned from the resonance frequency wy, then quickly sweeps through resonance, and then
slowly increases in frequency. This temporal behavior is characteristic of the hyperbolic
secant pulse with hyperbolic tangent frequency sweep, and is one of the very few anaytical
solution for adiabatic rapid passage[2].

V. Conclusions and Acknowledgements

In this paper, we have demonstrated a shaped amplified pulse system with an output power
of 200pJ/pulse. The cubic phase pulse demonstrates that the pul ses can be shaped in the phase
domain. Using predistortion techniques, we have shown the pulse can be modified to a
desired shape in the amplitude domain with high resolution and contrast ratio. We have also
used the STRUT to fully characterize the pulse in amplitude and phase. The combination of
the STRUT and the pulse shaper fully demonstrates the capabilities of amplified pulse
shaping. The hyperbolic secant pulse with hyperbolic tangent frequency sweep is shown,
which will have applications to adiabatic rapid passage experiments.
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