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Abstract

Pulse shaping is a way to control the spectral phase, polarization or amplitude of laser pulse.
Being around for more than 40 years, this method has been used mostly in range of visible light,
UV and near infrared, proving its efficiency in diverse applications. Today’s technologies allow
us to look above the usual pulse shaping implementation, widening it in the direction of soft X-
rays and XUV. Usage of the pulse shapers in this new wavelengths range will drastically
increase experimental opportunities such as coherent control studies on molecules and atoms.
4-f geometry of the device will provide the ultimate time resolution to change an outcome pulse.

In this report we will give a brief overview on pulse shaping techniques and on the device that
has been built. We will focus particularly on the pulse shaper alignment and commissioning.
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1. Introduction
1.1. Pulse shapers: from visible to XUV

Since the invention of lasers in 1960 there has always been a huge interest in generation and
characterization of ultrashort picosecond (102 s) and femtosecond (10™°s) laser pulses. Such
pulses can be used in various fields of research, such as biological imaging [1], optical

communications [2], coherent control [3] and multidimensional spectroscopy [4].

The shape of the pulse can be defined by its complex electric field in the spectral or time

domain. Both spectral amplitude and phase contribute to the pulse shape [5].

There are two fundamentally different approaches on pulse shaping. One of them uses a closed
loop scheme, when outcomes of different shapes are returned into an iterative algorithm that
optimizes the excitation shape. On the other hand, there is an open loop scheme that is mostly
used concerning small systems with reliable theoretical predictions. This approach suggests that
temporal response of a system excited by a light pulse can be manipulated without any

experimental response due to theoretical predetermination.

Pulse shaping techniques, based on time-invariant filter can be portrayed either in the time
domain or in the frequency domain. The output of linear filter is actually a convolution of the
impulse response of the pulse shaper with the input signal. For devices which operate in spectral
domain the output pulse is equal to transfer function (which describes the pulse shaper)
multiplied by input pulse.

Pulse shapers built on programmable mask have a huge variety of applications, as they address
spectral components of the pulse by spatial separation, introducing a spatiotemporal coupling.
The main other devices for pulse shaping, less versatile than programmable masks, are shown
in Fig. 1.
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Figure 1. Simple shaping set-ups. (a) Michelson interferometer producing two delayed pulses,

(b) propagation through a dispersive bulk medium (length L, index n), (c) grating compressor
(6 incident angle, 04 diffraction angle, D distance between the two gratings and d the interline
spacing) and (d) chirped mirror (the penetration depth depends on the wavelength which

introduces chirp on a Fourier-limited pulse). Adapted from [5].

1.2. Pulse Shaping in 4f — geometry

4f-line (or zero dispersion line) is a spectrometer composed of 4 optical components separated
from each other by a distance f, which is the focal length of the mirror, therefore all the spectral
components are focused in the Fourier plane in the middle of the device [6]. Input wavelengths
are angularly dispersed by the first grating, and then are focused by the first mirror to diffraction
spots in the Fourier plane. The second mirror and grating, identical to the first ones, allow the
recombination of all the spectral components into a single beam. The output pulse shape is

identical to the input one, unless a mask is placed in the Fourier plane (FP) (Fig. 2).



Femtosecond Shaped
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Figure 2. A 4f setup: dispersion line composed of two gratings and two mirrors of focal length
f. The output pulse is identical to the input pulse. Adapted from [5]

Depending on the mask it is possible to control the polarization [9], the phase [10] or both phase
and amplitude [11] of a 4f pulse shaper.

1.3. Basic equations for 4f - geometry

The input pulse is considered to be Gaussian in time and space with a central wavelength A,
corresponding to a central frequency w,, and the FWHM intensity is 4x;, in in the spatial

domain, At in the temporal domain and w;, in the spectral domain [7].

The input pulse is coming with an angle 8; and gets diffracted with an angle 6, at 1, by the 1%
grating with the period d. The focal length of the mirror is f (Fig.3). As a result of diffraction
each spectral component in the Fourier plane has a limited size Axo, which can be determined

using Gaussian beam propagation: Ax, = 2In(2)fA,cos8;/mAxcos6,
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Figure 3. Half a 4-f line

In case of linear dispersion, a frequency wy, is located in the Fourier plane at X;, given by
Xk = AWy
where @ = 23 f/ 2mcdcos@, is set by the 4f -line geometry and X, is spatial coordinate.

Through the Fourier transform the frequency resolution
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corresponds to a window
- 4In(2)  Axpy
T S v

in the time domain, where
cd cos 0;
Ao
and has the dimension of velocity. T defines the time window available for shaping and it is

v =

proportional to the input waist, as the equation states. This property of the 4f -line points to
spatiotemporal coupling. T defines the maximum duration or the time delay for shaping
achievable with such a 4f -line.
With a mask in the Fourier plane a 4f -line becomes a pulse shaper. In order to maximize pulse
shaping capability the subsequent condition should be fulfilled:

control parameter number > An

Where n = Aw/éw is the complexity [10] (fig 4).
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Figure 4. The complexity can be seen as the ratio between the largest and smallest features in

either spectral or time domain. Adapted from [5].

The mask will act both as a spectral mask M,, and a spatial mask Mx. Immediately after the
mask, the pulse can be written as
Eopter(@,X) = Ein(@) - g(X — aw)Mx(X)

where

X 2

g(X) =exp l—Zln(Z) (A_xo> l

is the spatial extension of a given frequency component. As the position and frequency are
coupled in the Fourier plane, both the spectral and spatial components of the pulse are affected
by the mask. Assuming that the spatial profile is unaffected by the mask, Gaussian propagation

gives a linear expression for the output pulse



Eout(w) = H(w)Ein(w)
where H(w) = M g(w'-w)dw = M, Q g(w)and M,(w) = My(aw).

This expression is only valid for simple shapes and for the on-axis part of the pulse.

Femtosecond
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Figure 5. Pulse shaper based on a use of 4f-line with a mask in a Fourier plane. Adapted from

[5].

1.4. sFLASH

SFLASH is an experiment for studying seeding schemes for free-electron laser (FEL) facility
FLASH at DESY. A seeding scheme is a way to generate temporally coherent FEL radiation
either by manipulating the internal structure of the electron bunch by external lasers or using
an external light field as a direct seed for the FEL amplifier.

Free-electron lasers (FEL) produce fully coherent radiation in the extreme ultra-violet (XUV),
soft, and hard X-ray spectral range, which is highly demanded for a huge variety of scientific
experiments. For a long time FELs were operated using the principle of self-amplified
spontaneous emission (SASE) [13]. Nonetheless, due to the nature of the way in which this
spontaneous amplification occurs, such pulses lack temporal coherence. In contrast to that, an
external seed source which initiates the FEL process allows to maintain the temporal coherence
of the seed, therefore improving the temporal and energy resolution of FEL experiments [8].
The FLASH seeding experiment sFLASH uses its own undulators (Fig. 6) in the accelerator
tunnel for this purpose, as well as a special measuring station in the FLASH tunnel, at which
the pulses of photons can be examined.

Figure 4 shows a schematic layout of the FLASH1 FEL beamline. After the energy collimator,

the seeding section starts with two short electro-magnetic undulators (MOD1 and MOD2) each
7



followed by a magnetic chicane C1 and C2. Four variable-gap undulators act as the FEL
radiators. The FEL pulses are guided to a photon diagnostics section using a mirror system. The
chicane C3 steers the electron beam around the extraction mirrors. The following dispersive
dump section and a transverse deflecting structure allows to diagnose the longitudinal phase

space distribution of the electron bunches.
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Figure 6. Layout of the FLASH1 beamline. Adapted from [8]. An overview of the entire FLASH
facility can be found in [12]

The seeding experiment at FLASH was conducted using the HGHG (High-Gain Harmonic
Generation) procedure. The laser light was superimposed with a wavelength of 266 nm on an
electron beam from FLASH. During its trajectory through the undulator, the packet of electrons
is divided into a periodic microstructure, which leads to a selective amplification of the FEL
radiation. At 38.1 nm the seventh harmonic of 266nm, they managed to produce high-intensity
flashes of FEL light with an energy of over 100 pJ in the SFLASH undulator. This result marked
a crucial step towards studying an as yet unknown area of FEL seeding technology. At the same
time, it shows that this principle perfectly augments the unique properties of the electron beam
at FLASH, to create fully coherent, i.e. laser-like, pulses of radiation in the extreme ultraviolet
range of the spectrum.

2. Outline of experiment
2.1. Experimental setup

The layout of experimental setup is shown schematically in Fig. 7. It consists of 5 vacuum
chambers, connected to each other, and details inside them which will be discussed further.



Figure 7. Top view (a) and side view (b) layouts of experimental setup (adapted from[]), and

a final picture of the pulse shaper(c)[].

To obtain a well-focused beam it is necessary to align all the moving parts inside of the vacuum
chambers of pulse shaper. Therefore, after building the mainframe of the device and making all
the necessary details, the initial step was to mount picomotors for all the moving parts of the
pulse shaper, such as gratings, mirrors and mask to make it possible to properly align the system.
In order to avoid any inconveniences in the future, a labelling list for picomotors and switches

in which they are plugged was made.

A 635 nm alignment laser and a system of screens was used for the alignment of the device
(Fig. 8). Screens were covered with Ce:YAG powder to allow alignment of XUV and soft x-

rays.



Figure 8. A picture of 400 nm laser beam reflected from the mirror to the removable alignment

screen mounted in a chamber.

The phase mask allows modification of the relative phase of different wavelength (Fig. 9). The
mask is formed by two striped interleaved flat mirrors, which allows creation of two copies of
input pulse with variable delay. Thus, the input laser spectrum is viewed as a superposition of

independent but interlaced combs assigned to different sub-pulses.

Figure 9. A scheme of comb mask mount (a) and line of 400 nm alignment laser on the Fourier

plane(b).
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2.2. Spectroscopy

To commission the laser/electron overlap 266 nm seed pulses are generated by third-harmonic
generation (THG) of near-infrared (NIR) Ti:sapphire laser pulses. The final goal will be to
obtain spectra from the seeding experiment in high-gain harmonic generation (HGHG) mode

with a seed wavelength of 266 nm (and lasing at the 7%", 8", and 9™ harmonic).

The SPMO002 Spectrometer (Photon Control, Canada) was tested for use for the pulse shaper
alignment as well as for UV spectrum measurement before and after the pulse shaping. Wide
spectral range of the spectrometer provided an opportunity to study 800 nm, 400 nm and 266
nm pulses. SPECSOFT software (Photon Control, Canada) was used for data collection and

Spectroscopic measurements.

The IR laser spectrum was expected to be 800 nm. However, after the measurement a peak with
a wavelength close to 787 nm was indicated (Fig. 10). Such a deviation will need investigation,
and could partially explain the low tripler performances witnessed (only 12% conversion to the
second harmonic, instead of 25% claimed by the company selling it, under 1% conversion to

the third harmonic, instead of 8% claimed).
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Figure 10. A spectrum of 800 nm laser pulse. FWHM = 18 nm
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A 400 nm peak (Fig. 11) appears to be 397 nm with FWHM of 3 nm, while a 266 nm pulse is
centred at 266nm as expected (Fig. 12) with FWHM of 2.8 nm.
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Figure 11. A spectrum of 400 nm laser pulse. FWHM = 3 nm.
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Figure 12. A spectrum of 266 nm laser pulse. FWHM = 2.8 nm.
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3. Conclusion

Unfortunately, at this moment a few things still need to be improved: the tripler power output at

266nm is too low for measurements and pulse shaping (Fig. 13). The latest attempt at increasing the
power resulted in a good improvement over the previous situation, as can be seen comparing Fig. 13
with Fig. 14. Although we achieved a lot over such a short amount of time, there are still a few things
that need to be taken care of before conducting the first 266nm experiment, and a few more before

the final XUV pulse shaping experiment.
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Figure 13. Spectra of 266, 400 and 800 nm laser pulses.

13



4000 -
3750 - i a
3500 -
3250 -
3000 -
2750 -
2500 -
2250 -
2000 -
1750 -
1500 -
1250 -
1000 -

750 -

500 -

250 - s -

0 _I I 1 I I I I I I I I I I I I 1

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900

Figure 14. Spectra of 266, 400 and 800 nm laser pulses with increased power.
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